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Abstract 

RNA interference (RNAi) is a gene regulating system to which can silence genes at 

both transcriptional and post-transcriptional levels. In this thesis, a ura4-based RNAi 

selective assay was developed in the fission yeast Schizosaccharomyces pombe: antisense 

& sense constructs of mutually inverted ura4 DNA fragments were inserted under the 

regulation of a thiamine-repressible promoter; when induced by omission of thiamine, 

these transcripts triggered S. pombe ura4 gene silencing at the molecular level with the 

efficiency of -30%. 
Although dozens of proteins involved in RNAi pathways has been identified from 

different organisms, only a few are negative regulators of RNAi. The helF protein from 

the soil amoeba, Dictyostelium discoideum is one of the best characterized natural RNAi 

inhibitors. A homologue of Dictyostelium helF gene has also been identified in S. pombe. 

It is called. the mfhl gene. This thesis also addresses the question: is the mfhl gene a 

RNAi inhibitor in S. pombe? 

A haploid S. pombe mfhl deletion mutant was isolated, and the ura4-based RNAi 

selective assay was used to study RNAi in this mutant - there was no apparent effect on 
RNAi activity in this strain. Although no paralogue(s) of helF gene was found in 

Dictyostelium, a paralogue of S. pombe mfhl gene, mfh2 gene was identified -a mfhl & 

mf h2 double gene deletion mutant was also tested negative with respect to RNAi using 

the same assay. 

A phenotypic characterization of the S. pombe mfhl/mfh2 single/double gene deletion 

mutants compared to the wild type strain revealed that the mutants were more sensitive to 

ethanol, hydroxyurea and UV, which indicated that the mf hl and mf h2 genes appeared to 

protect S. pombe from chemical and UV induced DNA damage. 

The cellular localization of Dictyostelium helF and S. pombe mfhl genes was also 

attempted to be revealed by heterologous gene expressing studies using GFP-fusion 

expression plasmids in both Dictyostelium and S. pombe. 
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Chapter One 

Introduction 



1.1 General introduction of RNA interference (RNAi) 

RNA interference (RNAi) is an ancient and evolutionarily conserved gene 

regulatory mechanism with many species-specific variations, which appeared before 

the divergence of plants and animals (Sharp, 2001). It is a process that is characterized 

by small interfering RNAs mediating the silencing of genes at the DNA or RNA level 

(Fire, et al, 1998). 

1.1.1 The discovery of RNAi 

Gene silencing was first reported in 1990 by plant scientists trying to over-express 

chalcone synthase (CHS) in wild-type pigmented flowers. Although CHS expression 

should be increased in such transformants, surprisingly 42% of the transgenic flowers 

were white in color: not only the transformed CHS gene, but also the plant's own 

pigment gene had been coordinately suppressed (Napoli, et al, 1990). Although this 

co-suppression phenomenon was un-explained at that time, we now know that it was 

due to RNAi activity in the transgenic flowers. 

RNAi was first demonstrated in detail by injecting double-stranded interfering 

RNAs into Caenorhabditis elegans cells. This led to the rapid degradation of many 

endogenous RNA transcripts; and the interference effects could persist well into the 

next generation (Fire, et al, 1998). Since then, RNAi has been discovered in a wide 

variety of organism, including flies, trypanosomes, planaria, hydra, zebrafish (Zamore, 

et al, 2000) and later in mammals including humans (Cerutti and Casas-Mollano, 

2006). 

The hallmark of RNAi is the presence of small interfering RNAs, including 

double-stranded siRNAs and single-stranded miRNAs (Raponi & Arndt, 2003). 

Moreover, RNAi involves a diversity of mechanisms, pathways, complexes, proteins 

and genes, and the relationship between these elements is very complicated. Although 

dozens of genes affecting RNAi pathways have been identified by genetic studies, 

many elements involved in RNAi have yet to be discovered. 
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1.1.2 The importance of RNAi in biological systems 

RNAi is an ancient mechanism of gene regulation, and appears to be necessary for 

most cells. Cells need RNAi to maintain the integrity of the genome, regulate 

endogenous gene expression (Zamore, 2001) and protect the cell from viral attack. 

RNAi is a mechanism which allows cells to suppress the mobilization of transposons 

and the accumulation of repetitive DNAs. Because RNAi controls the expression of 

transposable elements and repetitive sequences, the interplay of RNAi and transposon 

activities shapes the structure of the genome of most organisms (Sharp, 2001). For 

example, dsRNA triggers degradation of the transposase mRNA in C. elegans, thereby 

preventing the production of transposase protein and transposon mobilisation; and the 

transposons Tcl, TO, Tc4, and Tc5 were found to be activated in a RNAi deficient 

mutant (Ketting, et al, 1999). Another example is from the Drosophila genome: the 

transpositional activity of the transposon I element, which results in a high mutation 

rate and chromosomal nondisjunction, can be repressed by induced transgenes that 

express a small internal region of this transposon (Jensen, et al, 1999). These results 

revealed that RNAi systems in C. elegans and Drosophila can act as a defense 

mechanism against transposons, thereby playing an important role in the maintenance 

of genome stability. 

RNAi was first recognized as an antiviral mechanism in plants. This was 

demonstrated in tobacco plants with transformed genes encoding the tobacco etch 

virus (TEV) coat protein. These plants not only "recovered" from the TEV infection, 

but also expressed a TEV resistant phenotype in new stem and leaf tissue cells 

(Lindbo, et al, 1993). This observation revealed a silencing mechanism acting in the 

tobacco cytoplasm which targeted specific RNA sequences leading to virus 

inactivation. Later the discovery of RNAi mechanisms, especially the 

RdRP-dependent post-transcriptional gene silencing (PTGS) pathway in plants, 

explained this phenomenon: the natural role of the RNAi system in plants is a genetic 

immune system conferring protection against viruses (Baulcombe, 1999). Another 

example of RNAi as an antiviral defense is the mammal CD4+ T cells and 
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macrophages, which are the natural targets for HIV-1 infection. It has been shown 

that when CD4+ T cells are transfected with artificial siRNAs and subsequently 

infected with HIV-1, that genomic viral RNA is degraded and synthesis of viral 

cDNA is decreased (Stevenson, 2003). The 21bp siRNAs can trigger HIV RNA 

degradation, suggesting the siRNA-induced silencing complex mediates specific 

cleavage of target virus RNA, thereby preventing formation of viral 

complementary-DNA intermediates (Jacque, et al, 2002). 

However, besides these defensive roles, RNAi also plays an important role in both 

plant and animal development: RNAi has been shown to be involved in regulating 

meristem function, organ boundary formation, and polarity and growth in plants 

(Kidner and Martiensse, 2005); it has also been demonstrated to regulate the earliest 

steps of embryonic development in Drosophila and higher dipterans (Olesnicky, et al, 

2006). 

1.1.3. The importance of RNAi in research 

Not only has the discovery of RNAi changed our understanding of how cells 

regulate their genes, but RNAi studies have also led to the development of new tools 

for screening gene functions, new strategies for blocking gene function, and they may 

yield new RNAi-based drugs to treat human disease (Zamore, 2001). 

Now that the known gene sequences outnumber known gene functions, RNAi can 

be used as a tool to discover gene functions by disrupting the genes of interest. It has 

become the dominant method of reverse genetics in C. elegans: the predicted open 

reading frames on chromosomes I and III had been analyzed by the RNAi method. 

The number of genes with known phenotypes on Chromosome I increased from 70 to 

378 by feeding C. elegans with bacteria that expressed dsRNAs for RNAi initiation 

(Fraser, et al, 2000). Most of the genes on Chromosome III are required for proper 

cell division in embryos (Gonczy, et al, 2000). Thus the constructed library of 

bacterial clones can be used to analyze the entire genome by using RNAi to screen 

every worm gene in the near future. 
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Because RNAi mechanisms play an important role for antiviral defense in plants, it 

can be developed as an in vivo tool for controlling viral infection in plants. This has 

been successfully demonstrated in transgenic tobacco lines: introducing an inverted 

repeat of Cucumber mosaic virus (CMV) cDNA, which delivered RNA transcripts 

complementary to the CMV cDNA, repressed the reproduction of the CMV virus and 

left the tobacco lines CMV resistant (Kalantidis, et al, 2002). 

HIV-1 is a target for RNAi because it uses RNA intermediates in its replication 

cycle. In had been demonstrated that synthetic siRNA duplexes or plasmid-derived 

siRNAs inhibit HIV-1 infection by specially degrading HIV-1 RNA, and prevent 

formation of viral complementary-DNA intermediates. Therefore, RNAi can 

hopefully be used as a therapeutic strategy against infection HIV-1. 

1.1.4 There are two different RNAi mechanisms 

Two different RNAi mechanisms have been discovered to date: one is 

post-transcriptional gene silencing (PTGS), which inhibits mRNA translation in the 

cytoplasm; the other is transcriptional gene silencing (TGS), which represses DNA 

transcription in the cell nucleus (Furner, et al, 1998). PTGS and TGS pathways share 

some common elements, such as the short interfering RNAs which trigger RNAi 

pathways, and the important regulated proteins Dicer & Argonaute. Each mechanism 

also has its own special regulators. 

There are three protein complexes involved in RNAi pathways: the RNA-induced 

Silencing Complex (RISC), which mediates target mRNA cleavage in PTGS 

(Schwarz, et al, 2004); the RNA-induced Transcriptional Silencing Complex (RITS), 

which initiates heterochromatin assembly in TGS (Verdel, et al, 2004); and the 

RNA-directed RNA polymerase Complex (RDRC. Motamedi, et al, 2004), which is 

also involved in TGS, and plays an important role in centromeric heterochromatin 

formation (Buhler, et al, 2006). 

More than one dozen proteins are involved in the different RNAi pathways, of 

which Argonaute, Dicer and RNA-dependent RNA polymerase (RdRP) are the three 

most important ones. 
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See Figure 1.1.4 for the relationship between the two RNAi mechanisms. 

Figure 1.1.4: Two RNAi mechanisms 
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See Table 1.1.4 for a comparison of the main features in PTGS and TGS. 

The two mechanisms PTGS and TGS will be described in detail in Section 1.2 and 

Section 1.3. 

Table 1.1.4: Overall comparison of the main features in PTGS and TGS 

Post-transcriptional gene Transcriptional gene silencing 
Name of mechanism 

silencing (PTGS) (TGS) 

Cellular Cytoplasm (Kawasaki & Taira, 
Nucleus (Verdel, et al, 2004) 

localization 2004) 

Inhibiting mRNA translation Repressing DNA transcription 
Functions 

(Dykxhoorn, et al, 2003) (Huang, 2002) 

DNA methylation, histone 
mRNA degradation or functional 

H3-lysine 9 methylation, histone 
Mechanisms disruption in translation 

deacetylation (Volpe, et al, 2002; 
(Dykxhoorn, et al, 2003) 

Hansen, et al, 2005). 

Interfering RNAs 
siRNAs or miRNAs or both siRNAs (Vaucheret & Fagard, 

involved in the 
(Dykxhoorn, et al, 2003) 2001) 

mechanism 

Either RdRP dependent or RdRP 
RdRP dependent (Kawasaki & 

RdRP dependency independent ( Novina and Sharp, 
Taira, 2004) 

2004) 

Complexes involved RDRC and RITS (Verdel, et al, 
RISC (Gaudy, et al, 2003) 

in the mechanism 2004; Motamedi, et al, 2004) 

Important proteins Argonaute, Clrl, Clr3, Clr4, Clr6, 
Argonauts, Dicer, Drosha, R2D2, 

involved in the Dicer, RdRP, Swi6 (Hansen, et 
RdRP (Liu, et al, 2004) 

mechanism al, 2005; Hansen, et al, 2006) 
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1.1.5 Methods of investigating RNAi mechanisms 

In the past ten years, RNAi investigations carried out in a variety of different model 

systems including plants, fungi, yeast, worms, fruit fly, mammals, and human cells 

have proven much about the mechanism of RNAi. The four most commonly used 

model systems are introduced below. 

1.1.5.1 C. elegans as a RNAi study model 

The nematode worm C. elegans, the first model organism to be used for a detailed 

study of RNAi, is one of the most widely used and important multicellular models for 

RNAi study (Fire, et al, 1998). In C. elegans, RNAi can be initiated by injecting 

worms with dsRNAs, soaking them in dsRNA-containing solutions, or feeding them 

dsRNA-producing E. coli, which induces a homology-dependent and highly effective 

decrease in expression of the corresponding homologous gene (Montgomery, et al, 

1998). 

C. elegans, which only encodes one RdPR gene, is one of the models for studying 

the RdRP-dependent PTGS pathway (for more detail see the RdRP section 1.2.4.4). 

This enzyme which mediates RNAi by synthesising long dsRNAs as the precursors of 

siRNAs (Cogoni & Macino, 1999) needs only a few molecules of dsRNAs per cell to 

achieve effective homologous gene silencing in C. elegans (Fire, et al, 1998). 

RNAi feeding libraries have been constructed to facilitate genome-wide genetic 

screens in C. elegans. Screening using this approach has been proved extremely 

successful and novel genes involved in many different RNAi pathways have been 

identified (Pothof, et al, 2003). The natural RNAi inhibitor Eril protein was first 

identified from C. elegans in this way (Kennedy, et al, 2004). 

1.1.5.2 Drosophila as a RNAi study model 

Traditionally, Drosophila is a widely used model for identifying genes involved in 

development and in basic biological processes. Several genes can be silenced together 

by injection of dsRNAs into wild type Drosophila embryos (Schmid, et al, 2002). 

Unlike C. elegans, Drosophila can be used as a model to study the RdRP-independent 
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PTGS pathway because it does not encode the RdPR gene. Efficient gene silencing 

can only be achieved by injecting concentrations of between 2.5µM and 5µM of long 

dsRNAs into wild type Drosophila embryos (Schmid, et al, 2002). This high 

concentration of dsRNAs (compared to a few molecules required by C. elegans) is 

required for Drosophila RNAi because this model organism lacks the RdRP required 

for amplification of long dsRNAs. 

Genome-wide RNAi screens have been successfully used in Drosophila cells to 

identify genes involved in many processes, including the regulation of cell viability 

(Boutros, et al, 2004). RNA-induced Transcriptional Silencing (RITS) has also been 

documented in Drosophila, as have the components of the RNAi-mediated gene 

silencing pathways required for heterochromatin assembly at specific genomic loci 

(Pal-Bhadra, et al, 2004). The study of the essential RNAi protein Dicer in Drosophila 

reveals that the two Dcr-1 and Dcr-2 paralogues mediate various RNAi pathways by 

processing different types of small interfering RNAs (Lee, et al, 2004). 

1.1.5.3 S. pombe as a RNAi model system 

The unicellular fission yeast S. pombe was first reported as an experimental model 

for the analysis of antisense RNA regulated gene expression more than ten years ago 

(Arndt, et al, 1995). Later, due to its genetic tractability and amenability to 

antisense-RNA-mediated gene inhibition, a cell model for RNAi study was developed 

in this organism (De Backer, et al, 2002). Over-expression of a S. pombe cDNA 

library is an effective way for finding cofactors of antisense RNA mediated gene 

suppression, and four novel antisense-enhancing sequences had been successfully 

identified by cDNA library screening in this way (Raponi & Arndt, 2002). 

S. pombe has been taken as an ideal RNAi study model because of three main 

reasons: a). S. pombe has the smallest number of open reading frames (ORFs) in 

eukaryotes to date. Its total genomic DNA sequence has been determined and 80% of 

its essential genes are found in highly conserved gene classes (Decottignies, et al, 

2003). b). S. pombe not only encodes homologues of all the identified components 
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required for both TGS and PTGS RNAi mechanisms, but more importantly its 

genome contains single genes for the essential proteins: Argonaute, Dicer, and RdRP - 

multiple genes exist for each in other organisms (Hall, et al, 2003). c). The two RNAi 

mechanisms TGS and PTGS (Sigva, et al, 2004), and the three RNAi protein 

complexes RDRC, RITS and RISC all exist in S. pombe (Verdel & Moazed, 2005). 

S. pombe is the organism selected as the RNAi study model in this thesis. 

1.1.5.4 Dictyostelium as a RNAi model system 

The soil amoeba Dictyostelium discoideum is another RNAi study model, in which 

many components of the RNAi machinery have been identified. 

Although there are three homologues of RdRP in Dictyostelium: RrpA, RrpB and 

DosA, knockout experiments reveal that only RrpA is involved in RNAi pathway 

mechanisms (Martens, et al, 2002). 

Unlike other model systems, in Dictyostelium, the essential RNAi regulating 

protein Dicer lacks a highly conserved helicase domain. Interestingly, another 
Dictyostelium helicase, the helF protein, has been shown to contain high similarity to 

the missing Dicer domain. This helF protein has been demonstrated to act as a RNAi 

negative regulator in Dictyostelium (Popova, et al, 2006). It is one of the few RNAi 

inhibitors that have been identified so far, and it regulates RNAi differently from 

other inhibitors (see Section 1.4 for detail on RNAi inhibitors). 

35 



1.2 Post-transcriptional gene silencing (PTGS) 

PTGS was originally identified in plants, it was later found in fungi and animals 

(Jones, et al, 1999). This is a gene regulating mechanism which inhibits the 

translation of mRNA into proteins. A characteristic feature of PTGS is the presence of 

interfering RNAs derived from either transgenes or exogenous dsRNA (Ketting, et al, 

2001). PTGS occurs in the cytoplasm (Kawasaki & Taira, 2004) and a hallmark of its 

activity is a reduction in the level of mRNAs homologous to the dsRNA (Hammond, 

et al, 2000). 

1.2.1 PTGS pathways 

There are two different PTGS pathways: One is dsRNA directed, sequence specific, 

degradation of mRNAs. This pathway is ATP dependent, but processing of the 

dsRNA into siRNAs does not require the targeted mRNA (Zamore, et al, 2000). The 

position of the mRNA cleavage site is highly exact; it is precisely ten bases from the 

corresponding 5' end of the siRNA strand (Lee, et al, 2004). Another PTGS pathways 

is directed by miRNAs, which show partial sequence complementary to target 

mRNAs, leading to translational repression (Dykxhoorn, et al, 2003). Figure 1.2.1 

shows the two PTGS pathways mediated by siRNAs and miRNAs. 

1.2.2 Interfering RNAs in PTGS pathways 

Interfering RNAs, the triggers of PTGS pathways, are either double-stranded or 

single-stranded and are normally small in size, with sequence complementary to the 

target mRNAs. The four interfering RNAs: dsRNAs, siRNAs, mRRNAs and rasiRNAs 

are compared in Table 1.2.2. 

36 



a 
., ý 

; 1' 1 iU 

b 
, 

r, sPVA ý ''`J 

UH .. 

C3 5' 

ýxxxxxxx 

Q[IP+P 

ATP 

fP 

A 

p 
riRNl. (y. oRx i 

>'J 

n 

'. Dfcaº 

I 
siRNA-"9in aompýex tsiRNP; 

C> }r 
_ 

.j RISC 

ApP# P 

ATP 

'p 

mRMA 

, n7G. f 

W; (; (Jr . li: bv. ]: 

-o 

i 
; hiAlA mpCliBtOCJ targct rCý4g'AC+ý 

P 

f 
ý", Hºy. A deevaae 

r7(;. +` Xý Aj -\ 
+ 

ý''! V 

ýý0 \ 

: A. 
ri 

-- ihli, rtK. t7at©U'aryet 
-ecoyritot 

TrAn . 't1 r. c» viiNt ^, r 

Figure 1.2.1: siRNA and miRNA mediated two PTGS pathways (Figure take from 

Dykxhoorn, et ad, 2003). 
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b). The siRNA-mediated PTGS pathway: long dsRNA is cleaved by Dicer into siRNAs by 

ATP-dependent manner; these siRNAs are then incorporated into RISC to be unwound; the 

single-stranded antisense strand guides RISC to their target mRNA by sequence 

complementary, which results in the cleavage of target mRNA. 

c). The miRNA-mediated PTGS pathway: Dicer also processes the -70nt hairpin miRNA 
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C 

IDkor 

r-; INA 

--, ocrvn (yoior 
cL)er'ufpx : rriHNN'. 

11\I 

1"r 
tý 

i 

37 



Table 1.2.2: The main features of interfering RNAs involved in PTGS pathways 

Name of interfering Description Enzymes for Functions in Reported 

RNAs processing RNAi organisms 

Double stranded Double stranded, RdRP An inducing A variety of 

RNAs (dsRNAs) more than 30bp signal of organisms 

(Meister & Tuschl, silencing, 

2004; Mittal, 2004) precursor of 

siRNAs 

Small interfering Double stranded, Dicer, Guiding a A variety of 

RNAs (siRNAs) 19-21bp, 2-nt RdRP nuclease to the organisms 

(Zamore, 2001; single-stranded 3' target mRNA or a 

Raponi & Arndt, overhangs methyltransferase 

2003) to genomic DNA 

by sequence 

complementary 

Micro-interfering- Single-stranded, Drosha, Binding to target Only in 

RNAs (mRRNAs) 19-25nt, Dicer, RNA mRNA by multicellular 

(Hunter & Poethig, asymmetry polymerase partially sequence plants and 

2003; Dykxhoorn, et II complementary, animals, not in 

al, 2003; Meister & repressing unicellular 

Tuschl, 2004; Cerutti translation eukaryotes and 

& Casas-Mollano, fungi 

2006; Vagin, et al, 

2006) 

Repeat-associated Longer length Dicer, Silencing mRNA Drosophila 

small interfering distinguished RdRP as siRNA 

RNAs (rasiRNAs) from siRNAs, 

(Vagin, et al, 2006) 24-19nt 
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1.2.2.1 Double stranded RNAs (dsRNAs) 

A double stranded RNA that is longer than 30bp can act as an inducing signal for 

silencing (van Houdt, et al, 2000. Mittal, 2004) and dsRNAs can specifically inhibit 

gene expression at PTGS in a variety of organisms (De Backer, et al, 2002). A key 

step in known RNAi pathways is the processing of dsRNAs into 21-28bp short 

double-stranded RNAs, which then guide the recognition of complementary 

single-stranded RNAs (Meister & Tuschl, 2004). In worms and plants, dsRNAs are 

synthesized by RdRP from small single stranded RNA like primers, which enhance 

their RNAi efficiency (Dykxhoorn, et al, 2003). 

1.2.2.2 Small interfering RNAs (siRNAs) 

The presence of siRNAs is one of the hallmarks of both TGS and PTGS in RNAi 

mechanisms. siRNAs are double-stranded fragments cleaved from long dsRNA 

precursors by Dicer enzyme (Raponi & Arndt, 2003). A siRNA helix is 19-21 bp with 

characteristic 2-nt single-stranded 3' overhangs and 5' monophosphates at both ends 

(Lingel & Sattler, 2005). This structure of siRNAs is important for RNAi activity 

(Sontheimer, 2005). 

After maturation by Dicer, siRNAs incorporate into a protein-RNA complex, 

where they serve to guide a ribonuclease to their target mRNAs (Zamore, 2001). 

Figure 1.2.2.2 shows the maturation of siRNAs by Dicer. They recognize targets by 

precise sequence complementary (Ambros, et al, 2003). The siRNA duplexes are 

functionally asymmetric: although both siRNA stands can be competent to direct 

RNAi, only one of the two strands, the antisense strand, is able to trigger RNAi 

(Schwarz, et al, 2004). Different regions of the siRNA play distinct roles in target 

recognition, cleavage, and product release: bases in 5' end contribute to target 

RNA-binding, whereas base pairs formed by the central and 3' regions provide "a 

helical geometry" required for catalysis (Haley & Zamore, 2004). 

In plants, different molecular sizes of siRNAs trigger different RNAi pathways: 

siRNAs of 24-26nt induce methylation of corresponding genomic regions, while 

siRNAs of 21-22 nt mediate PTGS (Hunter & Poethig, 2003). 
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Figure 1.2.2.2: siRNAs cleaved from long dsRNAs by Dicer can induce RNAi pathways 

(Figure taken from Novia and Sharp, 2004). 

1.2.2.3 Micro-interfering RNAs (miRNAs) 

miRNAs are 19-25nt single-stranded molecules, encoded in gene-like elements 

organized in a characteristic inverted repeat (Almeida & Allshire, 2005). miRNAs 

have only been identified in multicellular plants and animals so far, and are absent 

from several unicellular eukaryotes such as S. pombe. No miRNA-directed silencing 

pathway has yet been documented in fungi (Cerutti & Casas-Mollano, 2006). Many of 

these miRNA genes are evolutionarily conserved (Meister & Tuschl, 2004). 

There are two steps in miRNA maturation. In the first step, the long hairpin RNAs, 

which are called primary miRNAs (pri-miRNAs) transcribed from the genome, are 

processed by Drosha enzyme in the nucleus into -70nt hairpin precursor miRNAs 

(pre-miRNAs). In the second step, the pre-miRNAs are exported to the cytoplasm, 

where they are cleaved by Dicer enzyme into mature, single-stranded miRNAs (Novia 

and Sharp, 2004). Figure 1.2.2.3 shows the processes of miRNA maturation. The 

-22-nt miRNAs can also be processed by endogenous RNA polymerase 11 (Vagin, et 

al, 2006). In miRNA structures, the loop regions are much more important than the 

stem regions for RNAi triggering anti-virus defense (Homann, et al, 1993). 

Asymmetry is the hallmark of miRNAs (Schwarz, et al, 2004). Naturally occurring 

miRNAs show a strong bias, accumulating only one strand into the silencing complex 

(Meister & Tuschl, 2004). miRNAs act as guides for the multi-protein silencing 
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complex: they identify and bind their target mRNAs with imperfect sequence 

complementary at sites in the 3' untranslated region (UTR), causing repression of 

translation and inhibition of protein synthesis (Dykxhoorn, et al, 2003). 

miRNAs are functionally interchangeable with siRNAs for eliciting RNAi through 

common biochemical pathways (Mittal, 2004). The choice of mRNA cleavage or 

translational repression is solely determined by the degree of complementary between 

the interfering RNAs and their target mRNAs (Schwarz, et al, 2004). In mammals, 

there appear to be no real distinctions between siRNA- and miRNA-mediated RNAi 

pathways downstream of Dicer (Okamura, et al, 2004). 

Pri-miRNA Pre-miRNA Mature miRNA 

Cellular gene --sýj ýý-. ý --ºl1lll\ v 49 Drosha Dicer 
-I 

Figure 1.2.2.3: miRNA maturation in RNAi pathways. miRNAs are encoded in all 

multicellular organism genomes studied so far (Figure taken from Novia and Sharp, 

2004). They fold into long hairpin RNAs -- primary miRNAs (pri-miRNAs). The nuclear 

enzyme, Drosha, cleaves pri-miRNA into hairpin precursor miRNAs (pre-miRNAs), 

which are smaller and roughly 70nt. The pre-miRNAs are subsequently exported from the 

nucleus into the cytoplasm, where Dicer cleaves them into mature, single-stranded, -22nt 

miRNAs. 

1.2.2.4 Repeat-associated small interfering RNAs (rasiRNAs) 

rasiRNAs have been found in Drosophila. These are distinguished from siRNAs 

because they are 24-29nt long. They detectably accumulate only from the antisense 

strand and silence both mRNA and sense RNAs (Vagin, et al, 2006). 
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1.2.3 Protein complex involved in PTGS pathways 

A key step in PTGS pathways is the assembly of the protein-siRNA complex RISC, 

which mediates target mRNA cleavage (Schwarz, et al, 2004). 

RISC is a -550kDa ribonucleoprotein complex, containing two essential 

components: siRNAs and Argonaute family proteins (Liu, et al, 2004). Another 

important protein in RISC is R2D2 (Sontheimer, 2005). The functions of other highly 

conserved components of RISC are not yet clear, but they have been identified in 

many species (Scadden, 2005). The RISC gene-silencing complexes are highly 

dynamic cytoplasmic elements, whose movement and structural maintenance both 

require ATP (Carmichael, et al, 2006). 

One step in RISC assembly in PTGS pathways involves specific recognition of the 

2nt overhang on the 3' end of siRNAs, which is tightly bound by the PAZ domain of 

Argonaute protein in RISC (Meister & Tuschl, 2004). Since each RISC contains only 

one of the two strands from the siRNA duplex, the two strands are not equally eligible 

for assembly into RISC. An enzyme in RISC, that selects which strand to be loaded 

into the complex, governs the assembly (Schwarz, et al, 2004). Moreover, RISC 

preferentially accepts the strand of the siRNAs with less stable 5' end (Mittal, 2004). 

The mismatched siRNAs may recruit RISC to targets lacking complementarity to the 

5' region of the siRNA (Haley & Zamore, 2004). siRISC recognizes and binds its 

target mRNA by sequence complementary. Such complexes, which localize in 

specialized areas in cells for mRNA degradation, have been reported in the cytoplasm 

of both yeast and human cells (Sen & Blau, 2005). 

The degree of complementary between siRNAs and their target mRNAs determines 

whether or not RISC cleaves the substrate RNAs (Liu, et al, 2004). "RISC can cleave 

RNA targets with up to five contiguous mismatches at the siRNA 5' end and nine 

mismatches at the siRNA 3' end. " When the mismatches increase to ten at 3' to the 

mRNA target, no cleavage can be detected (Haley & Zamore, 2004). 

RISC, acting as an endonuclease, cleaves its target mRNA at a single, unique site 

(Schwarz, et al, 2004). The substrate mRNA cleavage site is lOnt from the siRNA 5'- 

end, leaving 3'-hydroxyl and 5'-phosphate termini (Martinez & Tuschl, 2004). 
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Argonaute2 has recently been shown to constitute the 'slicer' enzyme in RISC that 

specifically cleaves the target RNA (Scadden, 2005). The cleavage is Mg 2'-dependent, 

and the target cleavage step itself is ATP independent, leaving the siRNA intact 

(Sontheimer, 2005). 

1.2.4 Important proteins involved in PTGS pathways 

Dozens of RNAi pathway-associated proteins have been identified in a variety of 

organisms, and most of them are evolutionarily conserved. Some of these proteins are 

multifunctional and are essential for regulating more than one RNAi pathways, or 

more than one step in one pathway; others play a single role and regulate only one 

RNAi pathway. Table 1.2.4 lists PPD, Argonaute, Dicer and RdRP proteins which 

are important proteins that are involved in both the PTGS and TGS (will described in 

Section 1.3) pathways. Two other important proteins, Drosha and R2D2, are only 

involved in the PTGS pathways. 

1.2.4.1 PAZ Piwi Domain (PPD) proteins 

The PPD proteins have been found to be involved in all the known RNAi pathways 

to date. The PPD protein family members are defined by the presence of two 

signature domains: a 100 amino acid PAZ domain in their N- terminal region, and a 

300 amino acid Piwi domain in their C-terminal region. They belong to a family of 

highly conserved proteins, which have been found in all multicellular organisms and 

in the fission yeast S. pombe, but they are absent in the budding yeast S. cerevisiae and 

bacteria (Carmichael, et al, 2004). The two proteins Argonaute and Dicer, which are 

essential for both TGS and PTGS, belong to the PPD protein family. 
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Table 1.2.4: The main features of proteins involved in both PTGS and TGS pathways 

Names of proteins Description of Cellular Functions in Complexes 

proteins localization RNAi or 

interactions 

PAZ Piwi Domain A 100-aa PAZ Nucleus and Formation of RISC, RITS 

proteins (PPD) domain and a Cytoplasm centromeric 

(Carmichael, et al, 300-aa Piwi domain heterochromation, 

2004) mRNA cleavage 

Argonaute (Ago) -lOOkD, 130-aa Nucleus and Binding RISC, 

(Carmell, et al, PAZ domain, Cytoplasm single-stranded RITS, 

2002; Yan, et al, 300-aa PIWI interfering RNAs, interacting 

2003; Kawasaki & domain; cleaving mRNAs with Dicer 

Taira, 2004; Liu, et multifunctional 

al, 2004) 

Dicer (Dcr) Two endonuclease Nucleus and dsRNA cleavage, Interacting 

(Bernstein, et al, domains, a Cytoplasm producing with R2D2 

2001; Blaszczyk, dsRNA binding siRNAs and in 

et al, 2001; Lee, et domain, a PAZ miRNAs Drosophila, 

al, 2004; Macrae, domain, a helicase ATP- 

et al, 2006) domain; dependent 

multifunctional 

RdRP (Zamore, RNA-dependent Nucleus and Synthesis of more RDRC 

et al, 2000; RNA polymerase cytoplasm dsRNAs 

Motamedi, et al, 

2004; Carmichael, 

et al, 2006) 
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1.2.4.2 Argonaute (Ago) proteins in PTGS 

Argonaute proteins make up a highly conserved family, whose members have been 

implicated in both the TGS and PTGS RNAi pathways in many organisms (Carmell, 

et al, 2002). In single cell eukaryotes there are one or two Ago family genes, whereas 

in multicellular organisms this gene family has expanded (Shi, et al, 2004): the 

Drosophila genome encodes at least five distinct Ago proteins; A. thaliana has ten; 

human has eight; C. elegans has 24; and worms have 27 (Meister, et al, 2004). The 

remarkable diversity of Argonaute proteins suggests that each Argonaute paralog 

plays a specific role in RNAi (Sigova, et al, 2004). 

Argonaute proteins make a family of -10OkD highly basic proteins, which contain 

two common domains: PAZ and PIWI (Figure 1.2.4.2-1. Carmell, et al, 2002). The 

N-terminal region is a evolutionarily conserved 130 amino acid PAZ 

(Piwi/Argonaute/Zwille) domain, which binds a single-stranded RNA with 1: 1 

stoichiometry (Yan, et al, 2003). Thus the PAZ domain is a protein-RNA interaction 

domain, initiating RNAi by presenting siRNA triggers (Hammond, et al, 2001). The 

C-terminal 300-amino acid PIWI domain is also highly conserved (Carmell, et al, 

2002). 
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Figure 1.2.4.2-1: Schematic diagram of the domain borders in P. furiosus Argonaute 

protein (Figure taken from Song, et al, 2004). The Argonaute protein of P. furiosus 

contains a N-terminal domain (blue), a "stalk" (light blue), a PAZ domain (red), a 

middle domain (green), a PIWI domain (purple), and the interdomain connector 

(yellow). 

Argonautes are largely confined to the cytoplasm and recent studies indicate the 

importance of their specific intra-cytoplasmic localization for their function in PTGS 

(Carmichael, et al, 2006). They regulate the formation of siRNA- or 

miRNA-associated RISC by assembling small RNAs into RISC (Okamura, et al, 
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2004). The interaction between Argonaute and Dicer facilitates siRNAs incorporating 

into RISC, and the siRNAs ultimately dissociates from Dicer and targets 

complemented mRNAs for destruction (Hammond, et al, 2001). In RISC, the PAZ 

domain from Argonaute protein holds the 3' end of the single-stranded siRNA, 

orienting recognition of target mRNAs. The PIWI domain in Argonaute protein folds 

into a structure analogous to the catalytic domain of RNase H, which cleaves 

single-stranded RNA directed by the DNA strand in an RNA/DNA hybrid (Song, et al, 

2004). The Piwi domain cleaves its mRNA substrates to leave 5' phosphate group and 

3' hydroxyl group through a metal-catalyzed cleavage reaction (Figure 1.2.4.2-2. Liu, 

et al, 2004). 

3' ýýti 
;ý. 

Figure 1.2.4.2-2: Schematic depiction of the model for siRNA-guided mRNA cleavage 

(Figure taken from Song, et al, 2004). The siRNA (yellow) binds with its 3' end in the 

PAZ domain of Argonaute protein, and the 5' is predicted to bind near the other end. 

The mRNA (brown) comes in between the N-terminal and PAZ domains, and comes 

out between the PAZ and middle domain. The single-stranded small RNA is presented 

to its target mRNA. The active site in the PIWI domain (shown as scissors) cleaves the 

mRNA, just opposite to the middle of the siRNA guide. 
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Ago2, a key component of RISC, only concentrates in mRNA decay centres known 

as cytoplasmic bodies (Sen & Blau, 2005). Cleavage of mRNAs has only been 

detectable from the Ago2 complex (Meister, et al, 2004). In Drosophila embryos, 

Ago2 is an essential component for siRNA-directed RNAi. It is required for the 

unwinding of siRNA duplex, and consequent assembly of siRNA into RISC 

(Okamura, et al, 2004). There are eight Argonaute proteins in human cells, and 

Agol-Ago4 associate with miRNAs and siRNAs (Meister & Tuschl, 2004). However 

only Ago2 can mediate miRNA-/siRNA-directed endonucleolytic cleavage of target 

mRNAs (Sigova, et al, 2004). 

1.2.4.3 Dicer proteins (Dcr) 

Dicer, the best characterized protein in RNAi pathways, is a member of the 

Ribonuclease III family (Blaszczyk, et al, 2001). Although only one Dicer enzyme 

has been found in C. elegans, S. pombe and human (Liu, et al, 2003), several organisms 

contain more than one Dcr gene and each Dicer preferentially processing dsRNA 

from a specific source (Meister & Tuschl, 2004). For example, Drosophila has two 

Dicer proteins: Dcr-1 processes pre-miRNAs; Dcr-2 processes dsRNAs (Lee, et al, 

2004). 

In common with other RNaseIII proteins, Dicer proteins consist of several 

conserved domains: one PAZ domain, one dsRNA binding domain (dsRBD) 

(Blaszczyk, et al, 2001), the N-terminal distinctive helicase domain dual RNase III 

motifs (Figure 1.2.4.3-1). This special molecular structure of Dicer makes it a "slicer" 

to process dsRNAs into siRNAs or long hairpin RNAs into miRNAs. These then act 

as triggers of RNAi pathways (Bernstein, et al, 2001). 

The surface of Dicer dsRBD contains a large positively charged region which can 

interact directly with the negatively charged phosphodiester backbone of the substrate 

dsRNA helix. There is a 3' overhang-binding pocket of the Dicer PAZ domain, which 

attracts the 3' end of RNA duplex to fall directly in, and the 5' end of this dsRNA lies 

adjacent to the Dicer-specific PAZ domain loop (Macrae, et al, 2006). The Dicer PAZ 
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domain contains a large extended loop. Binding with substrate dsRNAs is the first 

step of Dicer working in RNAi (Matzke & Birchler, 2005). See figure 1.2.4.3-2. 

RNase III E. coli 

Dicer D. discoideum 

Dicer S. pombe 

Dicer C. elegans 

ýýý 

E-] 

DSRB RI80c PAZ 

Figure 1.2.4.3-1: The conserved domains in Dicer in Dictyostelium, S. pombe and 

C. elegans, which are also compared to RNase III of E. coli (Figure taken from 

Martens, et al, 2002). The Dicer conserved domains include a DExD box 

helicase domain, two contiguous RIBOc domains, a dsRNA-binding domain, 

dsRB (Bernstein, et al, 2001) and in some a domain. The RIBOc and 

DSRB domains are similar to the bacterial dsRNase, RNase 111. Dictyostelium 

Dicer lacks the helicase domain, it is instead present on RdRP. 

The second step is dsRNA cleavage by Dicer. Dicer products are typically 21-25 nt 

long. The reason for this dsRNA size is that more than 20bp is required in order to 

provide the sequence complexity required for uniquely specifying a single gene in a 

eukaryotic genome (Macrae, et al, 2006). In Dicer, the distance from the 3' 

overhang-binding pocket in the PAZ domain (site of dsRNA substrate binding) to the 

RNase III domain (site of dsRNA being cleaved) is -65 A, just matching the length 

of 25 dsRNA base pairs (Macrae, et al, 2006). The initiating dsRNA substrate must be 

several hundred base pair long (Bernstein, et al, 2001). Moreover, the process of 

siRNA or miRNA maturation by Dicer is ATP dependent (Figure 1.2.4.3-2. Ketting, 

et al, 2001). 
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1 

Rpla 

Figure 1.2.4.3-2: Dicer (Dcr) generates siRNAs from the ends of dsRNAs 

(Figure taken from Sontheimer, 2005). The multiple domains: RNA helicase, 

DUF283, PAZ, RNase III a&b and dsRNA-binding (dsRBD) domains are 

shown. Dcr interacts with nascent siRNAs asymmetrically, its PAZ domain 

binds to the pre-existing dsRNA end, and its dsRBD binds closer to the 

dsRNA-cleavage sites. The siRNA strand that has its 3' end binding to the PAZ 

domain preferentially assembles into RISC. 

