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Abstract

‘The fission yeast PSCT (DNA synthesis control) transcription factor complex regulates cell
cyele-specific periodic transcription of a group of genes at the (G1-S phase transition during the
mitotic cell cycle, by binding to MCB (M cell cycle box) sequence elements common to
their promoters. Included in this group are several genes whose functions are required for the
onset and progression of S phasc, such as cdc22” (the large subunit of ribonucieotide
reductase), cig?' (the major § phase cyclin) and the DNA replication licensing factors cdc/8"
and cdt1*, In concert with cyclin-dependent kinase activity, DSC1 function is requircd for
passape of START and entry into the mitotic cell division cycle. Similar gene expression
programmes exist in both budding yeast and humans controlled by the SBF/MBF and E2F
transcription faclors, respectively.

Fission yeast DSC1 comprises two related DNA-binding subunits, Resip and ResZp,
each bound to a single molecule of the regulatory CdelGp profein, In addition, the Rep2p
protein has a transcriptioual activator function (replaced by Replp in the meiotic cycle).
Knowledge about functtonal aspects of each of the DSC1 components has been greatly
enhanced by genetic and biochemical studies. However, to date, these proteins remain poorly
characterised at the atomic level, with little known about structure beyond their amino acid
sequence. The aim of this study was to clone and bacterially express the individual DSC
genes, 10 provide sufficient protein o carry out iore detailed biophysical and functional
studies.

The cdcl0, resl”, res?” and rep2' genes, together with the putative meiatic subunit
repl”, were cloned and overexpressed in Z. coli as N-terminal histidine-tagged fusion proteins.
Inclusion of the His-tag facilitated purification of the proteins by affinity chromatography.
Fach recombinant protein (with the exception of His-Cdc10p) was shown to function i vivo;
ectopic expression of His-resi”, His-res2", His-repl” or His-rep2” rescued the cold-sensitive
lethality of the fission yeast Ares{ mutant strain. Bacterially cxpressed 1Jis-Res1p, His-Res2p
and His-Rep2p were recovered in soluble form, whilst His-Rep1p and His-Cdc10p were
detergent-solubiliscd from inclusion bodies. His-Res2p was expressed and purified in yields
sufficient (o undertake biophysical analyses. Both His-Replp and His-Cdc10p were solubitised
and purified from inclusion bodies in yields suificient for structural studies, atthough initial
biophysical dala suggests that re-folding strategies will be required to obtain active preparations
of these proteins.

In electrophoretic mobility shift assay cxporiments, neither His-ResIp nor His-Res2p
displayed detectable MCB-specific DNA-binding in vitro. Intriguingly, repiacement ol the His-
tag with an N-terminal GST-tag conferred detectable MCB-specific DNA-binding upon both

proteins. These resuits suggest that efficient DNA-binding requires dimerisation, a property
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that, at least in vitro, is apparently not naturally intrinsic to either Resp protein. Taken together,
the results presented in this study provide a. significant busis with which to undertake fulure
structurai analyses of these proteins. The implications of these results for further in vitro studies

are discussed.
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Chapter 1

Introduction




1.1 Introduction
The aim of cell division is to distribute a single, comnpleic and accurate copy of the genome to
each of two daughter cells. The most prominent events in this process are chromosomal
repiication and segregation. In eukaryotes, the mitotic cell division cycle comprises a highly
complex series of events, which are precisely regulated and co-ordinated. The entire process is
typically divided into four phases of the order: Gl, § and G2 (collectively known as
interphase), followed by M phasc and cellular division. The chromosomes are replicated during
S (synthesis) phase and a single copy of each is then segregated into two identical daughter
nuclei during M (mitotic) phase, followed by cytokinesis. Two gap phases, GGl and G2,
intercede between these two main processes, allowing time for growth and repair (Alberts et
al., 1994). During G1, the cell monitors its environment before making the decision to enter
into S phase. Entry into S phase marks an irreversible decision point, committing the cell to a
new round of mitotic cell division. Prior to entry into S phasc, the cell can undergo alternative
developmental fates. The G2 phase provides a safety gap, ensuring that DNA replication is
complete (and any DNA damage has been repaired) and the cell has grown to a sufficient size
prior to division. Mitosis can be turther sub-divided into prophase, metaphase, anaphase and
telophase. The chromosomes condense during prophase, align in metaphase, separaie during
anaphase, decondense in telophase and are segregated into separate cells following eytokinesis.
This is the basic pattern of cell division followed by all eukaryotic cells (Alberts et al., 1994).

The molecular mechanisms that are responsible for controlling the major events of the
mitotic cell cycle are widely conserved in evolution, from yeast to man. This has facilitated the
use of several diverse organisms, each with their own particular experimental advantages, as
model systems in cell cycle research. The conservation of many of the salient features has led
to a unitied theory of eukaryotic cell cycle control (Nurse et al., 1998; Nurse, 2000). This has
allowed the application of knowledge gained from more basic systems to higher eukaryotes and
bumans in particular. This is especially relevant with respect to humans, where aberrant control
of the cell cycle can manifest in potentially lethal conditions such as cancer (Ford and Pardee,
1999).

Prominent in these investigations have been the hudding yeast Succharomyces
cerevisiae and the fission yeast Schizosuccharomyces pombe, which have pioneered the

elucidation of many of the major cell ¢ycle controls (Hartwell, 1991; Nurse et al., 1998).
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1.2 Life eycles and genetics of the budding and fission yeasts

Stadies in both budding yeast and the distantly related fission yeast have been particularly
valuable in cell cycle research. Despite being uniccliular, both ycasts have most ol the basic
features that are typical of more complex eukaryotes, making them exeellent model systems for
studying the eukaryotic cell cycle (Lew et al., 1997, Forsburg and Nurse, 1991). Significantly,
budding and fission yeasts are widely divergent in evolutionary terms and so cell cycle controls
conserved between these two organisms most likely reflect mechanisms conserved throughout
all cukaryotes (Sipiczki, 2000).

The haploid genomes of both budding and fission yeasts have been sequenced and are
similar in size; 12 Mb and 14 Mb, respectively (Goffeau ct al., 1996; Wood et al., 2002). The
budding yeast genome is distributed amongst 16 chromosomes, whereas figsion ycasl contains
only 3 chromosomes that are 5.7, 4.7 and 3.5 Mb in size. In budding yeast, cells can grow
stably in either the haploid or diploid state. The mitotic cell division cycle begins with
formation of a growing bud on the parcnt cell, increasing in size as the cycle progresses.
Eventually, the bud pinches off producing an initially smaller, though genetically identical,
daughter cell (Forsburg and Nurse, 1991; Lew et al., 1997). In contrast, fission veast cells are
stable only as haploids, although the transient diploid state can be maintained under appropriate
conditions. Fission yeast cells grow by increasing length, dividing by septation and medial
fission. ‘The life cycles of thesc two yeast species are summarised in [Figures 1.1 and 1.2.

Important advances in ccll cycle research have been primarily due to the isolation of
mutants in both yeasts, which block at specific points or exhibit altered regulation of the cell
cycle. Celis that have arcested in cell cycele progress, due to mutation of a gone whosce product
is required for cell cycie progress, are called cell division cycle mmtants (Nurse et al., 1976),
Mustanis with cell cycle defects can be easily distinguished microscopically in both yeasts. [n
fission yeasl, cede mulants continve {0 grow without dividing, forming elongated cells at the
non-permissive temperature. Similarly, CDC mutants of budding yeast are recognised by their
bud morphology, whici is broadly indicative of the point of arvest (Hariwell et al., 1974).

The fission yeast cell cycle has distinct (G1, 8, (32 and M phases similar to that of higher
cukaryotes. In budding yeast, however, many of the common cytolegical markers of the G2 and
M phases (i.e. spindle pole body duplication, mitotic spindle formation) appear carly in the
cycle, to allow formation of the bud and migration of the nucleus to the bud neck, Budding
yeast therefore lacks clear definition between the S, G2 and M phases of its mitotic cycle
(Forsburg and Nurse, 1991).

There are two major control points in both yeasts mitotic cell cycle, one in late G1 called
‘START’ and the other in latc G2 rogulating mitotic entry. Similar to higher eukaryotes,
budding yeast chiefly regulates its cell cycle at the GI-S transition (Hartwell, 1974). In rapidly
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srowing fission yeast S phase is normally initiated before the completion of cytokinesis and
thus the G1 phase is very shorl. Under these conditions, fission yeast chiefly regulates its cell
cycle at the G2-M fransition where information on cell size and nutrition is monitored
(MacNeill and Nurse, 1997). This situation is advantageous to a haploid organism as the
majority of the cycle is spent in possession of twe full copies of the genome, which may
facilitate protection against DNA damage (Forsburg & Nurse, 1991; Humphrey, 2000). Indeed,
the size control operating at G1 is normally cryptic, only becoming apparent under nutritional
limitation or in certain cell cycle mutants. In the so-called wee mutants, cclls divide belore the
parent has grown to its normal size, thus forming daughter cells that are smaller than normal.
Consequently, the G1 phase is lengthened to allow cells to reach a critical size before entry into
S phase (Nurse, 1975; Nurse, 1990),

In both organisms, passage of START and entry into S phasc requires prior completion
of mitosis in the previous cycle and a minimal cell size, in addition to propitious envivonmental
conditions. When nutrients are in pleatiful supply, cells grow and enter the mitotic cell cycle
leading to DNA replication, chromosome segregation and the production of iwo genetically
identical daughter cells. In the absence of nutrients the cell can undergo either of two
alternative fates. Cells can exit from the mitotic ¢ycle and accumulate in stationary phase (a
metabolically dormant state where cells await the rcturn of propitious conditions before
returning to the mitotic cycle). Alternatively, in the presence of cells of the opposite mating
type, conjugation can occur, producing a diploid zygote. In budding yeast, diploid cells are
stable and can undergo mitotic as well as meiotic division. In contrast, the diploid state in
fission yeast is short-lived, almost immediately entering meiosis and sporulation.

A contral point similar to START exists in mammalian cells, known as the ‘Restriction
point’ (R), which also corresponds to an irreversible commitment to mitatic division (Pardee,
1974; Blagosklonny and Pardee, 2002). Simtlarly, mammalian cells can also exit the cell cycle
prior to the Restriction point, entering into a quicscent state known as GO. This state is often
confused with the stationary phase of the two yeasts, which resulls from nutrient limitation that
causes cells to accumulate before the size control that operates at START (Bartlett and Nurse,
1960), Withdrawal from the cell cyelc in higher cukaryotes results from the absence of
mitogenic growth factors (or indeed the presence of negative regulatory growth faclors).
Consequently, as the cell is not starved of nutrients, it remains metabolically active, albeit at a
reduced level (Lodish et al_, 1995).