After the process of Dicer maturation of siRNAs or miRNAs, it also physically 

associates with RISC (Lee, et al, 2004), which mediates mRNA degradation and 

translational suppression (Tahbaz, et al, 2004). The role of Dicer in mammalian RNAi 

pathways may be 2-fold: it is required not only for long dsRNA cleavage, but also for 

subsequent effecter steps including the formation of long dsRNA by RdRP (Doi, et al, 

2003). 

t)' t. ) 
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1.2.4.4 RNA-dependent RNA polymerase (RdRP) 

RdRP activity has been known in plants for decades (Maine, 2000), and its 

encoding genes have been found in many different species. Specialized RdRPs are 

required to synthesize long dsRNAs molecules using for Dicer to process siRNAs in 

all the RNAi pathways that involve RdRP (Cogoni & Macino, 1999). This 

self-sustaining cycle involving RdRP is important in many RNAi pathways (Dalmay, 

et al, 2000). The amplification of dsRNA by an endogenous RdRP can help to explain 

why a very small number of dsRNA molecules can inactivate a much larger 

population of mRNA (Zamore, et al, 2000). 

S. pombe encodes a single RdRP homolog, supplying a common biochemical 

function for both TGS and PTGS. This result demonstrates that a single RdRP protein 

can mediate both of these two RNAi pathways (Sigova, et al, 2004). On the other 

hand, no RdRP homolog has been identified in Drosophila or mammals, suggesting 

that RNAi can occur in the absence of RdRP activity (Sugiyama, et al, 2005). The 

absence of RdRP in mammals permits the specific targeting of other RNAs, which 

share identical or highly similar sequences, as well as the specific targeting of 

alternatively spliced forms (Stein, et al, 2003). 

1.2.4.5 Drosha protein 

Drosha protein and its homologues belong to the Class III RNase family, which 

contain two RNase III motifs and one dsRNA binding domain (Bernstein, et al, 2001). 

Drosha, which is located in the cell nucleus, is specifically required for miRNA 

precursor processing (Meister & Tuschl, 2004). It trims pri-miRNAs into -70 nt 

pre-miRNA forms (Lee, et al, 2003), which can be good substrates for Dicer (Figure 

1.2.2.3. Kim, et al, 2005). Thus, the maturation of miRNAs is carried out by two 

consecutively steps with two RNase III enzymes: the first step is processed by Drosha 

in the nucleus, and the second step is processed by Dicer in the cytoplasm (Lee, et al, 

2003). It is also interesting to find that a higher yield of the final -22 nt miRNA 

product results from a combination of Drosha and Dicer than that of twice the amount 

of Dicer alone. This result supports the theory of Drosha and Dicer work together in a 
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synergistic manner to increase miRNA production (Lee, et al, 2003). Drosha may also 

have dual functions in RNAi mechanisms by processing both rRNA and miRNA. 

1.2.4.6 R2D2 protein 

The R2D2 protein is also a regulator in the PTGS pathways. It was first purified 

from Drosophila S2 cells as a homolog of the C. elegans RNAi protein RDE-4. This 

protein is named R2D2 because it contains two dsRNA-binding domains (R2) and is 

associated with Dcr-2 in Drosophila (Liu, et al, 2003). R2D2 forms a stable complex 

with Dcr-2 to bind with siRNA and enhances sequence-specific target mRNA 

degradation mediated by RISC. So R2D2 bridges the initiation and effective steps of 

the Drosophila RNAi pathway by facilitating siRNA passing from Dicer to RISC (Liu, 

et al, 2003). 
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1.3 Transcriptional gene silencing 

Unlike the well studied PTGS mechanism degrading mRNAs, TGS is a heritable 

form of gene inactivation which inhibits DNA transcription (Huang, 2002). It has not 

been as well characterized as PTGS. 

1.3.1 TGS pathways 

Two TGS pathways has been described to date: RNA-directed DNA methylation 

(RdDM, Furner, et al, 1998), and RNA-mediated heterochromatin formation, 

occurring typically methylation of lysine 9 in histone H3 (Volpe, et al, 2002). 

TGS study in plants reveals that RdDM is a process initiated by RNA signals and 

site-specific DNA methyltransferases. dsRNAs trigger DNA methylation at 

sequences that are homologous either to ORF or promoter regions (Matzke & Birchler, 

2005). 

In the second pathway, DNA transcription is initiated by recruiting histone 

modifying enzymes to chromatin. An RNAi study in S. pombe reveals that TGS is 

controlled at the mating-type region, centromeres and telomeres, resulting from the 

assembly of heterochromatins (Nakayama, et al, 2001). Moreover, it have been newly 

discovered that histone deacetylation is a more common way of gene expression 

repressing in S. pombe than histone methylation (Hansen, et al, 2005). Figure 1.3.1 

shows the TGS pathway of heterochromatin assembly mediated by interacted protein 

complexes BITS and RDRC. 

Recently, these two TGS pathways, siRNAs induced RdDM and histone H3 

methylation, have been reported in human cells and the proteins involved, such as 

MeCP2, MBD and DNMTs, have also been well characterized (Kawasaki & Taira, 

2004). A model for siRNA-mediated TGS in human cells needs AGO1, TRBP2, 

RNAPII and EZH2 (Kim, et al, 2006). Moreover, the gene repressing effects of 

siRNAs can spread to nearby regions even lacking RdRP (Kawasaki & Taira, 2004). 
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Figure 1.3.1: Figure of a heterochromatin assembly TGS pathway mediated by 

interacting RITS and RDRC (Figure taken from Motamedi, et al, 2004). 

a). Long precursor dsRNAs are digested by Dcrl into siRNAs. 

b). The antisense strands from the siRNAs bind with Agol in the RITS complex, 

which is composed of Ago 1, ChpI and Tas3. 

c). CIr4-dependent RITS recruitment on centromere DNA repeats by sequence 

complementary to prevent chromosomal DNA transcription. 

d). RITS acts as a "priming complex" to direct specific dsRNA synthesis by 

recruiting and promoting RDRC (composed of Rdpl, Hrrl and Cidl2) assembly on 

target RNAs. 
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1.3.2 Interfering RNAs in TGS pathways 

The interfering RNAs that trigger the TGS pathways, are double-stranded and 

normally small in size, with sequence complementary to the target DNAs. Three 

interfering RNAs: dsRNAs, siRNAs (previously described in Section 1.2.2) and 

agRNAs are involved in TGS pathways. 

agRNAs, which are 21bp duplex RNAs with sequence complementarity to 

promoter DNAs, have been found to inhibit gene expression in cultured human cells 

by silencing transcription (Janowski, et al, 2006). agRNAs repress the expression of 

downstream genes. This silencing occurs in the nucleus, and requires high promoter 

activity, but does not necessarily require histone modification (Janowski, et al, 2006). 

1.3.3 Protein complexes involved in TGS pathways 

There are two important protein complexes regulating TGS pathways: 

RNA-directed RNA polymerase complex (RDRC) and RNA-induced transcriptional 

silencing complex (RITS). 

RDRC is a newly identified RNAi protein complex, playing an important role in 

the formation of centromeric heterochromatin (Hansen, et al, 2006). In RDRC, the 

RNA-directed RNA polymerase Rdpl is associated with two conserved proteins: a 

RNA helicase Hrrl, and a member of the polyA polymerase family Cidl2 (Buhler, et 

al, 2006). This complex acts as a RNA-directed RNA polymerase in TGS pathways. 

RITS localized to heterochromatin is required for TGS (Verdel & Moazed, 2005). 

In S. pombe, the RITS complex contains three proteins: a Argonaute protein homolog 

Agol, a heterochromatin-associated chromodomain protein Chpl, and a novel protein 

Tas3, which is required for H3-K9 methylation and Swi6 location (Verdel, et al, 

2004). RITS also contains Dicer processed siRNAs, which are homologous to 

centromeric repeats. These siRNAs bind with Argonaute protein in RITS localizing to 

heterochromatic domains to prevent DNA transcription (Verdel, et al, 2004). BITS 

components, including Argonaute protein, have been found to bind to all known 

heterochromatic loci in S. pombe. It depends on H3-Lys9 methylation to remain in 

stable association with the silenced loci, and its tethering to silenced chromosomal 
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domains is essential for its role in TGS (Noma, et al, 2004). Meanwhile, at the sites of 

heterochromatin assembly, RITS regulates dsRNA and siRNA synthesis by recruiting 

RDRC (Verdel & Moazed, 2005). 

The protein complexes involved in TGS are compared in Table 1.3.3. 

Table 1.3.3: Comparison of the main features of RDRC and RITS. 

Name of RNA-induced transcriptional 
RNA-directed RNA polymerase 

Complex silencing complex (RITS) 
complex (RDRC) 

Cellular Nucleus and cytoplasm Nucleus (Verdel, et al, 2004) 

localization (Carmichael, et al, 2006) 

Functions RNA-directed RNA polymerase Initiating heterochromatin 

activity, formation of centromeric assembly, regulating dsRNA and 

heterochromatin (Motamedi, et siRNA synthesis (Verdel, et al, 

al, 2004) 2004) 

Protein Cidl2, Hrril, RdRP (Buhler, et Agol, Chpl, Tas3 (Verdel, et al, 

components al, 2006) 2004) 

Interactions Interacting with RITS, requiring Promoting RDRC assembly, Dicer 

Dicer and Clr4 to be recruited by dependent (Motamedi, et al, 

RITS (Motamedi, et al, 2004) 2004) 

RDRC and RITS are both localized to the nucleus, physically interacting with each 

other (Figure 1.3.1), to associate with noncoding centromeric RNAs in a 

Dcrl-dependent manner (Motamedi, et al, 2004). Interaction between these two 

complexes requires the histone methyltransferase Clr4 besides Dicer. Moreover, it is 

also possible that RDRC amplification of dsRNAs occurs both in the cytoplasm and 

in the nucleus, enabling RITS-dependent TGS and RISC-dependent PIGS 

(Carmichael, et al, 2006). 
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1.3.4 Important proteins involving in TGS pathways 

Dozens of TGS associated proteins have been identified in a variety of organisms 

and most of them are evolutionarily conserved. TGS shares some important regulators 

with PTGS, such as PPD, Argonaute, Dicer, RdRP. It also has some special regulators 

including Cidl2, Clrl, C1r3, Clr4, Clr6, Hrrl, Swi6, Tas3. Figure 1.3.4 lists the 

important proteins involved in TGS pathways only. 

1.3.4.1 RNA-dependent RNA polymerase (RdRP) in TGS pathways 

In TGS pathways, RdRP executes its functions of synthesizing long dsRNAs by 

associated with two highly conserved proteins: a putative RNA helicase Hrrl and a 

polyA polymerase Cid12. These three proteins form the RNAi complex RCDC 

(Figure 1.3.1. Motamedi, et al, 2004). RdRP also localizes to all known 

heterochromatic loci, and its localization at centromeric repeats depends on several 

components, which including RITS, Dicer, heterochromatin assembly factors such as 

Clr4/Suv39h and Swi6/HP1 proteins (Sugiyama, et al, 2005). 

1.3.4.2 Clr3 protein 

Clr3, a nuclear protein homolog to mammalian class II and class I histone 

deacetylases, recruits Clr4 and mediates H3K9 methylation at the silent mating-type 

region and centromeres. It contributes to heterochromatin maintenance in TGS by 

stabilizing H3K9 (Yamada, et al, 2005). 

1.3.4.3 Cidl2 protein 

Cidl2 protein localizes in cell nucleus, associating with RdRP and Hrrl proteins to 

form the RDRC complex, which amplifies dsRNAs for TGS regulating (Motamedi, et 

al, 2004). Cid12-mediated adenylation of RDRC-produced dsRNAs contribute to 

further processing of these dsRNAs into siRNAs directly or indirectly, and 

Cid12-mediated oligoadenylation contributes to stabilize the association of RITS with 

chromatin in a later step of the assembly process (Motamedi, et al, 2004). 
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Table 1.3.4: The main features of proteins involved in TGS pathways only 

Names of proteins Description of Functions in RNAi Complexes or 

proteins interactions 

Cidl2 PolyA polymerase Mediating adenylation RDRC 

(Motamedi, et al, of RDRC-producing 

2004) dsRNAs 

Clrl (Yamada, et Zinc finger protein Heterochromotin RITS 

al, 2005) assembly 

Clr3 (Hassen, et Histone Recruiting Clr4, -- 

al, 2005) deacetylase, Stabilizing H3K9 

heterochromatin methylation 

maintenance 

C1r4 (Yamada, et Histone Controlling interaction -- 

al, 2005) ethyltransferase of RDRC with RITS 

C1r6 (Hassen, et Histone deacetylase Heterochromotin -- 

al, 2005) maintance 

Hrrl (Motamedi, DEAH RNA Promoting dsRNA RDRC 

et al, 2004) helicase synthesis 

Swi6 (Volpe, et al, Heterochromatin Recognizing and -- 

2003) protein binding histone H3 

methylated at Lys-9, 

Tas3 (GeneDB) 63kD, 549-aa in Not clear RITS 

fission yeast 
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1.3.4.4 Hrrl protein 

Hrrl protein is another component of RDRC complex for dsRNA amplification in 

TGS. It has a high degree of similarity to the DEAD box RNA helicases, and genetic 

studies have revealed a requirement of such RNA helicases in the RNAi response 

from several other organisms: it increases the processivity of RdRP on its RNA 

templates to promote dsRNA synthesis (Motamedi, et al, 2004). 

1.3.4.5 Swi6 protein 

Swi6, a chromodomain protein, is crucial for TGS in S. pombe (Huang, 2002). Swi6 

helps to initiate histone H3 lysine-9 methylation through formation and maintenance 

of heterochromatin in centromeric repeats, which will signal DNA methylation 

(Volpe, et al, 2002). 
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1.4 Natural RNAi inhibitors 

As might be expected from such an ancient and ubiquitous system of gene 

regulation, in addition to those proteins that positively mediate RNAi mechanisms, a 

number of other proteins inhibit RNAi activity. Three important natural RNAi 

inhibitors have been identified in different organisms so far. They act in different 

pathways to negatively regulate RNAi mechanisms. They are the Eril protein in 

C. elegans and S. pombe (Kennedy, et al, 2004; Iida, et al, 2006), the helF protein in 

Dictyostelium (Popova, et al, 2006) and the Tat protein in HIV-1 (Bennasser, et al, 

2005). Table 1.4 lists the main features of these three proteins in RNAi regulation. 

Table 1.4: The main features of three natural RNAi inhibitors 

Names of protein Description of Cellular Functions in RNAi 

proteins localization 

Eril (Kennedy, et Exonuclease Cytoplasm Inhibiting RNAi in 

al, 2004; Iida, et al, C. elegans, S. pombe and 

2006) human by degrading siRNAs 

He1F (Popova, et Dicer related Nucleus Repressing RNAi in 

al, 2006) helicase Dictyostelium by unwinding 

precursor long dsRNAs 

(predicted) 

Tat (Bennasser, et A transcriptional Virus Subverting the ability of 

al, 2005) activator in Dicer to process siRNAs 

HIV-1 
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1.4.1 Eri l protein 

Eril protein, an exoribonuclease, negatively regulates RNAi in C. elegans by 

degrading siRNAs (Kennedy, et al, 2004). Eri 1 is conserved in most eukaryotes, and 

it has a single S. pombe ortholog (Buhler, et al, 2006). This S. pombe eril protein 

specifically degrades double-stranded siRNAs through two functional domains to 

repress the accumulation of cellular siRNAs. Thus eril decreases levels of histone 

H3-K9 methylation and negatively regulates the RNAi-mediated heterochromatin 

assembly, repressing S. pombe TGS pathways as it does in C. elegans (Iida, et al, 

2006). 

1.4.2 He1F protein 

The Dictyostelium helicase protein, helF, was identified as being involved in RNAi 

regulation by virtue of its high homology to the conserved helicase domain found in 

Dicer; this domain is uniquely absent in Dictyostelium Dicer (Figure 1.2.4.3-1). 

Subsequently, helF was identified as a natural RNAi repressor in Dictyostelium 

because RNAi activity increased by -60% in a helF deletion mutant (compared to a 

wild type control). The helF protein localizes in the Dictyostelium nucleus, but it 

inhibits RNAi post-transcriptionally. He1F may act as a helicase to unwind the 

double-stranded siRNA/miRNA precursors in the nucleus (Popova, et al, 2006). 

1.4.3 Tat protein 

The Tat protein, encoded by HIV, acts as a suppressor of RNAi to elicit the 

antiviral reaction in human cells. Tat is a sequence-independent suppressor of RNA 

silencing (SRS) used by the virus to counteract anti-viral activity in human cells. Tat 

is a transcriptional activator protein, but its SRS activity is separate from its 

transcriptional function. Tat inhibits RNAi by subverting the ability of Dicer to 

process precursor dsRNAs into. siRNAs. Therefore Tat greatly reduces the inducers of 

the RNAi pathway to inhibit the cell's RNA-silencing defense to virus (Bennasser, et 

al, 2005) 
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1.5 Objectives of this thesis 

Although an increasing number of genes involved in RNAi have been identified, 

and different regulating pathways have been revealed, our knowledge about RNAi is 

still limited. 

In this thesis, three approaches are used to investigate RNAi in S. pombe. 

1.5.1 Approach one: Development of a ura4-based RNAi selective assay in the fission 

yeast S. pombe (results detailed in Chapter Three) 

Question: Can more genes which are involved in RNAi pathways be isolated? 

Objective: To construct a RNAi positive/negative selective assay targeting the ura4 

gene in S. pombe, and to use this assay to screen for new genes involved in RNAi 

pathways. 

Method: Use a thiamine repressible nmtl promoter (Maundrell, 1990) to introduce 

a stem-loop RNA transcript from an antisense or sense ura4 gene sequence into ura+ 

S. pombe cells. Thereafter use FOA sensitivity as an index of RNAi activity. 

1.5.2 Approach two: Investigation of the cellular functions of the two novel 

paralagous end es mf it and mfh2 in S. pombe (results detailed in Chapter Four and 

e- I 

Question: Do S. pombe mfhl and its paralogue mfh2 genes, which are related to the 

Dictyostelium RNAi inhibitor helF protein, also negatively regulate RNAi 

mechanisms in S. pombe? What other cellular functions do these two helicases have in 

S. pombe? 

Objective: Study the cellular functions of the S. pombe mfhl and mfh2 genes by 

phenotypic characterization of the single/double gene deletion mutants to investigate 
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their effects (if any) with relation to RNAi regulation using the ura4-based RNAi 

selective assay demonstrated in Chapter Three. 

Method: Isolate the S. pombe mfhl gene deletion and mfhl& mfh2 double gene 

deletion mutants, and culture them in different conditions to find out any phenotypic 

changes compared to the wild type strain. Transform the ura4 antisense/sense plasmid 

into the mfhl/mfh2 single/double gene deletion mutants, and use comparative analysis 

of the RNAi activities between the wild type and the deletion transformants to analyze 

their RNAi regulatory effects (if any). 

1.5.3 Approach three: A comparative analysis of the cellular localization of helF and 

mfh I proteins in both Dicfyostelium and S. pombe (results detailed in Chapter Six) 

Question: Is the Dictyostelium helF gene also expressed in the S. pombe nucleus, 

and is the S. pombe mfhl protein located in the nucleus of S. pombe and Dictyostelium? 

Objective: To reveal the cellular localizations of the helF and mfhl proteins in both 

Dictyostelium and S. pombe, thereby providing more clues to the regulatory effects (if 

any) of these helicase in RNAi pathways. 

Method: Construct and transform Dictyosteliu/S. pombe expression plasmids 

containing the helF/mfhl-GFP fusion gene into Dictyostelium/S. pombe cells, use 

fluorescence microscopy on these transformnats to detect the cellular localization of 

the he1F/mfhl proteins. 
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Chapter Two 

Materials and Methods 



2.1 Materials 

2.1.1 Strains 

E. Coli. strain: JM109 

S. pombe strains: 

Haploid strains (from Dr J Hayles' lab, Imperial Cancer Research Fund, London, UK): 

43 (leul-, 32; h-) 
732 (ura4-, D18; h-) 

513 (ura4-, D18; leul-, 32; h-) 

Haploid strains (from Dr J Dalgaards' lab, Marie Curie Research Institute, Surrey, UK): 

CLY114 (wild type, 972; h-) 

SP983 (ade6-, 216; leul-, 32; h90) 

Diploid strain (from Dr J Dalgaards' lab, Marie Curie Research Institute, Surrey, UK): 

0 mat 2,3:: leu2 ade6-216 leul-32 adel-25 his2 

0 mat 2,3:: leu2 ade6-210 +++ 

Diploid SPAC9.05 (mfhl) deletion mutant, h+/h+ (purchased from Bioneer 

Corporation, Daejeon, Korea): 

mfhl orf A:: KanMX4 ade6-M210 ura4-D18 leul-32 

m, Jhl ORF ade6-M216 ura4-D 18 leul-32 

Description: DEAD/DEAH box helicase, ATP-dependent, RNA helicase (predicted) 

Diploid SPAC20H4.04 deletion mutant, h+A+ (purchased from Bioneer Corporation, 

Daejeon, Korea): 

mhf2 orf A:: KanAMX4 ade6-M210 ura4-D 18 leul-32 

mfh2 ORF ade6-M216 ura4-D18 leul-32 

Description: DEAD/DEAH box helicase, ATP-dependent, RNA helicase (predicted) 
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2.1.2 Renents 

5'-fluoroortic acid (5'-FOA) was purchased from Diagnostic Chemicals Limited, 

Prince Edward Island, Canada. 

A ag r ose powder was purchased from Invitrogen, Paisley, UK. 

Ampicilin, kanamycin, hydroxyurea, LB broth and Tag DNA pol mý erase were all 

purchased from Sigma Aldrich Company Ltd. Poole, Dorset, UK. 

DNA molecular weight markers, dNTP's and some restriction endonucleases were 

purchased from Helena biosciences, Sunderland, UK. 

EMM broth was purchased from Q-BIO Gene, USA. 

IPTG and X-gal were purchased from Melford Laboratories Ltd. Suffolk, UK. 

Oligonucleotides were specially designed and ordered from MWG Biotech, Ebersberg, 

Germany. 

Restriction endonucleases some were purchased from New England Biolabs, Hitchin, 

Herts, UK. 

T4 DNA li asp e, lipase buffer and thiamine were purchased from Promega Ltd, 

Southampton, UK. 

T4 DNA lia ag se, lipase buffer, Tag DNA polymerase some were purchased from 

Bioline, Humber Road, London, UK. 

2.1.3 Solutions 

50xTAE (1 litre) 

Tris-base 242 g 

Glacial acetic acid 57.1 ml 

0.5 M EDTA (PH 8.0) 100 ml 

The final concentration of TAE buffer for agarose gels and electrophoresis was lx. 

Yeast genomic DNA extraction buffer (final concentration) 

Triton X-100 210 (v/v) 
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SDS 1% (w/v) 

NaC1 loo mm 
Tris-HC1(PH 8.0) 10 mM 
EDTA 1 mm 

Alkaline Lysis Solution I (P1 buffer) for E. coli plasmid extraction (final concentration) 

Glucose 10 mm 

Tris-HCI (PH 8.0) 25 mM 
EDTA (PH 8.0) 10 mm 

Autoclaved for 10 min at 15 psi and stored at 41C. 

Alkaline Lysis Solution II (P2 buffer) for E. co1i plasmid extraction (final concentration) 

NaOH (freshly diluted from a 10 N stock) 0.2 N 

SDS 1% (w/v) 

Prepared Solution II freshly, stocked and used at room temperature. 

Alkaline Lysis Solution III (P3 buffer) for E. coli plasmid extraction (100ml) 

5M potassium acetate 60 ml 

Glacial acetic acid 11.5 ml 
H2O 28.5 ml 
The resulting solution was 3M with respect to potassium and 5M with respect to 

acetate. Stored the solution at 4 *C and transfered it to an ice bucket just before use. 

E. coli transformation buffer for competent cell preparation (final concentration) 

PIPES 10 mM 

MnC12 50 mM 

CaC12 15 mM 

KCI 250 mM 

Mixed PIPES, CaC12 and KC1 first, adjusted PH to 6.7 by KOH, added MnC12 to the 

fixed volume. Steriled by a 0.22µm filter, stored at 41C. 
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RNA-buffer for yeast total RNA isolation (100ml) 

Tris-HCI (PH 7.4) 5 ml iM Tris-HC1 50 mM (final conc. ) 

NaCl 2.5 ml 4M NaCl 100 mM (final conc. ) 

EDTA 2 ml 0.5 M EDTA 10 mM (final conc. ) 

Prepared in DEPC-treated RNase free water and stored at 41C. 

RNA-buffer-SDS for yeast RNA isolation 

RNA-buffer + 1.3 % SDS (w/v, final conc. ) 

Prepared in DEPC-treated RNase free water. 

2.1.4 Media for cell culture 

LB media for E. coli. (1 litre) 

20 g LB broth was dissolved in 1 litre dH2O. 

Solid media was made by adding 1.5% agar, autoclaving for 15 min at 15 psi. 
Selective medium was made by adding 2 ml filtered 50 mg/ml ampicillin stock to a 

fi nal concentration of 100 mg/l after autoclaving. 

YEA media for S. pombe (1 liter) 

Yeast extract 5g0.5% (w/v, final conc. ) 

Glucose 30 g 3.0% (w/v, final conc. ) 

Adenine 225 mg 0.0225% (w/v, final conc. ) 

Solid media was made by adding 2% agar, autoclaving for 15 min at 15 psi. 

Amino acid drop-out media from S. pombe (1 liter) 

Yeast nitrogen base without amino acids 6.7 g 
Synthetic complete drop out mix 1.2-2 g 
Glucose 20 g 

Solid media was made by adding 2% agar, autoclaving for 15 min at 15 psi. 

EMM minimal media for S. pombe (1 liter. 32 g EMM broth) 
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Potassium hydrogen phthalate 3g 

Na2HPO4 2.2 g 
NH4C1 5g 

Glucose 20 g 

50xSaIts 20 m1 

1,000xVitamins 1 ml 

10.000xMinerals 0.1 ml 
Solid media was made by adding 2% agar, autoclaving for 15 min at 15 psi. 
50x salt stock 

MgCI2.6H20 52.5 g/l 0.26 M (final conc. ) 

CaCI2.2H20 0.735 g/l 4.99 mM (final conc. ) 

KCI 50 g/l 0.67 M (final conc. ) 

Na2SO4 2 g/l 14.1 mM (final conc. ) 

1.000x vitamin stock 

Pantothenic acid 1 g/l 4.20 mM (final conc. ) 

Nicotinic acid 10 g/l 81.2 mM (final conc. ) 

Inositol 10 g/l 55.5 mM (final conc. ) 

Biotin 10 mg/l 40.8 µM (final conc. ) 

10.000x mineral stock 

Boric acid 5 g/1 80.9 mM (final conc. ) 

MnSO4 4 g/l 23.7 mM (final conc. ) 

ZnSO4.7H2O 4 g/1 13.9 mM (final conc. ) 

FeC12.6H20 2 g/I 7.40 mM (final conc. ) 

Molybdic acid 0.4 g/l 2.47 mM (final conc. ) 

KI 1 g/l 6.02 mM (final conc. ) 

CuSO4.5H20 0.4 g/l 1.60 mM (final conc. ) 

Citric acid 10 g/l 47.6 mM (final conc. ) 

Filter sterilized and stored at 4'C. 

Malt Extract sporulation media for S. pombe (ME/MEA, 1 liter) 

32 g ME broth was dissolved in 1 litre dH2O 

68 



Solid media (MEA) was made by adding 2% agar, autoclaving for 15 min at 15 psi. 

SPAS mating media for S. pombe (1 liter) 

Glucose log 

KH2PO4 1g 

10,000xVitamins 1 ml (see 10,000xVitamins mentioned in EMM media) 
Supplements: 45 mg/1 adenine, 45 mg/l histidine, 45 mg/1 leucine, 45 mg/1 uracil and 

45 mg/1 lysine hydrochloride (1/5 normal); 
Solid media was made by adding 2% agar, autoclaving for 15 min at 15 psi. 

5'-Fluoroortic acid (5'-FOA) selective plate for S. pombe ura- strain (1 litre) 

EMM/ME broth 32 g 

Uracil 100 mg 
5'-FOA 0.5-1 g 
Agar 20 g 
10 ml filtered 10 mg/ml uracil stock (100x) and 0.5-1 g 5'-FOA powder were added 

into the melt EMM/MEA agar at -601C. Mixed well and poured plate, stored at 41C 

avoiding light. 

Geneticin (G418) selective media for S. pombe kan` gene 

1-2 ml filtered 100 mg/ml G418 stock was added into the prepared YPD/aa-drop- 

out/ME liquid/agar medium (at --601C to melt agar), mixed well. The final concentration 

of G418 was 100-200 mg/I. Stored at 41C avoiding light. 

2.1.5 Reaction kits 

PCR purification kit (CST system) was purchased from DNA Research Innovations 

Ltd, UK. 

pGEM-T easy cloning vector kit was purchased from Promega Ltd, Southampton, UK. 

Plasmid DNA purification midi kit and RNeasy mini kit were both purchased from 

Qiagen, Crawley, Nest Sussex, UK. 
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Ultra Agarose Spin Kit was purchased from ABgene, Surrey, UK. 

2.2 Methods 

2.2.1 Extraction of genomic DNA from S. pombe cells 

a). A 10 ml cell culture was grown to saturation, harvested by centrifugation; the 

supernatant was removed and cells were re-suspended in 0.5 ml dH2O; 

b). Cells were spun down again in 1.5 ml Eppendorf tubes for 5 sec, supernatant was 

decanted, and the pellet was re-suspended in residual liquid by brief vortex; 

c). 0.2 ml of yeast genomic DNA extraction buffer, 0.2 ml of phenol : chloroform : 
isoamyl alcohol (v: v: v 25: 24: 1) and 0.3 g acid washed glass beads were subsequently 

added; 
d). Vortex for 3-4 min at highest speed, and 0.2 ml of TE buffer (PH 8.0) was added, 

centrifuged for 5 min; 

e). The aqueous layer was transferred to a fresh tube, 1 ml 100% ethanol was added, 

mixed by inversion, centrifuged for 2 min and supernatant was discarded; 

f). 0.4 ml TE buffer (PH 8.0) and 3 µl 10 mg/ml RNase A were added, incubated 5 min 

at 37°C; 

g). 101il of 10 M LiCI and 1 ml 100% ethanol were added, mixed by inversion, 

centrifuged for 2 min; 
h). The pellet was washed again by 1 ml 75% ethanol and air dried; 

i). The pellet was re-suspended in 50 pl TE buffer, 10-20 µg genomic DNA was 

obtained. 

2.2.2 Molecular cloning 

2.2.2.1 DNA electrophoresis on an agarose gel 

According to the size range of 0.5-10 kb DNA samples, 1% agarose was selected for 

DNA electrophoresis. 1g agarose powder was added into 100 ml 1x TAE buffer, heated 
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in microwave oven until the powder dissolved thoroughly. The melted gel was cooled 
down to -60 °C and poured onto a gel cassette. After the gel had set, the comb was 

removed from the gel, and the gel was put into an electrophoresis tank immersed by lx 

TAE buffer. Each DNA sample (10-30 µl) together with a DNA ladder were mixed with 
6x gel-loading buffer (1/5 volume of DNA samples) and loaded into the sample wells in 

the gel. Gels were run under 90-110 v power until the marker dyes had migrated to a 
desired distance. Stained gel in lx TAE buffer containing 1 µg/ml ethudium bromide 

(highly toxic, be careful! ) for 15-20 minutes. DNA bands in the gel could be detected 

under a UV light and the gel pictures were printed on photograph paper. 

2.2.2.2 DNA elution from an agarose gel by the Agarose Spin Kit 

a). Desired DNA bands were cut from a TAE agarose gel and minimized the volume of 

gel; 

b). No more than 200 mg gel was placed in the spin filter basket; ensured the gel 

resting on the filter; 

c). 3 volumes of Solution GB was added to the gel slice (300 µl GB solution to every 
100 mg gel); ensured the gel being submerged in the Binding Solution and lid was closed; 

d). Incubated for 2 minutes at 65 °C and inverted several times; incubated a further 

minute for gel completely melting; inverted another time to mix; 

e). Centrifuge spun filter for 10 sec at 10,000x g; 
f). The spin filter was removed; the collection tube was vortex for 5 sec to mix the 

flow-through; 

g). All the liquid was reloaded from the collection tube back onto the spin filter, 

centrifuged for 10 sec at 10,000x g; 

h). The flow-though liquid was discarded and spin filter basket was replaced; 
i). 300 pl Solution GW (Gel Wash) was added, centrifuged 10 seconds at 10,000x g; 
j). The flow-through was discarded and centrifuged again for 30 sec; the filter basked 

was carefully transferred to a clean collection; 
k). 50 pl Solution GE (Elution Buffer, 10 mM Tris) or water was added directly onto 

the centre of the white spin filter membrane; incubated at room temperature for 1 min; 
1). Centrifuged for 30 sec at 10,000x g; the filter basket was discarded; the DNA was 
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ready to use. 

2.2.2.3 Restriction enzyme digestion 

DNA 10-500 ng 
Restriction buffer* (10x) 2 µl 
Restriction enzyme* 1 µl (2-10 U) 

ddH, O 

Total volume 20 µl 
The reaction mixture was incubated at 371C from 1 hour to overnight (some enzyme 

did not work at 371C, maybe 301C or 551C, based on the enzyme introductions). 

*Each restriction enzyme has its own best efficient buffer based on enzyme 
introductions. If two enzymes shared the same buffer, double enzyme digestion could be 

carried out at the same time, if their special buffers were not same, sequencing digestions 

should be applied: DNA was digested by one enzyme first, precipitated by 1 ml 100% 

ethanol, washed by 1 ml 75% ethanol, re-suspended in 17 µl TE buffer, the second 

enzyme and its buffer was added to carry on the next digestion. 

2.2.2.4 Blunting the sticky end of DNAs by Klenow Fragment 

DNA --1 pg 

2 mM dNTP mix 2.5 µl 

10 x Klenow buffer 2 µl 

Klenow Fragment 1U 

ddH2O 

Total volume 20 µl 

The reaction mixture was kept at 30C for 15 min, incubated at 701C for 10 min (or 

using absolute ethanol precipitation) to stop the reaction. 

2.2.2.5 DNA ligation by T4 ligase 

T4 DNA ligase 

l Ox T4 DNA ligase buffer 

Insert DNA fragment 

1 µl (1-3 U) 

2 µl 

12 µl (100-300 ng) 
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Vector DNA fragment 5 ul (50-100 ng) 
Total volume 20 µl 

The molar ratio of DNA vector: insert = 3: 1 was recommended. 

2.2.2.6 Preparing super-competent cells for E. co1i heat-shock transformation 

a). E. coli JM109 cells were plated on LB plate and incubated at 371C overnight; 
b). Several large colonies was incubated in 100 ml of LB broth with 1% glucose, 

shaking at 37C (200 rpm) until cells growing to A260 0.4-0.6; 

c). Cell culture was kept on ice for 10 min; centrifuged at 41C, 2500 g for 10 min; 

supernatant was discarded; 

d). Cells were resuspended in 30 ml ice cold transformation buffer, kept on ice for 

another 10 min; 

e). Centrifuged again at 41C, 2500 g for 10 min; 
f). Cells were gently resuspended in 4 ml ice-cold transformation buffer; DMSO was 

added drop-wise to a final concentration of 7% (-300 gl); 

g). Cells were kept on ice again for 10 min; dispensed into 50 µl aliquots onto dry ice; 

h). -107 cells/ml super competent cells were prepared, stored at -70°C. 
10-20 µl was used for each transformation, the cell competence could last up to 6 

months. 

2.2.2.7 Plasmid DNA transformation into E. coli competent cells by heat-shock method 

a). The E. coli competent cells (10'cells/ml) were defrosted on ice; 

b). 10-20 pl competent cells was mixed gently with 1-3 µl plasmid DNA or 10-20 µl 

ligation mixture, kept on ice for 5 min or longer; 

c). Mixture of cells and DNAs was incubated at 421C for 50 sec; 

d). Immediately kept on ice for another 2 min; 

e). 1 ml LB broth was added to recover the cells, incubated at 37C for 1 hour; 

f). Cells were collected by centrifugation and re-suspended in the residual 100-200 µl 

liquid medium; spread cells on LB +ampcilline (50 tg/ml) / IPTG+x-gal / kanamycin (40 

pg/ml) selective plates and incubated at 37C overnight until colonies showed up. 
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2.2.2.8 Plasmid DNA extraction from E. coli cells (mini prep) 

a). The E. coli cells were grown in 1 ml LB +ampicillin liquid medium at 37°C, shaking 

overnight; 
b). Cells were collected by centrifuging at 10,000 rpm for 3 min; the cell pellet was re- 

suspended in 100 µl Alkaline Lysis Solution I (P1 buffer), vortex vigorously; 

c). Cells were lysed by adding 200 µl Alkaline Lysis Solution II (P2 buffer), mixed 

gently for 6 times, and incubated at room temperature for 5 min; 
d). Cells were re-suspended by adding 150 µl ice-cold Alkaline Lysis Solution III (P3 

buffer), mixed immediately but gently, incubated on ice for 15 min; 

e). Cells were centrifuged at 4C with 13,000 rpm for 15 min; 

f). Supernatant was carefully transferred into a new and clean 1.5 ml Eppendorf tube, 

70% volume of isopropyl ethanol or 2 volume 100% ethanol was added to precipitate 

DNA; 

g). Centrifuged at 41C with 13,000 rpm for 15 min and supernant was discarded; 

h). 1 ml 70% ethanol was added to wash the DNA pellet and centrifuged at 41C with 

13,000 rpm for 15 min, supernant was discarded again; 

i). DNA pellet was air-dried and dissolved in TE buffer (PH 7.6), stored at -20°C. 

2.2.3 Isolation and quantification of S. pombe total RNAs 

2.2.3.1 Isolation of total RNA from S. pombe 

a). Cells were grown to mid-log phase (10-20 ml); 

b). Cells were spun and supernatant was discarded; 

c). Cells were washed once with 1 ml cold RNA buffer; 

d. ) Cell pellet was frozen in dry ice (or -70 °C freezer) and then thawed on ice; 

e). 100-120 µl ice cold RNA-buffer was added and cells were resuspended by vortex; 

f). 1/2 volume (-0.3 g) acid washed glass beads were added; 
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g). Vortex at highest speed for 3 min in cold room; 

h). 450µl RNA-buffer-SDS (room temperature) was added and vortex briefly; 

i). 450 µl equilibrated phenol was added; 

j). Vortex at highest speed for 3 min in cold room; 

k). Spun at full speed for 10 min in cold room; 

1). The upper phase was transferred to a fresh tube (not to take any of the interface! ); 

m). 300µl equilibrated phenol was added and vortex; 

n). 300 µl chloroform was added and vortex; 

o). Spun for 2 min, upper phase was extracted once again with chloroform; 

p). 20µl 10 M LiCI and 1 ml ethanol were added to precipitate RNA 30 min at -70 °C; 

q). Spun at full speed for 10 min; 

r). RNA pellet was washed with 150µl 70 % ethanol and air dried; 

s). RNA was resuspended in 30-50 Al DEPC-treated RNase free H2O, stored at -70 °C. 