In all cells, once START/R is passed the cell is committed to the mitotic cell cycle, until
it returns to G1 (Forsburg and Nurse, 1991). Passage of the G2 control point and entry into
mitosis is also dependent on the cell reaching a certain minimum size, as well as prior

completion of § phase and repair of any DNA damage.
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Figure 1.1 The life cycle of the fission yeast Schizosaccharomyces pombe

Fission yeast cells grow stably as haploids and propagate by mitotic division. In the absence
of sufficient nutrients cells can exit from mitotic growth and enter into stationary phase.
Alternatively, in the presence of cells of opposite mating type (h' and h’) conjugation occurs
forming a diploid zygote. The diploid state is unstable in fission yeast and proceeds directly
into the meiotic cycle, producing a zygotic ascus containing four haploid ascospores. In
favourable conditions the four haploid spores can again re-enter the mitotic cycle. The
transient diploid state can be maintained if nutrients are re-supplied immediately following
conjugation. In this case, the diploid cell can undergo diploid mitotic growth until nutrients
become limiting. Starved diploid cells proceed into the meiotic cycle producing an azygotic
ascus.
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Figure 1.2 The life cycle of the budding yeast Saccharomyces cerevisiae

Budding yeast cells are capable of growth both as stable haploids and diploids.

In the absence of sufficient nutrients cells can exit from mitotic growth and enter into
stationary phase. Alternatively, in the presence of cells of opposite mating type (a and )
conjugation occurs forming a diploid zygote. If nutrients are re-supplied, the diploid cell
enters into the diploid mitotic cycle. However, if starved, diploids cells proceed into meiosis
and sporulation forming four haploid cells, which can re-enter the mitotic cell cycle under
favourable conditions.



1.2.1 A notc on nomenclature

‘Throughout this thesis, reference will be made primarily to proteins involved in fission veast
cell cycle control. However, in the course of the discussion, proteins with analogous fimctions
in both budding yeast and humans will be referred to. Therefore, in the interest of clarity,
proteins from different organisms will be distinguished by the following prefixes: Sp

(Schizosaccharomyces pombe), Sc (Saccharomyces cerevisiae) and Hs (Homao sapicns).

1.3 The molecular mechanisms of the mitotic cell cycle

As described in Scction 1.2, in both budding and fission yeasts and mammalian cells, the
decision to enter a pew round of chromoscome duplication and ccllular division is made at a
control poiot in late G1 phasc known as STAR'T/R. There are two main molecular mechanisms
responsible for controlling passage through START/R and entry inlo S phase, cyclin-dependent
kinase (CDK) activity and the cell cycle-regulated periodic transcription of genes that are
essential for S phase onsel and progression.

The latter of these two mechanisms, which is central o this thesis, is discussed in more
detail later (Section 1.6). The temporal association of distinct cyclin-CDK complexes, whose
activities regulate the phase-specific events, primarily control the orderly progression of the
cell cyele, In budding yeast a singte CDK, ScCdc28p, is the major regulator of the cell cycle. In
G1 phase ScCdc28p associates with the Gl cyelins SeCinlp, ScCin2p and SeClo3p driving
passage of START and entry into S phase, in tandem with the MBF and SBF factors
responsible for (G1-S phase-specific transcription {Section 1.5.1). SeCdc28p then controls the
onset of S phase and DNA replication in association with the ScClb5Sp and ScClbop cyclins,
whilst the ScClbi-4p cyelins govern the onset and progression of milosis {Nasmyth, 1996).

In mammalian cells there is morc than one major CDK controlling the cell cycle, with
HsCdklp, HsCdk2p, HsCdk4dp and HsCdkép the most prominent. Passage of the Restriction
paint and entry into S phase requires HsCdk4p/HsCdkép-cyclin D and 1isCdk2p-cyelin E
kinase activities and the expression of several genes under control of the E2F family of
transcription factors (Section 1.7). HsCdk2p then associates with cyclin A during S phase and
(G2 whilst HsCdklp-cyclin B drives mitosis (Sherr, 1996).

Similarly to budding yeast, a single CDK, SpCdc2p, drives the cell cycle in fission
yeast and requircs the cxpression of several genes under control of the DSCI1 complex, the
focus of this thesis (Section 1.6). The molecular control mechanisms of the fission yeast mitotic
cell cycle are described in more detail below. Many of the main regulatory processes are
conserved throughout evolution and consequently, several of the molecules and mechanisms

are similar in both budding yeast and higher eukaryotes, and arc alluded to where appropriate.




1.3.1 The molecular mechanisms of the mitotic cell eycle in fission yeast

1.3.2 The G1-S transition

In fission yeast both the SpCdec2p kinase and DSCl-dependent transcription activities arc
required for passage of START and entry into S phase, (Nurse and Bissett, 1981; MacNcill and
Nurse, 1997). In early G1 phase the mitotic form of SpCde2p (associated with the SpCdcl3p
cyclin) predominates, enduring from the previous M-phase (Booher ct al., 1989; Moreno et al.,
1989). However, SpCde2p-SpCdel3p kinase activity is prohibiled at this stage by CDK
inhibition and cyclin proteolysis (Moser and Russell, 2000). The CDK inhibitor SpRumip
plays a major role in cell cycle regulation during G1 phase by binding to and inhibiting
SpCdc13p. In addition, SpRumlp targeis SpCdel3p for ubiquitin-mediated proteolysis by the
26$ proteasome (Correa-Bordes et al., 1997; Benito et al., 1998).

Ubiquitin-mediated proteolysis plays an important role in the cell cycle, targeting
proteins for degradation by the 26S proteasome in (51-8 phases and also during mitosis (Stone
and Gordon, 2003). In mitosis, proteolysis is required for sister chromatid separation (at the
metaphase to anaphase transition) and the degradation of mitotic cyclins, essential for the exit
from mitosis (Section 1.3.6). The anaphase-promoting complex/cyclosome (APC/C) is a cell
cycle-regulated multimeric complex that catalyses the transfer of ubiguitin to target proteins
(Morgan, 1999; Harper et al., 2002). The APC/C is regulated by the reversible binding of
activator proteins, which provide substrate specificity. In fission yeast, the SpSlplp and
SpStedp proteins are important for APC/C function. SpSteSp only interacts with APC in G1,
where it targets the mitotic cyclins, SpCdcl3p and SpCiglp, tefiover from the previous M
phase. SpSte9p itself’ is negatively regulated by SpCde2p-dependent phosphorylation, causing
dissociation from the APC/C and subsequeni degradation (Blanco ct at., 2000).

The combined effects of SpRumlp and APC/C-SpSte9p ensure that any SpCde2p-
SpCdel3p kinase activity remaining from the previous M phase cannot act in G1. This is
crucial, since inappropriate triggering of mitotic events at this point could induce cells to divide
with unreplicated chromosomcs, leading to aneuploidy.

Meanwhile, during G1, the DSC1 complex activates iranscription of the major S-phase
cyclin, SpCig2p (Connolly and Beach, 1994; Obara-Ishihara and Okayama, 1994). Initially,
SpRumip inhibits SpCde2p-SpCig2p kinase activity (Benito ot al, 1998). However, the
SpPuclp and SpCiglp cyclins (both of which are insensitive to SpRumlp) associate with
SpCdc2p, leading to the phosphorylation and inactivation of SpRumlp (Martin-Castellanos et
al., 2000; Moser and Russell, 2000). Consequently, SpRumip is degraded allowing SpCde2p-
SpCig2p activity to increase, thereby promoting entry into S-phase (Martin-Castellanos ct al.,
1996; Mondesert et al., 1996; Benito et al., 1998).
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1.3.3 Onsct of S phase

The molecular mechanisms that regulate DNA replication in eukaryotes are only parily
understood. However, many of the factors involved are largely conserved, with the result that a
general picture of the regulation of DNA replication initiation has emerged from genetic and
biochemical studies in both yeasts and higher eukaryotes (Keily and Brown, 2000; Lei and Tye,
2001).

1.3.3.1 Origins of replication

At the onset of S phase, DNA replication is initiated at multiple specific sites throughout the
genome known as origins of replication (Kelly and Brown, 2000). These cis-acting DNA
clements have been particularly well characterised in budding yeast, and are known as
autonomons replicating sequences (ARS) based on their ability to promote the autonomous
replication of plasmids (Marahens and Stillman, 1992). Budding yeast ARSs are defined by an
11 bp AT-rich consensus sequence that is distributed over sequence blocks of 100-200 bp
(Marahens and Stiilman, 1992). The sequences defining replication origins in fission yeast and
bigher eukaryotes are less well defined, although AT-rich regions also appear to be important
(Oknno et al,, 1999; Masukata et al., 2003).

1.3.3.2 The origin recognition complex

In all cukaryotes examined, replication origins are bound by a hetero-hexameric origin
recognition complex (ORC), which in fission yeast comprises the SpOrplp-SpOrp6p proteins
(Moon et al., 1999; Chaung et al., 2002). The ORC was originally identified in budding yeast
based on its ability to bind the well-defined ARS and is widely conserved; analogous
complexes are found in higher eukaryotes (Beil and Stillman, 1992; Kelly and Brown, 2000).
Studies in fission yeast have shown thai ORC remains bound to chromatin, via SpOrpdp,
throughout the cell cycle (Lygerou and Nurse, 1999; Chuang and Kelly, 1999). ORC appears to
function as a scaffold, upon which occurs the ordered assembly of several proteins, culminating
in the recruitment and activation of the DNA replication machinery (Brown and Kelly, 2000;
Lei and Tye, 2001).

1.3.3.3 The minichromosome maintenance complex

Tight control over the initiation of DNA replication is crucial to ensure that it occurs only once,
and at the appropriate time, in each cell cycle. Of particutar importance, in this context, is the
recriitment of the mini-chromosome maintenance complex (MCM) to origins, in a process
known as DNA licensing. Similarly to ORC, the MCM genes werc originally identified in
budding yeast, as mutants unable to support the maintenance of mini-chromosomes (i.e.

replication of plasmids; Tye, 1999). The MCM complex is a hetero-hexamer composed of the




SpMem2p-SpMem7p proteins, all ol which share conserved nucleotide binding domains, and is
widely conserved throughout ecukaryotes (Forsburg, 2004). Accessory proteins, which
themselves are preciscly regulated, tightly control the loading of the MCM complex onto

origins.

1.3.3.4 SpCdc18p, SpCdtlp and the control of DNA licensing

The critical factors for DNA licensing in fission yeast are the SpCdel8p and SpCdtlp proteins,
homologues of which exist in budding yeast and higher eukaryotes, ScCdc6p/HsCde6p and
ScTah11p/HsCdtlp, respectively (Kelly et al., 1993; Hofmann and Beach, 1994; Lygerou and
Nurse, 2000; Tanaka and Diffley, 2002). Their presence is essential for loading the SpMcm2p-
SpMem7p complex onto origius associated with ORC, thereby licensing DNA for replication
(Nishitani et al., 2000; Lygerou and Nurse, 2000). SpCdcl8p and SpCdtlp associate with
chromatin independently of each other, yet act co-operatively to bring aboul the construction of
the pre-replicative complex (pre-RC) on origins (Figure 1.3; Lygerou and Nurse, 2000). Both
proteins are transcribed in late M phase, under the coutrol of the DSC1 complex (Baum et al,
1998; Nishitani et al., 2000). At this poinl, SpCdcl18p levels are kept low by SpCde2p-
SpCdc13p-dependent phosphorylation and subsequent degradation (Jalepalli et al, 1997;
Lopez-Girona ct al, 1998). However, as cells exit mitosis and enter G1, the mitotic SpCdc2p-
SpCdcel3p kinase activity decreases (Section 1.3.2) and accumulation of SpCdcl8p ensues
{Baum et al, 1998; Jallepalli et al, 1997; l.opez-Girona et al, 1998). The combination of
transcriptional and post-transiational controls ensures & sharp increase in SpCdc18p as cells exit
mitosis and enter G 1, with the presence of both SpCdc18p and SpCdtip proteins bound to ORC
facilitating rceruitment of the SpMem2p-SpMem7p complex (Nishitani et al, 2000).

1.3.3.5 Activation of DNA replication: CDK and DDK
Following assembly of the pre-RC, DNA replication is activated by the actions of two sets of
protein kinases, the CDK SpCdce2p-SpCig2p and the DDK (Dfpl-dependent kinase) SpHsk1p-
SpDfplp. The SpCdc2p-SpCig2p kinase is the major S phase promoting CDK in fission yeast
(Section 1.3.2). The SpHsklp protein is a member of the Cde7p family of protein kinases that
are essential in all eukaryotes for the initiation of DNA replication (Brown and Kelly, [998).
Although SpHsklp alone has kinase activity, association with SpDfplp provides substrate
specificity (Brown and Kelly, 1998; Brown and Kelly, 1999). The abundance of SpDiplp is
regulated throughout the cell cycle both transcriptionally and post-transcriptionally (Brown and
Kelly, 1999).

Although the specific targets of SpCde2p-SpCig2p are unclear, with respect to
replication imitiation, SpHsk1p-SpDiplp can phosphorylate the SpMem2p-SpMem7p complex
in vitro, on SpMem2p and SpMcmdp (Brown and Kelly, 1998; Lee et al., 2003}, In fission




yeast, a sub-complex of the SpMcem-4p -6p and -7p proteins has been shown to possess helicase
activity in vifre, and it has been proposcd that phosphorylation of the SpMemZp-SpMem7p
complex could activate intrinsic DNA helicase activity, which may be important for DNA
unwinding at replication forks (Lee and Ilurwitz, 2001). SpHsklp-SpDfplp-mediated
phosphorylation of SpMcem2p is dependent on the association of the DDK with the SpCdc23p
protein, suggesting an accessory role for this protein in recruiting SpHsk Lp-SpDfp | p to origins
(Lee et al, 2003). Recent experiments have revealed a further role for SpCde23p in recruiting
the ScCdc45p homologue SpSna4ip to origins (Gregan et al., 2003).

The recruitment of SpSna41p is likely to be important for loading of DNA polymerase
o onto the SpMem2p-7p complex (Lichiyama et al., 2001). Activation of DNA replication then
begins following recruitment of other components of the replication machinery (Diffley and
Labib, 2002). Despite the lack of clarity regarding specific phosphorylation targets, the CDXK
and DDK activities initiate a chain of events that ultimately Icads to cstablislunent of functional
replication forks (Diffley and Labib, 2002). Following replication, the two daughter DNA
molecules remain tightly associated in a process called sister chromatid cohesion. This requires
a number of factors and can only occcur during DNA replication (Section. 1.3.6). Cohesion
occurs at specific sites, including centromeres, and is crucial for mitosis and also important for
DNA repair, Termination occurs when two replication forks meet and the nascent DNA from

the two forks is ligated together (Diffley and Labib, 2002).

1.3.3.6 Prevention of re-replication

In addition to functioning as an activator of DNA replication, SpCdc2p-SpCig2p also has a
negative role in preventing re-initiation from origins following activation (Jallepalli et al.,
1997; Lopez-Girona et al., 1998). This apparently contradictory behaviour is crucial, both to
ensure proper initiation of DNA replication and the prevention of re-replication. Whilst
SpCdc18p accumulates (in late milosis) as a result of declining SpCde2p-SpCdci3p activity, it
is phosphorylated and targeted for degradation by the rising SpCde2p-SpCig2p kinase activity,
in late G1 (Jallepalli ct al., 1997, Lopez-Girona et al., 1998). Furthermore, cdc/8" expression
declines during S phase (Kelly et al., 1993). As a consequence of this dual control, SpCdc18p
dissociales from origins, thereby preventing re-initiation at origins that have already fired.
Consistent with ¢dt” transcription being under DSC1 control, the expression pattern is similar
to cdcl8' (Hofmann and Beach, 1994; Nishitani ct al., 2000). The protein levels also tluctuate
in parallel with SpCdc18p, suggesting that SpCdtlp may alse be degraded in a CDE-dependent
process {Nishitani et al., 2000). Thus, hoth CDK-dependent proteolysis and cell cycle-regulated
periodic transcription conspire to cnsure that re~initiation is prevented vntil the following M

phase has passed. It has recently been shown that the SpCdc2p-SpCde13p kinase also plays a
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crucial role in preventing re-initiation by bindimg to replication origins (via ORC), presumably

by phosphorylating and inactivating components of the pre-RC (Wuarin ¢t al., 2002).
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@ Initiation of DNA replication

Figure 1.3 Model for fission yeast DNA licensing and replication

(A) ORC is bound to origins throughout the cell cycle. At the end of M phase, Cdc18p and
Cdtlp are recruited independently to ORC at origins to which Cdc23p binds. (B) Cdc18p and
Cdtlp then recruit the MCM complex, thereby forming the pre-RC. This is known as DNA
licensing. (C) The SpCig2p-SpCdc2p and SpHsk1p-SpDfplp protein kinases then play
essential roles in triggering the initiation of DNA replication. SpCdc18p and SpCdtlp are
removed for degradation and SpHsk1p-SpDfp1p phosphorylates the SpMem2p-SpMcm7p
complex, thereby promoting its helicase activity. (D) After activation of these protein kinases,
additional factors such as SpSna4 1p are recruited, and origins are unwound. (E) Finally, DNA
polymerase a, single strand DNA-binding protein (RPA) and primase are recruited and semi-
conservative replication ensues (Adapted from Lei and Tye, 2001).




i.3.4 The G2-M transition

Al the end of G2 phase, when cells reach a critical size, M phase is induced due o increasing
SpCde2p-SpCdcel3p kinase activity (Nurse, 1990; Moser and Russell, 2000). Activation of
SpCde2p-SpCdel3p is essential for entry into mitosis and represents the rate-limiting step
(Nurse, 1990). After passing START, SpCde2p is associated with SpCdel3p in S phase,
staying associated throughout the entire length of G2, but aclivily is kept low by inhibitory
phosphorylation on Tyrosine-15 (Y-15), carried out by the SpWeelp and SpMiklp kinases
(MacNeill and Nurse, 1997). To induce mitosis, SpCde25p de-phosphorylates SpCde2p at V-
5. Activation of SpCde2p-SpCdci3p is promoted by the activation of SpCdc25p and the
SpWeelp inhibitory kinases, SpCdrip and SpCdr2p (MacNeill and Nurse, 1997).

The mikl" gene is under transcriptional control of the DSC1 complex (Ng ¢t al., 2001).
Consequently, mik!* mRNA and protein levels increase in S-phase (Baber-Furnari et al., 2000;
Chrisiensen et al., 2000). This suggests that the presence of SpMiklp in S phase is important
for maintaining the low SpCdc2p-SpCdcl3p activily during G2 phase (Baber-Furnari ot al,,
2000; Christensen et al., 2000). In contrast, SpWeelp levels are constant throughout the celi
cycle (Moser and Russell, 2000). SpCdc25p appears to be regulated at a translational level,
since SpCdce25p synthesis is particularly sensitive to reduced translation initiation activity
(Daga and limenez, 1999). This suggests that control of SpCdc25p translation initiation may
form part of the mechanism coupling cell growth with cell division (Daga and Jimenez, 1999;
Kellogg, 2003). Co-ordination of these mitotic inhibitors and activators ultimaiely leads to an
increase in SpCde2p-SpCdci3p kinase activity, which facilitates the subsequent mitotic events

{Nurse, 1990; Su and Yanagida, 1997).

1.3.5 Checkpoint controls: DNA integrity

Before 2 cell can exit G2 phasc and enter inio mitosis, it st ensure that the genome has boen
fully and faithfully replicated. Two signal transduction cascades (known as checkpoints)
operate in cukaryotes to ensure that when DNA 1s damaged or replication perturbed, normal
ccll eyele progression is delayed (Hartwell and Weinert, 1989). Delayed mitotic eniry permits
completion of either the replication or repaic processes. These control mechanisms are crucial
to prevent the propagation of potentially genotoxic mutations and cell division with an
incomplete genome.