2.2.3.2 RNA quantitation 

a). The re-suspended RNA was kept on ice for at least 30 min before quantitation; 

b). RNA was pipeted up and down several times before 2µl was taken into 998 µl 

ddHZO; 

c). ABS at 260 nm (OD260) was recorded; 

d). RNA concentration (µg/µ1) = OD260 x 500 x 0.04 (µg/µ1) = OD x 20 (µg/141). 
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2.2.4 Reverse transcription - polymerase chain reaction (RT-PCR) 

2.2.4.1 Reverse transcription reaction 

a). 1-10 µg total RNA was added into RNase free ddH2O to a total volume of 10 µl; 1 

gl Oligo dT (18T) primer (0.5 tg/µl) was added and the mixture was denatured at 70°C 

for 5 min; 
b). Immediately PCR tubes were put on ice to cool down and briefly spun down; 4 µl 

5x first strand buffer (M-Mlu incubation buffer), 2 µl dNTPs (2.5 mM each x 4) and 2 µl 

RNase inhibitor (10 U/µl) were subsequently added; incubated at 42°C 2 min for primer 

binding; 

c). 1 µl reverse transcriptase (200 U) was added, incubated at 42°C for 50 min, then 

70°C 10 min to inactivate the enzyme; 

d). 1-3 µl cDNA was ready to use at template for normal PCRs. 

2.2.4.2 Polymerase Chain Reaction (PCR) 

Reagent Volume 

ddH2O 29 µl 

50 mM Mg 2+ 2µl 

10xPCR buffer without Mg 2+ 5 µl 

10 µM forward primer 5 pl 

10 µM reverse primer 5 µl 

dNTP (2.5 mM x 4) 1µl 

cDNA/gemonic DNA/plasmid DNA -2 µl 

Taq polymerise (5U/ µl) 1 µl 

Final concentration 

2mM 

lx 

l µM 
1µM 

200 µM (total) 

100 ng 
5U 

Total 50 µl 

See Appendix 1 for details of each PCR primer sequence and reaction conditions. 

2.2.4.3 PCR product purification by a CST's PCR Clean-Up Kit 
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a). 50 itl of PCR reaction mixture was transferred to a 1.5 ml Eppendorf tube; 

b). 50 itl of Clean-Up Buffer was added; 

c). 10 Al of the CST® Magnetic Bead was added and tip mixed to ensure beads were 

re-suspended; 
d). Incubated at room temperature for 1 min; 

e). The tube was placed on the magnet for 1 min or until the beads had formed a tight 

pellet; 
f). Supernatant was removed with a pipette and discarded; 

g). The tube was removed from the magnet, 150 µl of Wash Buffer was added and tip 

mixed to ensure the beads were fully re-suspended; 

h). The tube was placed on the magnet for 1 min or until the beads had formed a tight 

pellet; 

i). Supernatant was removed with a pipette and discarded; 

j). Steps g) - i) was repeated once; 

k). The tube was removed from the magnet, 50 Al of Elution Buffer was added and tip 

mixed to ensure the beads were fully resuspended; 
1). Incubated at room temperature for 1 min; 

m). The tube was placed on the magnet for 1 min or until the beads had formed a tight 

pellet; 

n). The cleared eluate that contained the purified PCR product was transferred to a 

clean labelled tube and ready for use. 

2.2.5 S_pombe transformation by electorporation and selection of transformants 

2.2.5.1 S. pombe transformation by electorporation for the leul marker 

a). S. pombe cells were grown to exponential phase (OD600= 0.4-0.5) and spun down in 

a bench centrifuge; 
b). Cells were washed with cold water twice and cold 1M sorbitol once, finally 

resuspended as slurry in 1M sorbitol and kept on ice; 

c). 100-200 ng DNA was added to 100 µl cells; 

d). DNA and cell mixture was transferred to the bottom of a 0.2 cm cuvette, kept on ice 
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for 10 min; 

e). Pulsed at 1.5 kV, 200 ohms and 25 µ faradays once; 

f). 1 ml ice-cold 1M sorbitol was added to the cells immediately; 

g). Cells were spun down and spread onto the leucine drop-out plates; 

h). Incubated at 30°C for 2-4 days until colonies showed up. 

2.2.5.2 S. pombe transformation by electorporation for the kan' marker 

a). S. pombe cells were grown in 10 ml YPD liquid medium overnight at 33°C to 

exponential phase (ODD = 0.4-0.5); 

b). Cells were harvested at 4°C in 50 ml falcon tubes and the supernatant was discarded; 

c). Cells were washed three times with ice-cold 1M sorbitol, re-suspended the final 

pellet in about 600 Al sorbitol; 

d). 200 µl aliquots of this suspension was transferred to pre-cooled electorporation 

cuvettes, linearized DNA sample or TE buffer as control was added; 

e). Cells were pulsed at 2.25 kV, 25 µF, 200 ohm once; 

f). Immediately 500 µl of cold d-sorbitol was added and transferred to pre-cooled 

Eppendorf tubes; 

g). Cells were plated onto YPD plus sorbital and G418 (100 µg/ml) plates and 

incubated at 33 °C for 4 days to allow colony formation; 

i). Any colonies obtained onto YPD + G418 plates were picked up and incubated 

overnight at 33°C (as many colonies as possible were picked up because the final 

transformation success rate was not very high); 

j). The plate was reprinted with the picked colonies onto a YPD plate, incubated at 

33 °C overnight; 
k). The YPD plate was put at 41C after its overnight incubation for up to 1 week; 

1). The YPD plate was brought back to room temperature and reprinted onto a YPD + 

G418 plate again and incubated overnight at 33°C; cell growth was assessed the 

following morning (it was important not to overgrow this plating because strong growth 

colonies were looked for, and the longer leaving it before scoring the more difficult it 

became to distinguish between the colony types); 

m). Only the colonies that exhibited a strong, uniform cell type growth when viewed 
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under the dissecting microscope were picked onto a fresh YPD + G418 plate; these were 
hopefully transformants for testing of insertion. 

2.2.6 S. pombe cell stabilization and nuclei staining 

a). S. pombe cells were collected in a 1.5 ml Eppendorf tube (-10v cells) and washed by 

1xPBS; 

b). 500 µl methanol was added to resuspend cells and the cells were kept in -20°C 
fridge for more than 30 min to lyse the cell wall; 

c). Methanol was removed by centrifuging; cells were washed by lx PBS once; 

d). 1µl 10 mg/ml DAPI was diluted by 50 ml water to a final concentration of 0.2 

µg/ml, and 300 µl was added to stain the DNA; 

e). The cells were centrifuged and resuspended into 300 µl lx PBS, and 10 µl was 

pipetted onto a slide to observe under a fluorenscence microscope. 

2.2.7. S_pombe mutagenesis by UV light 

a). S. pombe wild type strain was grown in 20 ml YPD liquid medium overnight to a 

density of -5* 107cell/ml; 

b). 2 ml of cell culture was pipetted into each sterile Petri dish and made it cover all the 

dish bottom, the thickness of cell culture was no more than 1cm; 

c). The cover of Petri dish was removed to left the cell culture exposing to UV light 

(254 nm) for appropriate time (1-5 min); the distance from UV light to the Petri dish was 

5 cm all the time; 

d). The dishes were immediately coved after UV treatment and kept in dark for 3 hours, 

cells were diluted and spread onto selective plates; 

e). Plates were incubated at 30 degree for 4 days and the numbers of colonies on each 

plate were counted. 

In Section 5.2, S. pombe cells were spread on Petri dishes first, then exposed to UV in a 

CL-1000 Ultraviolet Crosslinker (1200 x 100 µJ/cm2) with -15cm distance every time. 
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Chapter Three 

Developing a ura4-based positive and negative RNAi 

selective system in the fission yeast S. pombe 
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3.1 Introduction 

As has already been described in Section 1.1.4, mutants have revealed much of what is 

presently known about RNAi pathways, and a number of different approaches have been 

taken in a variety of model organisms in this field. This chapter describes an attempt to 

develop a ura4-based positive/negative RNAi selective assay in the unicellular fission 

yeast S. pombe. Such an assay would be extremely valuable in analyzing RNAi activity in 

S. pombe, help to study the already known genes and to screen for new genes involved in 

RNAi mechanisms. 

The 795bp S. pombe ura4 gene is located on chromosome 3, between 115781 and 
116575 (Gene DB, S. pombe). It encodes a 264 amino acids protein Dihydroorotase 

(DHOase. Guyonvarch, et al, 1988), which catalyses the third step in the biosynthesis of 

pyrimidine, the conversion of ureidosuccinic acid (N-carbamoyl-L-aspartate) into 

dihydroorotate (Figure 3.1. Brown & Collins, 1991). 

5'-Fluoroorotic acid (FOA. Bartel and Fields, 1997) is also a substrate of DHOase. It 

can be catalyzed into 5- fluorouridine-5'-monophosphate. Further cellular metabolism 

converts this product into a toxic metabolite, 5-fluorodeoxy UMP (FdUMP), which is a 

suicide inhibitor of the enzyme UMP synthase (Santoso & Thornburg, 1998). Thus, wild 

type S. pombe cells cannot survive on FOA media, whereas ura4' cells can grow on FOA 

in the presence of additional uracil in the medium. This powerful selective system can be 

explored to detect RNAi targeted at the ura4 gene. 

In this chapter, a ura4-based RNAi selective system was developed by constructing 

antisense/sense selective plasmids with an inverted repeat of ura4 DNAs under the 

regulation of a thiamine repressible nmtl promoter. By transforming a ura4+ strain with 

such a plasmid, any putative RNAi activity might be detected at the ura4 gene (Flow 

Chart 3.1). 
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Figure 3.1: Pathway of uracil biosynthesis. In S. pombe, the ura4 gene encodes 
Dihydroorotase, which catalyses the third step in the biosynthesis of uracil, the 

conversion of ureidosuccinic acid (N-carbamoyl-L-aspartate) into dihydroorotate 

(Brown & Collins, 1991). 5-FOA is also a substrate of DHOase. It can be catalyzed 
into 5- fluorouridine-5'-monophosphate (Bartel and Fields, 1997). 
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Flow Chart 3.1: Development of a ura4-based positive/negative RNAi selective assay in 

S. pombe. 

Use PCR to clone the ura4 gene from S. pombe genome (Section 3.2.1) 

1 
Construct S. pombe ura4 antisense/sense plasmids by inserting two mutually inverted ura4 DNA 

sequence into the expression vector with a thiamine repressible promoter (Section 3.2.2) 

i Transform the ura4 antisense/sense plasmids into a ura4+leul- strain of S. pombe and 

select transformants on leucine drop-out plates containing thiamine (Section 3.2.3) 

i De-repress the nmtl promoter in thiamine-free medium and test for RNAi activity 

by selecting for growth on FOA plates (Section 3.2.4) 

i Isolate total RNAs from selected S. pombe transformants grown in the presence 

(promoter repressed) or absence (promoter induced) of thiamine (Section 3.2.5) 

Use RT-PCR to assess the level of ura4 mRNA of the plasmid transformants in the 

presence and absence of thiamine (Section 3.2.5) 

1 
If a RNAi-mediated ura4- phenotype can be induced, this strain can be used as a 

screen for new mutants 
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3.2 Results 

3.2.1 Use PCR to clone the ura4 DNAs from S. pombe genome 

The 795bp S. pombe ura4 gene open reading frame (ORF) locates on chromosome III 

with no intron (GeneDB, S. pombe). 

Two pairs of primers were designed (Figure 3.2.1-1): one pair targeted the 759bp 

fragment and added BamHI site to the 5'- end and Sall site to the 3'- end; the other pair 

targeted a shorter 359bp fragment and added BamHI site to the 5'- end and Smal site to 

the 3'- end. See Appendix 1 for details of primer sequences and PCR conditions. 

The 8.5kb S. pombe expression plasmid PC169 (original name REP4. Maundrell, 1990) 

has the full ura4 gene sequence (see Appendix 2 for plasmid map). This plasmid was 

used as a PCR template for cloning of the two S. pombe ura4 DNA fragments. There is 

one EcoRV restriction site in the ura4 gene sequence, which was later used to examine 

the newly constructed expression plasmid structures. 

St-I º-t 
I 
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ý 

EcoRV 
Stop 
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759bp 

sta rý EcuRV Stop 

Figure 3.2.1-1: The 795bp S. pombe ura4 gene full sequence. Two pairs of primers 

were designed to amplify a 759bp (5'-BamHI & 3'-Sall) and a 359bp (5'-BamHI & 

3'-Smal) DNA sequence by PCR within this gene from plasmid PC 169. 
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Figure 3.2.1-2 reveals that the two DNA fragments were amplified correctly. The 

759bp DNA fragment was digested using restriction enzymes BamHI & Sall and the 

359bp fragment using BamHI & Smal. 

1 

I kb 

750bp 

500bp 

2 

760bp 

360bp 

250bp 

Figure 3.2.1-2: EB stained agarose gel showing the ura4 PCR products. 

Lane 1: 1 kb DNA ladder 

Lane 2: 759bp PCR product of Spombe ura4 DNA 

Lane 3: 359bp PCR product of S. pombe ura4 DNA 

3.2.2 Construction of S. pombe ura4 gene antisense/sense expression plasmids 

3.2.2.1 Construction of a S. pombe ura4 antisense plasmid (PC 178) 

The S. pombe plasmid PC164 (original name REP3. Figure 3.2.2.1-1. Maundrell, 1990) 

was used as the expression vector for the new ura4 antisense plasmid construction. It is 

8.9kb in size and has a thiamine repressible nmtl promoter. It also includes the full 

sequence of the Saccharomyces cerevisiae 1eu2 gene, a homologue of S. pombe leul gene, 

that also functions in leul- S. pombe strain as a selective marker. 

3 
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The presence of several unique cutting sites in the polylinker of PC164, MIuN1, Sall, 

BamHI and Smal, were selected to achieve a two stage cloning procedures: first the larger 

759bp fragment was ligated, and after the new plasmid's structure had been confirmed as 

correct, the shorter 359bp fragment was inserted. 

II: 
-JII! 
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Figure 3.2.2.1-1: Map of the S. pombe expression plasmid PC164 (original name 

pREP3). It is 8.9kb in size and has a thiamine repressible nmtl promoter. It also 

includes the full sequence of S. cerevisiae leu2 gene, a homologue of S. pombe leul 

gene, as the selective marker (Maundrell, 1990). 

PC 164 was digested using BamHI and Sall, mixed with the BamHI & Sall digested 

759bp ura4 fragment, and these two pieces of DNAs were ligated together to generate a 

new plasmid: PC164-ura4. 
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The structure of the new plasmid PC164-ura4 was confirmed by a series of enzyme 
digestions (Figure 3.2.2.1-2). e. g. Lane 6 shows the digestion result by EcoRV, which had 

only one site on the vector (indicated in Figure 3.2.2.1-1) and another site on the insert 

DNA (indicated in Figure 3.2.1-1), the two bands of 2.7kb and 6.9kb. Lane 7 shows the 

0.76kb DNA insert (pointed by arrow) digested from the ura4 plasmid using BamHl & 

Sall. 

1234567 

10 kb 

6 kb 

4 kb 

3 kb 

2 kb 

1.5 kb 

1 kb 

750bp 

Figure 3.2.2.1-2: EB stained agarose gel showing diagnostic endonuclease digestions 

to confirm the structure of plasmid PC164-ura4. 

Lane 1: 1 kb DNA ladder 

Lane 2: The undigested plasmid PC164-ura4, circular DNA 

Lane 3: PC164-ura4 / BamHl - 9.6kb, linear DNA 

Lane 4: PC164-ura4 / HindIII-l kb+2.2kb+6.4kb 

Lane 5: PC164-ura4 / EcoRI - 1.2kb+4.05kb+4.41kb 

Lane 6: PC164-ura4 / EcoRV - 2.73kb+6.93kb 

Lane 7: PC164-ura4 / BamHI & Sall - 0.76kb+8.9kb 
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After the structure of plasmid PC164-ura4 had been confirmed, it was digested using 

BamHI and Smal, which was then ligated with the BamHI & SmaI digested 359bp PCR 

fragment of the ura4 gene to generate the S. pombe ura4 antisense plasmid PC178 (Figure 

3.2.2.1-3a). It is 10kb in size, has a S. cerevisiae leu2 marker, two mutually inverted ura4 

DNA sequences under the regulation of the thiamine repressible promoter nmtl. The 

transcript from this promoter is a stem-loop RNA structure of the ura4 gene with the loop 

encoding the antisense sequence (Figure 3.2.2.1-3b). 

The structure of ura4 antisense plasmid PC178 was confirmed by a series of enzyme 

digestions (3.2.2.1-4). e. g. Lane 5 reveals the two inserted 359bp and 759bp DNA 

fragments digested from PC178 using BamHl, Sall and Small; and Lane 8 reveals the 

1.1kb fusion of the two inserted DNA fragments excised using Sall and Smal. 
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Figure 3.2.2.1-3: Map of the ura4 antisense 

plasmid PC 178 (a) and a line diagram of the 

expressed ura4 antisense RNA module (b). This 

plasmid is 10kb in size, has a S. cerevisiae leu2 

marker, and a thiamine repressible promoter nmtl 

driving two mutually inverted ura4 DNA 

sequences inserted between Sall and Smal 

restriction sites. The resulting transcript is a stem- 

loop RNA structure with a 400nt loop encoding the 

antisense sequence of the ura4 gene, the stem is 

359nt long. 
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Figure 3.2.2.1-4: EB stained agarose gel showing diagnostic restriction digestions to 

confirm the structure of plasmid PC 178. 

Lane 1: 1 kb DNA ladder 

Lane 2: The undigested PC 178 plasmid, circular DNA 

Lane 3: PC 178 / HindlII-l kb+2.2kb+6.8kb 

Lane 4: PC 178 / EcoRV - 0.95kb+2.78kb+6.27kb 

Lane 5: PC 178 / BamHl, Sall & Smal - 0.36kb+0.76kb+8.9kb 

Lane 6: PC 178 / BamHI & Sall - 0.76kb+9.24kb 

Lane 7: PC 178 / BamHl & Smal - 0.36kb+9.64kb 

Lane 8: PC 178 / Sall & Smal - 1.1 kb+8.9kb 

Lane 9: 100bp DNA ladder 
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3.2.2.2 Construction of a S. pombe ura4 sense plasmid (PC179) 

A second expression plasmid (PC179) encoding a sense RNA transcript of the ura4 

gene sequence was also constructed (Figure 3.2.2.2-1a): the 1. lkb insert of the two fused 

ura4 DNAs was digested from PC178 by Sail and SmaI (blunt end); then PC164 was 

digested by MuINI (blunt end) and Sail; these two digested pieces of DNAs were ligated 

together using the restriction sites M1uNIISmaI and Sail to generate the S. pombe ura4 

sense plasmid PC179. It is also 10kb in size, including the S. cerevisiae 1eu2 marker, a 

thiamine repressible promoter nmtl and two mutually inverted ura4 DNA sequences as 

PC178. It differs from the PC178 structure in that the loop RNA structure encoding the 

sense sequence of the ura4 gene instead of the antisense sequence. 

The structures of the original vector PC 164 and the two new plasmids PC 178 & PC 179 

were confirmed by endonuclease digestions (Figure 3.2.2.2-2). e. g. Lanes 5-7 show 

PC 178 and PC 179 could be digested into the three correctly sized DNA fragments by 

EcoRV because the insert have two additional EcoRV sites; PC 164 only has one. These 

results reveal that the two ura4 DNA fragments had been inserted into these two plasmids. 

Later, these two plasmids PC178 & PC179 were both sequenced of the inserted ura4 

construct and the nmtl promoter (see Section 3.3.2.2 for detail). They were later 

transformed into S. pombe to test their ability to interfere with ura4 gene expression from 

the chromosomal locus. 
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Figure 3.2.2.2-1: Map of the ura4 sense plasmid 

PC 179 (a) and a line diagram of the expressed 

ura4 sense RNA module (b). This plasmid is 10kb 

in size, has a S. cerevisiae leu2 marker, and a 

thiamine repressible promoter nmtl driving two 

mutually inverted ura4 DNA sequences inserted 

ura4 between MluNUSmaI and Sall restriction sites. The 

resulting transcript is a stem-loop RNA structure 

with a 400nt loop encoding the sense sequence of 

the ura4 gene, the stem is 359nt long. 
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Figure 3.2.2.2-2: EB stained agarose gel showing restriction enzyme digestion 

results of plasmids PC 164, PC 178 and PC 179. 

Lane 1: 1 kb DNA ladder 

Lane 2: PC 164/EcoRI - 1.2kb+3.65kb+4.05kb 

Lane 3: PC 178/EcoRI -1.2kb+4.05kb+4.75kb 
Lane 4: PC 179/EcoRI - 1.2kb+4.05kb+4.75kb 

Lane 5: PC 164/EcoRV - 8.9kb, linear DNA 

Lane 6: PC 178/EcoRV - 0.95kb+2.78kb+6.27kb 

Lane 7: PC 179/EcoRV - 0.95kb+2.78kb+6.27kb 

Lane 8: PC 164/Hindlll -1 kb+2.2kb+5.8kb 

Lane 9: PC 1781HindlII -1 kb+2.2kb+6.8kb 

Lane 10: PC 1791HindIII -1 kb+2.2kb+6.8kb 
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3.2.2.3 Construction of a S. pombe ura4 antisense plasmid with a weaker promoter nmt81 

PC 195 

For comparing the promoter regulatory effects, another S. pombe expression ura4 

antisense plasmid with a weaker promoter nmt81 was also constructed by digesting the 

1.1kb mutually inverted ura4 DNA insert by Sail & Smal from PC178 and ligating it into 

plasmid PC168 (original name REP81, see Appendix 3 for the plasmid map). The new 

antisense plasmid PC195 is also 10kb in size, has a S. cerevisiae 1eu2 marker and the same 

ura4 DNA inserts as PC178. However, it has a much weaker thiamine repressible 

promoter nmt8l, which is only 1% as efficient as nmtl (Figure 3.2.2.3-1). 

Hindlll 9848 

nmt81 

II1 1043 EcoRV 

98 EcoRV 
10 SaII 781 BamHI 

1145 Smal 

Figure 3.2.2.3-1: Map of PC195, a ura4 antisense plasmid with a weaker promoter. It is 

10kb in size, has a S. cerevisiae leu2 marker, a weak thiamine repressible promoter 

nmt8l and two mutually inverted ura4 DNA sequences inserted between the Sail and 

SinaI restriction sites. The nmt8l promoter transcript is the same as the transcript from 

the PC 178 plasmid. 
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The structure of PC 195 was also confirmed using restriction enzyme digestions (Figure 

3.2.2.3-2). e. g. Lane 4 shows the three correct size DNA bands digested by EcoRV (there 

are two additional EcoRV sites on the 1.1 kb ura4 DNA insert), which indicated the 

insertion of the antisense ura4 gene in this plasmid. 

1 2 3 4 5 

Figure 3.2.2.3-2: EB stained agarose gel showing diagnostic endonuclease 
digestions to confirm the structure of plasmid PC 195. 

Lane 1: 1 kb DNA ladder 

Lane 2: Plasmid PC 195, undigested 

Lane 3: PC 195/BamHI -10kb, linear DNA 

Lane 4: PC 1951EcoRV - 0.95kb+2.78kb+6.27kb 

Lane 5: PC 195/HindIll -1 kb+2.2kb+6.8kb 
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3.2.3 Successful transformation of plasmid PC178 and PC179 into S. pombe cells 
The S. pombe ura4 antisense and sense plasmids PC178 and PC179, together with the 

parental vector PC 164, were transformed into S. pombe 43 (leul -) strain by 

electroporation and transformants were selected on leucine drop-out medium in the 

presence of thiamine (5gg/m1) plates. After four days' incubation, colonies appeared on 

the selective plates (Figure 3.2.3). There were hundreds of PC178, PC179 and PC164 

transformants (a, b, c); nothing grew on the negative control plate (d). These 

transformants were then tested for their ability to grow on FOA plates in the presence 

(promoter repressed) and absence (promoter induced) of thiamine (the PC 195 

transformant was tested later). 

96 



C 

`]'), 14'Jýý10M, 

d 

/ 

d 
ie 

{ 

p 

i ý 

ý 

lj, oJo ýOj 

_, _ 

Figure 3.2.3: Photographs of leucine drop-out selective plates showing S. pombe 

colonies after plasmid transformation. 

a: Plasmid PC 178 (ura4 antisense) transformants 

b: Plasmid PC 179 (ura4 sense) transformants 

c: Plasmid PC 164 (the parental vector as positive control) transformants 

d: Transformation of TE buffer only (negative control) 
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3.2.4 The ura4 antisense/sense plasmid transformants did not show any RNAi activity at 

the phenotypic level 

6-8 colonies of PC164, PC178, PC179, PC195 transformants were streaked onto 

EMM (+thiamine) plates and 6-8 individual colonies from each streak were cultured into 

EMM (+uracil) in the presence or absence of thiamine (5µg/ml) liquid medium overnight 

in 30 degree shaker: EMM medium minimizes cell growth while allowing induction of 

the nmtl promoter. Cell cultures from EMM (+uracil) liquid medium (promoter induced) 

were then plated onto MEA (+uracil+FOA-thiamine) plate. Cell cultures from EMM 

(+uracil+thiamine) liquid medium (promoter repressed) were plated onto MEA 

(+uracil+FOA+thiamine) plate. The S. pombe cells of wild type strain and vector PC164 

transformants were used as negative controls; a ura4- strain was used as a positive 

control. Two different FOA concentrations were applied in this assay: 0.5mg/ml and 

lmg/ml. If cells could grow on the FOA plates as shown in Table 3.2.4-1, then it would 

suggest that RNAi pathways were triggered by the RNA transcripts from the transformed 

ura4 antisense/sense plasmids. 

Table 3.2.4-1: The expected growth patterns on different selective plates of ura4 

antisense/sense plasmid transformants. 

Plate 

Strain MEA (+ uracil +FOA - 
thiamine) 

MEA (+ uracil + FOA 

+ thiamine) 

Wild type strain - - 
Ura4- strain + + 

PC164 (vector) transformants - - 
PC178 (ura4 antisense, nmtl 

transformants 

+ 

ura4 RNAi activity promoter repressed 

PC195 (ura4 antisense, nmt8l) 

transformants 

+ 

low ura4 RNAi activity promoter repressed 

PC179 (ura4 sense, nmtl 

transformants 

+ 

ura4 RNAi activity 
- 

promoter repressed 
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Positive control 

Negative control 

Ura4 sense RNA with 
strong nmtl promoter 

transformant 

Ura4 antisense RNA with weaker 
nmt8l promoter transformant 

Ura4 antisense RNA with 
strong nmtl promoter 

transformant 

Figure 3.2.4-1 a: Map of S. pombe strains streaked on 1 mg/ml FOA selective plates. 

b. MEA + uracil + FOA - thiamine plate c. MEA + uracil + FOA + thiamine plate 

Figure 3.2.4-1b&c: Photographs of S. pombe strains growing on 1m ml FOA selective 

plates. S. pombe transformants of plasmid PC 164, PC 178, PC 179, PC 195 were cultured 
into EMM medium in the absence and presence of thiamine overnight and streaked onto 
MEA (+uracil+FOA) plates in the absence (promoter induced) and presence (promoter 

repressed) of thiamine together with wild type and ura4- strains (-300 cells each strain), 
incubated at 30 degree for 4 days. Only the ura4- strains could grow on the FOA plates. 

99 



Figure 3.2.4-1 shows the map of different S. pombe strains streaked on lm /ml FOA 

selective plates and the results in the presence and absence of thiamine. Only the ura4- 

strain could survive on the FOA plates. All the plasmid transformants were FOA sensitive 

at this concentration of FOA, indicating that the cells were still ura4+. Thus neither the 

ura4 antisense or sense plasmid appeared to trigger RNAi in S. pombe cells (Figure 3.2.4- 

lb&c). 

One possible explanation for this result was that 1 mg//ml FOA was too high a 

concentration for cell viability, thus the FOA concentration was decreased to 0.5mg/ml 

and the same streaking experiment was carried out. This time, the same six S. pombe 

strains were also streaked onto the MEA plates in the presence and absence of thiamine 

(FOA free) as controls. All the strains grew well on the FOA free plates (Figure 3.2.4- 

2b&c). But on the FOA present plate, only the ura4- strain could survive, and all the 

plasmid transformants were FOA sensitive at the low FOA concentration plate, indicating 

that the cells were still ura4+ (Figure 3.2.4-2d&e). Thus neither the ura4 antisense or 

sense plasmids appeared to trigger RNAi in S. pombe cells. 

Positive control 

Negative control ./\/ 
\/ Parental vector transformant 

Ura4 antisense RNA with 
Ura4 sense RNA with 
strong nmtl promoter 

transformant 

Ura4 antisense RNA with weaker 
nmt8l promoter transformant 

strong nmtl promoter 
transformant 

Figure 3.2.4-2a: Map of S. pombe strains streaked on 0.5mg/ml FOA selective plates. 
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b. MEA - thiamine plate c. MEA + thiamine plate 

0 

i 

d. MEA + uracil + FOA - thiamine plate e. MEA +uracil + FOA + thiamine plate 

Figure 3.2.4-2b, c, d, e: Photographs of S. pombe strains growing on 0.5m ml FOA 

selective plates. S. pombe transformants of plasmid PC 164, PC 178, PC 179, PC 195 were 

cultured into EMM presence/absence of thiamine liquid medium overnight and streaked 

onto MEA (+uracil-FOA/+FOA) presence (promoter repressed)/absence (promoter 

induced) of thiamine plates together with wild type and ura4- strains as controls (-300 

cells each strain), incubated at 30 degree for 4 days. 
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The streaking results above did not show and RNAi activity in the ura4 plasmid 

transformants. This was also confirmed by spotting serial dilutions of the S. pombe strains. 
Cells from each single colony were cultured in EMM (+uracil) medium in the 

presence/absence of thiamine (5µg/ml) overnight at 30 degree to repress/induce the nmtl 

promoter expression with minimum cell growth. _106 cells were taken from each culture 

and serially diluted to 10"2,10-3,10-4,10-5. Then these dilutions from each strain were 

spotted onto their respective media, and incubated at 30 degree for 4 days. Cell cultures 

from EMM (+uracil) liquid medium were spotted onto MEA (+uracil -FOA / +0.5mg/ml 

FOA) in the absence of thiamine plates. Cell cultures from EMM (+uracil+thiamine) 

liquid medium were spotted onto MEA (+uracil -FOA / +0.5mg/ml FOA +thiamine) 

plates (Figure 3.2.4-3). The pattern of cell growth was the same at that of the FOA 

streaking experiment: only the ura4- strain could survive on the FOA plate and all the 

plasmid transformants were FOA sensitive. 

PC178 & PC179 transformants were plating onto YEA (selecting both ura4+ and 

ura4- cells) and MEA (+uracil+0.5mg/ml FOA) thiamine free (selecting ura4- cells) 

plates with the same cell number of 20,100,200,1000,2000 cells/plate. These were 

incubated at 30 degree for 4 days and units of colony forming were counted from each 

plate (Figure 3.2.4-4 shows the photographs of three YEA and three FOA plates with 

PC 178 transformants, Figure 3.2.4-5 shows the photographs of three YEA and three FOA 

plates with PC 179 transformants). Although both transformants grew well on the YEA 

plates, nothing grew on the FOA plates, all the cells were FOA sensitive. This result 

indicated that there was no RNAi activity in the ura4 plasmid transformatnts. 
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10"1 10.3 104 10-5 10-2 10"3 104 10-5 

ý 

ura4- 

-leul+PC 164 

-leul +PC 178 

-leul+PC195 

-leul +PC 179 

W. t. 

ura4- 

-leul+PC164 

-leul+PC178 

-leul+PC195 

-leul+PC179 `ý., 

c. MEA + uracil + FOA - thiamine plate 

d. MEA + thiamine plate 

0 

d. MEA +uracil + FOA + thiamine plate 

Figure 3.2.4-3: Photographs of serially diluted S. pombe transformants growing on 0.5m ml 
FOA selective plates. _106 cells were taken from each culture and serially diluted to 10"2, 

10"3,104,10-5. and spotted onto different plates, incubated at 30 degree for 4 days. 

0 W. t. 

0 

a. MEA + uracil plate 
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a. YEA (left) and FOA (right) plate, 20 cells of PC 178 transformant were plated 

ý, _ 

b. YEA (left) and FOA (right) plate, 100 cells of PC 178 transformant were plated 

c. YEA (left) and FOA (right) plate, 200 cells of PC 178 transformant were plated 

Figure 3.2.4-4: Cell growth of PC 178 transforman on both YEA and FOA plates in the 

absence of thiamine. 20,100,200 cells/plate were plated on each plate. 

104 



a. YEA (left) and FOA (right) plate, 20 cells of PC 179 transformant were plated 

ý 

b. YEA (left) and FOA (right) plate, 100 cells of PC 179 transformant were plated 

c. YEA (left) and FOA (right) plate, 200 cells of PC 179 transformant were plated 

Figure 3.2.4-5: Cell growth of PC 179 transforman on both YEA and FOA plates in the 

absence of thiamine. 20,100,200 cells/plate were plated on each plate. 
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3.2.5 RNA expression analyses showed limited down-regulation of ura4 gene expression 

by RNAi 

In Section 3.2.4, no RNAi activity in the ura4 antisense/sense plasmid transformants 

was observed at the phenotypic level using the FOA assay. However, it is possible that 

there was low level RNAi activity in the molecular level. If there was any RNAi activity 

triggered by the transformed plasmid, one would expect to find a decreased level of ura4 

mRNA in the transformants. Thus RT-PCRs were carried out. 

Single colonies of PC 164, PC 178, PC 179, PC 195 transformants, together with wild 

type and ura4- strains as controls, were cultured in EMM (+uracil) in the absence and 

presence of thiamine (5µg/ml) liquid medium overnight at 30 degree to induce/repress the 

nmtl promoter with the minimum of cell growth. Total RNAs were isolated from each 

cell culture and RT-PCRs were carried out. This was undertaken in triplicate. 

S. pombe ura4 gene ORF is 795bp long, and its mRNA is 1kb long with an additional 

51nt upstream from the translation start codon and 135nt untranslated RNA at the 3'- end 

(Bach, 1987). Thus, a pair of primers was designed to amplify a DNA sequence which 

included the full ura4 ORF from S. pombe mRNA. This could reflect the real ura4 

transcript levels in the antisense/sense plasmid transformants (did not amplify the 

plasmid transcripts). This PCR product is 0.93kb (Figure 3.2.5-1A). See Appendix 1 for 

details of PCR primer sequences and reaction conditions. 

RT-PCRs of S. pombe housekeeping gene actl (SPBC32H8.12c, Chromosome 2, 

1128bp. GeneDB, S. pombe) from the same cDNAs were used as a quantity control. This 

PCR product is 0.95kb (Figure 3.2.5-1B). See Appendix 1 for details of PCR primer 

sequences and reaction conditions. 

The RT-PCR results are shown in Figure 3.2.5-2, and the density of each DNA band 

was quantified using an image analyzer (GeneTools, Synoptics Limited 2000). A bar 

chart was drawn (Figure 3.2.5-3) based on the DNA band density of each ura4 RT-PCR 

compared to their actl RT-PCR. The DNA band density of wild type strain ura4 RT-PCR 

was taken as the standard level (100%), the other ura4 RT-PCR products were compared 

to this standard for quantifying their ura4 mRNA levels. 
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Start Stop 
4 S. pombe ura4 gene ORF, 795bp 

Forward primer S. pombe ura4 gene mRNA, 1kb 

0.93kb RT-PCR 

A 

± Reverse primer 

B 

S't. l s't 

!j 
Forward primer 

-10 

Reverse primer 

S. pombe act] gene mRNA, 1128bp Stop 

0.95kb RT-PCR 

Figure 3.2.5-1: Map of the S. pombe ura4 gene and act] gene RT-PCR. 

A: The 0.93kb PCR on S. pombe mRNA amplified the full 795bp ura4 gene sequence. 

B: The 0.95bp PCR on S. pombe mRNA amplified part of the 1128bp act] gene 

sequence. 
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Figure 3.2.5-2A-C: EB strained agarose gel showing the RT-PCRs results of ura4 

gene and act] gene on the same RNA samples. 

A: RT-PCRs of act] gene from S. pombe total RNAs as quantity control, 0.95kb 

B: RT-PCRs of ura4 gene from S pombe total RNAs, 0.93kb 

C: PCRs of the ura4 gene from S. pombe un-transcribed RNAs as negative control 

A 

B 

C 
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Figure 3.2.5-2D-I: EB strained agarose gel showing the RT-PCR results of ura4 

gene and act] gene on the same RNA samples. 

D, G: RT-PCRs of act] gene from S. pombe total RNAs as quantity control, 0.95kb 

E, H: RT-PCRs of ura4 gene from S. pombe total RNAs, 0.93kb 

F, I: PCRs of the ura4 gene from S. pombe un-transcribed RNAs as negative control 

Lane 1: 1 kb DNA ladder 

Lane 2: Wild type strain 

Lane 3: Ura4- strain 

Lane 4: PC 164 (parental vector) transformants no thiamine 

Lane 5: PC 178 (ura4 antisense, nmtl promoter) transformants in thiamine 

Lane 6: PC 178 (ura4 antisense, nmtl promoter) transformants no thiamine 

Lane 7: PC 195 (ura4 antisense, nmt8l promoter) transformants in thiamine 

Lane 8: PC 195 (ura4 antisense, nmt8l promoter) transformants no thiamine 

Lane 9: PC 179 (ura4 sense, nmtl promoter) transformants in thiamine 

Lane 10: PC 179 (ura4 sense, nmtl promoter) transformants no thiamine 
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Figure 3.2.5-3: A bar chart of DNA band density for each ura4 RT-PCR product 

compared to their act] RT-PCR product. DNA band density of the wild type strain 

ura4 RT-PCR product was 100% as the standard level. 

w. t: Wild type strain, 100% 

ura4-: Ura4- strain, 0 

164-: PC 164 (parental vector) transformants no thiamine, 126.7% 

178+: PC 178 (ura4 antisense, nmtl promoter) transformants in thiamine, 101.1 % 

178-: PC 178 (ura4 antisense, nmtl promoter) transformants no thiamine, 69.4% 

195+: PC 195 (ura4 antisense, nmt8l promoter) transformants in thiamine, 110.1 % 

195-: PC 195 (ura4 antisense, nmt8l promoter) transformants no thiamine, 65.7% 

179+: PC 179 (ura4 sense, nmtl promoter) transformants in thiamine, 73.9% 

179-: PC 179 (ura4 sense, nmtl promoter) transformants no thiamine, 57.6% 
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The RT-PCR results (Figure 3.2.5-2 and Figure 3.2.5-3) revealed: 

a). The negative ura4 PCR on the original RNA of all the strains indicated that the 

reverse transcriptase was necessary to the mRNA for PCR amplification; 

b). The quantity of actl RT-PCR product was the same for all the strains indicating the 

same quantity of mRNA was used for the RT-PCR amplification; 

c). As expected, there was no ura4 RT-PCR product from the negative control ura4- 

strain; 

d). The ura4 RT-PCR product quantities of the PC 178 (ura4 antisense, nmtl promoter), 

PC195 (ura4 antisense, nmt8l promoter) and PC179 (ura4 sense, nmtl promoter) 

transformants in medium containing thiamine (promoter repressed, Lane 4,6,8) had 

similar mRNA levels (101%, 110% and 74%) as the wild type strain. When these 

transformants were cultured in medium lacking thiamine (promoter induced), the 

quantities of their ura4 RT-PCR products (Lane 5,7,9) were lower: only 69%, 66% and 

58% compared to the wild type strain respectively. These results indicate that both the 

transformed ura4 antisense and sense plasmids induced RNAi activities in these strains 

when the promoter was de-repressed. Therefore, the ura4 antisense and sense plasmid 

transformants gave partial RNAi mediated reduction of mRNA levels. 

e). There was no significant difference of the RNAi activities between the antisense 

and the sense (22% decrease in mRNA) plasmid transformants, and between the nmtl 

(32% decrease in mRNA) and nmt8l (40% decrease in mRNA) promoter transformants. 