The main cffectors of the checkpoint pathways are the SpChkip and SpCdslp protein
kinases, which function in response to DNA-damage and stalled DNA replication signals,
respectively (Rhind and Russell, 2000; Boddy and Russell, 2001). These signals are sensed and
relayed by the checkpoint SpRadp proteins, which in turn control the kinase activity of
SpChklp and SpCdslp. Several of the gene preducts involved in checkpoint control in fission

yeast are widely conserved in evolution (Carr and Caspari, 2003).
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In fission yeast, the checkpoint kinases indirecily maintain the inhibitory Y-15
phosphorylation of SpCdc2p, thereby preventing mitotic entry (Section 1.3.4; Rhind et al.,
2000). Accordingly, the targets of SpChklp and SpCdslp are the SpCdc25p and SpMiklp
proteins, although the exact mechanisms ave unclear (Rhind et al, 2000). Regulation of
SpWeelp does not seem to be important for checkpoint function (Rhind and Russell, 2001). 1t
has been proposed that, in response (0 DNA damage, SpChk1p negatively regulates SpCdc25p
phosphatasc activily (Rhind ct al., 2000}. Consistent with its role during S phase, SpMikip
levels are increased following DNA damage, and therefore may also conirtbule to the
checkpoint response by increasing its SpCdc2p Y-15 directed kinase activily (Baber-Furnari, et
al., 2000). Checkpoint-mediated inhibition of SpCdc25p and activation of SpMiklp ensures
that SpCde2p Y-15 phosphorylation is maintained, thereby preventing enfry into mitosis.

1.3.6 Mitosis and cytokinesis
The major processes that occur during M phase, required 1o divide the replicated genome
equally into two cells, are essentially similar in all eukaryotes examined (Alberts et al, 1994).

Mitosis is characterised by a highly complex series of cytoskeletal and nuclear re-
arrangements, which together achicve chromosome condensation, segregation and cytokinesis
(Alberts et al, 1994). 'thesc events are triggered by the M phase CDK-dependent
phosphorylation of numerous substrates. When M phase CDK aclivily reaches a eritical level,
cells proceed from G2 into mitosis. Conversely, mitotic ¢xit relies on inactivation of this CDK
activity via vbiquitin-mediated proteclysis of the mitotic cyclins (Morgan, 1999). Loss ol
mitotic CDK activity is conirolled by the actions of the highly regnlated APC/C (Scction 1.3.2;
Morgan, 1999; [larper et al., 2002).

in Fission yeast, the numerous events of mitosis arc brought about by the rise in
SpCde2p-SpCdel3p kinase activity, controlled at the G2-M transition by the action of
SpCde25p (Scetion 1.3.4; MacNeill and Nurse, 1997). SpCde2p-SpCdel3p is the major mitotic
kinase in fission yeast, although more recenily additional roles {or the Polo, Aurora and NIMA
kinases have been described (Nigg, 2001).

Preparation for mitosis begins during S phase, when newly replicated sister chromatids
are joined together by a complex of proteins collectively known as eohesins, and the spindle
pole body is duplicated (Nasmyth ct al., 2000). In fission yeast, the cohesin complex is
composed of four proteins, SpPsmlp, SpPsm3p, SpRad21p and SpPsc3p (Hagstrom and
Meyer, 2003). Cohesion between sister chromatids is required to prevent premature separation
prior to the onset of anaphase, important in preventing aneuploidy.

Prophase: The onset of M phase is then initiated by compaction of chromosomes, in a
process known as condensation. Clhromosome condensation is required (0 re-organize the

loosely packed interphase assortment into highly compact structures. This is necessary to
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permit attachment of the mitotic spindle to centromeres and allow separation without
entanglement. A multi-protein complex, known as condensin, cffects the necessary changes in
chromosome structure. In fission yeast, condensin is composed of an SpCutl4p-SpCui3p
hetero-dimer associated with SpCnd|p, SpCnd2p and SpCnd3p (Hagstrom and Meyer, 2003).

Metaphase: The opposing forces of the mitotic spindies, pulling sister chromatids
toward opposite poles of the cell, arc connteracted by the maintenance of chromosome
cohesion. As a result, the sister chromatids align along (he weiaphase plate. At this point, a
spindle checkpoint mechanism monitors the altachment of the mitotic spindle to chromosomes,
delaying anaphase until all chromosomes are properly attached and under tension.

Anaphase: Following bipolar attachment of the chromoesomes to the spindle, anaphase
begins. During anaphase, cohesion between sister chromatids is dissolved and chromosomes
are separated. Anaphase onset is induced by the activating phosphorylation of the APC/C, at
this point associated with SpSlplp. APC/C-SpSlpip facilitates separation ol sister chromatids
by ubiquitylating a protein commonly known as securin. The securin protein is normally
complexed with a protease separin, which is held inactive in this helerodimeric stale (Yanagida,
2000). It is thought that ubiquitin-mediated proteolysis of sccurin liberates the separin subunit,
thereby releasing its proteolvtic potential. ln fission yeast, SpCut2p and SpCutlp are the
putative securin and separin proteins, respectively (Yanagida, 2000). The liberated separin
protease then degrades the cohcesins responsible for sister chromatid attachment. Loss of
cohesion releases the physical tension at the metaphase plate, thereby allowing mitotic spindles
to elongate, segregating the sister chromatids Lo opposite poles of the cell.

Mitetic cxit (telophase and cytokinesis): Lxit from mitosis requires the inactivation
of mitotic CDK activity. Loss of CDK activity is mediated by the destruction of the mitotic
cycling, by ubiquilin-mediated proteolysis (Morgan, 1999). A conscrved signalling cascade
governs the co-ordination of late mitotic evenis in both budding and fission yeasts, known as
the mitotic exit nctwork (MEN) and seplation initiation network (SIN), respectively
(McCollom and Gould, 2001; Bardin and Amon, 2001). The SIN is a GTPase-regulated protein

kinasc cascade, which functions to regulate the initiation of cytokinesis al the end of anaphase.
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1.4 Cell cycle-regulated transcription

One of the key mechanisms deployed in controlling the cell cycle is the phase-specific
regulation of transcription. Typicaily, several groups of genes are co-ordinately expressed at a
particular period in the cell cycle, commonly correspending to the phase during which their
function is required (Breeden, 2003; Mcinerny, 2004). Co-ordinated transcription programmes
are dependent on the recognition of specific cis-acting DNA sequences in gene promoters, by
{rans-acting proteins. These sequence-specific transcription factors in turn recruit chromatin re-
modelling machines and components of the general transcriptional apparatus, thereby
controlling transcriptional initiation (Levine and Tjian, 2003).

It has been proposed that phase-specific transcriplion programmes may serve to limit
the functions of parficular gene products to a particular point in the cycle at which they are
required (Brecden, 2003; Mclnerny, 2004). in some cases this may be important for cell cycle
progression per se. For example, inappropriate expression of a cyelin (or another key cell cycle
regulator) outwith its rormal period of activity may be deleterious (o (he cell. However, in the
majority of cases, a gene may bc periodically expressed simply as a means of conserving
resources. Nevertheless, the fact that phase-specific transcription programmes are a universal
{eature of the eukaryotic cell cycle (being widely conserved from yeast to humans) is indicative
of its importance. Recent microarray studies have revealed the extent of this regulatory
mechanism during the cell cycle. In budding yeast, ~800 genes have becn identified whose
transcripts are cell cycle-regulaied (Spellman et al, 1998). Similarly, in fission yeast ~400
genes display a cell cycle-periodic increase in their transcription (Rustici et al., 2004) and in
human cclls approximately 700 genes display a cell cycle-periodic increase in their

transcription {Cho et al., 2001).

1.5 Cell-cycle regulated transcription at the G1-S transition

As described previously, START/R marks the point of irreversible commitment fo the mitotic
cell division cycle, requiring propitious conditions and CDK activity (Section 1.2). A key
{unction of the CDK at this stage is o aclivate transcription of several genes, whose functions
are required for progression inta S phase. Of these gencs, perhaps the most salient are the G
and S phase cyclins, which associate with the CDK to allow passage of START/R and drive
downstream events. Correct temporal expression of these genes is, theretore, crucial for correct
cell cycle progression.

Cell cycle-regulated transcription at the G1-S phase boundary has been particularly
well studied in the budding and [ission yeast systems. 1n budding yeast, two DNA-binding
factors, known as SBF and MBF, are responsible for initiating this co-ordinated programme of

gene exprossion (Merrill et al., 1992). In {ission yeast, a single MBF-like complex, referred (o
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here as DSC1’, performs an analogous function (Whitchall et al., 1999). Yhe remarkable
structural and functional homology shared by the MBF/SBF and DSCI systems, suggests that a
co-ordinated programme of GI-S phase-specific transcription is widely conserved in
eukaryotes. Regulation of transcription at the G1-S phase {ransition has been well documented
in mammalian cells, under the control of the E2F complex (Dvson, 1998}. Although not related
to cither of the yeast DNA-binding factors at the primary structure level, E2F shares some
striking similaritics and therefore appears to be responsible for regulating the equivalent

process in humans (Section 1.7).

* DSCT is the traditional name for the 31-S-repulatory Lanscription factor comiplex in fission ycast; however. it ts
now commonty referred to as MBF. Lherefore, in this thesis, to avoid confusion during the discussion of both MBF

complexes in the fission and budding yeasts, the former is referred to as DSC1 whilst the latter MRBF,
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1.5.1 G1-S phase-specific transcription in budding yeast

In budding voast passage of START and entry into S phase requires the activity of the
ScCdc28p kinase in association with the Gl cyclins, SeCinlp, ScCin2p and ScCin3p
(Nasmylh, 1996; Lew et al., 1997). The ScClup-ScCdc28p kinase activities are required for
passage of START and the carly events of the cell cycle: initiation of DNA replication, spindle
pole body duplication and bud formation (Nasmyth, 1996; Lew et al., 1997). Transcription of
CLNI and CLN2 is phase-specific, peaking in late G1, whereas CLN3 is transcribed earlier,
peaking at the M-G1 boundary (Ogas et al., 1991; Mclperny et al., 1997; MacKay et al., 2001).
in addition, transeription of the PCLI and PCL2 cyclins, which may also have a role al
START, is regulated similarly to CLNI and CLN2 (Espinoza et al., 1994; Measday et al.,
1994). A large number of genes (>200), in addition to the G1 cyclins (excluding CLN3), have
been identified, including the CLBR3 and CLB6 cyclins required for entry into S phase, thal are
periodically (ranscribed in late G1 phase (Epstein and Cross, 1992; Schwob and Nasmyth,
1993; Spellman et al., 1998). These genes can be sub-divided into two groups based on the cis-
acting regulatory sequence element present in their promoter and their cognale DNA-binding
factors. Activation of both of these transcription factors requires the SeCin3p-ScCde28p kinase
activity (Wijnen et al., 2002).

1.5.2 The SBF complex

The first group of genes, which include the CLNI, CLN2, PCLI and PCL2 cyclins, contain a
common 5° CACGAAA 3’ scquence element in Lheir promoter, known as the ScSwidp-
ScSwiop cell cycle-box (SCB). Transcription of these genes is activated tn late G, dependent
on the heterodimeric SCB-binding factor (SBI'), vomposed of the SeSwiép and ScSwidp
proteins (Koch and Nasmyth, 1994; Iyer et al., 2001).

The first evidence of a role for the SHWIZ7 and SWIi6 gene products in transcriplional
regulation was the discovery that both were required, together with a repeated promater
element (now known as the SCB), for the cell cycle-repulated and START-dependent
transcription of the O endonyclease pene, involved in the mating type switeh (Breeden and
Nasmyth, 1987a). Furlthcrmore, the pleiotropic effects displayed in either swi4 or swi6 mutants
(which arc not seen in Ao mutants) and the lethality of the swi4 swi6 double mutant indicated
that these gene products must function in some other essential cellular pracess (Breeden and
Nasmyth, 1987a). The role of these proteins as transcription factors was confirmed
subsequently, when they were biochemically identified (in band-shift assays), as componenis of
an SCB-specific DNA-binding factor (Andrews and Herskowitz, 1989a; Andrews and
Herskowitz, [989b; Taba et al., 1991).

Both proteins display a modular architecture typical of transcription factors (Figure 1.4).

In the SBI complex, sequence-specific DNA-binding is mediated by an N-terminal domain in
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the 123 kDa ScSwi4p subunit. ScSwidp also contains centrally located ankyrin-repeat motifs,
thought to be involved in protein-protein interactions, and a C-terminal heterodimerization
domain {Andrews and Herskowiiz 1989b; Primig et al., 1992; Botk et al., 1993; Sedgwick and
Smerdon, 1999).

The 92 kDa ScSwibp protein has no intrinsic DNA-binding capability, instead playing a
regulatory role, containing distinct N and C-terminal transcriptional activation domains
(Sedgwick et al., 1998). ScSwibp also contains the centrally located ankyrin-repeat motits and
heterodimeriscs with ScSwidp via their C-termini (Breeden and Nasmyth 1987b; Primig et al,
1992: Andrews and Moore, 1992; Foord et al., 1999), Mutational analyses of ScSwibp indicate
that the ankyrin-repeat motils and a Ieucine zipper region (located in the C-terminal third of the
proiein) are required for DNA-binding by the ScSwidp/ScSwiGp complex (Sidorova and
Breeden, 1993). The ankyrin-repeat motifs are dispensable for the association of ScSwidp and

ScSwibtp (Andrews and Moore, 1992).

1.5.3 The MBF complex

A second group of genes are also periodically expressed in late G1, and encode a wide range of
factors required for S phase, including several proteins necessary for DNA synthesis (Johaston
and Lowndes, 1992; Koch and Nasmyth, 1994). Alhough many of these gene products are
stable throughout the ccll cycle, and therefore not rate-limiting, others such as the CLB5 and
CLB6 cyclins are important for cell cycle progression per se (Epstein and Cross, 1992; Schwob
and Nasmyth, 1993). Similarly to SBF-regulated genes, this second group are also dcfined by a
cis-acting regulatory element common to their promoters. This clement has the consensus
sequence 53 ACGCGT 37, which coincidentally corresponds to the Myt restriction enzyme
recognition site. Thus it is known as the Mful cell cycle box (MCB), and is both necessary and
sufficient for the cell cycle-repulated late G1 expression of these genes (Mclntosh ot al, 1991,
Lowndes et al, 1991). The MCB motif is bound by the heterodimeric MCRB-binding factor
(MBF), which is composed of SeSwi6p and ScMbplp (Lowndcs et al., 1991; Lowndes et at,,
1992b; Dirick et ab., 1992; Koch et al., 1993; lyer et al., 2001). Analogous to SBF, the
regulatory {unction is provided by ScSwi6p, whilst the 120 kDa ScMbplp protein provides the
sequence-specitic DNA-binding capability (Dirick et al, 1992; Koch et al.,, 1993). The
ScMbp1p protein resembles ScSwidp in structure as well as function, consisting of N-lerminal
DNA-binding and C-terminal heterodimerization domains, separated by the centrally located

ankyrin-repeat motifs (Figure 1.4; Kach et al., 1993).
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1.5.4 Functional redundancy in SBF and MBF-dependcent genc expression

The molecular mechanisms by which SBF and MBF-dependent (ranscription are regulated are
complex and not fully understood (Section 1.5.8). The situation is further complicated by the
apparent functional redundancy between the two systems, as suggested by phenotypic analyses,
most notably ihe lethality of mbpl swi4 double mutants, due to inadequate expression of the
CLN{ and CLN2 cyclins (Koch et al,, 1993). In contrast, single mutants of either gene are
viable, indicating a requirement for the [unction of at lcast one complex for cell cycle
progression (Koch et al,, 1993). That some functional overlap should exist is perhaps not
surprising, given that both systems share several common fcatures. The SCB and MCB
elements are related in sequence and when present at high concentration in vitro, each element
can cross-compete with the other for complex binding, aithongh SBF and MBF bind
preferentially to the SCB and MCB elements, respectively (Taylor et al., 2000). In at least one
case in vivo, G1-S-regulated transcription is apparently controlled by SBF binding to MCDB-like
motifs, thus indicating an overkap in. binding specilicity (Partridge et al., 1997).

1.5.5 A family of transcription factors
The ScSwidp/ScMbplp/ScSwibp proteins of SBF/MBF and the SpReslp/SpRes2p/SpCdclOp
proteins of the fission yeast MBF-homologue DSC1 (Section 1.6} constitute a family of
transcription factors that share a common function and architectural design. The sequence
homology shared amongst these six proteins locates to three main regions. The N-terinini show
significant similarity at the primary structure level, particularly between the ScSwidp/ScMbplp
and SpReslp/SpRes2p proteins, which each harbour DNA-binding domains within this region
(Figure 1.5). 'I'he centrally located ankyrin-repeat motifs are common to all six membets, and
the C-terminal domains required for heterodimerization also show similarity (Figure 1.7). X-
ray crystallographic analysis of a 36 kDa domain from ScSwiép, containing the ankyrin
domain, suggests that intramolecular interactions within this region may allow the N and C
termini o come into contact (Foord et al., [999). This may bhe important for ScSwidp since it
has been proposed that C-terminally mediated auto-inhibition of the N-terminal DNA-binding
domain is important for its regulation (Baetz and Andrews, 1999),

The 3-dimensiona! (3-D) structure of the N-terminal DNA-binding domain of
ScMbplp has also been solved by X-ray crystailographic analysis (Xu et al., 1997; Taylor et
al., 1997). In addition, characterisation of this same N-terminal fragment of ScMbplp at the

atomic level has been enhanced by NMR studies (Mclntosh et al., 2000; Nair et al., 2003).
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1.5.6 The N-terminal DNA-binding domain

The crystal structure of the DNA-binding domain of ScMbplp has been solved at 2.1 A
resolution, and is shown in Figure 1.5B (Xu et al., 1997; Taylor et al.,, 1997). This fragmcnt
corresponds to amino acids 1-124 and reveals a globular molecule consisting of a twisted six-
stranded anti-parallel B-sheet (B1-$6) with two pairs of a-helices (¢A- aB and aC- D), which
fold into a motif similar to the winged-helix-turn-helix (wHTH) family of proieins, including
HNF3y and the bacterial catabolite activator protein, CAP (Schultz et al.,, 1991; Clarke et al.,
1993; Xu et al., 1997; Taylor et al,, 1997). Helices oA and uB form the helix-lurn-helix motif
with the hairpin between the B5-f6 strands forming the putative ‘wing’. The B1-p4 and B5-B6
fB-shects arc at right angles to one another, forming a barrel with a hydrophobic core. Several of
the most highly conserved non-polar residucs within the ScMbp 1p/ScSwidp/SpResp proteins,
particularly the argmatic amino acids, are sitnated within this hydrophobic core (Figure 1.5A).
The greatest amino acid sequence conservation amongst these proteins is situated within the
wHTH region (from B3 to P6) whilst C-terminal to this the sequences diverge (Xu et al., 1997;
Taylor et al., 1997).

1.5.7 Model for DNA-binding

The conserved charged and polar residues of the wHTH all lie on one face of the molecule,
most notably within the eB helix, thereby forming a positively charged surface and suggesting
an involvement in DNA-binding. The aB helix has been proposed to be responsible for the
major sequenee interactions, within the major groove of the DNA double helix (Xu et al., 1997,
Taylor ¢t al., 1997;Taylor et al., 2000; Nair et al., 2003). The B-hairpin (*wing’) may also make
contact with the DNA (Figure 1.6). Surprisingly, the non-conserved residues C-terminal to the
core are required for efficient DNA binding, suggesting that two distinct domains are involved
in DNA-binding (Taylor et af., 2000; Nair et al., 2003). The sequence homology between the
ScMbp!p/ScSwidp/SpResp proteins within the DNA-binding domains suggests they all adopt a
similar fold and thus share a common mode of DNA-binding. However, the SpResp proteins
are believed to bind to DNA as dimers, whereas both ScMbplp and ScSwidp bind to their
respective recognition sequences as monomers (Section 1.6.6; Taylor et al.,, 2000). In this
respect the SpReslp/SpRes2p proteins might resemble the CAP and E2I/DP proteins, which
also utilise a similar wHTH fold for DNA-binding (Schultz et al., 1991; Zheng et al., 1999).
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DNA-BD ANK H-DMZ

C ScSwidp 123 kDA

ScMbplp 93 kDA

C SeSwiop 91 kDA

LZ

Figure 1.4 Domain architecture of ScSwidp, ScMbplp and ScSwiép

A schematic representation of the major domains in ScSwidp, ScMbplp and ScSwibp:
DNA-BD = DNA-binding domain, ANK = Ankyrin repeat domain, H-DMZ =
Heteradimerization domain, 'F'A = Transcriptional activation domain, LZ = Leucine
zipper (note that the N-terminal domain of ScSwi6p does not bind to DNA).
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Figure 1.5

A. Alignment of ScMbplp, ScSwi4p, SpReslp and SpRes2p DNA-binding
domains
Sequence alignment of the N-terminal DNA-binding domains of ScMbp1p,
ScSwidp, SpRes1p and SpRes2p. The residue numbers and secondary
structure elements are annotated for ScMbp1p. Identical residues are shown as
white characters boxed in red with similarity denoted by red characters boxed
in white. 3 strands (arrows), a helices (squiggle) and 3 turns (TT) are also
shown. The position of the Glu 56 — Lys mutation of SpRes|p is indicated

( A Section 1.6.6). This figure was generated using the ESPript program
(Gouet et al., 1999).