1 110 



3.2.6 Investigation of important regulators in the S. pombe RNAi system 
The previous experiments showed only limited RNAi activity in the S. pombe 

transformations. RT-PCR analysis was therefore used to assess the transcriptional status 

of the major known RNAi regulator genes in S. pombe. 

3.2.6.1 The major RNAi positive regulators are transcribed in the tested S pombe cells 
The RNA transcripts of the RNAi essential genes Ago] (SPCC736.11,2876bp/2505pb), 

Dcrl (SPCC]88.13c, 4125bp) and Rdpl (SPAC6F12.09,3648bp) are tested in this 

section. RT-PCRs targeted these essential genes on the S. pombe ura4 antisense & sense 

plasmid transformants were carried out. See Appendix 1 for details of primer sequences 

and PCR conditions. The positive RT-PCR results (Figure 3.2.6.1.1.1 kb of Ago], 1.2kb 

of Dcrl and 1.4kb of Rdpl) showed that in the ura4 antisense & sense plasmid 

transformants all of these three genes could successfully transcribed into mRNAs, which 
indicated that these genes probably would also express well in the transformants. 

1 

2kb - 
1.5kb- 
1 kb - 

2 34 5 67 8 9 10 

Figure 3.2.6.1: EB strained agarose gel showing the RT-PCR results of 
Agol/Dcrl/Rdp genes from S. pombe total RNAs. 

Lane 1: 1 kb DNA ladder 

Lane 2: Ago], 1.1 kb, wild type strain 

Lane 3: Dcrl, 1.2kb, wild type strain 

Lane 4: Rdpl, 1.4kb, wild type strain 

Lane 5: Ago], 1.1 kb, PC 178 (ura4 antisense) transformant no thiamine 

Lane 6: Dcrl, 1.2kb, PC 178 (ura4 antisense) transformant no thiamine 

Lane 7: Rdpl, 1.4kb, PC 178 (ura4 antisense) transformant no thiamine 

Lane 8: Ago], 1.1 kb, PC 179 (ura4 sense) transformant no thiamine 

Lane 9: Dcrl, 1.2kb, PC 179 (ura4 sense) transformant no thiamine 

Lane 10: Rdpl, 1.4kb, PC 179 (ura4 sense) transformant no thiamine 

III 



3.2.6.2 Exploring the negative regulators in S. pombe RNAi system 
The eril gene is a newly identified RNAi inhibitor in S. pombe (lida, et al, 2006). RT- 

PCR which targeted the eril gene on the same RNAs from S. pombe ura4 antisense & 

sense plasmid transformants was carried out to examine this gene's expression. See 

Appendix I for details of primer sequences and PCR conditions. The positive results of 

eril RT-PCR (I. Ikb) in the ura4 antisenes & sense plasmid transformants (Figure 3.2.6.2) 

indicated that this RNAi repressor gene was successfully transcribed into mRNAs. 

I 

1kb - 

2 3 4 5 6 7 8 9 

Figure 3.2.6.2: EB strained agarose gel showing the RT-PCR results of eril gene 

on S. pombe total RNAs, 1.1 kb. 

Lane 1: 1 kb DNA ladder 

Lane 2: Wild type strain 

Lane 3: PC 164 (parental vector) transformant 

Lane 4: PC 178 (ura4 antisense, nmtl promoter) transformant in thiamine 

Lane 5: PC 178 (ura4 antisense, nmtl promoter) transformant no thiamine 

Lane 6: PC 195 (ura4 antisense, nmt8l promoter) transformant in thiamine 

Lane 7: PC 195 (ura4 antisense, nmt8l promoter) transformant no thiamine 

Lane 8: PC 179 (ura4 sense, nmtl promoter) transformant in thiamine 

Lane 9: PC 179 (ura4 sense, nmtl promoter) transformant no thiamine 
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3.3 Discussion 

3.3.1 Investigation of RNAi in the model system S. pombe 

RNAi, characterized by small interfering RNAs mediating the silencing of homologous 

genes at the DNA or RNA level, as was first reported in detail in C. elegans (Fire, et al, 

1998). In the past few years this phenomena has been discovered to exist in a wide 

variety of organisms including plants, worms, flies, zebrafish and mammals, and human 

cells (Zamore, et al, 2000). Although dozens of important genes, proteins, enzymes and 

complexes involved in RNAi have been identified in various model systems, knowledge 

about RNAi is still limited. In order to study the RNAi pathways and screen for new 

genes involved in RNAi mechanisms, an efficient RNAi selective system is necessary. 

This chapter describes an attempt to develop a RNAi selective assay in the fission 

yeast S. pombe by targeting the essential ura4 gene. There are several reasons to choose 

S. pombe as the model system: it has the smallest number of ORFs in eukaryotes 

(Decottignies, et al, 2003); it encodes homologues of all the identified components 

required for both TGS and PTGS, only one copy of Ago, Dcr and Rdp (Hall, et al, 2003); 

it demonstrates RDRC, RITS and RISC (Verdel & Moazed, 2005). S. pombe is also one of 

the earliest experimental models for analysis of antisense RNA regulated gene expression 

(Arndt, et al, 1995) and new progress of RNAi investigation has been obtained from this 

model system. 

3.3.2 The successful construction of the S. pombe expression plasmids for the 

development of an ura4-based RNAi selective assay 

3.3.2.1 Construction of the S. pombe expression ura4 antisense/sense plasmids 

RNAi pathways are triggered by small interfering RNAs, either siRNAs or miRNAs, 

thus for developing such a ura4-based RNAi selective assay in S. pombe, interfering 

RNAs could be introduced into S. pombe cells by transforming plasmid constructs 

targeting the ura4 gene. For this purpose, a ura4 antisense plasmid (PC178, with a strong 

promoter nmtl) was constructed by fusing two mutually inverted ura4 DNA sequences 

into a S. pombe expression vector (PC164). The hairpin-loop RNA transcripts from this 
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construct could be processed by Dicer into siRNAs and miRNAs. A ura4 sense plasmid 
(PC179, with the same strong promoter nmtl and another antisense plasmid (PC195, 

with a weaker promoter nmt81 were also constructed. 

These three plasmids were transformed into S. pombe cells, and experiments were 

carried out to test ura4 gene expression at both the phenotypic and molecular levels in 

these transformants. If the hairpin-loop RNA transcripts of these plasmids could trigger 

the ura4 RNAi pathways in S. pombe cells, their phenotypes should be ura4- when grown 

in the medium lacking of thiamine to induce their promoters, allowing them to survive in 

the FOA medium. Transformants of plasmid with the weaker promoter nmt8l might have 

lower RNAi activity than transformants of plasmid with the strong promoter nmtl. 

However, the ura4 RNAi activities were found to be lower than expected in all of the 

plasmid transformants. 

3.3.2.2 DNA sequencing confirmed the structure of constructed S. pombe ura4 

antisense/sense plasmids 

For analysing the problem of low RNAi activities in the trasnformants, first of all, the 

correct structures of transformed plasmids must be confirmed. Although the restriction 

enzyme digestion results had already proved the correct insert sequences of these 

plasmids, it was also possible that the plasmids mutated by themselves, deleting or 

reverting at some places. Therefore, both the inserted ura4 construct and the nmtl 

promoter of the plasmids were sequenced. 

The ura4 DNA inserts in the antisense plasmid PC178 were sequenced with a pair of 

primers from both end of the two insert sequences. See Appendix 4 for primer sequences 

of plasmid sequencing. Two 358bp sequences in this plasmid was successfully sequenced 
from 5'- to 3'- at both ends, confirmed the correct structure of the DNA insert in these 

plasmids. 
The nmtl promoter is another key requirement of RNA transcription in these plasmids, 

so it was also sequenced from both sides on PC178 and PC179. See Appendix 4 for 

primer sequences of plasmid sequencing. 767bp on PC178 nmtl promoter was 

successfully sequenced from 5'- to 3'- by the forward primer, which was aligned with the 

DNA sequence of nmtl promoter from the vector PC 164, it was 100% identical to the 
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correct sequence. 779bp on PC178 nmtl promoter was successfully sequenced from 5'- 

to 3'- by the reverse primer, which was aligned with the DNA sequence of nmtl promoter 
from PC164, it was 99% identical to the correct sequence. These sequencing results 

confirmed the correct nmtl promoter sequence in the ura4 antisense plasmid PC 178. The 

same nmtl promoter sequencing results (100% and 99% identical) were also obtained 
from the ura4 sense plasmid PC 179. 

Therefore, the DNA sequencing results on plasmids PC178 and PC179 confirmed the 

correct sequences of both inserted ura4 DNA and nmtl promoter, the ura4 antisense and 

sense plasmids were right for FOA assay. 

3.3.2.3 The thiamine repressible nmtl1nmt81 promoter on the constructed ura4 

antisense/sense plasmids 

On the constructed plasmids, the ura4 antisense/sense RNA transcripts were under the 

regulation of the thiamine repressible promoter nmtl/nmt81. The nmtl promoter is 

sensitive to thiamine as low concentration as 0.05mM and can be totally inhibited by 

0.5mM thiamine (Maundrell, 1990). With suspicion of the possibility of contamination, a 

thiamine free media is very important for inducing the RNA transcripts, the thiamine 

deletion E. coli strain JM109 was used as a control to test that the medium was indeed 

lack thiamine. JM109 could grow well in the thiamine present medium while it could not 

grow in the thiamine absent medium suggesting the medium to be free from 

contamination of thiamine for the promoter induction. 

In the FOA assay described in Section 3.2.4, there was not much difference between 

the S. pombe ura4 antisense/sense plasmid transformants in the presence and absence of 

thiamine, even increasing the thiamine concentration to 50µg/ml, which is much more 

than the recommended 515µg/ml. Moreover, results from a Northern blot experiment 

(data not shown here) revealed that the nmtl promoter is functional in both PC 178 and 

PC179 plasmid transformants, because the ura4 RNA transcripts from the transformed 

plasmids only existed in the cells cultured in the medium absence of thiamine, but not in 

the same strains cultured in the medium in the presence of thiamine. However, it was also 

possible that the nmtl promoter is leaky, and was not totally repressed by thiamine, and 

the RNA transcripts in these strains were too low to be detected by a Northern blot. 
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3.3.3 A comparative analysis of the ura4 antisense & sense plasmid transformants 

suggested that S. yombe does not have a miRNA-mediated RNAi pathway 

The presence of small RNAs is one of the hallmarks of RNAi mechanisms (Raponi and 

Arndt, 2003). miRNAs and siRNAs are processed into different RNAi pathways in PTGS: 

miRNA mediates translational inhibition with partial sequence complementary to target 

mRNAs; siRNA mediates mRNA degradation by exact sequence complementary 

(Dykxhoorn, et al, 2003). The different miRNA and siRNA-mediated RNAi pathways are 

regulated by presently identified essential proteins, such as Agonaute, Dicer and RdRP. 

Many organisms encode more than one copy of each of these essential proteins: in 

Drosophila, different Argonaute and Dicer family members preferentially associate with 

different small RNAs, with Agol & Dcrl preferring miRNAs and Ago2 & Dcr2 

preferring siRNAs (Liu, et al, 2004). 

The S. pombe genome encodes only one copy of Argonaute and Dicer genes, Agol and 
Dcrl, begging the question: do they only mediate a single interfering RNAi pathway, 
(either miRNA or siRNA) or both? The hairpin-loop structure RNA transcripts from the 

two constructed ura4 antisense & sense plasmids PC178 & PC179 allowed me to address 

this question. They were both ura4-based S. pombe selective plasmids which could 
introduce siRNAs from their same RNA stem structure, the only difference between them 

was the hairpin-loop RNA transcript: PC178 could introduce single-strand ura4 antisense 

RNA whereas PC179 could only introduce a single-strand ura4 sense RNA (Figure 3.3.3). 

The answer was revealed by comparing ura4 RNAi activities in these two plasmid 

transformants. There should be three possibilities: 

a). If only the antisense plasmid PC178 but not the sense plasmid PC179 transformant 

showed RNAi activity, only the single-strand ura4 antisense RNA triggered RNAi 

pathway, Agol and Dcrl proteins in S. pombe only regulate miRNA pathway. 
b). If both the antisense and sense plasmid PC 178 and PC 179 trnasformants showed 

the same RNAi activities, only the double-stranded stem RNA triggered RNAi pathway, 
Ago1 and Dcrl proteins in S. pombe only regulate siRNA pathway. 

c). If both the antisense and sense plasmid PC 178 and PC 179 transformants showed 

RNAi activities, but PC178 transformant had higher RNAi activity than that of PC179 

116 



transformant, both the double-stranded loop RNA and single-stranded antisense RNA 

triggered RNAi pathways, Agol and Dcrl proteins in S. pombe regulate both miRNA and 

siRNA pathways. 

Figure 3.3.3: The stem-loop structure of RNA transcript from ura4-based S. pombe 
RNAi selective plasmids. 
Left: stem-loop structure of ura4 RNA transcript from PC 178 with the loop encodes 

ura4 antisense gene sequence. This RNA transcript can be processed by Dcrl into 

both miRNAs and siRNAs. 

Right: stem-loop structure of ura4 RNA transcript from PC 179 with the loop 

encodes ura4 sense gene sequence. This RNA transcript can be processed by Dcrl 

into siRNAs only. 

The experimental results of ura4 RNAi activities from both cellular and molecular 

levels revealed that neither of these two plasmid transformants could totally inhibit ura4 

gene expression in S. pombe; they could only reduce the ura4 mRNA level modestly with 

very similar efficiency. These results were the same as the possibility b) mentioned above, 

which supported the conclusion that miRNAs are not the small RNAs triggering RNAi 

activity in S. pombe. 

This conclusion is supported by a recent publication: in S. pombe showing there are 

only siRNA-mediated RNAi pathways, but no miRNA-mediated RNAi pathway has been 

discovered so far (Vagin, et al, 2006). Further evidence for this conclusion is the absence 
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of the Drosha protein in S. pombe. In miRNA-mediated RNAi pathways, the nuclear 

protein Drosha (see Section 1.2.4.5 for details of Drosha protein), which trims pri- 

miRNAs into -70nt pre-miRNAs (mentioned in Section 1.2.2.3, see Figure 1.2.2.3), is an 

essential protein for miRNA-mediated RNAi pathways (Lee, et al, 2003). But there is no 

known homologue of Drosha in the S. pombe genome (GeneDB, S. pombe). The lack of 

Drosha protein, which processes mature miRNAs, is probably the reason of no miRNA- 

mediated RNAi pathways in S. pombe. 

3.3.4 The positive and ne ative RNAi regulators in the S. vombe system u 

In Spombe, the expression of hairpin RNAs can trigger TGS pathways by C1r4 histone 

H3 lysine 9 methyltransferase, as well as trigger PTGS pathways by mechanisms that 

require Ago], Dcrl and Rdpl (Motamedi, et al, 2004). For example, Dcrl is the protein 

responsible for siRNA production (Ketting, et al, 2001), and Agol has "slicing" activity, 

which can direct site-specific cleavage of RNA substrates via siRNA (Irvine, et al, 2006). 

Therefore, if one of these essential genes cannot express normally, the RNAi pathways 

might be disrupted or even shut down. The presence of these RNAi essential genes in the 

S. pombe system was investigated in Section 3.2.6.1 by RT-PCRs, and the results revealed 

that they were all successfully transcribed into mRNAs (Figure 3.2.6.1). Although this 

does not conclusively demonstrate that the correct proteins are being made, it provides 

evidence that these genes are being transcribed in these transformants. 

Different from the RNAi positive regulators, eril, which was first reported from 

C. elegans, is one RNAi inhibitor (Kennedy, et al, 2004). Eril is a single S. pombe 

ortholog (SPBC3OB4.08,1142bp), which negatively regulates RNAi-mediated 

heterochromatin formation and reduces the levels of heterochromatic siRNAs, thereby 

strongly inhibiting S. pombe RNAi (Buhler, et al, 2006). Similarly, RT-PCR resulted that 

the recently identified RNAi inhibitor eril gene was also transcribed in these 

transformants (Section 3.2.6.2). The S. pombe eril protein specifically degrades double- 

stranded siRNAs through two functional domains, repressing the accumulation of cellular 

siRNAs. This conclusion was also supported by the investigation in an S. pombe eril 

deletion mutant, in which the RNAi activity was greatly increased compared to the wild 
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type control (Iida, et al, 2006). The presence and expression of the eril gene in S. pombe 

cells, which would specially degrade the siRNAs, triggers of RNAi pathways, was 

probably the main reason of low RNAi activities in the plasmid transformants 

demonstrated in this chapter. 

RNAi machinery in S. pombe is required for the initiation or formation of 

heterochromoatin at centromeres (Volpe, et al, 2002). In S. pombe wild type cells, the 

RNAi activity was modest, when the eril gene was deleted, the observed gene silencing 

of the ura4 reporter gene increased, and the enhanced silencing was at the 

heterochromatic regions including the siRNA-containing active RITS complex (Iida, et al, 

2006). Therefore, it would be interesting to test the assay in an eril gene deletion mutant 

(containing ura4 antisense & sense plasmid), which could probably be a good ura4-based 

RNAi selective assay. However, the eril gene as a RNAi inhibitor in S. pombe was 

published in July 2006, at which time the project of this thesis was coming to the end, so 

I had no time to switch to another model system for developing a new RNAi selective 

assay. However, in this project I did access two other genes in S. pombe which may also 

negatively regulate the RNAi pathways. They are the mfhl gene and its paralogue mjh2. 
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Chapter Four 

Analyzing mf1a1 and mfh2: two putative helicase 

genes in S. pombe 

120 



4.1 Introduction 

4.1.1 A RNAi inhibitor helF protein has been identified in Dictyostelium 

As mentioned in Section 1.4, only a few RNAi inhibitors have been identified so 

far and one of the best characterised inhibitors is the helF protein from Dictyostelium. 

Identification of the novel protein helF was originally from sequence homology of a 

conserved helicase domain normally found in Dicer protein by the Dictyostelium 

database searching (Popova, et al, 2006). The newly identified Dictyostelium helF 

gene encodes a RNA helicase, which has high similarity to the helicase domain of 

C. elegans Dicer gene (Tabara, et al, 2002), located on chromosome 2 with a 

continuous open reading frame of 2511 bp, encoding a putative protein of 837 amino 

acids (DictyBase). 

The regulatory effects of the helF gene on Dictyostelium RNAi was investigated by 

Nellen's group (University of Kassel, Germany). They transformed RNAi constructs 

(inverted repeat constructs that generated a hairpin RNA) of three endogenous marker 

genes discoidin, coronin and thioredoxin into a Dictyostelium helF knock-out strain in 

parallel with a wild type strain. It was found that the deletion mutant of the helF gene 

showed increased RNAi activity in Dictyostelium when the RNAi activities with 

respect to these three genes in Dictyostelium was measured using colony blot, Western 

blot and Northern blot. For discoidin, RNAi activity increased from 50% in the wild 

type strain to almost 100% in the helF deletion mutant. For coronin, RNAi activity 

was never observed in the wild type strain, while in helF disruptions, approximate 

60% cells showed RNAi activity. For thioredoxin, RNAi was found in 30% cells of 

the wild type strain, while 89% cells showed RNAi activity in the helF deletion strain. 

Therefore, they concluded the helF protein as a natural RNAi inhibitor in 

Dictyostelium (Popova, et al, 2006). 

4 . 1.2 The RNA and DNA helicases superfamily 

The identification of helF as a RNAi inhibitor in Dictyostelium was from its 
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similarity to the Dicer DEAD helicase domain, which is absent from the Dicer in 

Dictyostelium. 

The RNA and DNA helicases are essential for gene regulation with high sequence 

conservation. They are a large group of enzymes that catalyse the separation of 

double-stranded nucleic acids (Caruthers and McKay, 2002). Helicases have been 

classified in 5 superfamilies (SF1-SF5), all of which bind ATP. SF2 is the best 

characterized superfamily to date, which includes the protein families SNF2 and the 

DEAD/DEAH box helicase (Aubourg, et al, 1999). A total of eight characteristic 

motifs has been identified, they are named I, Ia, Ib, II, III, IV, V and VI (Gorbalenya, 

et al, 1989). These conserved motifs are most important for the function of a helicase, 

specifically those involved in catalysis and in DNA/RNA binding (Aubourg, et al, 

1999). 

The DEAD box proteins is in motifs II, named according to the highly conserved 

residues: D-E-A-D=Asp-Glu-Ala-Asp (Schmid and Liner, 1992). The DEAD box in 

the helicases is functional in ATP-biding, DNA/RNA binding and unwinding, which is 

involved in various aspects of RNA metabolism, including nuclear transcription, 

pre-mRNA splicing, ribosome biogenesis, nucleocytoplasmic transport, translation, 

RNA decay and organellar gene expression (Aubourg, et al, 1999). Figure 4.1.2 shows 

the conserved motifs of the DEAD box RNA helicase. 

BLOCKS ABcDEr 
MOTIFS I Ia lb Ii IIl IV V VI 

NH2 AQSGSGKT APTRELA ATPGRL tv. z 4 VLDEAD "xs, SAT FVNT sVAARGLD m YIIIRIGRTGR Caolt 

,II A71 asc A motif -0 -------------------------- IN- ATPaseBmolif 
t . TL 

RNA unwinding RNA 

ATf' binding " binding 
--------------- ºA"I'I' hydrolysis -o* -- ---"-. -. -.: 

PROSITEsignature pattern : ILIVMF]-[LIVMF]-D-E-A-D-[RKENJ-X-[LIVMFYGSTNJ 

Figure 4.1.2: The catalytic functions of the best conserved residues in the DEAD 

box RNA helicase (figure taken from Aubourg, et al, 1999). There are eight 

signature motifs of a helicase and each has their conserved amino acide residues. 

The numbers indicated between the motifs are the typical range of residues. 122 



The DEAH box proteins are very similar to the DEAD box in structure: just the His 

instead of the second Asp; but in function, these two families are different: the 

mutation in a DEAD protein from Asp to His strongly reduces the helicase activity in 

a DEAH protein (Aubourg, et al, 1999). 

4.1.3 The mfhl gene in S. pombe is a homologue of the Dictyostelium he1F gene 

A BLAST search with the Dictyostelium helF sequence identified a homologue in 

S. pombe called mfhl. It is located on S. pombe chromosome 1,2606kb long with two 

introns. The two proteins encoded by Dictyostelium helF and S. pombe mfhl have 

identical residues at 24% of 516 aligned amino acids (NCBI BLAST). The predicted 

product of the S. pombe mfhl gene is a ATP-dependent 3'-5' DNA helicase, which 

encodes a DEAD box and a conserved C-terminal helicase domain (Figure 4.1.3-1). It 

has the functions of ATP-binding, helicase activity and DNA binding. 

Figure 4.1.3-1: The domains of S. pombe mthl protein. It is composed of 834 

residues, 69-238 is the DEAD box (green) and 306386 is the helicase_C domain 

(red). This protein has the function of ATP-binding, helicase activity and DNA 

binding (GeneDB). 

Both the Dictyostelium helF and S. pombe mfhl proteins have the same amino acid 

segment "QSRGRAR", which is a typical C-terminal helicase domain (Schmid & 

Linder, 1992). A comparison of the amino acids sequence between drhl (from 

C. elegans Dicer), Dictyostelium helF and S. pombe mthl (Figure 4.1.3-2) also 

revealed that the identities between them were exactly in the conserved domains 

which characterize the proteins belonging to the helicase family (Linder, et al, 1989). 

All of this evidence suggests that the newly identified S. pombe mfhl gene encodes a 

homologue to the Dictyostelium helF gene. 
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Figure 4.1.3-2: Protein alignment of C. elegans drh-I (NP_501018), Dictyostelium 

helF (DDB0191515, DictyBase) and S. pombe mfhl (NP_593348). Identical residues 

are marked in blue, similar residues are marked in red. The "QSRGRAR" domain is 

indicated by a black box. 

1 70 

drh-1 MRKKQCSSIL SLYDKEIILC LEPIYRDPEK GDGFSELLPL GRIDELKIQS ENAQEFSKQL YHDLKNSILS 
HelF MTKNDL QTYIQQKRIG YLPVYHSECR 

Mfhl 

71 140 

drh-1 NADDERLYKD IMTYLQTYLP KCTVHKLLNC SNREVKLSDF HYILDHFEGF LRFIEPKVVL AYLDSYPQYI 
HelF GPDHEREYR- --THIR---- ---VGEINSK HNNKIVYSDW YKNKKTAESC CAI----KVL NYLNQQGRE- 
Mfhl 

141 210 

drh-1 DAVAVLRKEI ERNEEDNQDS DFIKKLILRT VPLLGEQAVY DIMYTISEKS SNNLDVEAKQ FIAKVLRLKN 
HelF DLNNKYQEQK KTRQQQEQEI ESPPPQQPQQ LTYQTKQSID SLFSKFISID KNKIKDELIE KQKNDGNLLS 
Mfhl 

211 280 

drh-1 DGFLRFYQII NASRRQLNGR IYICPVHESA TEMMVYLGTA ALNTNRYRMI NIRVDNIVQE NSTPRLVIES 
HelF GGFSYLHFNE PTQMEKDNEI ERLKRTLGDL QQRVDTMNSI FQDENCNNLT LGQIKTIGMP --IIKTLQQG 
Mfhl MS DDSFSSDEDW DELDTQVVDK IENEYHNNTI GL--NGYSVD EYFDANDSNR YRLQHELDES 

281 350 

drh-1 VRQRIHRQRQ LCLRNYQEEL CQVALQGKNT IVTAPTGSGK TVIAANIIKE HFESRSSEGK RFKALFMTPN 
He1F DDGKPMEMNK SKPRDYQCEL YRKSME-KDI ICCLPTGLGK TLISCLVIKK MKQLNPSK-- --QIVLIVDR 
Mfhl AAQQWVYPIN VSFRDYQFNI VQKALF-ENV LVALPTGLGK TFIAAVVMMN YLRWFPKS-- --YIVFMAPT 

351 420 

drh-1 SMILNQQAAS ISSYLDHVYH TQIIQG: 'DNV PTRNVIQSKD LIVATPQMIV NLCNEHRNSL DDESRLDQFF 
He1F IPLVIQQSDV IET------ E TGLKVLSAHG ETFKPVQLKQ RFD-----VL WIGDLFNKL LSNGDLN--- 
Mfhl KPLVTQQMEA CYK-ITGIPK SQTAELSGHV PVTTRNQYYQ SRNVFFVTPQ TILNDIKHGI CDRTRIS--- 

421 490 

drh-1 LSTFTIIFF: -: CHNTVKNSP YSNIMREYHY LKNMGNMPEG HSLPQIIGLT ASLGTGDKND CLQVRNYIAG 
HelF ILSFCLIVIU -. AHHIVKF, HS FAKLLRD--- --KLNTIPE- ICHPKILGIT AS--PAGKKD FF---NTLLS 
Mfhl -----CLVI: EAfiRSTGNYA YVEWH---- -----LLSLS NKNFRILALS 7, T--PGNKLE AIQ--NVIDS 

491 560 

drh-1 LCASMD': KDL SIVKDNLEEL RGYSPIVPDK VLLCERSTDG PIGMFTNRLT LMMQEVEGLI RTALRNEHIG 
HelF LKLISK%SRC EIIKPTNQSI IPYINQKNIK IIPI------ PTNNLERHSI QII, KDLISKY KPNLSNNQEL 
Mfhl L---- H: SRI E: RTENSIDI SQ: VQKKEVD FFPVDLSA-- EITDIRDRFS SIIEPMLQKL NKGNYYRIQN 

561 630 

drh-1 IEQRRQIETT ERDFRPDSSF LDPPADKEHA GYQNWVCNQM NLVSGTSFRE TGTRTIINEA LDVLKECFCT 
HelF FDSVTSVI-- ------DSNT LKGLGVGGGG GGSNSSTQNH NLNKFLSSFF EKINDFIN-- ---FKMFGSA 
Mfhl AKDITSFTVV -------QAK QAFLAMSGQN FPANQKWCIL NTFDALATFA YPLNLLLNHG IRPFYQKLRE 

631 700 

drh-1 LSYNINFHPE VALNYLKDEM EYRTPNFTVN MIR: WERYHN QLVGTGSAEN PMISKTVQYI VECNLQRADS 
HelF IPVGLNLK-- ---SFLIEEI S--NIDDVEL QSE[LAMVHS LPCDEEIADS ISKLEIALQI LD! K-KSDDL 
Mfhl VEEECFVGRS ---GYKKRII NHENYRPLMD DIEiLLRDQS FVGHPKLEH- ---LERIVTE YF KEQTK'T 

701 770 
drh-1 RTIiFVRTRY EATILNKVLN SNEELLMLGI KSEWMSGLNK STASSADISA SKQK-QMEKL KMFADGEIRI 

He1F KAIIFVKTR- --DVAKKVYS LLDQLRMGDR FSFIKPNLW GHGSIGGMSI SSQK-KA--I EEFRSDQCNV 
Mfhl RIMIFVEIR- --SSAEEILR FLGKF----- YPNVRPAIFI GQSAVRKAAG MSQKLQNETV KQF'QKGEVNT 

771 840 
drh-1 LVSTSVAEEG LDJPECSLVI KYNYATNEIA H RRGFG LNSECVLITN SIALRDQESN N--RDKESLM 
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HelF I. A "VVEEG FDVPECNIJ: RLDPPTTVTA NI 
Mfhl LA :?: GEEG LDIGEVDM: 1 CYDASASPIR ML 

841 
drh-1 SETI---SLI QNSPAEFRKC VDEESNKIWP 

HelF EEAI---NFL KTGELPISLK QQNYTTQVNQ 
Mfhl QDNIVSGRGL SLSEKSYRIL PEKFRPVCDK 

911 
drh-1 TSKDIRSRNT QYLVCDPGFW SLVRKTRLTD 
HelF W--------- EHTPDGSGFF NAIATFYINK 
Mfhl TASALGKPKR ALAKSEESPF EICPVTYSIE 

SR L 
RM TC 

RDSYFYGIVK VDDPRF: I NIY ! FFK'iQERY 
KRKGYIYMLL TRG-KeI: AKW RAKi AYRT N 

910 
RILREDT KA QKIEEQINRN IVYKIICKKC EA----- ILC 
VDEEMDT': SY FASASALVQG MVIQ'+'KRHTF DF-----GIA 
RVIEIPK: NE EVVVAPKKVQ LRTKIKKKFF MPENALNGFI 

980 
rQQALIKYNA TGSINCRREN CGLKLGQLIE VNTVDLPCLS 
F. AAHSHFKSG QNKKTAKENT CKSILQSGLI YNLIKNLE 
ti%EKKLEKYKR VCLRGLDIHR NRRLSQLSVT GRIPHSLATK 

981 1050 
drh-1 ALSIVLLVEG TDKRIIVKKW KNILDKYFTP TEIRQLDVQT MRDA-DQART PMVFEHHANG EVVNLIREA 

He1F 
Mfhl SIHSFLKHLN TIDSQKAQEW RREINNQFQV SNINSTDRDT KQPKMHDFRQ PLHPNPLLTY RMTTLKRKGQ 

1051 
drh-1 
He1F 

Mfhl HNSFSYDKST LFYDNNNNLE EDLPDVNISI SSRNEEASKT KPFDDRQQRL QQLVEKRKRM KGMLI 

1115 

Since the S. pombe mfhl gene was identified as a homologue of the Dictyostelium 

he1F gene, the question: does the S. pombe mfhl also negatively regulate RNAi 

mechanisms in S. pombe was addressed. Thus, it was necessary to isolate a S. pombe 

mfhl deletion/KO mutant to reveal if it has a RNAi regulatory effect. If the RNAi 

activity increases in such a mfhl gene deletion/KO strain, the mfh l protein can be 

identified as a RNAi inhibitor in S. pombe. At the same time, the mfhl gene KO strain 

can be a very helpful model for constructing a ura4-based RNAi selective system 

described in Chapter Three. See Flow Chart 4.1.2 for details of knocking out the mfhl 

gene in S. pombe. 
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Flow Chart 4.1.3: Knocking out the mfhl gene in S. pombe for RNAi study 

Use PCR to amplify the S. pombe mfhl gene and ligate it into a vector to generate 
the mfhl plasmid PC185 (Section 4.2.1) 

1 Construct a S. pombe mfhl knock-out plasmid PC 187 using the kanr gene to interrupt 
the mfhl gene (Section 4.2.2) 

1 
Transform the linearized mfhl KO DNA into a S. pombe leul- haploid strain and 

select the transformants by resistance to G418 (Section 4.2.3) 

1 
Identify a S. pombe mfhl gene KO strain by PCR screening (Section 4.2.4) 

Study this mfhl KO strain to 
investigate the regulatory 
effect (if any) on RNAi in 

S. pombe 

Use a S. pombe diploid strain to isolate a 
heterozygote of mf hl gene KO/intact. 
Sporulate this strain to investigate the 

regulatory effect (if any) on RNAi if the 
mfhl gene is not essential for S. pombe 
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4.1.4 A newly identified S. pombe mfhl paralogous gene m1h2 

Subsequently, a further search in the S. pombe database using the mfhl gene 

sequence identified one paralogue mfh2 (systemic name SPAC20H4.04). These two 

genes are 57% identical at the DNA structure and the two gene products have 

identical residues at 42% of 534 aligned amino acids, which are most in the helicase 

domain (NCBI BLAST). The mJh2 gene is also located on S. pombe chromosome I 

just 643kb downstream of the mfhl gene. It is 2352bp long and has no intron. 

As a paralogue of the mfhl gene, the predicted product of the S. pombe mJh2 gene 

is also a ATP-dependent 3'-5' DNA helicase. It encodes a Res subunit of type III 

restriction enzyme, which contain the motif characteristic of the DEAD box (Saha, et 

al, 1998) and a conserved C-terminal helicase domain (Figure 4.1.4). It has the 

functions of ATP-binding, helicase activity and DNA binding. 

[1 SSI 

Figure 4.1.4: The domains of S. pombe mfh2 protein. It is made of 783 residues, 

7-. 84 is the domain of a Type III restriction enzyme (green) and 459540 is the 

helicase_C domain (red). It has the functions of ATP-binding, helicase activity and 

DNA binding (GeneDB). 

The discovery of the mfhl paralogue mJh2 provided a new question: is the newly 

identified mfh2 protein also involved in RNAi and does it supplement the mfh I 

protein function in this respect in S. pombe? In order to answer this question, it was 

necessary to make a mfhl & mfh2 double deletion mutant. Thus, the RNAi activities 

could be compared between the S. pombe wild type background, mJhl deleted, and 

mfhl &mJh2 double deleted mutants to reveal the regulatory effects (if any) of these 

two genes on S. pombe RNAi (details see Section 5.3). 
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4.2 Attempting to knock out the mThl gene in S. pombe 

4.2.1. Clone Spombe mfhl gene using PCR and generate the mfhl plasmid PC185 

The S. pombe mfhl gene (SPAC9.05) is located on chromosome 1,2606bp long 

including two introns (spliced length 2505bp) and encoded a protein of 834 amino 

acids helicase (GeneDB, S. pombe). 

A 2.74 kb PCR product of the full mfhl gene sequence was amplified using primers 

that added restriction sites BssHII & Sall to 5'- and 3'- respectively. See Appendix 1 

for details of primer sequences and PCR conditions. This PCR product was ligated 

into the pGEM-T easy vector and transformed into E. coli competent cells. The 

successfully ligated plasmid was isolated from white colonies on a LB ampicillin plus 

IPTG and X-gal plate. Thus the 4.76kb S. pombe mfhl plasmid PC 185 was constructed 

(Figure 4.2.1-1). 

The correct structure of PC185 was confirmed by restriction enzyme digestions 

(Figure 4.2.1-2). For example, Lane 3 shows the two 1.7kb and 4kb DNA bands 

digested by NcoI, which has one site on the vector and another site in the mf hl gene 

sequence; Lane 4 shows the two 0.9kb (indicated by arrow) and 4.8kb DNA bands 

digested by PstI, which has one site on the vector and another site in the mjhl gene 

sequence; Lane 5 shows the two 2.7kb (the mf hl gene insert) and 3kb (vector) DNA 

bands digested by SaII. 
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2792 BssHII 

Figure 4.2.1-1: Map of S. pombe mfhl plasmid PC185. It was constructed by 

ligating the 2.74kb PCR product including the full mfhl gene sequence, to which 

the restriction sites BssHII & Sall had been added to 5'- and 3'- ends, was ligated 

into the pGEM-T easy vector. PC185 is 5.76kb in size with an amp' marker. 
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6kb 

4kb 

3kb 

2kb 

lkb 

2 3 4 5 

Figure 4.2.1-2: EB stained agarose gel showing diagnostic endonuclease digestions 

to confirm the structure of plasmid PC 185. 

Lane 1: 1 kb ladder 

Lane 2: PC 185/BssHII, 5.76kb 

Lane 3: PC 185/NcoI-1.7kb+4kb 

Lane 4: PC 185/Pstl-0.9kb (indicated by arrow) +4.8kb 

Lane 5: PC 185/SalI-2.7kb+3kb* 

*: There are two DNA bands. 

Another S. pombe mfhl plasmid (PC 186) was also constructed by ligating a 2.71 kb 

mJhl PCR product (Sall & BgIII restriction sites added, see Appendix I for details of 

primer sequences and PCR conditions) into the pGEM-T easy vector, which provided 

more options of the restriction digestion sites. See Appendix 5 for details of this 

plasmid map. 
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4.2.2. Construction of a S. pombe mThl knock-out plasmid PC187 

In order to construct a S. pombe m, fhl KO plasmid, a 0.95kb DNA fragment inside 

the mfhl gene was generated from PC185 using PmeI and BamHI for a 4.8kb DNA as 

the vector of the KO plasmid. A 1.4kb DNA fragment including the full kan' gene 

sequence, was digested from the S. pombe expression plasmid PC184 (Bahler, et al, 

1998, see Figure 6.2.4-3 for details of this plasmid map) using PmeI and Bg1II (the 

same sticky end as BamHI), and ligated into the vector using the restriction sites Pmel 

and BamHUBgIII. Thus the S. pombe mfhl knock-out plasmid PC187 (Figure 4.2.2-1) 

was constructed. It is 6.3kb in size and has the kan` sequence flanked by a 1.5kb mild 

sequence at the 5'- end and a 0.3kb mfhl sequence at the 3'- end. 

The correct structure of PC187 was confirmed by enzyme digestions and by PCR 

using the mfhl primers. See Appendix 1 for details of primer sequences and PCR 

conditions. All of the results confirmed that PC187 had the correct structure (Figure 

4.2.2-2). For example, Lane 4 shows the two 1.8kb and 4.4kb DNA bands digested by 

M1uI, which has one site in the vector and another site in the kan' gene insert; Lanes 2, 

3,5,6 show the correct digestion results of PC187 by BssHII, AvaII, Ncol and Sall; 

Lane 8 shows the 3.2kb mfhl KO PCR product on PC187 using mfhl primers; Lanes 

9-11 show the correct digestion results on this PCR product by ClaI, Mlul and NcoI 

(each of them has one site in the mfhl gene). 

131 



3363 BssHII 

450 Pmel 

3396 PstI 
3402 Sail 

3426 M1uI 

amHI/B lI 

3382 EcoRI 

65 Sall 

37 NcoI 
52 EcoRI 

Figure 4.2.2-1: Map of the S. pombe mfhl knock-out plasmid PC187. It was 

constructed by inserting a 1.4kb DNA including the full sequence of the kan' 

gene from PC184 to replace a 0.95kb DNA sequence inside the mfhl gene from 

plasmid PC185. The restriction sites for ligation were Pmel and BamHUSalI. 

PC 187 is 6.3kb in size and has a kan' marker. 
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Figure 4.2.2-2: EB stained agarose gel showing the diagnostic endonuclease 

digestions and PCR using the mfhl primers to confirm the structure of plasmid 

PC 187. 

Lanes 1,7,12: 1 kb DNA ladder 

Lane 2: PC 1871BssH]I, 6.2kb 

Lane 3: PC I87/AvaII--0.2+6kb 

Lane 4: PC 187/Mlul-1.8+4.4kb 

Lane 5: PC 187/Ncol-0.8+1.4+4kb 

Lane 6: PC 187/Salt-3+3.2kb 

Lane 8: Mth 1 PCR using PC 187 as template, 3.2kb 

Lane 9: Mth 1 PCR using PC 187 as template /Clal-866+1122+1227 bp 

Lane 10: Mth 1 PCR using PC 187 as template /MluI-1484+1731 bp 

Lane 11: Mth 1 PCR using PC 187 as template /Ncol-783+1088+1344 bp 
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Another S. pombe mfhl KO plasmid PC 188 was also constructed by inserting the 

1.4kb kan' gene DNA fragment into the mfhl plasmid PC 186 using the restriction 

sites Pmel and BamHl/BgllI, which provided more options of the restriction digestion 

sites. See Appendix 6 for the map of plasmid PC 188. 

4.2.3 Transformation with linearized S. pombe mfhl KO DNA generated G418 

resistant colonies 

The S. pombe mfhl KO plasmid PC 187 was linearized using Sall (Figure 4.2.2-3, 

Lane 6), and the 3.2kb DNA fragment including the mfhl KO sequence transformed 

into Spombe cells, and plated onto a geneticin (Sigma G418,200µg/ml) plate to 

select for cells containing the mJhl KO DNA. Transformation of TE buffer into the 43 

(leul-) strain was used as the negative control (Figure 4.2.3). 

N 

Figure 4.2.3: Photographs of S. pombe transformants growing on YPD plus G418 

(200gg/ml) selective plates. 

Left: S. pombe 43 (leul-) strain transformed with TE buffer as the negative control. 

Right: S. pombe 43 (leul-) strain transformed with the 3.2kb linear DNA of mlhl KO 

sequence from plasmid PC 187. 
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4.2.4 A PCR screening failed to identify a mfhl KO strain 

After the mfhl KO DNA had been transformed into the S. pombe cells, there were 

three possibilities: 

a). The transformed mfhl KO DNA did not integrate into S. pombe genomic DNA, 

leaving the mf hl gene intact; 

b). The transformed mf hl KO DNA could integrate into a different locus in the 

S. pombe genome, leaving the mfhl gene intact; 

c). Because the genomic DNA had been extracted from many cells, which was the 

PCR template with primers A&B, it could be a mix of cells with intact and KO mfhl 

gene. 

A number of individual transformants were cultured in YPD plus G418 liquid 

medium overnight. Genomic DNAs were extracted and analyzed using PCR 

amplification of the mfhl intact/KO DNAs. 

Three pairs of PCR primers were used (Figure 4.2.4-1. See Appendix 1 for details 

of primer sequences and reaction conditions): 

Primers C&D: inside the mfhl gene, upstream and downstream of the 0.95kb 

deletion sequence. PCR amplification using this pair of primers differentiates the 

1.15kb product on the intact mf hl DNA from the 1.6kb product on the mf hl KO 

DNA. 

Primers E&F: inside the kan' gene. PCR amplification using this pair of primers 

should generate a lkb product on the mfhl KO DNA. 

Primers G&H: on the S. pombe genome, upstream and downstream of the mfhl gene. 

PCR amplification using this pair of primers differentiates the 2.8kb product on the 

intact mfhl DNA from the 3.3kb product on the mjhl KO genomic DNA. 
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Primer G 

4 Intact S. pombe mfhl gene, 2.6kb No 
Primer C 

1.5 kb -No. 0.95 kb 0.3 kb 
mmý*=eý ýý0"ý 

Figure 4.2.4-1: Primer strategy to differentiate intact mfhl gene and KO mfhl 

gene. When the KO DNA integrates into the genome, a 1.4kb DNA including the 

full kan' gene sequence deleted a 0.95kb DNA sequence inside the mfhl gene. Six 

primers C, D, E, F, CS H. were designed to screen the mfhl KO DNA 

transformants, which were targeted to both the S. pombe genome (inside/outside 

the mjhI gene) and the kan' gene. 

Genomic DNAs extracted from successful mfhl KO DNA transformants were 

screened using primers C&D (indicated in Figure 4.2.4-1). S. pombe wild type 

genomic DNA and the mJhl KO plasmid PC 187 were used as negative and positive 

controls (Figure 4.2.4-2). Lanes 3&4 show both mfhl intact and KO DNAs present 

in the transformants. Thus the mfhl gene in S. pombe genome had not been 

successfully knocked out. 
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I 2 3 4 5 

Figure 4.2.4-2: EB stained agarose gel showing S. pombe mJhl PCR with primers 

C&D. 

Lane 1: Wild type genomic DNA as template, negative control: 1.1 kb 

Lane 2: MJhi KO plasm id PC 187 as template, positive control: 1.6kb 

Lane 3: Genomic DNA extracted from mJhl KO DNA transformant-l as 

template: 1.1 kb and 1.6kb 

Lane 4: Genomic DNA extracted from mJhl KO DNA transformant-2 as 

template: 1.1 kb and 1.6kb 

Lane 5: 1 kb DNA ladder 

The previous PCR results had revealed the presence of both mfhl intact and KO 

DNAs in the transformants. In order to remove un-integrated mfhl KO fragments 

from the cell, colonies from G418 selective plate were picked up, cultured in 

non-selective YPD liquid medium overnight. If the transformed mfhl KO DNA had 

not integrated into the genome, it would be "chased out" as the cells divided in the 

absence of G418. When these strains were subsequently cultured back into the G418 

present medium, only those strains in which the karr gene had integrated should be 

able to survive. Thus this method could be used to select for integrated KO 

transformants (Figure 4.2.4-3). 
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Spombe transformants 
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Figure 4.2.4-3: Strategy of cell culture for "chasing out" un-integrated mfhl KO 

DNAs. After "chased out" the un-integrated DNAs in a non-selective YPD 

medium and culture back to the G418 selective plate, only those transformants in 

which the kan' gene had integrated should be able to survive. 
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Fourteen colonies of mfhl KO DNA transformants from a G418 selected plate, 

after incubated in the G418 free medium, were screened using primers E&F 

(indicated in Figure 4.2.4-1) , which amplified the kart gene. The mfhl KO plasmid 

PC187 was used as a positive control (Figure 4.2.4-4). Lanes 2-15 reveals that the 

kan' gene was present in all of the screened colonies, and their quantities much lower 

than the positive control indicated that most of the un-integrated DNA had been 

"chased out". However, this result was not enough to confirm that the mfhl KO DNA 

had integrated into S. pombe genome at the mfhl gene locus. 

123456789 10 11 12 13 14 15 16 
i 

2kb 

1.5kb 

- lkb 

- 0.75kb 

Figure 4.2.4-4: EB stained agarose gel showing PCR amplification of the S. pombe 

transformants using primers E&F. 

Lane 1: KO plasmid PC 187 as template, positive control: 1.15kb 

Lanes 2-15: Colonies of mlhl KO DNA transformants selected on G418 plate 

(after incubated in G418 free medium overnight) as template: 1.15kb 

Lane 16: 1 kb DNA ladder 

Therefore, primers G&H which could only amplify the mfhl gene sequence from 

S. pombe genome (rather than the transformed KO DNA) were used (indicated in 

Figure 4.2.4-1). The target sequences of primers G&H lie outside of the mfhl gene. 

The PCR product of the intact mfhl gene from the genome should be 2.8kb, and the 

PCR product from the KO mjhl DNA integrated genome should be 3.3kb. Thus, only 

the knocked out mfhl genomic DNA should show a 3.3kb PCR product. 
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Nine of these colonies were screened using this pair of primers, and the m)hl KO 

plasmid PC 187 was used as positive control (Figure 4.2.4-5). Lane 2 shows the 3.3kb 

PCR product from PC187. Lanes 3-11 reveal the intact 2.8kb PCR product from the 

transformants. This indicated the mfhl gene was still intact in all of the screened cells. 

123456789 10 11 

Figure 4.2.4-5: EB stained agarose gel showing PCR amplification of the 

S. pombe transformants using primers G&H. 

Lane 1: 1 kb DNA ladder 

Lane 2: Plasmid PC 187 as template, positive control: 3.3kb 

Lanes 3-11: Colonies of mJhl KO DNA transformants selected on G418 plate 

(after incubated in G418 free medium overnight) as template: 2.8kb 

In case the 3.2kb PCR product was too long to be obtained, primer E (inside the 

kan' gene) and primer H (downstream the mfhl gene) were selected (indicated in 

Figure 4.2.4-1) as a complimented PCR. The PCR product from the S. pombe genome 

with the integrated mfhl KO DNA should be 1.5kb. Unfortunately, there was no 

available positive control for this PCR. 

The same nine colonies (screened by the previous PCR with primers G&H) of mfhl 

KO DNA transformants after incubated in G418 free medium were screened. 

However, there was no PCR product from any of these colonies (Figure 4.2.4-6). This 

result indicated that the transformed mfhl KO DNA had not integrated into the 

S. pombe genome and that the mfhl gene was still intact in all of the screened cells. 
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123 4 5 67 8 9 10 

Figure 4.2.4-6: EB stained agarose gel showing PCR amplification of the S. pombe 

transformants using primers E&H. 

Lane 1: 1 kb DNA ladder 

Lanes 2-10: Colonies of mfhl KO DNA transformants selected on G418 plate 

(after incubated in G418 free medium overnight) as template: no PCR product 
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4.3 Isolation of a S. pombe mfhl deletion haploid mutant 

Because trying to knock out the mfhl gene in S. pombe wild type cells had been 

unsuccessful, a S. pombe diploid mutant (h+/h+) heterozygous for the mfhl gene 

deletion/intact was purchased from Bioneer Corporation (Figure 4.3), later a mfh2 

deleted diploid mutant was also purchased from the same company. Thus, the mfhl 

gene deletion and mfhl&mfh2 double gene deletion mutants were both obtained. See 

Flow Chart 4.3 for the details of deletion mutant isolation. 

Flow Chart 4.3: Isolation of S. pombe mfhl or mfhl & mfh2 deletion haploid mutants 

Purchase a S. pombe diploid mutant 
heterozygous for the m: 1 gene 

deletion/w. t (leul-ura4-) (Section 4.3.1) 

If a S. pombe mfhl 
deletion haploid 

strain cannot be 

Purchase a S. pombe diploid mutant with 
heterozygous for the :n :2 gene 

deletion/w. t (leul-ura4-) (Section 4.4.1) 

If a S. pombe mfhl deletion 
haploid (ade6-leul-ura4-) 

strain is isolated (Section 4.3.1) 
isolated 

Mate with a leul-ura4+ strain 
The mfhl gene and sporulate to generate a 
is essential for 

mf hl - ade6-leul -ura4+ S. pombe cells haploid strain (Section 4.3.2) 

1 Transform the ura4 antisens/sense plasmids into 

the S. pombe mfhl- ade6-leul-ura4+ haploid 

strain and select transformants on leucine 
drop-out plate (Section 4.3.3) 

/ If a S. pombe mfhl and 
mf h2 double gene 

deletion haploid strain 
cannot be isolated 

Mate 

r\ I Sporulate 1 The presence of 
any of these two 
genes is essential 

for S. pombe 

Isolate a S. pombe mfhl & 
mf h2 double gene deletion 

haploid strain containing the 
ura4 antisene/sense plasmid 

(Section 4.4.2) 
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A 3k 4k 

SPAC9.05 Ohl DEAD/DEAH box helicase; similar to S. cerevisiae YIR002C; similar to S. pombe SPRC2OIk. 04 (paralog) 

hZ31 (sPset) 

IýjC nk11 

Figure 4.3: Gene map of the S. pombe mfhl diploid deletion mutant, in one DNA 

allele of this mutant, the full 2.6kb sequence of the mfhl gene was 100% KO by the 

KanMX4, validated by sequencing (provided by Bioneer Corporation). 

4.3.1 Isolation of aS 

sporulation 

mbe m Al deletion haploid strain from the diploid mutant b va 

In order to confirm the S. pombe diploid strain was mJhl gene deletion, three pairs 

of PCR primers were designed to target the DNA sequence of the mjh] and the kan' 

genes (Figure 4.3.1-1). See Appendix I for details of primer sequences and PCR 

conditions. 

Primers C&D were inside the S. pombe mjh] gene. Primer C was 1.2kb downstream 

of the start codon of the mlhl gene, and primer D was 0.3kb upstream of the stop 

codon of the mjh] gene. The PCR product using primers C&D on S. pombe wild type 

genome should be 1.1 kb in size. 

Primers I&J were on S. pombe genome. Primer I was 430bp upstream of he start 

codon of the mjh] gene and primer J was 560bp downstream of the stop codon of the 

mjh] gene. The PCR product using primers I&J on S. pombe wild type genome was 

predicted to be 3.6kb. 

Primers K&L were inside the kan' gene, and the PCR product was 188bp. 

Genomic DNA extracted from the mfhl deletion diploid strain was used as the 

template for PCRs with primers I, J, K, L (Figure 4.3.1-2). 
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0.4kb 

f- Intact S. pombe mjhI gene, 2.6kb 

Primer C 
1.2kb r--l' 1.1 kb 

--0 
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Primer DI 

Knocked-out S. pombe mjbl gene, 1.8kb 

I 

Figure 4.3.1-1: Map of three pairs of primers designed for the PCR amplification 

of both the intact S. pombe mfhl gene and the kan' deleted mfhl gene. 

2 3 

4- 
Primer K 

4 5 

0.5kb 

. 0-i 
Primer J 

6 

Figure 4.3.1-2: EB stained agarose gel showing PCRs with primers I, J, K, L on 

S. pombe genomic DNA from the mfhl deletion diploid strain. 

Lane 1: 1 kb DNA ladder 

Lane 2: PCR with primers I, J, K, L, 1.4kb and 2.6kb (weak, pointed by arrow) 

Lane 3: PCR with primers I&K, 1.4kb 

Lane 4: PCR with primers I&L, no product 

Lane 5: PCR with primer J&K, no product 

Lane 6: PCR with primer J&L, 1.5kb 
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Lane 2 shows the PCR results with all the four primers I, J, K, L. In theory, the 

PCR product should be the mix of five DNA bands: 

a). A 3.6kb full length mfhl DNA band by primers I&J from intact mfhl gene; 

b). A 188bp kan' DNA band by primers K&L; 

c). A 2.6kb DNA band by primers I&J from mfhl deletion gene, including the full 

kan' sequence with both ends sequences from the S. pombe genome upstream and 

downstream of the mf hl gene; 

d). A 1.4kb DNA band of part kan' sequence and 0.4kb DNA sequence on S. pombe 

genome upstream to the mfhl gene; 

e). A 1.5kb DNA band of part kan' sequence and 0.5kb DNA sequence on S. pombe 

genome downstream to the mf hl gene. 

However, only two DNA bands were seen from this result. The 3.6kb and 188bp 

PCR products were too large and too small size to be shown here, and the 1.4kb and 

1.5kb PCR products were mixed together as a strong DNA band. 

Before these PCRs were done, the direction of the kan' gene for deleting the mfhl 

gene was unknown, it could have deleted the gene in either direction. So PCRs on the 

same diploid DNA with primers I&K (Lane 3), primers I&L (Lane 4), primers J&K 

(Lane 5) and primers J&L (Lane 6) were all carried out. Lane 3 and Lane 6 show the 

1.5kb PCR products with primers I&K and J&L, while Lane 4 and Lane 5 show no 

PCR product with primers I&L and J&K. These four PCR results together revealed 

that the kan' gene had taken the place of the mjhl gene in the reverse orientation 

(indicated in Figure 4.3.1-1). 

When this S. pombe mfhl deletion mutant was streaked onto the adenine present 

YE+G418 (100 µg/ml) plate, some pink colonies appeared, and the pink colour 

indicated that they were ade6- haploid strains. To confirm the pink colonies were also 

mf hl deletion strains, PCRs with all the six primers mentioned above were carried out 

on the genomic DNAs extracted from these strains. Genomic DNA from wild type 

and diploid mfhl deletion strains were negative and positive controls (Figure 4.3.1-3). 
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Figure 4.3.1-3: EB stained agarose gel showing PCR results with primers C, D, 1, J, K, L 

on S. pombe genomic DNAs. 

Lane 1: 1 kb DNA ladder 

Lane 2: PCR using primers J&C on wild type genomic DNA, 1.8kb 

Lane 3: PCR using primers J&C on genomic DNA from the mfhl deletion diploid strain 

Lane 4: PCR using primers J&C on genomic DNA from the mfhl deletion haploid strain 

Lane 5: PCR using primers I&K on genomic DNA from the mfhl deletion haploid strain 

Lane 6: PCR using primers J&L on genomic DNA from the mfhl deletion haploid strain 

Lanes 2-4 are PCR results with primers J&C on DNAs from wild type, mfhl 

deletion diploid and haploid strains. Because both primers were on the S. pombe 

genome, a 1.8kb PCR product was obtained from wild type DNA (Lane 2). This PCR 

product was also obtained from the mfhl deletion diploid DNA (Lane 3) although it 

was weaker than the wild type DNA. There was no such a PCR product obtained from 

the haploid DNA (Lane 4). These results indicate that the mfhl gene had been deleted. 

Lane 5 and Lane 6 show PCR results on the genomic DNA from haploid cells with 

primers I&K and J&L, and the 1.5kb PCR products using both pairs of primers 

confirmed that the mfhl gene in this strain had been deleted by the kan' gene. 

From all the PCR results above, the self-sporulated pink cells was confirmed to be 

a S. pombe mJhl deletion haploid strain, which genotype was mfhl -ade6-1eul -ura4-. 

1 
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4.3.2 Isolation of a S. pombe m1h1-ade6-leul-ura4+ haploid strain by mating and 

sporulating 

The newly identified mfhl deletion haploid strain was ura4-, therefore it had to be 

changed to ura4+ in order to select the ura4- phenotype in the FOA assay described 

in Chapter Three. The S. pombe mfhl-ade6-leul-ura4- haploid strain (h+) was mated 

with the ade6-leul-ura4+ haploid strain (h90) in SPAS liquid mating medium and 

selected on a MEA+Ieu+G418 (200gg/ml) sporulating plate, then streaked onto a 

uracil drop-out + G418 (200pg/ml) plate and PCRs were done to confirm the 

genotype (Figure 4.3.2-1). 

S. pombe mfhl-ade6-leul-ura4- 
haploid cells (h+) 

S. pombe ade6-leuI-ura4+ 
haploid cells (h90) 

SPAS mating medium 

30 *C shaking for two days 

MEA+Ieucine+G418 (200 

µg/ml) sporulating plate 

Uracil drop-out +G418 
(200 µg/ml) Plate 

PCRs using primers of 

ura4 and kurv genes 

Figure 4.3.2-1: Isolation of a S. pombe mfhl-ura4+ strain by mating and sporulating. 
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The positive PCR results of the 759bp ura4 gene, 1.2kb kart gene (see Appendix I 

for details of primer sequences and PCR conditions) and 1.5kb mJh1 deletion PC R 

with primers I&K (indicated in Figure 4.3.1-2) revealed the genotype of the newly 

isolated S. pombe pink haploid cells from mating and sporulating was 

mfhl -ade6-leul -ura4+ (Figure 4.3.2-2). 

This mfh/ deletion haploid stain could then be used for RNAi investigation using 

the ura4-based RNAi selective assay described in Chapter Three. 

I 2 3 4 5 6 

Figure 4.3.2-2: EB stained agarose gel showing PCR results, which confirmed 

the genotype of the newly isolated S. pombe pink haploid cells was 

mJhl -ade6-leul -ura4+. 

Lane 1: 1 kb DNA ladder 

Lane 2: ura4 PCR on wild type strain, positive control: 0.76kb 

Lane 3: ura4 PCR on mJhl-ade6-leul-ura4+ strain, 0.76kb 

Lane 4: karf PCR on mJhl deletion diploid strain, positive control: 1.2kb 

Lane 5: kan' PCR on mfhl-ade6-leul-ura4+ strain, 1.2kb 

Lane 6: mJhl deletion PCR with primers I&K (indicated in Figure 4.3.1-2) on 

mJhl-ade6-leul-ura4+ strain, 1.5kb (weak, pointed by arrow) 
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4.3.3 Selection of S. pombe ura4 antisense/sense plasmid transformants in the m1h1 

deletion haploid cells 

S. pombe ura4 antisense & sense plasmids PC 178 and PC 179 were transformed into 

the newly isolated mfhl-ade6-leul-ura4+ haploid strain by electroporation, TE buffer 

was also transformed into this strain as a negative control. After four days' incubation 

at 30 degree, colonies appeared on the leucine drop-out + G418 (200µg/ml) + 

thiamine (5 gg/ml) selective plates (Figure 4.3.3a&b) indicating that the plasmids had 

been successfully transformed into the S. pombe mfhl deletion strain. 

Figure 4.3.3: Photographs of leucine drop-out 

+6418 +thiamine selective plates showing 

S. pombe transformants of plasmid PC 178 & 

PC 179 into the mfhl deletion cells. 4 
I 

C 

a: ura4 antisense plasmid PC 178 transformant; IF1 

b: ura4 sense plasm id PC 179 transformant; c, ý 

c. Transformation with TE buffer only, ` 

negative control. 
., 

'ý 

1 
ý 
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4.4 Isolation of a S. pombe mfhl & mfh2 gene double deletion haploid 

mutant 

4.4.1 A S. pombe mfh2 deletion diploid mutant was obtained and confirmed 

A S. pombe diploid mutant heterozygous for the mfh2 gene deletion/intact was 

purchased from Bioneer Corporation. The full 2.3kb mfh2 gene was 100% deleted by 

the KanMX4 gene in one DNA allele. 

The diploid mutant was streaked on a YE+G418 (100µg/ml) plate until colonies 

showed up. Genomic DNAs was extracted from these colonies as PCR templates. 

Three pairs of primers were used to confirm the mfh2 gene deletion (Figure 4.4.1-1). 

See Appendix 1 for details of primer sequences and PCR conditions. 

Primers K&L were inside the kan' gene and the PCR product was 188bp. 

Primers M&N targeted to S. pombe genome: primer M was 455bp upstream of the 

mfh2 gene start codon and primer N was 831bp downstream of the mfh2 gene stop 

codon; the predicted PCR product from the S. pombe wild type strain was 3.6kb. 

Primers O&P targeted to S. pombe genome inside the mfh2 gene: primer 0 was 

0.7kb downstream of the mf h2 gene start codon and primer P was 0.8kb upstream of 

the mfh2 gene stop codon; the predicted PCR product from S. pombe wild type strain 

was 845bp. 

The PCR results using primers K, L, M, N on the genomic DNA extracted from the 

mfh2 deletion diploid strain are shown in Figure 4.4.1-2. 
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I 

Deleted S. pombe mfh2 gene, 1.8kb 

Figure 4.4.1-1: Gene map of three pairs of primers designed for PCRs on both 

intact S. pombe mfh2 gene and the kan' deleted mfh2 gene. 

2.5kb 
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1.5kb 

lkb 

ý- Intact S. pombe mJh2 gene, 2.3kb 

Primer O-f 
0.7kb I 0.85kb I 0.8kb 

2 3 4 5 6 

Figure 4.4.1-2: EB stained agarose gel showing PCRs with primers K, L, M, N 

on S. pombe genomic DNA of mJh2 deletion diploid strain. 

Lane 1: 1 kb DNA ladder 

Lane 2: PCR using primers K, L, M, N, 1.4kb and 1.7kb 

Lane 3: PCR using primers K&M, 1.4kb 

Lane 4: PCR using primers K&N, no product 

Lane 5: PCR using primers L&M, no product 

Lane 6: PCR using primers L&N, 1.7kb 
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Lane 2 shows the PCR results with all the four primers K, L, M, N. In theory, there 

should be five DNA bands: 

a). A 3.6kb full length mfh2 DNA band using primers M&N from intact mfh2 gene; 

b). A 188bp DNA band from the kan' gene using primers K&L; 

c). A 2.4kb DNA band using primers M&N from mfh2 deletion gene, including the 

full kan' sequence with both ends sequences from the S. pombe genome upstream and 

downstream of the mfh2 gene; 

d). A 1.4kb DNA band of part kan' gene sequence and 0.45kb DNA sequence on 

S. pombe genome upstream of the mjh2 gene; 

e). A 1.7kb DNA band of part kan' gene sequence and 0.8kb DNA sequence on 

S. pombe genome downstream of the mfh2 gene. 

However, only the 1.4kb and 1.7kb DNA bands could be seen here, the 3.6kb and 

188bp bands are too larger/small to be seen. 

Before these PCRs were done, the direction of the kan' gene for deleting the mjh2 

gene was unknown, it could have deleted the gene in either direction. So PCRs on the 

same diploid DNA with primers K&M (Lane 3), K&N (Lane 4), L&M (Lane 5) and 

L&N (Lane 6) were all carried out. Lane 3 shows a 1.4kb PCR product with primers 

K&M and Lane 6 shows a 1.7kb product with primers L&N, while Lane 4 and Lane 5 

show no PCR product with primers K&N and L&M. These four PCR results together 

revealed that the kan' gene had deleted the mfh2 gene in the reverse orientation 

(indicated in Figure 4.4.1-1). 

44.2 Isolation of a mfhl and mfh2 double deletion haploid strain by mating and 

sporulating 

Because the mfhl deletion strain showed limited affect on S. pombe RNAi activity 

and its paralogue might complement it when the mfhl gene was deleted. Thus it was 

necessary to generate a mfhl & mfh2 double gene deletion haploid strain (containing 

the ura4 antisens/sense plasmid) to reveal the effects (if any) of the helicase mfhl and 

mfh2 on S. pombe RNAi regulation. Such a double gene deletion strain was obtained 

by mating and sporulation (Figure 4.4.2-1): the S. pombe mfhl-ade6-leul-ura4+ (h-) 
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containing the plasmid PC178/179 haploid strain (see Section 4.3.3) was mated with 

the mfh2-ade6+leul-ura4- diploid strain (h+/h+) in SPAS liquid mating medium; 

this was then sporulated and pink colonies selected on a MEA +6418 (200gg/ml) 

+thiamine (5µg/ml) sporulating plate; colonies were streaked onto a uracil & leucine 

drop-out plate and the double deletion genotype was confirmed using PCR. 

S. pombe mJh2-leul-ura4- diploid S. pombe mfhl-ade6-ura4+ containing 
cells (h+/h+) PC178/PC179 haploid cells (h-) 

SPAS mating medium 

30°C shaking for 2-3 days 

MEA +6418 (200gg/ml) 
+thiamine (5gg/m1) 

sporulating plate 

uracil & leucine drop-out 
+ G418 (200gg/ml) 

+thiamine (5gg/ml) plate 

14 PCRs to identiy a mfhl & mfh2 double 
gene deletion haploid strain 

Figure 4.4.2-1: Isolation of a S. pombe mfhl-mfh2-ade6-ura4+ haploid strain 

(containing the ura4 antisens/sense plasmid) by mating and sporulation. 
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Fifteen single pink colonies of the ura4 sense plasmid PC 179 transformants were 

selected from the uracil & leucine drop-out + G418 (200pg/ml) +thiamine (5pg/ml) 

plate after mating and sporulating. These were used as PCR templates to examine the 

mfhl and the mfh2 genes using two pair of primers (indicated in Figure 4.4.1-2): 

a). Primers C&D were inside the mfhl gene to amplify a 1.15kb DNA sequence 

(indicated in Figure 5.2.1-1); 

b). Primers O&P were inside the mjh2 gene to amplify a 0.85kb DNA sequence 

(indicated in Figure 4.4.1-1). 

The PCR results (Figure 4.4.2-2) revealed that 9 colonies only had the 0.85kb mfh2 

PCR product, therefore they were mfhl gene deletion (Lanes 1,2,5,7,9,11,12,13, 

14); 5 colonies only had the 1.15kb mfhl PCR product, therefore they were mfh2 gene 

deletion (Lanes 3,6,8,10,15); only one colony which had no PCR product of either 

gene should be the mfhl & mfh2 double deletion (Lane 4). 

123456789 10 11 12 13 14 15 16 

Figure 4.4.2-2: EB stained agarose gel showing PCR results using primers C&D 

(inside the mfh] gene, 1.15kb PCR product) and primers O&P (inside the mfh2 

gene, 0.85kb PCR product) on S. pombe single pink colonies, which were 

generated from mating and sporulating of the mfh] deletion and the mfh2 

deletion strains. 

Lanes 1-15: PCRs with primers C&D and primers O&P on the single pink 

colonies 

Lane 16: 1 kb DNA ladder 

The pink colonies in Lane 1 (mfhl gene deletion), in Lane 3 (mfh2 gene deletion) 

and in Lane 4 (mfhl & mfh2 double gene deletion) were cultured in MEA+thiamine 
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liquid medium until enough cells were growing. Genomic DNAs were extracted as 

templates for PCRs which used primers both inside the kan' gene and 

upstream/downstream of the mfhl and mfh2 genes (Figure 4.4.2-3) to confirm their 

single/double gene deletion genotypes. See Appendix 1 for details of primer 

sequences and PCR conditions. 

The PCR results using these three pairs of primers confirmed that the three isolates 

were mfhl and mfh2 single/double gene deletion (Figure 4.4.2-4). Lanes 2 and 3 show 

the 1.4kb and 1.5kb PCR products by primers I&K and primers J&L on the mfhl gene 

deletion strain. Lane 4 and 5 shows the 1.4kb and 1.7kb PCR products by primers 

M&K and primers N&L on the mfh2 gene deletion strain. Lanes 6-9 show the 1.4kb, 

1.5kb, 1.4kb and 1.7kb PCR products by primers I&K, J&L, M&K and N&L on the 

mf hl and mfh2 double gene deletion strain. 

Fifteen single pink colonies of the ura4 antisense plasmid PC178 transformants 

were also screened by the same PCRs using primers C&D and primers O&P to isolate 

a mjhl deletion, a mfh2 deletion and a mfhl & mfh2 double deletion strain. These 

three strains containing plasmid PC178 were also confirmed to be mfhl/ mfh2 

single/double gene deletion by PCRs with the same primers I&J, K&L, M&N (gel 

photographs not shown here). 

Successful isolation of a S. pombe mfhl & mfh2 double gene deletion haploid strain 

revealed that S. pombe cells lacking either or both genes are viable. 
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Figure 4.4.2-3: Gene map of three pairs of primers inside the kan' gene and 

upstream/downstream of the mihl and mfh2 genes were used to confirm their 

single/double gene deletion genotypes. 
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Figure 4.4.2-4: EB stained agarose gel showing PCRs using primers I, J, K, L, M, N 

on S. pombe genomic DNA of mfhl/mfh2 single/double gene deletion diploid strains. 

Lane 1: 1 kb DNA ladder 

Lane 2: Mjhl single gene deletion strain using primers I&K, 1.4kb 

Lane 3: Mfhl single gene deletion strain using primers J&L, 1.5kb 

Lane 4: Mfh2 single gene deletion strain using primers M&K, 1.4kb 

Lane 5: Mfh2 single gene deletion strain using primers N&L, 1.7kb 

Lane 6: Mfhl & mfh2 double gene deletion strain using primers I&K, 1.4kb 

Lane 7: Mjhl & mfh2 double gene deletion strain using primers J&L, 1.5kb 

Lane 8: Mfhl & mfh2 double gene deletion strain using primers M&K, 1.4kb 

Lane 9: Mfhl & mfh2 double gene deletion strain using primers N&L, 1.7kb 
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4.4.3 The m/h2 gene in Spombe m1h1 KO DNA transformants was intact 

Because one possibility of unsuccessful in knocking out the mfh] gene in Section 

4.2 was the transformed KO DNA integrating into a related locus in Spombe genome, 

and the mfh2 gene has the most similar sequence to the mfhl gene, it was necessary to 

test this gene in the mfhl KO DNA transformants. 

A pair of primers was designed to target the mfh2 gene from S. pombe wild type 

genome to generate a 2.54kb PCR product. See Appendix I for primer sequences and 

PCR conditions. Genomic DNAs extracted from five single colonies of the mfhl KO 

DNA transformants (the same strains generated in Section 4.2.3) were templates for 

this PCR. Spombe wild type strain was the positive control. 

PCR results showed that the mfh2 gene in all the screened transformants was still 

intact (Figure 4.4.3). This result indicated that the transformed mfhl KO DNA did not 

integrate into this locus. Thus the possibility of the transformed DNA integrating into 

a relative locus on Spombe genome was unlikely to occur. 

I 2 3 4 5 6 7 

Figure 4.4.3: EB stained agarose gel showing the PCR product of S. pombe mfh2 

gene on genomic DNAs extracted from the mfhl KO DNA transformants. 

Lane 1: 1 kb DNA ladder 

Lane 2: Mfh2 PCR on S. pombe wild type genomic DNA, 2.5kb 

Lanes 3-7: Mfh2 PCRs on genomic DNAs extracted from the mfhl KO DNA 

transformants generated in Section 4.2.3,2.5kb 
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4.5 Discussion 

4.5.1 The newly identified S. pombe mfhl & mfh2 genes are candidates of RNAi 

negative regulators 

Chapter Three described the development of a ura4-based RNAi selective assay in 

S. pombe. However, the RNAi activity induced by the transformed ura4 

antisense/sense RNA transcripts was low. The result of successful transcription of all 

the important RNAi regulators in the transformants (Figure 3.2.6.1) indicated the 

possibility of some negative regulators of RNAi that expressed in these strains. Thus 

study of RNAi inhibitors becomes increasingly important for RNAi investigation. In 

S. pombe, the exoribonuclease eril is the only RNAi inhibitor that has been identified 

so far. It represses RNAi pathways by degrading siRNAs, and RNAi activity greatly 

increased in S. pombe when the eril gene was deleted (Iida, et al, 2006). It had also 

been shown that the existing of eril gene was expressed in the S. pombe cells (Figure 

3.2.6.2) for the FOA assay in Chapter Three. 

Beside the eril protein, the S. pombe mfhl is a newly identified putative helicase, 

and it is also a potential RNAi inhibitor because of its high similarity to the 

homologue helF protein, which has been identified as a nuclear RNAi inhibitor in 

Dictyostelium (Popova, et al, 2006). The regulatory effects of the helF gene on 

Dictyostelium RNAi had been demonstrated by showing significant increase of RNAi 

activities in Dictyostelium compared to the wild type background when transforming 

RNAi constructs of three endogenous marker genes (discoidin, coronin and 

thioredoxin) into a Dictyostelium helF knock-out strain (Popova, et al, 2006). 

A database searching revealed that the S. pombe mfhl gene is the most similar 

homologue to the Dictyostelium helF gene, with the similarity in the conserved 

helicase domain. Thus, the newly identified mfhl gene might be a potential RNAi 

inhibitor and therefore responsible for low RNAi activity in wild type S. pombe cells. 

If the mfhl gene is a RNAi negative regulator in S. pombe (as its homologue helF gene 

is in Dictyostelium), the RNAi activity should be increased in a mfhl gene 
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deletion/knock-out mutant (containing the ura4 antisense/sense plasmid) compared to 

the wild type background, and the RNAi activity reduced when the moil gene is 

restored. Therefore, to isolate a S. pombe mfhl deletion mutant is necessary for 

investigating its effects (if any) in S. pombe RNAi regulation. 

Subsequently, a paralogue of the S. pombe mfhl gene, the mfh2 gene was also 

identified in S. pombe. Because the mfh2 gene is so similar to the mfhl gene, it 

suggests that these two genes have complementary functions. This made the situation 

in S. pombe more complicated than Dictyostelium because there is no paralogue(s) of 

the helF gene in Dictyostelium (DictyBase). For this reason, it was necessary to delete 

both mfhl and mfh2 genes in the same strain to investigate their functions (if any) on 

RNAi regulation. 

A S. pombe mf hl & mf h2 double gene deletion haploid mutant was generated from a 

purchased mfh2 deletion diploid mutant and the already obtained mfhl deletion 

haploid strain (containing the ura4 antisense/sense plasmid) by mating and 

sporulating. Thus the regulatory effects of the helicases mfhl and mfh2 in S. pombe 

RNAi could be revealed by comparing the RNAi activities in the wild type, mf hl 

single deletion and mfhl & mfh2 double deletion strains. If the RNAi activity in the 

double deletion mutant is higher than the mfhl single deletion strain, it indicates the 

involvement of the mfh2 gene in S. pombe RNAi, which can either negatively regulate 

the RNAi pathways by itself or is functionally complemented to the deleted mf hl 

gene (details see Section 5.3). 

4.5.2 Analyzing the possibilities of unsuccessful mfhl KO DNA integration 

In order to knock out the mf hl gene, a mf hl KO plasmid (PC 187) was constructed 

by inserting the kan' gene in the middle of the mfhl gene. Subsequently, a linear mfhl 

KO DNA was obtained from the KO plasmid PC187 and transformed into the 

S. pombe 43 (leul-) strain and selected on a G418 plate in an attempt to generate a 

S. pombe mfhl knock-out strain. The PCR results revealed that the mfhl KO DNA was 

present in all of the screened transformants, but it never integrated into the S. pombe 

genome which left the mfhl gene intact. 
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There were three possibilities to explain the unsuccessful integration and analyzed 

as following. 

Possibility One: the transformed mfhl KO DNA non-specifically integrated 

elsewhere in the S. pombe genome. 

a). In the transformed linear mf hl KO DNA, the kanMX6 cassette (kan' gene) was 

used to knock out the mfhl gene. The presence of the kanMX6 cassette gives rise to 

strong, selectable resistance to the antibiotic geneticin (G418), but is not known to 

affect any other phenotypes. Since it consists entirely of exogenous sequences, the 

kanMX6 cassette has not been found to display any sequence homology with the 

S. pombe genome (Bähler, et al, 1998). Thereby it was unlikely for the transformed 

mfhl KO DNA to integrate into any related locus other than the target mjhl gene on 

the S. pombe genome with the kan'gene sequence. 

b). The possibility of the transformed mfhl KO DNA integrating into a related 

locus other than the target mfhl gene in the S. pombe genome with the 5'- end mfhl 

gene sequence was also reduced by shortening the transformed mfhl KO DNA from 

3.2kb to 2.4kb. But the mfhl gene on the genome was still intact in the new DNA 

transformant revealed by PCR results (date not shown here). 

c). The identification of the S. pombe mfhl paralogous gene mfh2 made it possible 

that the mfhl KO DNA had integrated into this locus. Thus the mfh2 gene in the mfhl 

KO DNA transformants was also examined by PCRs, and results revealed that the 

paralogue gene was also intact in these transformants (details see Section 4.4.3), 

which indicated that this mfhl KO DNA had not integrated into the mfh2 locus either. 

From the above analysis, it is unlikely that the transformed mfhl KO DNA 

non-specifically integrated into a related locus on the S. pombe genome other than the 

target mf hl gene. 

Possibility Two: the efficiency of homologous recombination was low at the mfhl 

gene locus. 

For this possibility, because S. pombe has a high rate of non-homologous 

recombination, DNA sequence of homologies less than 200bp can target inefficiently, 

which lead to a high background of random insertions (Forsburg Lab Protocols). The 
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mfhl KO DNA used in this chapter was 3.3kb long targeted the mf hl gene ORF and 

left 1.5kb and 0.3kb at 5'- and 3'- ends for homologous hybridization, which should 

be long enough for integration. 

The efficiency of homologous hybridization on S. pombe genome is variable from 

locus to locus: low efficiency normally occurs on the genes located near to the 

centromeres and telomeres. The total length of S. pombe chromosome I is 5.6Mbp 

with the centromere located at the position of 2.78Mbp. The mfhl gene is located at 

the position of 1.47Mbp, which is away from both the centromere and telomeres 

(NCBI Map Viewer, S. pombe). Thus it is unlikely to occur that the gene locus of mfhl 

makes it difficult for homologous hybridization. 