B. ScMbplp DNA-binding domain
Ribbon diagram of the X-ray crystal structure of the ScMbp1p DNA-binding
domain (Taylor et al.. 2000).
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Figure 1.7 Alignment of the ScSwi6p/SpCdc10p ankyrin domains

Sequence alignment between the members of the ScSwibp/SpCdc10p family within
the ankyrin-repeat region. The residue numbers and secondary structure elements are
annotated for ScSwibp. Identical residues are shown as white characters boxed in red
with similarity denoted by red characters boxed in white. 3 strands (arrows), o helices
(squiggle) and {3 turns (TT) are also shown. This figure was generated using the
ESPript program (Gouet et al., 1999).

25




1.5.8 Regulation of SBF and MBF-dependent gene expression

Despite the structural and functional similarities displayed by the SBF and MBF systems, it
appears that distinct mechanisms exist to regulate their shared aim of G1-8 phase-specific
transeription,

Activation of both SBF and MBF-dependent transcription at START is dependent on
the ScCin3p-ScCdc28p kinase activity. Although the precise mechanism by which this oceurs
is unknowr, it appears that neither complex is a direct target of the CDK (Wijnen et al., 2002).
A recent study suggests that the ScCln3p-ScCde28p kinasc may activale SBF-dependent
transcription indirectly by antagonising an SBF-associated repressor (D¢ Brwn ¢t al., 2004).
ScCn3dp-ScCdce28p-dependent  phosphorylation of the ScWhiSp protein promotes its
dissociation from SBF, thereby allowing recruitinent of the RNA pol 1l holoenzyme, leading to
transeriptional activation (De Bruin et al., 2004; Cosma ol al., 1999).

Paradoxically, in addition to a positive role in MBE/SBJ'-dependent transcription, the
SeClIn3p-ScCde28p kinase scemingly also negatively regulates MBF activity. The ScStblp
protein has recently been identificd as an MBF-associated activator protein (via its interaction
with ScSwibp). However, ScCln3p-ScCdc28p-dependent phosphorylation leads to dissociation
af S¢Stblp and the consequenl dowa-regulation of MBF-dependent transeription (Costanzo et
al., 2003). In contrast, repression of SBF-regulated genes during G2 and M is dependent on the
ScClbp-ScCde28p kinases, which have no apparent effect on MBF-regulation genes (Amon et
al, 1993). Consistent with this SBF-spccific function, it has been proposed that down-regulation
of SBF activity may occur through the direct interaction of ScSwidp with the ScClb2p-
ScCde28p kinase during G2 and M (Sicgmund and Nasmyth, 1996).

The subcellular localisation of ScSwibp is cell cycle-regulated by phosphorylation.
Predominantly nuclear during late M and early G1 phases, ScSwiGp becomes largely
cytoplasmic in S, G2 and early M phases, only re-appearing in the nucleus following
completion of mitosis (Taba et al.,, 1991; Sidorova et al., 1995). it has been proposed that
phosphorylation of ScSwi6p (on Serine 160) by the ScClh6p-ScCde28p kinase, facilitates
nuclear export, by the karyopherin ScMsnSp, thereby resulting in down-regulation ot MBF and
SBF-dependent transcription (Queralt and Igual, 2003; Gaymonet et al., 2004), Intriguingly,
however, the ScMsnSp-mediated export of ScSwi6p is specifically required for SBF (unction,
but not MBF, again highlighting different regulatory properties (Queralt and lgual, 2003).

Nevertheless, the recruitment of ScSwi6p to the nucleus cannot be solely responsible
for activating transcription. The SRBF complex is bound 1o target gene promoters in early G1
phase, yet transcription occurs only in late G1 (Harrington and Andrews, 1996; Koch et al.,,
1996). This suggests a subsequent activation evenf must occur, presumably related to the

functions of the ScWhi5p and SeStblp proteins mentioned above.

26

et ke e bt e 1

. =

[ A



MBF SBF

Figure 1.8 The MBF and SBF DNA-binding complexes

Schematic representations of the MBF and SBF DNA-binding complexes bound to the
MCB and SCB sequence elements, respectively. The N and C-termini of each protein are
indicated in yellow.
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The SWI4 gene is isclf transcribed in a cell cycle-regulated manner, peaking in late M-G1
phase, thereby conlributing to the temporal activation of SBF in late GT (McKay et al., 2001).
An additional level of control over the SBI complex has also been proposed through regulation
of ScSwidp DNA-binding by C-terminally mediated auto-inhibition (Baetz and Andrews,
1999).

1.6 G1-S phase-specific transcription in fission yeast

In fission veast, passage of START and entry into S phase requires the activity of the SpCdce2p
kinase in association with the Gi cyclins, SpPuclp, SpCiglp and SpCig2p (Fisher and Nurse,
1995). ‘I'ranscription of several genes that are essential for § phase onset and progression is cetl
cycle-regulated, peaking iu late Gl {e.g. edel8" and miki™).

In contrast to the situation in budding yeast, where the G1-S phase-specific transcription
programme is comtrolled by two distinct transcription factors (SBI' and MBT), tission yeast
contains onfy one such factor. The DSC1 complex is respounsible for controlling the late G1-S
phase-specific transcription programme during mitotic cell division. Following isolation of a
MCB-specific DNA-binding activily in budding yeast (MBF - Section 1.5.3) a similar DNA-
binding activity was identified in fission yeast, bound specifically to the MCB clements present
in the promoter of the cdc22 gene (Lowndes et al., 1992a; Magbool et al., 2003). The cdc22"
gene, which encodes the large subunit of ribonucleotide reductase, is periodically expressed in
late G1-8 and contains seven copies of the MCB clement in its promoter (Gordon and Fantes,
1986; Fernandez-Sarabia et al., 1993; Magbool et al, 2003). In addition, the cdel0" gene
product was shown fo be a component of this factor, shortlty followed by the discovery that
ScSwitp was also a component of the budding yeast MBF complex (Lowndes et al., 1992a;
Lowndes et al., 1992b). The amino acid scquence homology between the ScSwid/6p and
SpCdcl10p proteins, allied to their roles as START-specific transcription fuctors, indicates that
the mechanisms governing late Gl-specific transcriptional contro! might be conserved i these

distantly related yeasts (Merrill et al., 1992).
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1.6.1 The DSCI1 complex

Similar to the MBF system of budding yeast, the DSCI1 complex regulates transcription af
several genes required for entry into, and onset of, S phase by binding to the MCB clements
common fo their promoters (MacNeill and Nurse, 1997). The transcription of at least 10) genes
(cde22, cdel8, cig?™, cdil®, rad2l”, suc22", radll', ste9', mikl" and cdi2") required for S
phase and DNA replication are under the control of DSC1 during the mitotic cell cycle
(l.owndes et al., 1992; Fernandez-Sarabia ¢t al., 1993; Kelly et al., 1993; Connolly and Beach,
[994: Hofmann and Beach, 1994; Birkenbihl and Subramani, 1995; Hurris ci al., 1996; Parker
et al., 1997; Tournicer and Millar, 2000; Ayte et al., 2001; Ng ct al., 2001; Yoshida ct al., 2003,
Magbool et al., 2003). DSC1 is composed of at least four gene products: SpCde10p, SpReslp,
SpRes2p and SpRep2p and has heen widely studied during the mitotic cell cycle (Lowndes et
al., 1992; Caligiuri & Beach, 1993; Tanaka et al., 1992; Ziu ct al., 1994; Miyamoto et al.,
1994; Nakashima et al., 1995). In DSCI, the SpRestp and SpRes2p proteius confer sequence-
specific DNA-binding activity and interact with the regulatory SpCdelOp and co-activating
SpRep2p subunits.

1.6.2 A ‘DSC1-like’ complex in meiosis

A ‘DSCI-like’ complex has been recently identified, which regulates transcription in the
meiotic cycle and is composed of at least SpRes2p, SpCdelOp and SpReplip (Cunliffe et al.,
2004). In addition, microarray analysis has identified ~{00 genes that are transcribed
specifically during }ale G1-S phase in the meiotic cycle, which also have promoter regions
enriched for the MCB motif (Mata et al., 2002).

In this specialised cell cycle, the chromosomes of a diploid cell are replicated forming
homologous pairs (as opposed to sister chiromatids in mitosis). During the first ccHular division,
cohesion is miaintained between homaologous chromosome pairs, allowing the exchange of
genctic malcrial — known as homologous recombrination (Alberts et al.,, 1994), Consequently,
the first nuclear and cellular division is equational. Each cell, now with diploid genomic
content, subsequently undergoes a second meiatic division, without intervening DNA
replication. Four haploid cells (spores in yeast, gametes in mammals) are ultimately produced
from a single diploid cell (Alberts et al., 1994). Iu fission yeasl, meiosis is initiated after two
haploid cells (of opposite mating type) arrest in G1 phase (pre-START), as a result of nutrient
depletion (Figure 1.1). These cells then conjugate, forming a transient diploid, which undergoes
meiotic division fo produce a four-spored ascus. This specialised form of cell diviston requires
re-programming of the mitotic cell, such that it retains many of the factors required for DNA
replication, whilst additionally producing many specialised meiotic gene products (Lee and
Amon, 2001). The ‘DSC1-like’ complex regulates transcription of several genes during

meiosis, some of which also function in mitotic S phase (e.g. cde22" and cdei8'), whilst others
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(e.g. the rec' genc products involved in homologous recombination) have roles that are
exclusively mciotic (Cunliffe et al., 2004). The genes encoding the SpReslp, SpResZp,
SpReplp and SpRep2p proteins were originally identified by genetic suppressor analyses,
designed to isolaic components of the regulatory pathway required for the cdel0-dependent
passage of START.

1.6.3 SpCdcl0p
The edef0 gene was first identified as one of two essential genes, whose tunctions were
required for passage of START and commitment to the mitotic cell cycle in fission yeast

(Nurse et al., 1976; Nurse and Bisset, 1981). Mutants in cdc/0" arrest in G1 and retain the

ability to conjugate, indicating they canunot iraverse START until after the execution of

SpCdcl10p function (Nwrse and Bisset, 1981). The cdci0" gene was subsequently cloved by
rescue of mutant function, and encodes a protein of 85 kDa (Aves et al.,, 1985). SpCdc10p
sharcs striking sequence similarity with the SeSwi6p protein of budding yeast, specifically
within the centrally located ankyrin motifs, which are characteristic of the SpCdciQp/ScSwip
family of proteins (Aves et al., 1985; Breeden and Nasrayth, 1987b - Figures 1.7 and 1.9).