Trying to knock out the S. pombe mfhl gene was unsuccessful because of the 

transformed mfhl KO DNA did not integrate into S. pombe genome, but the reason of 

why it didn't integrate into the genome was not clear. 

Possiblity Three, the mfhl gene is essential for S. pombe and knocking it out is 

lethal for the cell, which will be discussed in the next section. 

4.5.3 The Spombe mfhl & mfh2 genes are not essential for S. pombe 

For the third possibility mentioned above, attempt to knock out the mjhl gene in a 

S. pombe diploid strain by transforming the same mf hl KO DNA was also failed 

because the KO DNA did not integrate into the genome (date not shown here). 

A S. pombe mfhl deletion heterozygote diploid mutant was commercially available 

around that time. Thus this diploid mutant was purchased and sporulated, and a 

haploid mfhl deletion strain was successfully isolated (Section 4.3.1). This result 

revealed that the S. pombe cells were viable when the mfhl gene was deleted, and that 

the mfhl gene is not essential for S. pombe. 

For S. pombe diploid sporulation and haploid selection, the pink colony color on an 

adenine present plate indicated the cells as haploid because the ade6-2101ade6-216 

marker in the diploid. In the diploid mutant, the mfhl gene in one DNA allele was 

deleted by the kanMX4 cassette to make it geneticin resistant. Thus the pink colonies 

appearing on the G418 present plates were the mf hl deletion haploid mutants. 
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PCR is a good strategy to confirm the mjhl gene deletion (Section 4.3.1): PCR 

primers were designed'with one inside the kan' gene and the other a few hundred base 

pairs upstream/downstream of the mfhl gene; a positive PCR result using such a pair 

of primers could only be obtained from the genomic DNAs with mfhl gene deletion. 

This PCR result also revealed that the mfhl gene was deleted by the kan' gene with 

the reverse orientation and that the mfhl gene was not deleted exactly from both ends, 

but deleted 100-200 base pairs upstream / downstream from the start/stop codon of 

this gene. 

Later, a S. pombe mf hl & mf h2 double gene deletion haploid mutant was also 

isolated by mating and sporulating, and the genotype was confirmed by the same PCR 

strategy. Successful isolation of such a double gene deletion mutant revealed that the 

mf h2 gene is not essential for S. pombe either. 

162 



Chapter Five 

Phenotypic characterization, and RNAi activity, 

in S. pombe cells lacking the mfhl gene or both 

the mfhl and mfh2 genes 



5.1 Introduction 

Information about the newly identified S. pombe putative helicase genes mfhl and mfh2 

is limited and their function in S. pombe is still unknown. 

Same as their homologous gene Dictyostelium helF, the S. pombe mjhl and mfh2 genes 

also encode the proteins belong to the DEAD family of putative helicases, which have a 

large variety of different cellular functions, such as splicing, mRNA stability and 

transcription (Scheller, et al, 2000). The helF protein had been identified as a RNAi 

inhibitor in Dictyostelium (Popova, et al, 2006), and its most related gene is the S. pombe 

mfhl gene, which suggests that the mfhl protein might also negatively regulate RNAi 

pathways in S. pombe. Mjh2 is the highly similar paralogous gene of mfhl (57% identical 

in DNA structure), which makes it possible that the mfh2 gene is also involved in 

S. pombe RNAi. 

Therefore, character identification of the mf hl / mf hl & mf h2 gene deletion mutants at 

the phenotypic and molecular levels was undertaken in this chapter. The phenotypic 

difference between the S. pombe mfhl/mfh2 single/double gene deletion mutants and the 

wild type strain response to environmental stresses, such as DNA damaging chemicals, 

different incubation temperature, carbon source, concentration of nitrogen base, is 

important to reveal their cellular functions. 

The RNAi activity in the S. pombe mfhl/mfh2 single/double gene deletion mutants 

compared to the wild type control was also undertaken to investigate their functions (if 

any) in S. pombe RNAi regulation. If the RNAi activity increases in the deletion mutants, 

both at the phenotypic and molecular levels, the helicases mfhl and mfh2 are appeared to 

be RNAi negative regulators in S. pombe. 
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5.2 Results of phenotypic characterization of the S. pombe ni hl/mfhl & 

mfh2 single/double gene deletion mutants 

5.2.1 Phenotypic analysis of mfhl/mth2 single/double gene deletion mutants under 

different culture conditions 

S. pombe mfhl -mfh2+ and mJhl -mjh2- haploid mutants together with the mfhl +m z2+ 

strain as controls were cultured in YEA liquid medium overnight. _106 cells were taken 

from each culture and serially diluted to 10"3,10-4,10"5. Cells from each strain were 

spotted onto different plates and incubated for 4 days. The results are shown in Table 

5.2.1. 

Tables 5.2.1: Phenotypes of the mfhl+mfh2+, mfhl-mfh2+ and mfhl-mfh2- strains 

growing on different plates (+++: strong growth; ++: well growth; +: poor growth; -: no 

growth). 

mfhl+mfh2+ mfhl-mfh2+ mfhl-mfh2- 

30°C +++ +++ +++ 

Temperature 37°C - - - 

Carbon 3% glucose +++ +++ ++ 

source 3% Sucrose +++ +++ +++ 

3% Sorbitol - - - 
Nitrogen 6.7% nitrogen base ++ ++ ++ 

base 1.7% nitrogen base ++ ++ ++ 

Toxic 6% ethanol ++ + + 

chemicals 3% formamide - - - 
10mM hydroxyurea + - - 

UV 10 seconds UV ++ + + 

treatment 30 seconds UV ++ + + 
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There was no difference of cell growth between the mfhl-mfh2+, mfhl-mfh2- mutants 

and the mfhl+mfh2+ strain when cultured at different temperatures (30°C and 37°C), in 

different carbon sources (3% glucose, 3% sucrose and 3% sorbitol), different 

concentrations of nitrogen base (6.7% and 1.7%) and 3% formamide. However, when 

these three strains were cultured in 6% ethanol (Figure 5.2.1a), 10mM hydroxyurea 

(Figure 5.2.1b) and treated by UV (10 and 30 seconds, Figure 5.2. lc&d), the mfhl -mfh2+ 

and mfhl -mfh2- mutants grew much less than the mfhl +mfh2+ strain. 

a 10-1 10,10-5 

w 

mfhl+ 
ý mfh2+ 

. 0 

mfhl- 
mfh2+ 

mfhl- 
mfh2- 

b 10-3 104 10-5 

Figure 5.2. la&b: Photographs of S. pombe phenotypic characterization in YEA + 6% 

ethanol (a) and YEA+ 10mM hydroxyurea (b). mfhI+mfh2+, mnhl-mfh2+ and mfhl- 

mfh2- strains were serially diluted and spotted on YEA+ ethanol/hydroxyurea plates, 

which were incubated at 30°C for 4 days. 
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Figure 5.2.1c&d: Photographs of Spombe phenotypic characterization after treated by 

UV: 10 second UV treatment (c) and 30 second UV treatment (d). mfhI +mfh2+, mfhl - 

mfh2- and mfhl -mfh2- strains were serially diluted and spotted on the YEA plates, 

which were incubated at 30°C for 4 days. 
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5.2.2 Viability analysis of the S. pombe mfhl/mfh2 single/double gene deletion mutants in 

ethanol, hydroxyurea and UV treatment 

Qualitative phenotypic analysis in Section 5.2.1 revealed differences between the 

S. pombe mfhl-mfh2+ & mfhl-mfh2- mutants and the mfhl+mfh2+ strains in ethanol and 

hydroxyurea media, and after UV treatment. In this section, the change in viability under 

these three conditions is quantified. 

To analyse the phenotypic difference in the 6% ethanol media, the mfhl-mfh2+ & 

mfhl-mfh2- mutants and the mfhl+mfh2+ strain were cultured in YEA liquid medium 

overnight and diluted to -5*102, -5* 103 and _5*104 cells to spread on each YEA (only 

-5* 102 cells) and YEA+6% ethanol plates with triplicate, incubated at 30 °C for 4 days. 

Figure 5.2.2-la-f show cell growth on the YEA and YEA+ethanol plates (-5* 102 cells 

were spread on each plate, the other plates are not shown here). Cell numbers on each 

plate were counted and the average viabilities were calculated (Table 5.2.2-1). 

On the ethanol plate, the cell viabilities of the control strain mfhl+mfh2+ was 3.75% 

on average, cells grew slower and colonies were smaller than on the control YEA plate. 

In the mfhl-mfh2+ and mfhl-mfh2- mutants the viabilities on the ethanol plate were 

lower than the mfhl +mfh2+ strain: 1.49% viability on average for the single deletion 

mutant and 1.38% on average for the double deletion mutant. This result indicated that 

losing the mfhl gene made S. pombe cells sensitive to ethanol, and S. pombe became more 

vulnerable to ethanol when lost both the mfhl and mjh2 genes. Because ethanol is toxic 

for yeast cells at certain concentration (6%) by altering membrane organization and 

permeability, the helicases mfhl and mfh2 appear to be functional in protecting S. pombe 

cells against the damage from ethanol. 
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b. YEA+ethanol plate, mfhl +mfh2+ strain; 

c. YEA plate, mfhl -mfh2+ mutant; d. YEA+ethanol plate, mfhl -mfh2+ mutant; 

e. YEA plate, mfhl -mfh2- mutant; f. YEA+ethanol plate, mfhl -mfh2- mutant. 

Figure 5.2.2-1: Photographs of S. pombe mfhl +mfh2+, mfhl -mfh2+ and mfhl -mfh2- 

strains growing on YEA and YEA+6% ethanol plates. -5* 102 cells were spread on 

each plate and incubated at 30°C for 4 days. 
169 



Tables 5.2.2-1: cell numbers and average cell viability (%) of the mfhl+mfh2+, mfhl- 

mfh2+ and mjhl -mfh2- strains growing on the YEA and YEA+6% ethanol plates. 

Plates Cell No. plated mf 7,1 +mfh2+ mf hl -mf h2+ mf hl -mf h2- 

511 501 581 
YEA 

-5* 102 586 467 496 

574 485 525 

37 12 8 

_5* 102 42 2 8 

25 9 9 

YEA+6% ethanol 
171 59 73 

-5*10' 201 91 118 

192 112 98 

861 516 453 

-5* 104 917 477 397 

998 609 406 

Average cell viability -5*10 6.22% 1.58% 1.56% 

(%) on the YEA+6% -5*10 3.38% 1.8% 1.8% 

ethanol plate . 5*10 1.66% 1.1% 0.78% 

3.75% 1.49% 1.38% 
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To analyse the phenotypic difference in the hydroxyurea (HU) media, the mfhl -mf h2+ 

& mf hl -mf h2- mutants and the mf hl +mf h2+ strain were cultured in YEA liquid medium 

overnight and diluted to _. 5*102, -5*103 and -5*104 cells to spread on each YEA (only 

--5*102 cells) and YEA+10mM HU plates with triplicate, incubated at 30°C for 6 days. 

Figure 5.2.2-2a--f show cell growth on the YEA and YEA+HU plates (-5* 102 cells were 

spread on each plate, the other plates are not shown here). Cell numbers on each plate 

were counted and the average viabilities were calculated (Table 5.2.2-2). 

Tables 5.2.2-2: cell numbers and average cell viability (%) of the mf hl +mfh2+, mf hl - 

mfh2+ and mfhl -mfh2- strains growing on the YEA and YEA+1OmM HU plates. 

Plates Cell No. plated mflzl+mfh2+ moil-mf z2+ mfhl-mfh2- 
511 501 581 

YEA -5* 102 586 467 496 

574 485 525 

48 0 1 

-5* 102 43 2 0 

36 0 0 

YEA+10mM 
322 5 11 

hydroxyurea _5*103 407 25 19 

465 13 6 

* 104 81 

-5*104 * 79 99 

* 118 76 

Average cell viability _5* 102 7.6% 0.14% 0.06% 
(%) on YEA+lOmM _5*103 7.15% 0.29% 0.22% 

hydroxyurea plate -5*104 * 0.21% 0.16% 

7.38% 0.21% 0.15% 

(*: colony forming units on each plate were too many to be counted accurately) 

171 



`2. " .ý . "ý: 

"ý! 
' '": 

_I_""tý" . ý.. -ý _�J We 

a. YEA plate, mfhl +mfh2+ strain; 

c. YEA plate, mfhl-mfh2+ mutant; 

b. YEA+HU plate, mfhl +mfh2+ strain; 

d. YEA+HU plate, mfhl -mfh2+ mutant; 

e. YEA plate, mfhl -mfh2- mutant; f. YEA+HU plate, mfhl -mfh2- mutant. 

Figure 5.2.2-2: Photographs of S. pombe mfhl +mfh2+, mfhl -mfh2+ & mfhl -mfh2- 
strains growing on YEA and YEA+lOmM hydroxyurea (HU) plates. -5* 102 cells 

were spread on each plate and incubated at 30°C for 6 days. 
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On the hydroxyurea plate, the cell viabilities of the control strain mfhl +mfh2+ was 

7.38% on average, cells grew slower and colonies were smaller than on the control YEA 

plate. In the mfhl-mfh2+ and mfhl-mfh2- mutants the viabilities on the HU plate were 

much lower than the mfhl+mfh2+ strain: at most 100 cells could survive in -5*104 cells, 

only 0.21% viability on average for the single deletion mutant and 0.15% on average for 

the double deletion mutant. This result indicated that losing the mfhl gene made S. pombe 

cells sensitive to the toxic chemical HU, and S. pombe became more vulnerable to HU 

when lost both the mfhl and mjh2 genes. Thus, the helicases mfhl and mfh2 appear to 

play an important role in S. pombe to protect the cell from the HU induced DNA damage. 

To analyse the phenotypic difference after UV treatment, the mfhl -mfh2+ & mf hl - 

mfh2- mutants and the mf hl +mfh2+ strain were cultured in YEA liquid medium 

overnight and diluted to _5*102, -5* 103 and --5*104 cells to spread on each YEA plate. 

The plates were exposed to UV light for 10 seconds and kept in dark for 2 hours, they 

were then incubated at 30°C for 4 days. Figure 5.2.2-3a--f show cells growth on the YEA 

plates before and after UV treatment (-5* 103 and -5* 104 cells were spread on each plate, 

the other plates are not shown here). Cell numbers on each plate were counted (Table 

5.2.2-3). 

After treated by the UV light for 10 seconds, the S. pombe cell viability of the control 

strain mf hl +mf h2+ was 2.38% on average. In the mf hl -mf h2+ and mf hl -mfh2- mutants 

the viabilities after UV treatment were lower than the mf hl +mf h2+ strain: 1.25% 

viability on average for the single deletion mutant and 0.96% on average for the double 

deletion mutant. This result indicated that losing the mfhl gene made S. pombe cells 

sensitive to UV, and cells became more vulnerable to UV when lost both the mjhl and 

mfh2 genes. Thus, the helicases mfhl and mfh2 appear to be functional in protecting 

S. pombe cell from the UV induced DNA damage. 
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a. mfhl+mf712+ strain, _5*104 cells plated; b. mfhl+mfh2+ strain, _5*103 cells plated; 

c. mfhl-mfh2+ mutant, _5*104 cells plated; d. mfhl-mJh2+ mutant, --5*103 cells plated; 

ý 
r: .,. 

e. mfhl-mfh2- mutant, _5*104 cells plated; f. mfhl-mfh2- mutant, -5*103 cells plated. 

Figure 5.2.2-3: Photographs of S. pombe mJhl +mJh2+, mJhl -mJh2+ & mJhl -mJh2- 

strains growing on YEA plates after 10 second UV treatment. -5* 104 and -5* 103 

cells were spread on each plate and incubated at 30°C for 4 days. 
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Tables 5.2.2-3: cell numbers and average cell viability (%) of the mjhl+mfh2+, mfhl- 

mfh2+ and mfhl-mfh2- strains growing on the YEA plates before and after 10 second UV 

treatment. 

UV treatment Cell No. plated mlil+infh2+ mfhl-mfh2+ mfhl-mfh2- 
511 501 581 

No UV treatment -5* 102 586 467 496 

574 485 525 

21 7 4 

-5* 102 12 10 7 

17 9 11 

211 81 39 

10 second UV -5*103 175 56 47 

treatment 132 64 75 

566 345 259 

_5*104 615 279 298 

673 216 333 

Average cell viability -. 5*10 2.66% 1.79% 1.37% 

(%) after 10 second _5*10 3.1% 1.38% 0.94% 

treatment -5*10 1.38% 0.58% 0.56% 

2.38% 1.25% 0.96% 
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The quantitative analysis results of the phenotypic difference between the n! /hl-n! /h2+ 

& mfhl -mfh2- mutants and the mfhl +mfh2+ strain in 6% ethanol and l 0mM 

hydroxyurea media, and 10 second UV treatment are compared in Figure 5.2.4. The 

mfhl/mfh2 single/double deletion mutants are more sensitive to the hydroxyurea than 

ethanol and UV treatment. 
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Figure 5.2.2-4: Graph of colony forming units per plate (-5* 103 cells were spread on 

each plate) of S. pombe mfhl+mfh2+, mfhl-mfh2+ & mfhl-mfh2- strains in 6% 

ethanol and I0mM hydroxyurea media, and after 10 second UV treatment. Cells were 

incubated at 3 0°C for 4-6 days, colonies on each plate were counted and calculated. 
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5.3 Results of investigating RNAi activity in S. pombe mfhl /mflal & moQ 

single/double gene deletion mutants 

5.3.1 The S. pombe mfhl deletion haploid mutant showed no change of RNAi activity 

at the phenotypic level 

Single colonies of the S. pombe mfhl+ and moil- strains containing the ura4 

antisense/sense plasmid (PC178/PC179) were selected on leucine & uracil drop-out 

(+G418+thiamine) plates. The nmtl promoter was induced / repressed, and their 

phenotypes were observed on FOA plates (the same method as described in Section 

3.2.4). The S. pombe wild type and ura4- strains were the controls for ura4+ and ura4- 

phenotypes. Two FOA concentrations of 1 mg/ml and 0.5 mg/ml were used in this 

assay (Figure 5.3.1-1). 

Figure 5.3.1-1: S. pombe ura4 antisense/sense plasmid (PC178/PC179) transformants 

in mf hl + and mf hl - strains growing on FOA plates. 

Ura4- control 

Ura4 sense plasmid Ura4 antisense plasmid 
transform / transformant 

Ura4+ control 

a. Map of S. pombe strains streaked on the FOA plates. 
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b. MEA+uracil+FOA (1 mg/ml -thiamine (promoter induced) plate; 

c. MEA+uracil+FOA 1 mg/ml +thiamine (promoter repressed) plate; 

d. MEA+uracil+FOA (0.5 mg/ml) -thiamine (promoter induced) plate; 

e. MEA+uracil+FOA (0.5 mg/ml) +thiamine (promoter repressed) plate. 
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The results of the streaking out FOA assay on the S. pombe mf1: 1- strain compared 

to the mfhl+ strain (containing the ura4 antisense/sense plasmid) showed that only 

the ura4- strain could grow on the FOA plates. This indicated that the phenotype of all 

the plasmid transformants was still ura4+. Therefore deleting the mfhl gene did not 

change the RNAi activity in S. pombe cells compared to a wild type background. 

Because the cell number streaked on the FOA plates from each S. pombe strain was 

low (-100 cells), it was possible that there were too few cells to survive on the toxic 

FOA plate. For a more quantitative analysis of the FOA resistance, a serial dilution 

experiment was also carried out on the same S. pombe mfhl+ and mfhl- strains 

(containing plasmid PC178/PC179) to test their phenotypes. S. pombe wild type and 

ura4- strains were used as ura4+ and ura4- controls. . 106 cells were taken from each 

culture and serially diluted to 10"3,10-4,10-5, cells from each strain were spotted onto 

the FOA plates (method as described in Section 3.2.4). Both 1 mg/ml and 0.5 mg/ml 

FOA concentrations were also used in this assay (Figure 5.3.1-2). 

The results of serial dilution FOA assay on the S. pombe mf hl - strain (containing 

the ura4 antisense/sense plasmid) compared to the mfhl+ strain showed that only the 

ura4- strain could grow on the FOA plates. None of the plasmid transformants could 

grow on the FOA plates either in absence or presence of thiamine. Therefore their 

phenotype was still ura4+, indicated that deleting the mfhl gene did not change the 

RNAi activity in S. pombe cells compared to a wild type background. 

179 



S 103 104 105 b 103 104 

wt 

Air !4 
-ura 

s 410 

1o-s 

'A, 

m, /hl+ura4+pC178 

mfhl+ura4+pC179 

mfhl-ura+PCl78 

________ mflhl-ura+PC179 

MEA + uracil + FOA (1 mg/ml - thiamine (a) and + thiamine (b) plates 

c 10-3 10-4 10"5 d 10 3 10 -0 10-5 

I 

W. 1 

o0 'A 
-ura 

mjhl+ura4+PC178 

mjhl+ura4+PC179 

mjhl-ura+PC178 

ig ! 0 

mJhl-ura+PCI79 

MEA + uracil + FOA (0.5 m! /ml) - thiamine (c) and + thiamine (d) plates 

Figure 5.3.1-2: S. pombe ura4 antisense/sense plasmids transformants in mjhl+ and 

mfhl- strains growing on the FOA plates. _106 cells were taken from each culture 

and serially diluted, 10-3,10-4,10"5, dotted on the FOA plates, incubated at 30 

degree for 4 days. 180 



5.3.2 The ura4 mRNA level had no significant decreasing in a mfhl deletion strain 

compared to the wild type background 

The experimental results in the previous sections showed no change of RNAi 

activity in the S. pombe mfhl deletion haploid strain at the phenotypic level. 

Subsequently, the RNAi activity in the same strains was tested at the molecular level 

by RT-PCRs. 

S. pombe single colonies of the mflzl+ and mfhl- strains (containing the ura4 

antisense/sense plasmid), together with the wild type and ura4- strains as controls, 

were selected from leucine & uracil drop-out (+G418+thiamine) plates and the nmtl 

promoter was induced/repressed (the same method as described in Section 3.2.5). 

Total RNAs were isolated from each cell culture and RT-PCRs were undertaken to 

analysis their ura4 mRNA levels in triplicate. 

A pair of primers was used to target both ends of the S. pombe ura4 mRNA but 

outside of the ura4 gene ORF, amplifying a 0.93kb DNA sequence from the cDNA to 

examine the ura4 mRNA levels (PCR detail see Section 3.2.5). RT-PCRs on the same 

RNA samples of the S. pombe housekeeping gene act] was used as a quantity control 

(0.95kb). 

The RT-PCR results are shown in Figure 5.3.2-1. The density of each DNA band in 

the RT-PCR result was quantified and a bar chart was drawn in Figure 5.3.2-2 based 

on each DNA band density (the same analysis method as mentioned in Section 3.2.5). 
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Figure 5.3.2-1: EB strained agarose gel showing the analytic results of the ura4 

and act] gene RT-PCRs from the same RNA samples. 

A, C, E: RT-PCRs of act] gene from S. pombe total RNAs, 0.95kb 

B, D, F: RT-PCRs of ura4 gene from S. pombe total RNAs, 0.93kb 

Lane 1: Wild type strain 

Lane 2: Ura4- strain 

Lane 3: MJhl+ura4+PC 178 in thiamine 

Lane 4: MJhl+ura4+PC 178 no thiamine 

Lane 5: MJhl+ura4+PC 179 in thiamine 

Lane 6: MJ7tl+ura4+PC179 no thiamine 

Lane 7: MJhl- ura4+PC178 in thiamine 

Lane 8: MJhl- ura4+PC 178 no thiamine 

Lane 9: MJhl-ura4+PC 179 in thiamine 

Lane 10: MJhl- ura4+PC 179 no thiamine 
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Figure 5.3.2-2: A bar chart based on the DNA band density of each ura4 RT-PCR 

product compared to their act] RT-PCR product. DNA band density of the wild 

type strain ura4 RT-PCR product was 100% as the standard level. 

Lane F Name Mfh1 Ura4 Plasmid Thiamine mRNA 

1 w .t 
+ + - - 100% 

2 ura4- + - - - 0 

3 ml +8+ + + antisense + 82.1% 

4 ml +8- + + antisense - 79.6% 

5 ml +9+ + + sense + 109.8% 

6 ml +9- + + sense - 66.7% 

7 ml-8+ - + antisense + 100.9% 

8 ml-8- - + antisense - 53.3% 

9 ml-9+ - + sense + 87.5% 

10 MI-9- - + sense - 45.2% 
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The ura4 RT-PCR results showed (Figure 5.3.2-1&2): 

a). Some RNAi activity was induced in the ura4 antisense/sense plasmid 

transformants when the nmtl promoter was de-repressed. In the same transformants, 

the ura4 RT-PCR product quantities in a thiamine absent medium (Lanes 4,80%; 

Lane 6,67%; Lane 8,53%; Lane 10,45%) were lower than in a thiamine present 

medium (Lanes 3,82%; Lane 5,110%; Lane 7,101%; Lane 9,88%). The maximum 

mRNA reduction was 48% (Lane 10 compared to Lane 9). 

b). The RNAi activity in the mflil- mutant was slightly higher than the mfhl+ 

control. From the same cell cultures in the thiamine absent medium, the ura4 mRNA 

level in the mfhl - mutants containing the antisense and sense plasmids were 53% 

(Lane 8) and 45% (Lane 10) of the wild type control (Lane 1), there was no 

significantly decreasing of the ura4 mRNA levels than the mf hl + strains (Lane 4, 

80%; Lane 6,67%) by statistical analysis. 

c). Although the ura4 mRNA levels in the antisense & sense plasmid transformants 

both decreased in the mf hl + and mf hl - strains when cultured in a thiamine free 

medium, the sense plasmid PC179 transformants showed higher RNAi activity than 

that of the antisense plasmid PC178 transformants, which was the same result as 

demonstrated in Section 3.2.5. 

Thus the results of the FOA assay and RT-PCR on a S. pombe mfhl deletion mutant 

showed that the mfhl gene was not likely to be involved in S. pombe RNAi regulation. 

However, a paralogous gene of the mfhl had been identified and it was possible that 

this paralogue could complement the mfhl gene when it was deleted; it was necessary 

to test the RNAi activity in a mfhl & mfh2 double gene deletion mutant. 
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5.3.3 The S. pombe mthl & mfh2 double deletion haploid mutant did not showed any 

change of RNAi activity at the phenotypic level 

Single colonies of the S. pombe mfhl+mfh2+, mflil-mfh2+ and mfhl-mfh2- strains 

containing the ura4 antisense/sense plasmid (PC178/PC179) were selected from 

leucine & uracil drop-out (+G418+thiamine) plates and the nmtl promoter was 

induced/repressed, their phenotypes were observed from the FOA thiamine 

absent/present plates (using the same method as described in Section 3.2.4). The 

S. pombe wild type and ura4- strains were the controls of ura4+ and ura4- phenotypes. 

Two FOA concentrations of 1 mg/ml and 0.5 mg/ml were used in this assay (Figure 

5.3.3-1). 

Figure 5.3.3-1: S. pombe ura4 antisense/sense plasmid (PC178/PC179) transformants 

in mfhl+mfh2+, mfhl-mfh2+ and moil-mf7z2- strains growing on FOA plates. 

Ura4+ control 

Ura4 sense plasmid 
transformant, w_t. 

background 

Ura4 sense plasmid 
transformant, sin le 

gene deletion mjhl-, mfh2-, 
ura4+, PC179 

Ura4- control 

ura4+, PC178 

mJhl -, ura4+, 
PC178 V 

mfhl-, mfh2 ; 

ura4+, PC178 

Ura4 antisense 
plasmid transformant, 

w_t. background 

Ura4 antisense 

plasmid transformant, 

single gene deletion 

Ura4 sense plasmid transformant, Ura4 antisense plasmid 
double gene deletion transformant, double gene deletion 

Figure 5.3.3-1a: Map of S. pombe strains streaked on the FOA plates 

ura4+, PC179 

mjhl- ura4+, 

-Ir PC179 

ura4- 
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b. MEA+uracil+FOA (1 mg/ml -thiamine (promoter induced) plate; 

c. MEA+uracil+FOA 1m /ml +thiamine (promoter repressed) plate; 

d. MEA+uracil+FOA (0.5 mg/ml) -thiamine (promoter induced) plate; 

e. MEA+uracil+FOA (0.5 me/ml) +thiamine (promoter repressed) plate. 
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The results of the streaking out FOA assay on the S. pombe mfhl-mfh2+ & 

mf zl-mfh2- strains compared to the mfhl+mfh2+ strain (containing the ura4 

antisense/sense plasmid) showed that only the ura4- strain could grow on the FOA 

plates. These results indicated that the phenotype of all the plasmid transformants was 

still ura4+. Thus double deleting the mfhl & mfh2 genes did not change the RNAi 

activity in S. pombe cells compared to a wild type background. 

Because the cell number streaked on the FOA plates from each S. pombe strain was 

low (-100 cells), it was possible that too few cells to survive on the toxic FOA plate. 

For a more quantitative analysis of the FOA resistance, a serial dilution experiment 

was also carried out on the same S. pombe mf hl +mf h2+, mf 7i1-mf h2+ and 

mf hl -mf/i2- strains (containing plasmid PC 178/PC 179) to test their phenotypes. 

S. pombe wild type and ura4- strains were ura4+ and ura4- controls. --106 cells were 

taken from each culture and serially diluted to 10-3,10-4,10"5. Cells from each strain 

were spotted onto the FOA plates (method as described in Section 3.2.4). Both 1 

mg/ml and 0.5 mg/ml FOA concentrations were also used in this assay (Figure 

5.3.3-2). 

The results of serial dilution FOA assay on the S. pombe mf/il-mfh2+ and 

mf it -mf h2- strains (containing the ura4 antisense/sense plasmid) compared to the 

mf hl +mf h2+ strain revealed that: 

a). In high FOA concentration (1 mg/ml), only the ura4- strain could grow on the 

FOA plates, none of the plasmid transformants in a ura4+ strain could grow on the 

FOA plates either in absence or presence of thiamine. Their phenotype was still ura4+, 

RNAi did not occur in either deletion strain. 

b). In low FOA concentration (0.5 mg/ml), the plasmid transformants in the 

mf zl -mf h2+ and mfhl -mf h2- strains grew slightly better than the mf hl +mf h2+ strain 

which did not grow at all on the FOA plate absence of thiamine, but the difference 

was not big enough. When they were plated on the FOA plate presence of thiamine 

plates, none of these transformants grew. 

Therefore, the RNAi activity did not change at all in the mfhl/mfh2 single/double 

gene deletion mutants at the phenotypic level. 
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Figure 5.3.3-2: S. pombe ura4 antisense/sense plasmids transformants in S. pombe 
mfhl+mfh2+, mfhl- mjh2+ and mfhl-mfh2- strains growing on FOA plates. -106 cells 
were taken from each culture and serially diluted to 10-3,104,10-5. Cells were spotted 
onto the FOA plates and incubated at 30 degree for 4 days. 
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5.3.4 The ura4 mRNA was not decreased in the S. pombe mlhl & m/h2 double 

deletion mutant compared to the m/hl single deletion mutant 

Single colonies of the mfhl +mfh2+, mfhl-mjh2+ and mJhl-mfh2- strains 

(containing the ura4 antisense/sense plasmid), together with the wild type and ura4- 

strains as controls, were selected from leucine & uracil drop-out (+G418+thiamine) 

plates and the nmtl promoter was induced/repressed (using the same method as 

described in Section 3.2.5). Total RNAs were isolated from each cell culture and 

RT-PCRs targeted the ura4 and act] genes (the same primers as mentioned in Section 

3.2.5) were undertaken to analysis their ura4 mRNA levels. This was carried out in 

triplicate and PCRs with the same primers on the un-transcribed RNAs were negative 

controls. 

The RT-PCR results are shown in Figure 5.3.4-1. The density of each DNA band in 

this RT-PCR result was quantified and a bar chart was drawn in Figure 5.3.4-2 based 

on each DNA band density (the same analysis method as mentioned in Section 3.2.5). 
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Figure 5.3.4-1: EB strained agarose gel showing the RT-PCR results of ura4 and 

act] genes from the same RNA samples. 

A, C, F: RT-PCRs of act] gene from S. pombe total RNAs as quantity control, 

0.95kb 

B, D, G: RT-PCRs of ura4 gene from S. pombe total RNAs, 0.93kb 

E, H: PCRs of the ura4 gene from S. pombe un-transcribed RNAs as negative 

control 

Lane 1: Wild type strain 

Lane 2: Ura4- strain 

Lane 3: Mfhl + mfh2+ura4+PC 178 in thiamine 

Lane 4: Mfhl + mfh2+ ura4+PC 178 no thiamine 

Lane 5: Mfhl + mfh2+ ura4+PC 179 in thiamine 

Lane 6: Mfh]+ mJh2+ ura4+PC179 no thiamine 

Lane 7: MJhi- mfh2+ura4+PC 178 in thiamine 

Lane 8: MJhl- mfh2+ura4+PC 178 no thiamine 

Lane 9: MJhi- mfh2+ura4+PC179 in thiamine 

Lane 10: Mfhl- mfh2+ura4+PC 179 no thiamine 

Lane 11: Mfhl-mfh2- ura4+PC 178 in thiamine 

Lane 12: Mfhl- mfh2- ura4+PC 178 no thiamine 

Lane 13: Mfhl- mJh2- ura4+PC 179 in thiamine 

Lane 14: Mfhl- mfh2- ura4+PC 179 no thiamine 
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Figure 5.3.4-2: A bar chart based on the DNA band density of each ura4 RT-PCR 

product compared to their act] RT-PCR product. DNA band density of the wild 

type strain ura4 RT-PCR product was 100% as the standard level. 

Lane Name Mjhl MJh2 Ura4 Plasmid Thiamine mRNA 

1 wt + + + - - 100% 

2 ura4- + + - - - 0 

3 ml+m2+8+ + + + antisense + 102.7% 

4 ml +m2+8- + + + antisense - 89.4% 

5 ml +m2+9+ + + + sense + 92.9% 

6 m1+m2+9- + + + sense - 77.8% 

7 ml-m2+8+ - + + antisense + 90.5% 

8 ml-m2+8- + + antisense - 73.4% 

9 ml-m2+9+ + + sense + 101.9% 

10 ml-m2+9- - + + sense - 72.1% 

11 ml-m2-8+ + antisense + 99.3% 

12 ml-m2-8- - + antisense - 87.6% 

13 ml-m2-9+ + sense + 100.1% 

14 ml-m2-9- + sense - 70.3% 
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The RT-PCR results in Figure 5.3.4-1&2 revealed that: 

a). Some RNAi activity was induced in the ura4 antisense/sense plasmid 

transformants when the nmtl promoter was de-repressed. In the same transformants, 

their ura4 RT-PCR product quantities in a medium with absence of thiamine (Lanes 4, 

6,8,10,12,14) were lower than in a medium with presence of thiamine (Lanes 3,5,7, 

9,11,13). 

b). There was no significant difference of the ura4 mRNA level between the mf lzl - 

single deletion mutant, mfhl & mfh2 double deletion mutant, and the wild type 

background: from the same cell cultures in the thiamine absent medium, the ura4 

mRNA level in the mfhl-mfh2+ and mflil-mfli2- mutants containing the antisense 

plasmid were 73% (Lane 8) and 88% (Lane 12), similar to the mfhl+mfh2+ strain 

(Lane 4,89%); in the mf/il-mfh2- and mflil-mfli2- mutants containing the sense 

plasmid PC179 were 72% (Lane 10) and 70% (Lane 14), also very similar to the 

mfhl+mfh2+ strain (Lane 6,78%). 

c). Although the ura4 mRNA levels in the antisense/sense plasmid transformants 

decreased in all of the mf hl +mf h2+, mf/il -mf h2+ and mf/il -mfh2- strains when 

cultured in a medium absent of thiamine, the maximum reduction was 30% (Lane 10 

compared to Lane 9 and Lane 14 compared to Lane 13). This result was consistent 

with the result from the FOA assay described in Section 5.3.3. 

Thus, the FOA assay and RT-PCR results showed that there was no any change of 

RNAi activity either in the mfhl single deletion mutant or in the mfhl & mfh2 double 

deletion mutant, these two genes were unlikely to have any regulatory effect on 

S. pombe RNAi. 
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5.3.5 The RNAi inhibitor eril gene was present in the S. pombe mfhl/mfh2 single and 

double deletion mutants 

From all the experiments described in the previous sectoins, the RNAi activity was 

always modest in the S. pombe cells, both wild type and mfhl/mfh2 single/double gene 

deletion mutants. 

Thus the expression of the RNAi inhibitor eril gene was tested in the S. pombe wild 

type and mfhl/mfh2 single/double gene deletion strains (containing the ura4 

antisense/sense plasmid) by RT-PCRs (primer sequences and PCR conditions were the 

same as mentioned in Section 3.2.6.2). The RT-PCR results (Figure 5.3.5) revealed the 

presence of the eril gene in all the screened S. pombe strains. 

123456789 

lkb 

Figure 5.3.5: EB strained agarose gel showing the 1 kb RT-PCR product of the eril 

gene on S. pombe total RNAs 

Lane 1: mfhl +mfh2+, PC 178 transformant 

Lane 2: mfhl +mfh2+, PC 179 transformant 

Lane 3: mfhl-mfh2+ mutant 

Lane 4: mfhl-mfh2- mutant 

Lane 5: mfhl-mfh2+, PC 178 transformant 

Lane 6: mfhl-mfh2+, PC 179 transformant 

Lane 7: mfhl-mfh2-, PC 178 transformant 

Lane 8: mfhl-mfh2-, PC] 79 transformant 

V ý 
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5.4 Discussion 

The DEAH putative RNA helicases have a large variety of different cellular 

functions in RNA splicing, mRNA stability and translation, DNA transcription, and 

UV repair (Scheller, et al, 2000). Mf hl and its paralogue mf h2 are two newly 

identified S. pombe putative helicases genes. In this chapter, S. pombe mfhl single gene 

deletion and mf hl & mjh2 double gene deletion mutants were analyzed both in terms 

of a general phenotypic characterization and in terms of their impact (if any) on 

S. pombe RNAi activity. 

5.4.1 The phenotypic sensitivity of the S. pombe mfhl & mfh2 deletion mutants to 

chemical damage might indicate their cellular functions 

In order the reveal the cellular functions of the S. pombe mf hl /mf h2 genes, 

phenotypic characterization analysis was undertaken between the mfhl/mfh2 

sing/double deletion mutants and the wild type strain using different cell culture 

conditions (Section 5.2.1). The results showed that there was no any phenotypic 

difference in the cell culture conditions with respect to temperature, carbon source and 

nitrogen base concentrations; however, when these three strains were culture on 6% 

ethanol and 10mM HU media, the deletion mutants grew much poorly than the wild 

type control. 

Ethanol is toxic for yeast cells at certain concentration (6%), which alters cell 

membrane organization and permeability. The average viability of the mfhl +mf h2+ 

strain in the ethanol media was 3.75%, which decreased to 1.49% in the mfhl-mfh2+ 

mutant and 1.38% in the mfhl-mfh2- mutant. Much fewer S. pombe cells could survive 

in the ethanol media when they lost the mfhl gene and even more cells died when 

they lost both the mfhl and mfh2 genes. The increasing sensitivity in the ethanol 

media of the mfhl/mfh2 single/double deletion mutants compared to the wild type 

strain suggested that these helicases might play a role to protect S. pombe cells from 

the ethanol toxicity. 
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HU is another toxic chemical, which reduces the amount of dNTPs thereby 

inhibiting DNA synthesis (Scheller, et al, 2000). On average 7.31% of the 

nzfhl+mfh2+ cells could survive in the HU media. But when the S. pombe cells lost 

the mfhl or both mfhl&mfh2 genes, cell viability in the HU media was greatly 

decreased: on average only 0.21% mf hl -mf h2+ mutant could survive, and even fewer 

cells of the mfhl-mfh2- mutant were alive (0.15%), the viability ratio decrease 48 

times than the wild type strain. This result indicated that both the mfhl & mfh2 

helicases appeared to protect the genome replication by against the HU damage. 