Similar o the role of ScSwi6p in SBE/MBF, SpCdel0p has no intrinsic DNA-binding
aclivily, instead functioning as a rcgulatory subunit (Zhw et al., 1994; Mclnerny et al., 1995).
Mutational analyses of SpCdc10p indicate that the C-terminal region and the ankyrin motits are
important for normal fanction (Reymond and Simanis, 1993). The majority of cdcl0 ts
mutations locate within the ankyrin-repeal region indicating it has aun important, although as yet
undefined, role (Reymond et al., 1992). The C-terminus of SpCdc10p most likely mediates the
regulatory function, demonstrated by the properties of the cdef0-C4 mutant (Mclnerny et al.,
1995). The SpCdc10-C4p protein product is truncated al the C-terminus, which results in loss
of the final 61 amino acids. In ede?(-C4 mutant cells, genes that are under DSC1 control show
a loss in periodicity, becoming constitutively trauscribed throughout the cell cycle (Mclnerny et
al., 1995). By analogy with ScSwi6p, the C-terminus of SpCdclOp may be responsible for
heterodimerization with the MCB-specific Resp DNA-binding proteins.

1.6.4 SpReslp and SpRes2p

Three different groups cloned the res!” gene independently, as a multi-copy suppressor of the
temperature sensitive cdef0-129 mutant (Tanaka ct al., 1992; Marks et al., 1992; Caligiuri and
Beach, 1993). Concomitantly, SpReslp was biochemically identified as a component of the
DSC1 band-shift activity present in crude [ission yeast protein extracts (Caliginri and Beach,
1993). The res2” gene was then cloned, as a multi-copy suppressor of the Ares! mutant and
independently in a genetic screen designed to identify DNA-binding partners of SpCdelOp
(Miyamoto et al, 1994; Zhu et al., 1994). The demonstration that SpRes2p, together with
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SpCde10p, bound specifically to MCB clements both in vifre and in vivo, confirmed that, like
SpResip, it was a DNA-binding partner of SpCdci0p (Zhu ct al., 1994).

1.6.5 Functional redundancy between SpReslp and SpRes2p

The molecular mechanisms by which DSCl-dependent transcription is regulated, etther in the
mifotic or meiotic cycles, is not fully understood (Section 1.6.8). The situation is further
complicated by the apparently distinct yet overlapping functions of the two DNA-binding
proteins, SpRes1p and SpRes2p. Both SpResip and SpRes2p function during the mitatic cycle
and display sorme overlap with respect to these roles. However, SpRes2p has an additional
function in the meiotic cycle, which cannot be assumed by SpRes1p.

Cclls simultancously deleted for both res?” and res?” are inviable, and overcxpression
of either gene can rescue the conditional lethality of the edcl0-129 mutant (Miyamoto et al.,
1994). Furthermore, overexpression of res2” rescues the lethality of celis deleted for res/”,
demonstrating that SpRes2Zp can compensate for the loss of SpReslp mitotic function
(Miyamoto et al., 1994). Despite a shared mitotic role, the phenotypes of the Ares! and Ares2
mutants indicate that only SpResZp functions during meiosis and, moreover, that SpReslp and
SpRes2p act predominantly in the mitotic and meiotic cycles, respectively (Tanaka ct al., 1992;
Caligiuri and Beach, 1993; Miyamoto et al.,, 1994; Zhu et al., 1994).

Cells dclcted for res2” are viable and display no obvious growth defects during mitotic
division, yet they are defective in pre-meiotic DNA synthesis and undergo an abnormal meiosis
(Miyamoto et al., 1994; Zhu ct al, 1994). In confrast, cells deleted for res/” show no obvious
defects in the meiotic cycle, yet when dividing mitotically they display severe heat and cold
sensifivities, arresting pre-START at the restrictive temperatwre (Tanaka et al., 1992).
Furthermore, res!' caunot suppress the meiotic defect of Ares2 cells (Miyamoto et al., 1994;
Sturm and Okayama, 1996). In faci, SpReslp levels decrease during meiosis and SpReslp is
thought 1o be a repressor of the sexual pathway (Caligiuri and Beach, 1993; Ayte et al, 1997).
SpRes2p levels increase during conjugation, congistent with its additional meiotic function

(Miyamoto et al., 1994; Zhu et al., 1994; Ayte ¢t al., 1997).
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1.6.6 Structore of SpReslp and SpRes2p
The apparent contradiction that SpResip and SpRes2p have distinct roles yet are functionally
overlapping, has been explained by analysis of their functional domains.

The res?' and res?" genes encode 72 kDa and 73 kDa proteins, respectively, which

display the modular architecture typical of transcription factors. Consistent with an overlapping
function, SpReslp and SpRes2p shave striking sequence similarity with each other in their N-
termini, which include their DNA-binding domains, and the centrally located ankyrin-repeat
motifs that are characteristic of the SpCdc10p/SeSwitp family of proteins (Tanaka et al., 1992,
Caligiuri and Beach, 1993; Miyamoto et al., 1994; Zhu et al., 1994; Ayie ot al., 1995; Zhu et
al,, 1997). This sequence similarity extends to include the ScSwidp/ScMbplp proteins, which
share a common architectural design, affirming their place as members of this family of
transcription factors (Section 1.5.5 and Figurc 1.5). As described in Section 1.5.6, the X-ray
structure of the ScMbp1DNA-binding domain has been solved (Xu et al., 1997; Taylor et al,,
1997). In contrast, no structural data beyond the amino acid sequence is avatlable for any of the
fission yeast members of this family. The DNA-binding domain of ScMbplp, {olds into a
wHTH motil, which makes sequence specific contacts in the major groove of the DNA
(Section 1.5.6). Based on the significant sequence homology displayed within this regioit
between family members, it has been proposed that SpReslp and SpRes2p will also bind IDNA
using this structural motif (Xu et al., 1997; Taylor ¢t al., 1997). In agreement with this, a
mutation within the SpResip DNA-binding doinain (Glu 56 — Lys), within the putative
recognition helix, results in cnhanced DNA-binding and, morcover, renders SpReslp
independent of SpCdc10p (Caligiuri and Beach, 1993; Figure 1.5).
Unlike ScMbplp and ScSwidp, the SpReslp and SpRes2p proteins are belicved to bind to
DNA as dimers (Ayte et al., 1997; Zhu et al.,, 1997). This resembles the situation for the
E2F/DP family of proteins, which arc responsible for regulating the analogous program of G1-
S phase-specific transcription in mammalian cells (Zheng ¢t al., 1999). Although not conserved
in primary structure with any of the ScSwip/SpResp family proteins, the E2F family of
transcription factors also adopt a wHTH fold to bind DNA (Zheng ct al., 1999; Section 1.7).

Similarly to the ScSwitp-ScSwidp/ScMbplp interaction in budding yeast SBF/MBE,
SpReslp and SpRes2p interact with SpCdc10p via their C-termini (Ayte et al., 1995; Zhu et al,
1997). The distinct functional specificitics of SpReslp and SpRes2p, however, are determined
by their C-termini, in which they display greatest heterogeneity (Figure 1.9; Sturm and
Okayama, 1996; Zhu et al., 1997; Whitehall et al., 1999). A domain within the C-terminus of
SpRes2p confers an as yet undefined meiotic-specific function (Sturm and Okayama, 1996;
Zhu et al., 1997; Whitehall ef al., 1999). In addition, two discrete domains in SpRes2p conter a
requirement for the transcriptional co-activator subunit, SpRep2p (Storm and Okayama, 1996;

Tahara et al., 1998).
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KFigure 1.9 Domain architeciure of SpRes2p, SpReslp and SpCdel0p
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A schematic representation of the major domains in A SpRes2p - 73 kDa, B SpResip -
72 kDa and C SpCdc10p - 85 kDa. DNA-BD = DNA-binding domain, ANK = Ankyrin
repeat domain, H-DMZ = Heterodimerization domain (note that the N-terminal domain
of SpCdc10p does not bind to DNA - adapicd from Sturm and Okayama, 1996).
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1.6.7 SpReplp and SpRep2p

The rep!™ gene encodes a 53 kDa protein containing a C terminal zinc finger motif, that is
essential for its finction (Sugivama et al., 1994). Considerably smaller than SpReplp, the 25
kDa SpRep2p protein also contains a C terminal zinc tinger motif, sharing significant
homology with SpReplp in this region (Sugiyama et al., 1994; Nakashima et al., 1995; Figure
1.10). In contrast to SpReslp and SpRes2p, which are both functional during mitosis, SpResip
and SpRes2p have distinct meiotic and mitotic functions, respectively (Sugiyama et al., 1994;
Nakashima et al., 1995). However, resembling the scenario for SpResp and SpResZp, genctic
suppressor analyses indicate that the repl” and rep2” gene products also display some
functional overlap.

Overexpression of either repl’ or rep2* can rescue the conditional lethality of the
cdcl0-129 mutant, the property by which they were cloned (Sugiyama et al., 1994; Nakashima
et al., 1995). Overexpression of repl” rescues the cold sensitive lethality of cells deleted for
rep2’, demonstrating that SpReplp can compensate for loss of SpRep2p mitotic function
(Sugiyama et al., 1994). the repl’ gene is not expressed in the mitolic cycle; consequently,
deletion of repl” has no effect on mitotically dividing cells (Sugiyama et al., 1994). In the
mitotic eycle Arep2 cells (though viable at 30°C) are cold sensitive and arrest at START at <
18°C. Conversely, ArepZ cells show only slight meiotic defects, with the majority of cells
success{ully completing meiosis. In contrast, Arepl mutants are unable to iniflate pre-meiotic
DNA synthesis and, moreover, are deficicat in induction of the cdc22” transcoript (Sugiyama et
al., 1994; Ding and Smith, 1998; Cunliffe et al, 2004). This behaviour is consistent with a
suggested role for SpReplp as an activator of DSCi-dependent transcription in the meiotic
cycle. In agreement with this proposal is the demonstration that SpRep2p acts as a
transcriptional activator subnnit for SpRes2p (Nakashima et al., 1995; Tahara et al., 1998). In
Arep2 cclls, DSCl-regulated genes arc transcribed at lower levels compared to wild type,
although the periodicity is maintained (Baum et al., 1997). Furthermore, SpRep2p contains
cenfrally located SpRes2p binding and C-terminai activation domains, both of which are
essential for its function (Nakashima et al., 1995; Tahara et al., 1998). Thus, SpReplp and
SpRep2p are likely to be activators of DSC1 in the meivlic and mitotic cyeles, respectively.
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Figure 1.10

A. Domain architecture of SpReplp and SpRep2p

Schematic representation of the major domains of SpReplp and SpRep2p (adapted
from Nakashima et al., 1995). TA = Transcriptional activation domain, ZF = Zinc
finger motif. B. Alignment of SpReplp and SpRep2p

Sequence alignment between the SpRep1p and SpRes2p proteins. The residue
numbers are annotated for SpRep1p. Identical residues are shown as white characters
boxed in red with similarity denoted by red characters boxed in white. This figure was
generated using the ESPript program (Gouet et al., 1999).
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1.6.8 Regulation of DSC1-dependent gene expression

Based largely on genetic evidence (Section 1.6.5), original models proposed that fission yeast
contained two distinct yvet functionally overlapping SpCdclOp-containing transcription factors,
analogous to the situation in budding veast (Miyamoto et al., 1994; Zhu et al, 1994).
According to this model, a SpReslp-SpCdclOp complex functioned during mitosis, whilst a
SpRes2p-SpCdclp complex acted in meiosis. However, substantial evidence accumulated
arguing that both SpRes1p and SpRes2p functioned together with SpCdc10p in a single mitotic
DSCI complex.