The cellular function of DNA damage protection had been revealed in the 

S. cerevisiae mphl protein, the closest homologous putative protein to S. pombe mfhl 

and mfh2. The mphl gene also encodes a DEAH helicase (NP 012267), which has 

identical residues at 36% of 357 aligned amino acids to the S. pombe mfhl protein 

(NP593348) and 33% identical residues of 278 aligned amino acids to the S. pombe 

mfh2 protein (NP_593624), the identical sequences between S. cerevisiae mphl and 

S. pombe mfhl&mfh2 are dominantly in the N-terminal DEAD box domain (NCBI 

BLAST). Thus, the mfhl and mfh2 proteins in S. pombe probably have the similar 

cellular functions as the S. cerevisiae mphl protein. A phenotypic characterization 

study on the S. cerevisiae mph] deletion mutant compared to the wild type control 

showed greatly increased sensitivity to methyl methanesulfonate (MMS) and ethyl 

methanesulfonate (EMS). Because MMS, EMS and HU are all DNA damage 

chemicals (MMS and EMS are alkylating agents transferring methyl and ethyl groups 

to nucleophilic centers in DNA to form adducts), sensitivity of the mphl deletion 

mutant to these chemicals suggested that the mphl protein plays a role in protecting 

the S. cerevisiae genome from chemically induced DNA damage (Scheller J, et al, 

2000). Therefore, the increased sensitivity of S. pombe mfhl/mfh2 single/double 

deletion mutants to ethanol and HU indicated their cellular functions might be 

protecting cells from chemical damage. 

5.4.2 The phenotynic sensitivity of the S. pombe mfhl & mfh2 deletion mutants to UV 

damage su ested that they functioned in DNA re 11ra airin U 
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Ultra violet (UV) light had been revealed to be lethal and mutagenic in organisms 

by causing adjacent thymine residues to become chemically linked into 

thymine-thymine dimmers, which changed DNA structures. After 10 second UV 

treatment on S. pombe, the average viability of the mfhl+mfh2+ strain was 2.38%, this 

ratio decreased to 1.25% in the mfhi-mfh2+ mutant and 0.96% in the mfhl-mfli2- 

mutant. Much fewer S. pombe cells could survived from the UV when they lost the 

mf hl gene and even more cells died when they lost both the n# hl and mf h2 genes. 

This result suggested that the helicases mfhl & mfh2 were appeared to function in 

protecting S. pombe against UV induced DNA damage. 

Genomes are subject to damage by agents in the environment, such as chemical 

mutagens and UV light, and by free radicals or alkylating agents endogenously 

generated in metabolism; genomic DNA can also be damaged because of errors 

during its replication. A variety of DNA repair pathways have been reported including 

direct reversal, nucleotide excision repair, double-strand break repair and mismatch 

repair pathways. The S. cerevisiae mphl gene had been revealed to have genetic 

interactions with dozens of other genes in S. cerevisiae. 20 of the mphl interacted 

genes which have the enhanced phenotypes are DNA repair genes: eg. the mms2 gene 

encodes a protein involving in error-free post-replication DNA repair, the rad14 gene 

encodes a protein that recognizes and binds damaged DNA during nucleotide excision 

repair (Scheller, et al, 2000), and the magi gene encodes a protein removing damaged 

bases to create abasic sites that are subsequently repaired (Schurer, et al, 2004). As 

homologues of mphl, the S. pombe helicases mfhl and mfh2 probably also interact 

with some proteins which are involved in the S. pombe DNA repair systems: 

mfhl/mfh2 proteins separate the damaged double stand DNAs to facilitate the DNA 

repair proteins to restore damaged DNAs, this can be an explanation of why S. pombe 

cells became more vulnerable to chemical and UV damage when they lose the mfhl or 

both mf h1 &mf h2 genes. 

Interestingly, the UV treatment study on the S. cerevisiae mphl deletion mutant did 

not show any phenotypic change compared to the wild type control (Scheller, et al, 

2000), but cell viability decreased in the S. pombe mfhl&mfh2 deletion mutant. The 
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mfhl and mfh2 helicases seem to have such a cellular function of protecting cells 

against UV damage which its homologue S. cerevisiae mphl doesn't have. This 

difference probably comes from the distinct DNA repairing pathways these 

homologous genes are involved in. 

5.4.3 Deleting the mfhl gene could not change the RNAi activity in S. pombe 

The effect of the mfhl gene on S. pombe RNAi regulation was studied by 

transforming the ura4-based RNAi constructs into a mfhl deletion mutant and 

comparing the RNAi activity to the same plasmid transformant in a wild type strain, 

both at phenotypic and molecular levels. 

There was no observed change of the RNAi activity between the mjhl- and wild 

type strains at the phenotypic level by the FOA assay (Section 5.3.1): no 

transformants grew on the FOA plates indicating that their phenotype was still ura4+. 

There was no significant difference of the ura4 gene mRNA level between the 

mf hl - mutant and the wild type strain by statistical analysis although it slightly 

decreased in the mfhl- mutant, and the genotype of all the transformants was still 

ura4+ (Section 5.3.2). 

Therefore, deleting the mfhl gene did not change the RNAi activity in S. pombe 

either at phenotypic or molecular levels, which indicated that the mfhl gene was 

unlikely to be involved in S. pombe RNAi regulation. A paralogous gene of mfhl had 

been identified and it was possible that this paralogue could complement the mf hl 

gene when it is deleted, that's why a mfhl & mfh2 double gene deletion mutant was 

isolated and RNAi studies were undertaken in it for further investigating their effect 

(if any) in S. pombe RNAi regulation. 

5.4.4 Neither the mfhhl nor the mfh2 gene appeared to be involved in S. pombe RNAi 

re u1 ation 

A S. pombe mjhl &mfh2 double gene deletion mutant was used to study their effects 

(if any) in RNAi regulation. At the phenotypic level, the mf hl/mf h2 single/double 

deletion mutants (containing the ura4 antisense/sense plasmid) grew a little on a low 

197 



FOA concentration plate, but there was no detectable difference of cell growth 

between the deletion mutants and the wild type strain (Section 5.3.3), their phenotype 

was ura4-. 

At the molecular level, there was no detectable difference of the ura4 gene mRNA 

level between the deletion mutants and the wild type strain based on a statistical 

analysis, and the genotype of all the transformants was still ura4+ (Section 5.3.4): 

The maximum reduction of ura4 mRNA was -30% from a sense plasmid 

transformant. 

Therefore, deleting both the mfhl and mfh2 genes did not change the S. pombe 

RNAi activity at either phenotypic or molecular level - these two genes therefore are 

unlikely to have any regulatory effect on S. pombe RNAi. 

The Dictyostelium helF gene had been revealed as a RNAi inhibitor by 

transforming RNAi constructs of three endogenous marker genes into a Dictyostelium 

helF deletion mutant; and the increase of RNAi activities observed (compared to the 

wild type background) from the three different marker genes were different: for 

discoidin, RNAi increased from 50% to almost 100%; for coronin, RNAi increased 

from zero to approximate 60%; and for thioredoxin, RNAi increased from 30% to 

89% (Popova, et al, 2006). This difference indicated that in the same organism the 

efficiency of RNAi induction is different from gene to gene: RNAi activity for some 

genes is easy to be induced, such as the coronin (from zero to 60%); while some other 

genes is difficult to be induced for their RNAi activity, such as the discoidin (only one 

time increase). 

Although, the S. pombe mfhl and mfh2 genes had been identified as homologous 

genes of the Dictyostelium helF, and the identical sequence between them are in the 

conserved C-terminal helicase domain; the N-terminal sequence in the he1F gene 

encodes a RNA-binding domain to make helF as a RNA helicase, while the mfhl and 

mjh2 genes encode DNA-binding domains to make mfhl"and mfh2 as DNA helicases. 

The helF protein had been confirmed to locate in Dictyostelium nucleus, but the 

cellular localizations of S. pombe mfhl and mfh2 are yet to be determined (will be 

discussed in details in Chapter Six). The predicted RNAi inhibition model of the helF 
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protein is that it unwinds the long double-stranded siRNA precursors in Dictyostelium 

nucleus, which reduces the trigger (siRNAs) quantity of the RNAi pathways. Because 

the S. pombe mfhl and mf7z2 genes both encode DNA helicases, which are not 

functional in unwinding dsRNAs, they cannot regulate the S. pombe RNAi pathway in 

the same model of their homologue Dictyostelium helF gene. This is an explanation of 

why the mfhl and mfh2 genes could not show any RNAi regulating effect in S. poinbe. 

5.4.5 The RNAi inhibitor eril gene was present in the S. pombe mfhl/mfh2 single and 

double deletion mutants 

From all the experiments described in this chapter, the RNAi activity was always 

poor in the S. pombe cells, both wild type and mfhl/mfh2 gene(s) deletion mutants. 

Low RNAi activity in wild type strain was also observed by another study which 

indicated a different RNAi inhibitor in S. pombe. And the RNAi activity was greatly 

increased when the eril gene was deleted, which confirmed it to act as a natural RNAi 

inhibitor in S. pombe (Iida, et al, 2006). 

Thus the expression of the eril gene was tested in the S. pombe wild type and 

mfhl/mfh2 single/double gene deletion mutants (containing the ura4 antisense/sense 

plasmid) by RT-PCR (primer sequences and PCR conditions were the same as 

mentioned in Section 3.2.6.2). As expected, same as the results described in Chapter 

Three, the RT-PCR results showed the presence of the eril gene in all the screened 

S. pombe strains. Because eril had been identified as a RNAi inhibitor in S. pombe, the 

existing of the eril gene in the wild type and the mfhl/mfh2 single/double deletion 

mutant was probably the main reason of their low RNAi activities. It may therefore be 

possible to develop the RNAi selective assays in S. pombe, using an eril deletion 

strain. 
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Chapter Six 

A comparative analysis of the cellular localization of 

the gene products of Dictyostelium helF and its 

putative S. pombe homologue mfhl 
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6.1 Introduction 

6.1.1 The RNAi inhibitor helF protein is located in the Dictyostelium nucleus 
As mentioned in Section 4.1.1, the helicase helF has been identified in Dictyostelium 

as a natural RNAi inhibitor, and its cellular location explored using a helF-GPF gene 

fusion. GFP is a fluorescent protein isolated from Coelenterates or from the sea pansy, 

which transduces the blue chemiluminescence aequorin into green fluorescent light by 

energy transfer. The GFP gene has been isolated and expressed in a range of organisms. 

When the protein of GFP is linked to other proteins, it functions as a fluorescent protein 

tag, which becomes a useful tool for reporting gene expression and protein cellular 

location (Tsien, 1998). Fluorescence microscopy revealed that the helF protein was 

located in the Dictyostelium nucleus (Figure 6.1.1, Popova, et al, 2006). 

Figure 6.1.1: Fluorescence microscope image of a multi-nucleate Dictyostelium cell 

expressing a helF-GFP fusion gene. A Dictyostelium expression helF-GFP fusion 

plasmid was constructed and transformed into Dictyostelium cells. Fluorescence 

microscopy, compared with DAPI stained nuclear DNAs, revealed that the helF 

protein located in the cell nucleus (provided by Dr. Popova, University of Kassel, 

Germany). 

A: Cell strained by DAPI, nuclear DNAs were shown in blue. 

B: Image of fluorescence shown as green speckles, which was concentrated in the 

areas of cell nuclei. 
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6.1.2 Investigating the cellular location of the mfhl protein is necessary to reveal its 

functions in S. pombe 
As mentioned in Section 4.1.3, the homologue of the Dictyostelium helF gene is the 

S. pombe mfhl gene, and the effect of the mfhl gene on S. pombe RNAi had been explored 
in Section 5.3.1&2, which indicated that the mfhl gene was unlikely to be involved in 

S. pombe RNAi regulation at both phenotypic and molecular levels. A further clue to 

reveal the effect of the mfhl gene on RNAi regulation can be obtained by identifying its 

cellular location. 

In Section 5.2, the phenotypic characterization of the newly identified S. pombe 

helicase gene mfhl was investigated by a deletion mutant, which showed increased 

sensitivity to the hydroxyurea and UV damage compared to a wild type control. These 

results indicated that the mfhl gene is involved in the S. pombe DNA repair systems. Thus, 

to reveal the mfhl protein cellular location is necessary to explain its functions in 

S. pombe. 

This chapter presents a study of the cellular localization of the mfhl and helF proteins 

in both S. pombe and Dictyostelium. See Flow Chart 6.1.2 for details. 

202 



Flow Chart 6.1.2: Investigation of the cellular localization of mfhl and helF proteins in 

S. pombe and Dictyostelium using GFP fusion plasmids: 

Localization of 
Dictyostelium helF in 

S. pombe 

Obtain a Dictyostelium 
he1F-GFP fusion DNA 
fragment from plasmid 

PC182 

1 
Insert the Dictyostelium 
helF-GFP fusion DNA 

fragment into a S. pombe 
expression vector to 
generate the plasmid 

PC180 (Section 6.2.1.1) 

Ir 
Transformation of PC 180 
into S. pombe leul- strain 

and selection of 
transformants on leucine 

drop-out plate 

1 
Fluorescence mircroscopy 
of the cellular location of 

Dictyostelium helF protein 
in S. pombe (Section 

6.2.1.2) 

Localization of 
S. pombe mfhl in 

Dictyostelirrm 

Select the Dictyostelium 
expression plasmid 
PC 181 (including a 

GFP sequence) as the 
vector 

1 Insert the S. pombe mjhl 
gene into PC181 fusing 
with GFP to construct a 

Dictyostelium expression 
plasmid PC 183 (Section 

6.2.3.1) 

Jr 
Transformation of 

PC183 into 
Dictyostelium cells 

1 
Fluorescence mircroscopy 
of the cellular location of 
S. pombe mfhI protein in 
Dictyostelium (Section 

6.2.3.2) 

Localization of 
S. nombe mfl: l in 

S. n mbe 

Clone S. pome mfhl gene 
from genomic DNA by 

PCR (Section 6.2.2) 

1 
Construction of a S. pombe 
expression plasmid PC196 
by inserting the mfhl-GFP 
fusion sequence (Section 

6.2.4) 

1 
Transformation of PC 196 

into S. pombe wild type 
strain and selection of 
transformants by G418 

1 
Fluorescence mircroscopy 
of the cellular location of 
S. pombe mfhl protein in 

S. pombe 
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6.2 Results 

6.2.1 Detecting the cellular location of the Dictyostelium helF protein in S. pombe 

6.2.1.1 Successful insertion of the Dictyostelium helF-GFP gene into a S. pombe 

expression plasmid 

The Nellen's group had used a helF-GFP fusion plasmid transformant to localise the 

helF protein expressing in Dictyostelium nucleus. Here the location of the Dictyostelium 

helF protein was also investigated in S. pombe by constructing and transforming a 

S. pombe expression plasmid containing the he1F-GFP fusion sequence. 

A 3.4kb DNA fragment including the Dictyostelium-helF-GFP fusion gene was 

generated from plasmid PC182 (original name pdneo-helF-GFP. Figure 6.2.1.1-1. 

Provided by Nellen's lab). PC182 was first digested using EcoRI and blunt ended using 

the Klenow fragment, and the other end was digested using Xhol. The 3.4kb DNA was 

eluted from an agarose gel. The S. pombe expression plasmid PC164 (Figure 3.2.2.1-1) 

was digested by M1uNI (blunt end) and Sall (the same cohesive end as Xhol). The 3.4kb 

DNA insert was ligated into the PC164 vector to yield the S. pombe expression 

Dictyostelium helF-GFP fusion plasmid PC180, which is 12.2kb in size (Figure 6.2.1.1- 

2). 

The correct structure of PC 180 was confirmed by a series of enzyme digestions (Figure 

6.2.1.1-3). e. g. Lane 4 shows the two DNA bands generated by BamHI (two restriction 

sites in the insert); Lane 7 shows the two DNA bands generated by NdeI (one restriction 

site in the insert and the other site in the vector). EcoRI, HindIII, and Scal digestions also 

confirmed the correct sequence of this new plasmid PC180. 
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Mlu1(415) 

EcoR I (293) 

Actl5-promoter 

Sea 1(1774) 

HeIF 

BamH 1 (2813) 

Ncol(2984) 

Mlu NI(2989) 

Nde 1(3048) Eco R11(3593) 

GFP Xho 1(3760 

Figure 6.2.1.1-1: Map of the Dictyostelium he1F--GFP fusion plasmid PC182 

(provided by Nellen's lab). This plasmid is 9.3kb in size, constructed from the 

Dictyostelium expression vector PC 181 (original name pdneo-GFP, Figure 6.2.3.1-1) 

by fusing the 2.5kb Dictyostelium helF DNA sequence just downstream of the Act 15 

promoter and upstream of the GFP gene. The red section shows the gene map of the 

3.4kb he1F--GFP fusion DNA sequence, excised using EcoRI (end blunted by the 

klenow fragment) & XhoI (the same cohesive end as Sall). This DNA fragment was 
inserted into the S. pombe vector PC I64 to generate the plasmid PC 180 (Figure 

6.2.1.1-2). 
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Figure 6.2.1.1-2: Map of the S. pombe expression plasmid with Dictyostelium helF- 

GFP fusion DNA insert (PC180). The 3.4kb Dictyostelium helF-GFP fragment was 
inserted into the S. pombe vector PC164 downstream of the nmtl promoter. It also 
has the S. cerevisiae leu2 gene (the homologue of S. pombe leul gene) as a selective 

marker. 
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Figure 6.2.1.1-3: EB stained agarose gel showing diagnostic enzyme digestions of 

plasmid PC 180. 

Lane 1: The undigested S. pombe vector PC 164,8.9kb 

Lane 2: The undigested plasmid PC 180,12.2kb 

Lane 3: 1 kb DNA ladder 

Lane 4: PC 180 / BamHI-1.1 kb+ 11.2kb 

Lane 5: PC 180 / EcoRI -1.2kb+2.5kb+4kb+6.5kb 
Lane 6: PC 180 / Hindlll-2.2kb+5.5kb+6.6kb 

Lane 7: PC 180 / NdeI-3.5 kb+8.7kb 

Lane 8: PC 180 / ScaI-2.2kb+6.6kb 
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6.2.1.2. Fluorescence mircroscopy revealed that the Dictyostelium helF protein located to 

S. pombe nucleus 
The newly constructed S. pombe expression plasmid PC180 was transformed into 

S. pombe 43 (leul-) strain and transformants were selected on leucine drop-out plate. 

They were cultured into MEA (leucine and thiamine were both absent) liquid medium 

overnight to induce the helF-GFP gene expression by de-repression of the nmtl promoter. 

The cell pellet was collected by centrifugation and stabilized by methanol. 

The transformant cells were stained by DAPI to locate the cell nucleus, and the 

expression of GPP gene was observed using fluorescence microscopy. This revealed that 

the Dictyostelium helF protein was expressed in the nucleus of S. pombe cell (Figure 

6.2.1.2), the same cellular location as in Dictyostelium cell. 
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Figure 6.2.1.2: Fluorescence microscope image 

of S. pomhe PC 180 transformants expressing the 

Dictyostelium he1F-GFP fusion gene. 

A. Image of S. pomhe cells stained by I)API. 

DNA is revealed as blue speckles 

concentrating in nuclei. 
13. Image of fluorescence, hell-(iFP protein is 

revealed as green speckles. They are also 

concentrated in the area of the cell nuclei. 

C. An overlap image of A&B indicates that 

the DAPI and (IFP both locate in the area of 

the S. pomhe cell nuclei. 
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6.2.2 The S pombe mthl gene was cloned from genomic DNA using PCR 

The Dictyostelium helF protein had been revealed to locate in the cell nucleus in both 

Dictyostelium and S. pombe. Here the reciprocal experiment was attempted: use GFP 

fusion proteins to detect the cellular location of S. pombe mfhl protein in S. pombe and 

Dictyostelium by constructing and transforming mfhl -GFP fusion plasmids. 

For such mfhl-GFP fusion plasmids construction, a 2.71 kb DNA fragment including 

the full mfhl gene sequence was cloned from S. pombe wild type genomic DNA by PCR. 

The primers used for PCR added Sall & BglII restriction sites at the 5'- and 3'- ends 

respectively. The cloned mjhl DNA was in frame from the gene start codon for future 

cloning and gene expression. See Appendix 1 for details of primer sequences and PCR 

conditions. 

Figure 6.2.2-1 shows the DNA structure of the 2.71kb mfhl gene PCR product. The 

correct structure of this PCR product was confirmed by restriction endonuclease 

digestions with the restriction enzymes BamHl, Ncol, Ndel and Pstl (Figure 6.2.2-2). 

Nco I (1088) 

Pst I (845) 

Eco RV (165) Eco RII (753) BamH I (1484) 

Sal 1 (6) Sca 1 (617) Afthl Nde I (1602) 

i 

_ý 

Intron I Intron 2 

Mfhl PCR product (Sall-Bgill), 2713bp 

Figure 6.2.2-1: Restriction map of the mfhl PCR product from S. pombe genomic 

DNA. It is 2713bp in size with the restriction site Sall at the start codon and Bg1II 

-100bp downstream of the stop codon. The red section shows the full mfhl gene 

sequence, which is 2606bp long. The two green arrows indicate the position of the two 

introns in this structure. 

Bg! 11 (2705 
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Lane 2 shows the 2.7kb correct size of this PCR product; Lane 3 shows the two 1.2kb 

and 1.5kb DNA bands generated from this PCR product by BamHI; Lane 4 shows the two 

1.1 kb and 1.6kb DNA bands generated by Ncol; Lane 5 shows the two 1.1 kb and 1.6kb 

DNA bands generated by Mel; and Lane 6 shows the two 0.9kb and 1.8kb DNA bands 

generated by Pstl. All the results confirmed the correct structure of this mfhl PCR 

product. 

123456 

3kb 

2kb 

1.5kb 

1kb 

750bp 

Figure 6.2.2-2: EB stained agarose gel showing the 2.7kb PCR product of 
S. pombe mfhl gene amplified from genomic DNA, and diagnostic endonuclease 

digestions. 

Lane 1: 1 kb ladder 

Lane 2: Mfhl PCR product, 2.7kb 

Lane 3: Mfhl PCR product / BamHI-1.2kb+1.5kb 

Lane 4: Mfhl PCR product / Ncol-1. lkb+1.6kb 

Lane 5: Mfhl PCR product / Ndel-l. lkb+1.6kb 

Lane 6: Mfhl PCR product / Pstl-0.9kb+1.8kb 
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6.2.3 Detectin the cellular location of the S. pombe mfh1 protein in Dictvostelium e 

6.2.3.1 The insertion of the S. pombe mfhl-GFP fusion Rene into a Dictyosteliunt 

expression plasmid 

The cellular location of proteins is important for their RNAi regulation functions. The 

helF protein had been revealed to locate in the nucleus in both Dictyostelium and 

S. pombe. To find the cellular location of the S. pombe mfhl protein in Dictyostelium, a 

Dictyostelium expression plasmid with the S. pombe mfhl -GFP fusion gene was 

constructed. 
The Dictyostelium expression plasmid PC181 (original name pdneo-GFP. Figure 

6.2.3.1-1. Provided by Nellen's lab) is 6.8kb in size, includes a geneticin resistant marker 

GIO, a GFP DNA sequence under the regulation of an ActlS promoter, and polylinkers 

downstream of the GFP gene. PC181 and the 2.7kb S. pombe mfhl PCR product (see 

Section 6.2.2 for details) were both digested using Sall & BglII and ligated together to 

generate a Dictyostelium expression plasmid in which the S. pombe mfhl gene was fused 

downstream of the GFP gene. 

The new plasmid, named PC183, is 9.5kb in size, has a Dictyostelium geneticin 

resistant selective marker GIO, and the GFP-mfhl gene fusion sequence under the 

regulation of the Act, 15 promoter (Figure 6.2.3.1-2). 

A series of enzyme digestions were carried out to examine the structure of this new 

plasmid PC183 (Figure 6.2.3.1-3). 
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Xho I (6016) 

Bgl II (6012) 

Eco RI (5996) 

BamH I (5975) 

Sal 1 (5963) 

GFP 

Mu NI (5419) 

Sca 1(1494) 

Actl S 

Mu I (3114) 

Aat 1 (3204) 

Figure 6.2.3.1-1: Map of the Dictyostelium expression plasmid PC 181 (original 

name pdneo-GFP, provided by Nellen's lab). This plasmid has a Dictyostelium 

geneticin resistant selective marker G10, a GFP DNA sequence under the 

regulation of the Actl5 promoter, and polylinkers BamHI, EcoRI, Bg1II and Xho1 

downstream of the GFP gene. The restriction sites Sall & Bg1II were selected for 

the S. pombe mfhl gene insertion. 
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Figure 6.2.3.1-2: Expected map of the Dictyostelium expression plasmid in 

which the S. pombe mfhl gene was fused downstream of the GFP (PC183). 
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Figure 6.2.3.1-3: EB stained agarose gel showing diagnostic endonuclease 
digestions to examine the structure of PC 183. The expected size of DNA bands 

generated by restriction enzymes should be as following: 

Lane 1: 1 kb DNA ladder 

Lane 2: PC 183 / EcoRV -1.5kb+2.2kB+5.7kb 
Lane 3: PC 183 / Ncol -0.4kb+1.6kb+7.5kb 
Lane 4: PC 183 / NdeI-2.1 kb+3.3kb+6.1 kb 

Lane 5: PC 183 / Scal-6.4kb+5.1 kb 

Lane 6: PC 183 / SalI&BgIII-2.7kb+6.8kb 

The results of the enzyme digestions on this new plasmid were different from 

expectation. e. g. In Lane 2 digested by EcoRV, the 2.2kb and 6.5kb DNA bands were not 
the expected 1.5kb+2.2kb+5.7kb DNA bands. Also in Lane 3 digested by Ncol, the only 
5kb DNA band was not the expected 0.4kb+1.6kb+7.5kb DNA bands. The unexpected 

restriction enzyme digestion results on PC 183 indicated that something wrong with the 

ýftdmo 

%M 

215 



plasmid construction. For this reason, the structure of the parental vector, the 
Dictyostelium expression plasmid PC 181 was examined by a series of restriction enzyme 
digestions (Figure 6.2.3.1-4). All the digestion results confirmed the correct structure of 
PC 181. e. g. Lane 5 shows the two 2.9kb and 3.9kb DNA bands digested by Bg1II & 

BssHII, and Lane 6 shows the two 2.9kb and 3.9kb DNA bands digested by BssHII & 

Sall, which confirmed the two restriction sites Sall and BgIII used for mfhl DNA fusing 

were functional in this vector. 

1234567 

10kb 
8kb 
6kb 
5kb 
4kb 

3kb 

2.5kb 

2kb 

1.5kb 

]kb 

Figure 6.2.3.1-4: EB stained agarose gel showing diagnostic endonuclease digestions 

to confirm the structure of PC 181. 

Lane 1: 1 kb DNA ladder 

Lane 2: PC 181 undigested plasmid, 6kb 

Lane 3: PC 181 / C1aI -1.9kb+6.9kB 
Lane 4: PC 181 / EcoRV -1.4kb+2.2kb+3.2kb 
Lane 5: PC 181 / BgIII & BssHII -2.9kb+3.9kb 
Lane 6: PC 181 / BssHII & Sall-2.9kb+3.9kb 

Lane 7: PC 181 / Sall & Bg1I1-49bp*+6.8kb 

*: The 49bp DNA band is too small size to be seen in this picture. 
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A comparison of the enzyme digestion results from plasmids PC183 and PC181 

revealed that although the structure of PC183 was different from the expected one as 

shown in Figure 6.2.3.1-2, it was not the structure of empty vector PC181 either, it is a 

plasmid with some DNA sequence inserted into the Dictyostelium expression plasmid 

PC181. After analysing the digestion results in Figure 6.2.3.1-3, it was likely that a 

double mfhl DNA was ligated into the vector. e. g. Lane 6 shows that when PC183 was 

digested by SaII & BgIII, it generated the expected 6.8kb vector DNA and a 5.4kb insert, 

which was just twice the size of the expected 2.7kb insert DNA. 

6.2.3.2 Fluorescence mircroscopy indicated that the S. pombe mfhl protein did not 

localize in the Dictyostelium nucleus 

Although the structure of the newly constructed Dictyostelium expression plasmid 

fused with the S. pombe mjhl gene (PC183) had not been fully confirmed, it was still 

possible that this plasmid included the S. pombe mfhl-GFP fusion DNA sequence, and 

analysis of this plasmid expression in Dictyostelium might provide some clue to the 

cellular location of this protein. Thus, PC183 was transformed into Dictyostelium wild 

type cells and fluorescence microscopy was carried out (Figure 6.2.3.2, this part of work 

was done by colleagues in Nellen's lab). 

The location of the nucleus in Dictyostelium was indicated by the DAPI strained DNAs 

(Figure 6.2.3.2A&C). The non-fusion GFP transformant was used as a control (Figure 

6.2.3.2D). This indicated that when the GFP protein is expressed in Dictyostelium, it is 

expressed throughout the cell. However, the fluorescence microscopy result of the GFP- 

mfhl fusion plasmid indicated that the protein was not located in the Dictyostelium 

nucleus (Figure 6.2.3.2B). This was different from the cellular location of the helF 

protein in Dictyostelium nucleus (Popova, et al, 2006). 
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Figure 6.2.3.2: Fluorescence microscope image of a uni-nucleate Dictyostelium 

cell revealed the cellular location of Spombe mfhl protein was not in 

Dictyostelium nucleus (provided by Nellen's lab). 

A: DAPI strained a Dictyostelium transformant with plasmid PC 183, the location 

of cell nucleus is shown in blue. 

B: Fluorescence image of a Dictyostelium transformant with plasmid PC 183, green 

speckles indicated the cellular location of fluorescence was not in the area of 

nucleus. 
C: DAPI strained a Dictyostelium transformant with non-fusion GFP gene, the 

location of cell nucleus is shown in blue. 

D: Fluorescence image of a Dictyostelium transformant with the non-fusion GFP 

gene as a control, the GFP protein itself distributed in both nucleus and cytoplasm. 
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6.2.4 Attempting to construct a S. pombe expression mfhl-GFP fusion nlasmid 
The Dictyostelium helF protein had been revealed to express in both Dictyostelium 

(Figure 6.1.1) and S. pombe (Figure 6.2.1.2) nucleus. Here a S. pombe expression plasmid 

containing the mfhl-GFP fusion sequence was attempted to be constructed for detecting 

the cellular location of the mfh1 protein in S. pombe. 

Because the S. pombe mjhl gene has two introns, to be sure of the correct gene 

expression, it was better to clone this gene from mRNA. A pair of primers were designed 

which targeted the full 2.5kb mjhl gene sequence (RT-PCR, no intron) from wild type 

S. pombe strain, and added the restriction sites Pacl and BssHII at 5'- and 3'- ends for 

later plasmid construction. See Appendix 1 for details of primer sequences and PCR 

conditions. This PCR product was then ligated into the pGEM-T easy vector to generate a 

new mfhl plasmid PC196. It is 5.5kb in size including the 2.5kb S. pombe mjhl gene 

sequence with the restriction sites Pacl & BssHII (Figure 6.2.4-1). 

The DNA structure of plasmid PC 194 was confirmed by several restriction enzyme 
digestions (Figure 6.2.4-2). e. g. Lane 5 shows the two 1.5kb and 4kb DNA bands 

generated by NcoI, which has one site in the vector and another in the mjhl gene insert. 

Lane 7 shows the two 0.9kb and 6.6kb DNA bands digested by PstI, which has one site in 

the vector and another in the mfhl gene insert. Lane 8 shows the positive mfhl PCR 

result using PC 194 as template. 

The 6kb S. pombe expression plasmid PC184 (original name PFA6a-kanMX6-P3nmtl- 

GFP. Figure 6.2.4-3. Bahler, et al, 1998) has a kan' marker and a nmtl promoter. The 

restriction sites PacI, BssHII and Sall, which were just downstream of the nmtl promoter, 

were chosen as the insertion sites for the mfhl and GFP genes (there was only one copy 

of each restriction sites PacI, BssHII and SaII in PC184). A two stage digestion and 

ligation was carried out for attempting to construct a mfhl-GFP fusion expression 

plasmid. 
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2575 Pad 
2420 EcoRV / _,, 

2597EcoRI 

1658 EcoRI 

2611 PsrI 

4415 Scal 

Figure 6.2.4-1: Map of the S. pombe mfhl (no intron) plasmid PC 194. It is 5.5kb in 

size, generated by inserting a 2.5kb mjhl RT-PCR product into the pGEM-T easy 

vector using the PacI & BssHII restriction sites. It has an amp' marker. 
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123 4 5 67 8 

Figure 6.2.4-2: EB stained agarose gel showing diagnostic endonuclease digestions 

of plasmid PC 194 (Lanes 3-7) and mfhl PCR (Lane 8). 

Lane 1: 1 kb DNA ladder 

Lane 2: The undigested plasmid PC 194,5.5kb 

Lane 3: PC 194 / BamHI-5.5kb 

Lane 4: PC194 / EcoRI--0.45kb*+0.5kb*+1.6kb+3kb 

Lane 5: PC194 / NcoI -1.5kb+4kb 
Lane 6: PC 194 / PstI-0.9kb+6.6kb 

Lane 7: PC 194 / BssHII & Sall-2.6kb+2.9kb* 

Lane 8: mfhl PCR on PC 194 -2.5kb mfhl DNA 

The 0.45kb and 0.5kb DNA bands were too weak to be seen in this picture. 
**: The 2.6kb and 2.9kb DNA bands were of similar size and difficult to separate. 

221 



Pacl 

T TEF 

tcoRI (2420) 

Pmel (2432) 

kan` 

BgnI(3866) 

nmtl 

mJhl (RT PCR) GFP 

2.5kb BssHII0.7kRi j 

Pnmtl 

1176bp 

GFP (S657) 

b, Safi 

TADH i 

I 723bp I Sall (6008) 
PacI (, 5042) BssHtt (5766, ý 

GFP 

PC 184 
PFA6a-kanMX6-P3nmt1-GFP 
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Figure 6.2.4-3: Map of the S. pombe expression plasmid PC 184 (original name PFA6a- 

kanMX6-P3nmtl -GFP. Bahler, et al, 1998). PC 184 has a kan' marker and a nmt 1 

promoter. The restriction sites PacI, BssHII and Sall, which were just downstream of 

the nmtl promoter, were chosen as the insertion sites for the mIhl (RT-PCR, no 

introns) -GFP gene fusion. 

4 

kanr P TEF 

1434bp 
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A pair of primers were designed which targeted the 0.7kb GFP gene sequence from 

plasmid PC181 (Figure 6.2.3.1-1), and added the restriction sites BssHII and MunI (one 

Sail site was near to the MunI site) at 5'- and 3'- ends for later plasmid construction. See 

Appendix 1 for details of primer sequences and PCR conditions. 

The 0.7kb GFP PCR product and PC 184 were both digested using BssHII and Sall and 

ligated together to generate a new 6.5kb S. pombe expression plasmid PC189. PC189 has 

a kan' marker and two GFP sequences downstream of the nmtl promoter (Figure 6.2.4-4). 

This plasmid was then used to construct the mfhl-GFP fusion plasmid by ligating the 

mfhl gene between the restriction sites Pacl and BssHII. 

5042 Pad 

6513 Sall 

6519 Pal 

Figure 6.2.4-4: Map of the S. pombe expression plasmid PC189. It carries a kanr 

marker and two GFP sequences downstream of the nmtl promoter. The restriction 

sites Pacl and BssHII were used to construct the S. pombe expression mlhl -GFP 

fusion plasmid (Figure 6.2.4-3). 
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The DNA structure of this newly generated plasmid PC 189 was confirmed by several 

restriction enzyme digestions (Figure 6.2.4-5). e. g. Lane 3 shows the correct 6.5kb DNA 

band generated by EcoR1, which has only one site in this plasmid. Lane 4 shows the 

correct 2.8kb and 3.7kb DNA bands generated by Pstl restriction digestion. PC 189 has 

two PstI sites - the 2.8kb DNA includes the inserted GFP sequence. 

I 2 3 4 

Figure 6.2.4-5: EB stained agarose gel showing diagnostic endonuclease 

digestions to confirm the structure of plasmid PC 189. 

Lane 1: 1 kb DNA ladder 

Lane 2: The undigested plasmid PC 189,6.5kb 

Lane 3: PC 189 / EcoRI-6.5kb 

Lane 4: PC 189 / Pstl-2.8kb+3.7kb 
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The S. pombe expression GFP plasmid PC189 was digested using Pacl & BssHII as the 

vector for a m, f hl -GFP fusion plasmid. The 2.5kb mfhl DNA (no intron) was generated 

from PC194 by Pacl & BssHII. But the double enzyme digestion result of PC194 was a 

5.5kb linear DNA instead of the two 3kb (pGEM-T easy vector) and 2.5kb (mfhl gene 

insert) DNA fragments. This result indicated that one of the two restriction sites Pacl & 

BssHII in plasmid PC 194 was not functional. 

A number of control experiments suggested that one of the restriction sites on PC189 

was not functional. Thus, a new pair of primers with the same restriction sites was 

ordered to do the mfhl RT-PCR. Again the 2.5kb RT-PCR product was digested by Pacl 

& BssHII and subsequently ligated with the PacI & BssHII digested vector PC189. 

However it was also failed to in ligation. 

To construct a S. pombe mfhl-GFP fusion plasmid has so far failed and the cellular 

localization of S. pombe mfhl protein in S. pombe has yet to be detected. 
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6.3 Discussion 

6.3.1 Localization of the RNAi inhibitor helF protein in Dictvostelium and its homologue 

mfhl protein in S. pombe 
Although many proteins involved in RNAi pathways have been identified in a variety 

of organisms, only a few are characterized negative regulators of RNAi (see Table 1.4 for 

detail); for example, the eril protein in C. elegans and S. pombe to degrade the siRNAs 

(Kennedy, et al, 2004; Iida T, et al, 2006), and the Tat protein encoded by HIV -1 to 

interrupt Dicer functions (Bennasser, et al, 2005). Although the number of RNAi negative 

regulators is small, these inhibitors play important roles in RNAi regulation, and for this 

reason, RNAi negative regulators are becoming increasingly interesting for RNAi 

investigation. 

The Dictyostelium helF protein is a newly identified RNAi inhibitor. Because the 

RNAi essential regulator Dicer homologue in Dictyostelium lacks the helicase domain, it 

led to the identification of the helicase helF in Dictyostelium, which has high similarity to 

the helicase domain of the C. elegans Dicer protein. Experimental results reveal that helF 

is a RNAi inhibitor to Dictyostelium RNAi because increased RNAi activity was 

observed in a Dictyostelium helF gene deletion strain (Popova, et al, 2006). Why helF is 

highly similar to the helicase domain in RNAi regulator Dicer but is a RNAi negative 

regulator itself? The cellular location of helF protein in Dictyostelium nucleus (Figure 

6.1.1) provides an reasonable explanation to the mechanism of helF regulation: the helF 

protein acts as an helicase to unwind the long dsRNAs in Dictyostelium nucleus, 

decreasing the quantity of the precursors of siRNAs which are inducers of the siRNAs 

pathways, thus reducing the RNAi activity in Dictyostelium (Popova, et al, 2006). 

Therefore, the cellular localizations are very important to reveal the regulatory effects of 

proteins involved in RNAi pathways. 

Subsequently, the most similar homologue of helF was found to be the mfhl protein in 

S. pombe with 63% similarity, and the highest similar sequences between these two 

proteins were in the conserved helicase domain (described in Section 4.1.2). Thus the 

S. pombe helicase mfhl was also possible to be involved in RNAi regulation. 

In this chapter, the cellular localization of helF and mfhl helicases was attempted to be 
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detected in both Dictyostelium and S. pombe by using the fluorescence reporter gene GFP, 

which was fused with the helF/mfhl gene in plasmid constructs. Such cellular location of 

these proteins is important for exploring their functions in RNAi pathways. For example, 

the studies of Argonaute, Dicer and RdRP proteins, which are involved in both TGS and 

PTGS RNAi pathways, have revealed that these proteins can be located in both the cell 

nucleus and the cytoplasm (Carmichael, et al, 2006). 

6.3.2 HelF is a nuclear protein in both Dicryostelium and S. pombe 

The helF protein has been revealed to locate in Dicryostelium nucleus (Popova, et al, 

2006). In this chapter, the Dictyostelium helF-GFP fusion gene was inserted into a 

S. pombe expression vector and transformed into S. pombe cells. Fluorescence microscopy 

of such a S. pombe tranformant revealed that the Dictyostelium helF protein was located in 

S. pombe nucleus (see Figure 6.2.1.2), the same location as in Dictyostelium. 

. 
Another evidence of the helF cellular location is from the nuclear localization signals 

(NLS) database (Columbia University, USA), which provides the collection of amino 

acid sequences in proteins for directing to locate in cell nucleus, and it has 74% accuracy 

of predicting the nuclear localization for non-plant Eukaryotes. When the full amino acid 

sequence of the Dictyostelium helF protein was put into this database for inquiry, it 

showed that this sequence contained a nuclear localization signal. 

Therefore, the Dictyostelium helF had been confirmed as is a nuclear protein, which 

can also localize in S. pombe. 

633 The cellular location of the mfh1 protein in Dictyostelium and S. pombe has yet to be 

determined it is predicted to be in the nucleus 

Although the S. pombe mfhl protein is highly similar to the Dictyostelium helF protein, 

its cellular location is still unknown. In order to detect the cellular location of S. pombe 

mfhl protein in Dictyostelium, a Dictyostelium expression plasmid with an insert of 

mfhl -GFP fusion sequence was constructed and transformed into Dictyostelium. 

Fluorescence microscopy of these Dictyostelium transformants indicated that the mfhl 

protein was not expressed in Dictyostelium nucleus (Figure 6.2.3.2B). The fluorescence 

image of a non-fusion GFP expression Dictyostelium cell as a control revealed that the 
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GFP protein itself was located throughout the cell (Figure 6.2.3.2D). Thus the green 

speckles detected in the non-nuclear region indicated the location of the mfhl protein. 
However, the mfhl protein might be localized in Dictyostelium nucleus for two reasons: 

a). The structure of the transformed Dictyostelium expression plasmid inserted with a 

mfhl-GFP fusion gene sequence (PC183) had not been confirmed yet. The mfhl gene 

might be double ligated into the vector and was not expressed correctly in Dictyostelium. 

Thus the expressed GFP gene might not fuse with just one copy of the mfiil gene 

correctly. 

b). Two introns existing in the S. pombe mfhl gene sequence that was inserted into the 

Dictyostelium expression vector and transformed into the Dictyostelium cells. Because 

probably S. pombe and Dictyostelium do not share the similar RNA splicing systems, it 

was possible that the transcribed mfhl mRNA in Dictyostelium was not correctly spliced 

and the protein in Dictyostelium detected by the fluorescence microscopy was not 

correctly expressed from the S. pombe mfhl gene. For this possibility, the mfhl gene 

should be cloned by RT-PCR from S. pombe RNA, and inserted as a GFP fusion into a 

Dictyostelium expression plasmid for fluorescence microscopy. 

Regretfully, the cellular location of the mfhI protein in S. pombe has not been detected 

yet, because the creation of a S. pombe expression mfhl-GFP fusion plasmid with the 

mfhl RT-PCR product (no intron) was unsuccessful. As mentioned in Section 6.2.4, 

ligating the mfhl gene into the S. pombe expression vector always failed. A number of 

control experiments indicated that the reason of the failure was that there was something 

wrong with one of the restriction sites used for the plasmid construction (the results of the 

control experiments are not shown here). 

In this chapter, although the attempt to detect the cellular localization of the mfhl 

protein in S. pombe and Dictyostelium by mfhl-GFP fusion plasmid construction and 

transformation was not successful, there are two evidences suggesting that the mfhl 

protein locates in S. pombe nucleus: 

a). The phenotypic characterization results in Section 5.2 revealed that the mfhl 

protein is involved in S. pombe DNA repairing system, expression of the mfhl gene 
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significantly increased cell viability by against hydroxyurea and UV induced DNA 

damage. Thus, S. pombe mfhl should be a nuclear protein. 

b). The most similar homologue of mfhl (36% identity in amino acid), the S. cerevisiae 

mphl protein (YIR002C), had been confirmed to locate in S. cerevisiae nucleus by GFP- 

fusion fluorescence microscopy. Same as the mfhl protein, the mphl protein also 

involved in S. cerevisiae DNA repairing system, it plays an important role in S. cerevisiae 

genome by against the chemical induced DNA damage (Scheller, et al, 2000). Thus, the 

S. pombe mfhl gene might also expresses in the nucleus. 
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Chapter Seven 

. Conclusion and Future Planning 



7.1 Project overview 

RNAi is an evolutionarily conserved gene-regulatory mechanism first reported in 

detail in C. elegans (Fire, et al, 1998), and later discovered in a wide variety of 

organisms (Zamore, et al, 2000), including mammals and humans (Buhler, et al, 

2006). RNAi is induced by the presence of small interfering RNAs to silence 

homologous gene expression (Raponi & Arndt, 2003). 

C. elegans, S. pombe, Drosophila and Dictyostelium are the commonly used model 

organisms for RNAi study, and two RNAi mechanisms have been described to date: 

TGS and PTGS. There are three protein complexes RDRC & RITS (involved in TGS) 

and RISC (involved in PTGS), and dozens of proteins regulating RNAi pathways 

have been identified. These include the most important three - Argonaute, Dicer and 

RdRP. Although many genes that are involved in RNAi have been identified, and 

different regulating pathways uncovered, our knowledge of RNAi is still limited. Thus 

it is necessary to identify new genes involved in RNAi in order to acquire better 

understand of this inhibiting mechanism of gene regulation. 

In order to screen for new genes involved in RNAi mechanisms, a positive/negative 

RNAi selective system needed to be developed, and the unicellular fission yeast 

S. pombe was selected as such a model system in this thesis. A S. pombe ura4-based 

RNAi selective assay was construct in Chapter Three by transforming the ura4 

antisense/sense plasmids into S. pombe for triggering RNAi pathways by the ura4 

RNA transcripts. This assay should be very useful for new RNAi gene screening in 

future studies. 

A natural RNAi inhibitor helF had been newly identified in another RNAi study 

model Dictyostelium (Popova, et al, 2006). Subsequently the most similar homologue 

of Dictyostelium helF was found in S. pombe name mfhl, and later a paralogue of 

mfhl was also found in S. pombe named mfh2, the similarity of these three genes was 

in the C-terminal conserved helicase domain. The significant similarity of helF and 

mfhl (also mfh2) begged the question of whether S. pombe mjhl and mjh2 also 
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negatively regulate RNAi mechanisms in S. pombe. 

In Chapter Four, a S. pombe mfhl gene deletion and a mfhl & mfh2 double gene 

deletion haploid mutants were isolated by mating and sporulating. In Chapter Five, 

studies of phenotypic characterization were undertaken between the deletion mutants 

and the wild type strain, trying to reveal the cellular functions of the S. pombe mfhl 

and mf h2 genes; and the RNAi regulatory effects (if any) of the mf hl and mf h2 genes 

were also tested at both phenotypic and molecular levels in the single/double gene 

deletion mutants. 

Chapter Six studied the cellular localization of the helF and mfhl genes both in 

Dictyostelium and in S. pombe with GFP fusion plasmid transformants by 

fluorescence microscopy, which was collaborated with Nellen's group (University of 

Kassel, Germany). 

7.2 Novel developments and observations 

7.2.1 The development of a ura4-based RNAi selective assay in S. pombe was not very 

successful because of low RNAi activity 

In Chapter Three, a ura4-based RNAi selective assay was developed by 

transforming the constructed ura4 antisense/sense plasmids (S. cerevisiae leu2 marker) 

into a S. pombe leul- strain. In these plasmids, two mutually inverted ura4 DNA 

sequences were inserted into a S. pombe expression vector under the regulation of a 

thiamine repressible promoter (Maundrell, 1990). In a thiamine free medium their 

RNA transcripts should introduce small interfering RNAs which would be processed 

by Dicer. Thus if RNAi occurred in the transformants, their phenotype should be ura- 

and make them viable in thiamine free FOA medium. However, the S. pombe RNAi 

activity indicated by the ura4 gene was modest in all the transformants and the ura4 

mRNA level decreased by only -30%. 

A mRRNA-mediated RNAi pathway has not been found in S. pombe to date (Vagin, 
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et al, 2006). The experimental results in Chapter Three add weight to the notion that 

such a pathway is indeed absent from this organism: there were very similar RNAi 

activities found in the S. pombe antisense (introducing both siRNAs and miRNAs) and 

the sense (introducing only siRNAs) plasmid transformants, where the only difference 

between these two was the potential generation of the precursors of ura4 miRNAs. 

Because RNAi activity had been observed to greatly enhance in a S. pombe eril 

deletion strain (Iida, et al, 2006), and this natural RNAi inhibitor eril gene had been 

revealed to present in all the S. pombe transformants, it may be possible to develop the 

ura4-based RNAi selective assay described in this thesis by transforming 

antisense/sense plasmids into an eril deletion mutant (the identification of the eril 

gene as a RNAi inhibitor in S. pombe was published in July 2006, at which time the 

project of this thesis was coming to the end). 

7.2.2 The S. pombe mfhl/mfh2 proteins are probably involved in protecting cells from 

chemical/UV induced DNA damage 

The cellular functions of S. pombe mfhl/mfh2 genes might be indicated by the 

phenotypic change in the single/double gene deletion mutants compared to the wild 

type strain. The significant increase in sensitivity to 6% ethanol, 10mM hydroxyurea 

and UV treatment in the single/double deletion mutants suggested some cellular 

functions of the helicases mfhl/mfh2: they appeared to be involved in the DNA repair 

system to protect S. pombe from chemical/UV induced DNA damage. This conclusion 

can be supported by their well characterized homologue S. cerevisiae mph l protein, 

which plays an important role in protecting S. cerevisiae from chemical induced DNA 

damage, by interacting with other DNA repair proteins (Scheller, et al, 2000). 

7.2.3 The mfhl & mfh2 genes are not essential for S. pombe and are unlikely to be 

S pombe RNAi regulators 

Because the S. pombe mfhl gene was a potential RNAi negative regulator (because 

its homologue, the Dictyostelium helF gene is), a S. pombe moil deletion/knock out 

strain was necessary in order to study its RNAi regulatory effects (if any). In Chapter 
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Four, attempting to knock out the mfhl gene was unsuccessful because the 

transformed mfhl KO DNA could not integrate into S. pombe genome. Later, the 

successful isolation of a S. pombe mfhl deletion haploid strain from a purchased 

diploid mutant revealed that the mfhl gene was not essential for S. pombe. There was 

no change of S. pombe RNAi activity observed between the mfhl- mutant (containing 

the ura4 antisense/sense plasmid) and mfhl+ strains. This result indicated that the 

helicase mfhl was unlikely to be involved in S. pombe RNAi regulation. 

The mfh2 gene, a paralogue of S. pombe mfhl gene, was subsequently identified and 

the high similarity of these two genes (57% in DNA structure and 36% in amino acid 

residues) suggested very similar cellular functions. A S. pombe mfhl & mf112 double 

deletion haploid mutant (containing the ura4 antisenes/sense plasmid) was thus 

isolated by mating and sporulating for RNAi investigation. The successful isolation of 

a S. pombe mfhl & mfh2 double deletion haploid mutant revealed that the mfh2 gene 

was also not essential to S. pombe. The mfhl &mfh2 double deletion mutant did not 

show any change of RNAi activity compared to the mfhl +mf h2+ strain. Thus, the 

helicase mfh2 was unlikely to be a S. pombe RNAi regulator either. 

Because the S. pombe mfhl and mfh2 genes both encode DNA helicases and are not 

functional in unwinding dsRNAs, which is the predicated RNAi regulation model of 

the RNA helicase Dictyostelium helF, mfhl and mfh2 cannot regulate the S. pombe 

RNAi pathway in the same way as their homologuous gene helF. This may explain 

why the mfhl and mfh2 genes did not show any RNAi regulating effect in S. pombe. 

7.2.4 The Dictyostelium helF protein locates in S. pombe nucleus but the cellular 

location of S. pombe mfhl has yet to be determined 

The cellular localization of proteins provides important information for their RNAi 

regulatory effects. The RNAi negative regulator helF protein had been confirmed to 

locate in the Dictyostelium nucleus by fluorescence microscopy of a he1F--GPF fusion 

plasmid transformant (Popova, et al, 2006). In Chapter Six, the Dictyostelium helF 

protein was shown to locate in the S. pombe nucleus by fluorescence microscopy using 

a helF-GFP fusion plasmid transformant (Figure 6.2.1.2). 
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The same method was used to detect the cellular localization of the S. pombe mfhl 

protein in both S. pombe and Dictyostelium. The location of the mfhl protein in 

S. pombe is still unknown because trying to construct such a S. pombe nijhl-GFP 

fusion plasmid has so far failed. Meanwhile, although fluorescence microscopy of 

Dictyostelium transformants with a mfhl-GFP fusion sequence indicated that the GFP 

(mfhl) protein was not located in Dictyostelium nucleus, the location of S. pombe 

m hl protein in Dictyostelium was also inconclusive: there was some uncertainty in 

the mfhl-GFP fusion plasmid structure; and the two introns in the mfhl gene 

sequence (the mfhl gene was probably not correctly spliced by Dictyostelium splicing 

system). 

Although the cellular location of S. pombe mfhl protein has not been determined so 

far, its functions of protecting cells from hydroxyurea and UV induced DNA damage 

suggest that this helicase is probably locate in nucleus. 

Interestingly, a nuclear localization signals (NLS) database enquiry revealed the 

RNAi inhibitor eril protein to have a NLS sequence: KRRWKFREKRLEEKRK, 

which was predicted to locate in the S. pombe nucleus. This cellular location of eril 

explains its ability to disrupt heterochromatin assembly by degrading the siRNAs in 

the S. pombe nucleus. Since the dsRNAs can migrate from nucleus to the cytoplasm, 

where it can be processed by Dicer into siRNAs, the S. pombe PTGS pathways should 

also be functional during the eril gene expression in cells. Therefore, there was 

modest RNAi activity detected in this thesis, which is probably regulated by PTGS 

pathways. 
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7.3 Future work planning of S. pombe RNAi stud 

7.3.1 Screening of new enes involved in S. pombe RNAi using ultraviolet (UV 12 

mutagenesis assay 

UV light had been revealed to be lethal and mutagenic in organisms by causing 

adjacent thymine residues to become chemically linked into thymine-thymine 

dimmers, which changed DNA structures, and the mutagenic effect of UV could be 

repaired by exposing mutated cells to light immediately after UV treatment. Therefore, 

UV treatment can be a good choice of generating mutagenic cells, from which new 

genes involved in RNAi mechanisms can be identified by the already developed 

RNAi selective assays. 

The best UV treatment conditions using a Stratalinker UV Crosslinker 2400 is 3.5 

min with 50% S. pombe cell viable (see Appendix 7 for details of the different UV 

treatment time for S. pombe cell viability and mutagenesis). In the future, this can be 

used to generate S. pombe mutants, which can be screened by the developed 

ura4-based positive/negative RNAi selective assay to isolate some RNAi deficient 

strains. These strains will first be screened by the genes of some already known RNAi 

regulators like Argonaute and Dicer, if their RNAi activity cannot be complemented 

by these genes, there must be some unknown genes regulating the RNAi mechanisms 

in S. pombe cells, these new genes will be identified and examined by experiments to 

see whether they are S. pombe RNAi regulators, even RNAi regulators in other 

organisms. 

See Flow Chart 7.3.1 for strategy of screening for new genes involved in RNAi by 

UV mutagenesis. 
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Flow Chart 7.3.1: Screening for new genes involved in S. pombe RNAi mechanisms 

by UV mutagenesis treatment and the already developed RNAi selective assay 

UV treatment on the S. pombe strain developed in Chapter Three as the ura4-based 
RNAi selective system 

1 
RNAi screen using the FOA assay and isolate FOA sensitive strains 

i Mate with the gene deletion strains of the already known RNAi 
regulators and sporulate, to examine the genotype of the spores 

Phenotypes are selected if 

the diploid strains are the 
same phenotype 

Phenotypes are selected 
and if a wild type 

phenotype can be isolated 
in the diploids 

1 Gene sequencing for 
functional analysis of the 

know RNAi regulator 
genes 

1 There must be some other 
genes involved in RNAi 

mechanisms 

1 
Use library 

complementation to 
identify these new genes 
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7.3.2 New markers developed in S. pombe expression plasmids for future RNAi 

investigation 

In S. pombe RNAi investigation, construction of multiple mutants is always limited 

by available genetic markers, such as in Chapter Five, the only available kan' marker 

for isolating a mfhl & mjh2 double gene deletion mutant was very inconvenient. Thus 

developing more selective markers besides the commonly used leul, ura4 and kan' 

genes is necessary. The S. pombe selective markers ade6, and three novel antibiotics 

marker nat, hph and ble are discussed below. 

The S. pombe expression plasmid PC190 (original name pNR210. Kiely, et al, 2000) 

was kindly provided by Prof. Rhind (Univ. of Mass, USA). This 8.3kb plasmid has an 

adhl promoter and an ade6 selective marker (see Appendix 8, Figure 1 for map of 

this plasmid). PC190 was transformed into S. pombe leul-ade6- strain and 

transformants were selected on the EMM (adenine absence, leucine presence) plates. 

Some small colonies appeared on this selective plate after incubated at 30 degree for 6 

days, but cells grew poorly. This result revealed that the ade6 marker on PC190 was 

functional in S. pombe, but it took quite a long time for transformants to grow because 

of the mineral medium EMM (the only available media which is absent of adenine). 

Because G418 does not work in EMM media and most genes are deleted by the kan' 

gene, the ade6 gene is not a convenient selective marker for future S. pombe RNAi 

study. 

The natMX6, hphMX6 and bleMX6 markers in S. pombe give phenotypes of 

resistant to the antibiotics nourseothricin (NAT), hygromycin B and phleomycin, 

respectively, which had been successfully developed as in three S. pombe expression 

plasmids PC191 (original name pFA6a-natMX6), PC192 (original name 

pFA6a-hphMX6) and PC193 (original name pFA6a-bleMX6) (Hentges, et al, 2005). 

These three plasmids were kindly provided by Prof. Carr (Univ. of Sussex). See 

Appendix 8, Figures 2-4 for maps of these three plasmids. 

PC192 was transformed into S. pombe wild type cells and the transformants were 

selected from YPD plate in the presence of hygromycin B. The suggested 

concentration of hygromycin B for selection was 100 µg/ml (Hentges, et al, 2005). 
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But in this concentration, there were still hundreds of wild type colonies appeared on 

such a hygromycin B plate. When the concentration of hygromycin B was increased 

to 200 µg/ml, there was no wild type colony appearing on the plate, and some 

colonies grew on the same plate of PC192 transformants. Therefore, the 200 tg/ml 

final concentration of hygromycin B was the best condition for selecting the hph 

marker. This hph selective assay is suitable for the future S. pombe RNAi study. 

Using the hph marker on PC192, a S. pombe expression eril gene deletion/KO 

plasmid can be constructed and used to delete/knock-out this gene, which can be later 

mated with the mfhl/mfh2 single/double deletion strains to isolate multi-deletion 

mutants. These new deletion strains can be used for further investigation of the mflzl 

& mfh2 genes on S. pombe RNAi regulation. 

7.4 Conclusion 

In this thesis, a ura4-based RNAi selective assay was developed in the fission yeast 

S. pombe by transforming antisense & sense plasmid constructs, but it was not very 

successful because of the low RNAi activity in these transformants. The expression of 

the natural RNAi inhibitor eril gene in S. pombe is probably the main reason of the 

low RNAi efficiency. Moreover, as there was similar RNAi activity between the 

antisense and sense plasmid transformants, these results lend further support to the 

notion that there is no miRNA-mediated RNAi pathway in S. pombe. 

, 
The phenotypic characterization and RNAi regulatory effect of the newly identified 

mf hl/mfh2 genes in S. pombe was also investigated using single/double deletion 

mutants. Successful isolation of the deletion haploid mutant reveals that the mfhl and 

mfh2 genes are not essential for S. pombe. The increased phenotypic sensitivity to 

ethanol, hydroxyurea and UV in the deletion mutants suggested that these helicases 

are likely to be involved in protecting S. pombe from chemical/UV induced DNA 

damage. Although it is a homologue of the RNAi inhibitor Dictyostelium helF gene, 

the S. pombe mfhl gene (even in a mfh2 deleted background) has no effect on RNAi 

regulation. 

239 



Appendix 1: Primer sequences and PCR conditions 

Section 3.2.1 

Longer ura4 PCR from plasmid PC169,759bp: 

Forward primer- BamHl: 5' AGATGGATCCGCTATTCAGCTAGAGCTGAG-3' 

Reverse primer- SaII: 5'-TCAATGGTCGACGTCTTTGCTGATATGCCTTC-3' 

Shorter ura4 PCR from plasmid PC 169,359bp: 

Forward primer- BamHI: 5'-AGATGGATCCTTGGGACGTGGTCTCTTGCT 3' 

Reverse primer- SmaI: 5'-TAATCCCGGGGTCTTTGCTGATATGCCTTC-3' 

PCR conditions for ura4 gene from plasmid PC169 (759bp and 359bp): 

Step 1: 95 °C 3 min 

Step 2: 94°C 45 sec 

Step 3: 63 °C 45 sec 26 cycles 

Step 4: 72°C 1 min 

Step 5: 72 IC 5 min 

Section 3.2.5 

Ura4 full sequence PCR from S. pombe wild type cRNA, 0.93kb: 

Forward primer: 5'- ACCGTATTGTCCTACCA AG -3'; 

Reverse primer: 5'- CCTTCTGACATAAAACGCC -3' 

PCR conditions for ura4 gene from S. pombe wild type cDNA (0.93kb): 

Step 1: 95°C 3 min 

Step 2: 94°C 45 sec 

Step 3: 50°C 45 sec 

Step 4: 72°C 1 min 30sec 

Step 5: 72 °C 7 min 
} 28 cycles 

Act] PCR from S. pombe wild type cDNA, 0.95kb: 

Forward primer: 5'-TGGAAGAAGAAATCGCAGCGT 3'; 

Reverse primer: 5'-TCCTTITGCATACGATCGGCA-3' 
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PCR conditions for actl gene sequence from S. pombe wild type cDNA (0.95kb): 

Step 1: 95°C 3 min 

Step 2: 94°C 45 sec 

Step 3: 531C 45 sec 

Step 4: 72°C 1 min 30sec 

Step 5: 72 °C 7 min 
} 24 cycles 

Section 3.2.6.1 

Agol PCR from S. pombe wild type cRNA, 1.1kb: 

Forward primer: 5'- TGACCTGTCAGCATCGCAA -3'; 
Reverse primer: 5'- TTGGGAACGTGAAACAGCC -3' 

Dcrl PCR from S. pombe wild type cRNA, 1.2kb: 

Forward primer: 5'- TTGGCCCCCGAGTTAAAAT -3'; 

Reverse primer: 5'- TGCTGAGACATCATGGAAGGA -3' 

PCR conditions for Agol gene (1.1kb) and Dcrl gene (1.2kb) from S. pombe wild 

type cDNA: 

Step 1: 95°C 3 min 

Step 2: 94°C 45 sec 

Step 3: 52°C 45 sec 26 cycles 

Step 4: 72°C 2 min 

Step 5: 72 °C 7 min 

Rdpl PCR from S. pombe wild type cRNA, 1.4kb: 

Forward primer: 5'- TTI'I'GCAGGCTTGCCTTTC -3'; 

Reverse primer: 5'- ATGAAGCGAGGGATTCCTT -3' 

PCR conditions for Rdpl gene (1.4kb) from S. pombe wild type cDNA: 

Step 1: 95 °C 3 min 

Step 2: 94°C 45 sec 

Step 3: 50°C 45 sec 26 cycles 

Step 4: 72°C 2 min 
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Step 5: 72 °C 7 min 

Section 3.2.6.2 

Eril PCR from S. pombe wild type cRNA, 1.1kb: 

Forward primer: 5'- GAGTCGCCAGTGCAGATITI'A -3'; 

Reverse primer: 5'- CCATCCACCACCTATTGCATT -3' 
PCR conditions for eril gene (1.1kb) from S. pombe wild type eDNA: 

Step 1: 95 *C 3 min 

Step 2: 94°C 45 sec 

Step 3: 51 °C 45 sec 

Step 4: 721C 1 min 30 sec 

Step 5: 72 °C 7 min 
} 26 cycles 

Section 4.2.1 

Mfhl PCR from S. pombe wild type genomic DNA, 2.74kb: 

Forward primer-BssHII: 5'-CATTGCGCGCAAGGATGTCCGATGATTCTT 3' 

Reverse primer-SaII: 5'-CTGAGTCGACGGGAGCAACATGGGAAAAAT 3' 

Mfhl PCR from S. pombe wild type genomic DNA, 2.71kb: 

Forward primer-Sall: 5'-CATTGTCGACAGGATGTCCGATGATTC-3' 

Reverse primer-BgIII: 5'-CGACAGATCTTCAAATGGAATGCTACG-3' 

PCR conditions for mfhl gene sequence from S. pombe wild type genomic DNA 

(2.74kb&2.71kb): 

Step 1: 95°C 3 min 

Step 2: 94°C 1 min 

Step 3: 53 °C 1 min 28 cycles 

Step 4: 72°C 3 min 

Step 5: 72 °C 10 min 

Section 4.2.4 
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Primers C&D: 

A 1.1kb PCR product generated from the intact mfhl gene and a 1.6kb PCR product 

generated from the mfhl KO DNA. 

Primer C (forward): 5'-GCTGCTGGAATGTCTCAAAA-3' 

Primer D (reverse): 5'-CGGGAGGTCTTCCTCTAAATT 3' 

PCR conditions: 

Step 1: 951C 3 min 

Step 2: 94°C 45 sec 

Step 3: 54°C 45 sec 26 cycles 

Step 4: 72C 2 min 

Step 5: 72 °C 7 min 

Primers E&F: 

A 1.1kb PCR product targeted the kan' gene from the mfhl KO DNA. 

Primer E (forward): 5'-ACTTAACTTCGCATCTGGGCA-3' 

Primer F (reverse): 5'-CAAAAATTACGGCTCCTCGCT 3' 

PCR conditions: 

Step 1: 95 C3 min 

Step 2: 94°C 45 sec 

Step 3: 54°C 45 sec 26 cycles 

Step 4: 721C 1 min 30sec 

Step 5: 72 C7 min 

Primers G&H: 

A 2.8kb PCR product generated from S. pombe genome with intact mf hl gene and 

a 3.3kb PCR product generated from S. pombe genome with the knocked out 

mfhl gene - 

Primer G (forward): 5'-TTTGACGACTGACGAAACGAAG-3' 

Primer H (reverse): 5'-TGGACATGGGGTTATCGGIT 3' 

PCR conditions: 
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Step 1: 95 °C 3 min 

Step 2: 941C 1 min 

Step 3: 58C 1 min 

Step 4: 72°C 3 min 

Step 5: 72 °C 10 min 
} 26 cycles 

Primers E&H: 

A 3.3kb PCR product generated from S. pombe genome with the knocked out 

mfhl gene 

Primer E (forward): 5'-ACTTAACTTCGCATCTGGGCA-3' 

Primer H (reverse): 5' -TGGACATGGGGTTATCGGT F 3' 

PCR conditions: 

Step 1: 95°C 3 min 

Step 2: 94°C 1 min 

Step 3: 55 °C 1 min 26 cycles 

Step 4: 72°C 2 min 

Step 5: 72 °C 7 min 

Section 4.3.1 

Primers C&D: 

The same primers as mentioned in Section 4.2.4. 

Primer I was on S. pombe genome, 430bp upstream to the start codon of the mfhl 

gene 

5'- GGATTTGTTCGGCTATGCTTG -3' 
Primer J was on S. pombe genome, 560bp downstream to the stop codon of the mfhl 

gene 

5'- TGGGCCTACATTTTCTCATGG -3' 

Primer K was inside the kanr gene, 0.8kb downstream to the start codon 

5'- ATCACTCGCATCAACCAAACC -3' 

Primer L was inside the kanr gene, 0.8kb upstream to the stop codon 
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5'- GGCAAAACAGCATTCCAGGTA -3' 
The PCR product by primers K&L on kan` gene was 188bp. 

PCR conditions for primers I&K/I&L/J&K/J&L: 

Step 1: 95 C3 min 

Step 2: 94°C 45 sec 

Step 3: 53°C 45 sec 

Step 4: 72°C 2 min 30sec 

Step 5: 72 °C 7 min 
} 26 cycles 

Section 4.3.2 

Kan' PCR: 

The same primers of the 1.2kb PCR product generated from the kan' gene as 

mentioned in Section 4.2.4. 

Ura4 PCR: 

The same primers of the 759bp PCR generated from plasmid PC 169 as mentioned 

in Section 3.2.1 

Section 4.4.1 

Primers K&L: 

The same Primers K&L as mentioned in Section 4.3.1. 

Primer M was on S. pombe genome, 455bp upstream to the start codon of the mfh2 

gene 

5'- TGCTGTTGGTTAGCAGATTGC -3' 

Primer N was on S. pombe genome, 831bp downstream to the stop codon of the 

mfh2 gene 

5'- AGATGCCATTGTAATCGCTCC -3' 

" PCR conditions for the long mf h2 gene, 3.6kb: 

Step 1: 95°C 3 min 
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Step 2: 94°C 1 min 

Step 3: 53 °C 1 min 

Step 4: 72°C 4 min 

Step 5: 72 °C 10 min 
} 26 cycles 

Primer 0 was inside the mf h2 gene, 0.7kb downstream to the start codon 

5'- TCCTTGGTTTAACCGCAACT -3' 

Primer P was inside the mfh2 gene, 0.8kb upstream to the stop codon 

5'- TTCGCCGATTGATGTAGCAA -3' 

PCR conditions for the short mf h2 gene, 845bp: 

Step 1: 95°C 3 min 

Step 2: 94°C 45 sec 

Step 3: 53 °C 45 sec 

Step 4: 72°C 1 min 

Step 5: 72 °C 7 min 
} 26 cycles 

Section 4.4.2 

Primers C&D: 

The same primers as mentioned in Section 4.2.4. 

Primers I&J and K&L: 

The same primers as mentioned in Section 4.3.1. 

Primers M&N and O&P: 

The same primers as mentioned in Section 4.4.1. 

Section 4.4.3 

Mfh2 PCR from S. pombe wild type genomic DNA, 2.54kb 

Forward primer-BamHI: 5'- CAGTGGATCCATGATTGTACTGAGAGAC 
-3' 

Reverse primer-XhoI: 5'- GTCACTCGAGGCTTGAAAGACATTGCGT 
-3' 

PCR conditions for mfh2 gene, 2.54kb: 
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Step 1: 95°C 3 min 

Step 2: 94°C 1 min 

Step 3: 60°C 1 min 

Step 4: 72°C 3 min 

Step 5: 72 °C 10 min 
} 26 cycles 

Section 5.3.2 

The ura4 RT-PCR primers: 

The same primers for the 0.93kb PCR product generated from the ura4 mRNA 

including the full ORF sequence as mentioned in Section 3.2.5. 

The actl gene primers: 

The same primers for the 0.95kb PCR product generated from the actl gene as it 

mentioned in Section 3.2.5. 

Section 5.3.4 

The ura4 RT-PCR primers: 

The same primers for the 0.93kb PCR product generated from the ura4 mRNA 

including the full ORF sequence as mentioned in Section 3.2.5. 

The actl gene primers: 

The same primers for the 0.95kb PCR product generated from the act] gene as it 

mentioned in Section 3.2.5. 

Section 5.3.5 

The same primers for the l. lkb PCR product generated from the eril gene as it 

mentioned in Section 3.2.6.2. 

Section 6.2.4 

Mfh1 PCR from S. pombe wild type cDNA, 2.5kb 

Forward primer- PacI: 5'-GCCGCTTAATTAAGATGTCCGATGATTCTT 3' 

Reverse primer- BssHII: 5'-TAATGCGCGCCTAAATCAGCATTCCTITCA-3' 
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PCR condition for mfhl full gene sequence from S. pombe wild type cDNA (2.5kb): 

Step 1: 95°C 3 min 

Step 2: 94°C 1 min 

Step 3: 53 °C 1 min 

Step 4: 72°C 3 min 

Step 5: 72 °C 10 min 
} 28 cycles 

GFP PCR generated from plasmid PC181,0.8kb 

Forward primer- BssHII: 5'-CAGTAGCGCGCAGTAAAGGAGAAGAACT 3' 

Reverse primer- Munl: 5'-TCTGTGAACAATTGATGGACGACCCGAG-3' 

PCR condition for GFP gene sequence from plasmid PC181 (0.8kb): 

Step 1: 95 °C 3 min 

Step 2: 94°C 45 sec 

Step 3: 51 °C 45 sec 

Step 4: 72°C 1 min 

Step 5: 72 °C 5 min 
} 28 cycles 
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Appendix 2 (Section 3.2.1) 

Map of S. pombe ura4 expression plasmid PC 169 (original name REP4). It is 8.5kb 

in size, including the full sequence of S. pombe ura4 gene ORF between the two 

HindIII restriction sites (Maundrell, 1990). 

Xhol/Sal(/BamHl/Smal 

PC 169 

REP4Xho 
EcoRl 
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Appendix 3 (Section 3.2.2.3) 

Map of S. poinbe expression plasmid PC168 (original name REPS 1). It is S. c)kh in 

size, including a weaker promoter nnit8l and selective marker S. cerevisiae lc'u2 gene 

(Basi, et al, 1993). 
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Appendix 4 (Section 3.3.2.2) 

Primers sequences for DNA sequencing: 

Primers targeted the sequence of the ura4 DNA inserts on plasmid PC178: 

Forward: 5'- TCAATGGTCGACGTCTTTGCTGATATGCCTTC -3' 

Reverse: 5'- TAATCCCGGGGTCTTTGCTGATATGCCTTC -3' 

Primers targeted the sequence of the nmtl promoter on plasmid PC 178: 

Forward: 5'- GCGGTTGTTTCATTTCCT -3' 

Reverse: 5'- GAGCAAAAGCCAGATTGA -3' 

251 



Appendix 5 (Section 4.2.1) 

Map of S. pombe mfhl plasmid PC186. It was constructed by inserting the 2.71kb 

PCR product including the full mfhl gene sequence into the pGEM-T easy vector with 

the 5'- & 3'- restriction sites Sail & BgIII. It is 5.73kb in size with an amp" marker. 

2764 Sall 
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Appendix 6 (Section 4.2.2) 

Map of the S. pombe mfhl knock-out plasmid PC188. It was constructed by 

inserting a 1.4kb DNA including the full sequence of the kan` gene from plasmid 

PC 184 to replace a 0.95kb DNA sequence inside the mf hl gene from plasmid PC 186. 

The restriction sites for ligation were Pmel and BamHUSalI. PC188 is 6.3kb in size 

with a jr anmarker. 

3335 San 

8amHI/B ll 

423 Pmel 

3354 EcoRI 
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3368 PstI 
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Appendix 7 (Section 7.3.1) 

Development of the best UV treatment conditions for S. pombe mutagenesis using a 

Stratalinker UV Crosslinker 2400 (15 watts, 254 nm, energy 5,000 µ Joules x 100). 

Table 1: S. pombe cell viability tested by different UV treatment time of 0-5min. 

UV treatment 0 min 0.5 min 1 min 2 min 3 min 4 min 5 min 
time 

Colony No. 1076 786 632 593 558 489 298 
(YPD) 

Original cell 1.08* 108 7.86* 108 6.32* 108 5.93* 108 5.58* 108 4.89* 108 2.98* 108 
No. 

Cell viability 100% 73.4% 58.7% 55.1% 51.9% 45.4% 27.7% 

Table 2: S. pombe cell mutations of ura- tested by different UV treatment time 

UV treating 0 min 0.5 min 1 min 2 min 3 min 4 min 5 min 
time 

Colony No. 0 4 5 6 9 13 11 
(FOA) 

Original 0 4*102 5*102 6*102 9*102 1.3*103 1.1*103 
mutant No. 

Ura- 0 5.09 * 10"' 7.91 * 10"7 1.01 * 10"6 1.61 * 10"6 2.66 * 10"6 3.69 * 10"6 
mutation ratio 

Table 3: S. pombe cell mutations of trp- tested by different UV treatment time 

UV treatment 0 min 0.5 min 1 min 2 min 3 min 4 min 5 min 
time 

Colony No. 0 42 63 79 98 127 112 
(FAA) 

Original 0 4.2*103 6.3*103 7.9*103 9.8*103 1.27*104 1.12*104 
mutant No. 

Trp' mutation 0 5.34* 106 9.97* 10 6 1.33* 10"5 1.76* 10'5 2.6* 10'5 3.76* 10'5 
ratio 
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UV treatment on S. pombe wild type cells 
80 f Cell viability (%) 
70 Trp- mutation ratio (*1 OE-6) 
60 

-}- Ura- mutation ratio (*1 OE-7) 

50 
40 
30 

- 0 
0 1 234 

Time (min) 
5 6 

Graph: Curves of S. pombe wild type cell viability and trp- & ura- mutation ratios by 

different UV treatment time: 

X values show the UV treatment time, 0-5 min; 

Y values of the blue line show the percentage of cell viability under each treatment time; 

Y values of the green line show the mutation ratio of trp- under each treatment time; 

Y values of the purple line show the mutation ratio of ura- under each treatment time; 

The best UV treatment time obtained from this graph is 3.5 min, at which time -50% cells 

are alive, the mutation ratio of trp- is 2* 10-5 and ura- is 2* 10-6. 
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Appendix 8 (Section 7.3.2) 

Figure 1: Map of the S. pombe expression plasmid PC 190 (original name pNR2 10), 

which was kindly provided by Prof. Rhind (Univ. of Mass, USA). This 8.3kb plasmid 

had an adhl promoter and an ade6 marker (Kiely, et al, 2000). 
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Figure 2: Map of the 3.7kb S. pombe expression plasmid PC 191 (original name 

pFA6a-natMX6), which has a 1.2kb nat gene as selective marker, S. pombe cells 

containing this gene can survive in media with the antibiotic nourseothricin (NAT. 

Hentges, et al, 2005). 

HindlIl - 19 - A'AGCT T 
BanHI-43-G'GATC C 
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Pmd - 1271 - GTTT'AAAC 
Sad - 1280 - G_AGCT'C 

EcaRI - 1282 - C'AATT C 

257 



Figure 3: Map of the 4.2kb S. pombe expression plasmid PC192 (original name 

pFA6a-hphMX6), which has a 1.7kb hph gene as selective marker, S. pombe cells 

containing this gene can survive in media with antibiotic hygromycin B (Hentges, et 

al, 2005). 
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Figure 4: Map of the 3.5kb S. pombe expression plasmid PC193 (original name 

pFA6a-bleMX6), which has aI kb ble gene as selective marker, S. pombe cells 

containing this gene can survive in media with antibiotic phleomycin (Hentges, ei al, 

2005). 
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