Analysis of the DSC1 band-shift activity produced from fission yeast mitotic cell
cxtracts showed it to contain at least SpRestp, SpRes2p and SpCdclOp (Ayte ef al., 1997; Zhu
et al., 1997). Furthermore, SpReslp and SpRes2p can heterodimerize in vitro, dependent on
SpCdel0p (Zhu et al., 1997) and the DSC1 band-shift activity is lost in celis deleted ior either
resl” or res2’, suggesting both subunits are required for the complex to form (Ayte et al., 1997;
Zhu et al., 1997).

The existence of a SpRes1p-SpRes2p-SpCdc 1 0p containing complex was confirmed by
the demonsiration that all (hree proteins were present in the in vivo DSCI complex throughout
the mitotic cvele (Whitehall et al., 1999). Therefore, a DSCI complex composed of at least
SpReslp, SpRes2p and SpCdctOp, controls the mitotic G1-S phase-specific franscription
programme in tission yeast (Whitehall ct al., 1999). The stoichiometry of the complex is
unknown, although it is most likely heterotetrameric consisting of one molecule each of
SpRes1p and SpRes2p, each of which bind an SpCdc10p molecule (Ayte et al., 1997; Reymond
etal., 1993; Figure 1.11).

The levels of SpCdciOp, SpRestp and SpRes2p remain constant throughout the cell
cycle and thus it is likely thai DSCI is regolated through posi-iraunsiational modifications
(Whitehall et al., 1999). In contrast to ScSwiop (Section 1.5.8), SpCdc10p is predominantly
nuclear thronghout the cell cycle, and so regulation of sub-cellular localisation is unlikely to
contribute to DSC1 regulation (Reymond et al., 1993; Wuarin et al., 2002). In budding yeast,
ScCdc28p kinase aclivity has been shown to play a role in activating SBE/MBF-regualated
transeription (Scction 1.5.8; Wijnen ct al., 2002). Similarly, in fission yeast the SpCde2p kinase
is required for passage of START (Nurse and Bisset, 1981). However, to date, therc is no
evidence for the direct involvement of SpCde2p in activating DSCl-dependent transcription
{Baum et al., 1997; Whitehall ct al.,, 1999). The SpPasip-SpPetip kinase apparently plays a
role in the activation of SpRes2p, by an unknown mechanism, although the SpPastp-SpPefip
kinase inay directly phosphorylate SpRes2p (Tanaka and Okayaina, 2000).

Repression of DSC1-dependent transcription is mediated, at least in part, by SpCig2p-
SpCdc2p kinase activity (Ayte et al., 2001). The SpCig2p-SpCdc2p kinase complex binds to
SpRes2p and phosphorylates SpReslp, causing repression of DSCl-dependent transcription,
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although the mechanics of this are unknown (Ayte et al., 2001). Intriguingly, SpCig2p itself is a
transcriptional target of DSCI. Thus a negative feedback loop appears to operate, whereby
transeription of SpCig2p leads to increasing SpCig2p-SpCdce2p kinase activity that in tum
down-regulates DSCl-dependent transcription (Ayte et al., 2001). This model of SpRes2p
mediated repression is consistent with the expression pattern of MCB-regulated genes in cells
either deloted for or overexpressing res2’. Overexpression of SpRes2p leads to repression of
DSC1-dependent transcription, whiist Ares2 cells show increased levels of transcription (Baum
et al., 1997). In counlrast, overcxpression of SpReslp leads to increased levels of DSCI-
dependent transcription, whilst {ranscription is reduced in cells deleted for res/” (Baum et al.,

1997).

37

e —p— 1



DSCI1

Figure 1.11 The DSC1 DNA-binding complex
A schematic representation of the fission yeast mitotic DSC1 DNA-binding complex
bound to the MCB sequence element. The N and C-termini of each protein are indicated in

yellow.
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1.7 G1-8 phase-specific transcription in mammalian cells

The conservation in both structure and {unction between the MBE/SBF and DSCI systems of
budding and fission yeasts, suggested that a homaologous G1-S transcriptional control system
also opcrates in higher eukaryotes.

In mammalian cells a G1-S phase-specific transcription programme is also required for
passage of the Restriction point and eniry into S phase, controlled by the E2F family of
transeription factors {Dyson, 1998). Similar to yeasts, several of the genes (hal are activated by
the E2F system uvncode functions required for DNA synthesis and replication (e.g.
dihydrofolate reductase, thymidine kinase and the HsCdc6p, HsOrelip and HsMemp proteins)
and key cell cycle regulators such as cyclin A, cyclin E and HsCdklp {Ren et al, 2002).
Furthermore, the TTTCGCGC consensus sequence element that is common to their promoters
{and bound by the E2F proteins) resembles the MCB and SCD efements (Dyson, 1998).
Moreover, the E2F proteins utilise a similar wHTH structural fold for DNA-binding (Zheng et
al., 1999). Despite these tantalizing parallels, the E2T° proteins display no significant amino
acid sequence homology with any of the yeast proteins and so although they are responsible for
regulating an analogous process in higher eukaryotes they arc not true structural and functional

homologues of the yeast factors.

1.7.1 The E2F apd DP proteins

The functional E2T complex acts as a heterodimer comprising one subunit derived from the
E2F Family and one derived from the DP family. In mammalian cells, seven L2I7 (E2F-1 to
IZ2F-7) and two DP (DP-1 and 1DP-2) proteins have been discovered to date {Trimarchi and
Lees, 2001; DeBruin et al., 2003). The proteius they encode contain highly conserved DNA-
binding and dimerisation domains. In addition, the C-termimi of E2Fs 1-5 contain
transactivaiion and pocket profein binding domains that are abseat in E2F-6/7 and the DP
proteins (Trimarchi and Lees, 2002; DeBruain et al., 2003). It is thought that the DP subonits
activate transcription indirectly by enhancing the activity of the E2F subuait. Litile is known
about the specific properties of the individual E2Fs. althouph they lave been categorised into
three differeat subtypes based on both structural and functional properties (Dyson, 1998).

E2F's 1-3: the activating E2Fs, these proteins activate wanscription from E2F responsive genes,
thereby driving proliferation. These protfeins are uader cell cyele control with levels peaking at

(31-S boundary.

E2Fs-4 and -5: In contrast these proteins are constitutively expressed and are particulatly

prevalent in GO cells. They appear to bind to promoiers in an inactive conformaticon, associated
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with pocket proteins and thus are believed o be responsible for ranscriptional repression,

Releasc of the pocket proteins resumes their transcriptional activation potential.

E2Fs-6 and -7: Both of these proteins act as transcriptional repressors. They each lack the C-
terminal transactivation and pocket-binding domains and are therefore insensitive to the pRB
family proteins. However, in contrast to E2F-6 (and all the other E2F and DP family members)
E2F-7 contains two DNA-binding domains arranged in tandem and lacks the dimerisation
domain, suggesiing it can bind DNA in the absence of a DP partner (DeBruin et al., 2003;
Logan et al., 2004). E2F-6 is proposed to act as a transcriptional repressor by binding to
promoters, thereby preventing access by other ‘active’ E2F complexes and can recruit members
of the polycomb chromatin re-modelling family to repress chromatin (Stevens and LaThangue,

2003).

1.7.2 Regulation of E2F-dependent gene expression

The molecular mechanisms by which E2F-dependent transcription is regulated are complex and
not fully understood. The most prominent regnlator of E2F-dependent transcription is the pRB
pocket protein, which binds te and nepatively regulates E2ZF. &8 was the first tumowr
suppressor genc to be cloned and disruption in pRB function is involved in the majority of all
human cancers (Weinberg, 1995).

The ability of’ pRB to bind E2F is dependent on its phosphorylation state, which is
controtled by the actions of the Cdks, thereby linking E2F activily to the cell cycle. Each
member of the pRB family comtains multiple Cdk phaosphorylation sites and the
hyperphosphorylated forms have very low affinity tor E2F. pRBs are thought to inactivate E2¥
by physically blocking the C-terminal transactivation domain. pRB can also recruit chromatin-
remodelling machinery to promoters (e.g. SWI/SNF proteins, histone deacetylases, histone
methyliransferases), thereby repressing transcription through changes in chromatin structure
(Stevens and LaThangue, 2003).

During G0 and early G1 phases, pRB is hypophosphorylated and binds to E2F. In
mammalian cells both positive and negative regulatory growth signals can act during G1, prior
to the Restriction point (Sherr, 1996). Milogenic growth factors initiate a signalling cascade,
which ultimately leads to activation of the HsCdkdp/6p-cyclin D activilies. The activated
HsCdk4p/6p-cyclin D kinase complexes then phosphorylate pRB, causing its release from E2F.
Consequently, E2F activates the expression of several genes whose functions are required for
passage of the Restriction point and entry intoe S phasc (Dyson, 1998).

Paradoxically, as a result of ifs temporal association with pRB family proteins, K2F
bound to promoters can mediate both transcriptional activation and repression. Aitempts to

explain these conflicting roles have led to classification of E2F complexes in three distinct
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groups (Dyson, 1998). Firstly, activator complexes correspond to those in which the activation
domain of promoter bound L2F is free to stimulate transcription. Secondly, inhibited
complexes represent those in which the activation domain of promoter bound E2F is blocked
by pRB family proteins. Finally, an additional category corresponds to the repressor complexes
in which pRB family proteins recruit and assemble chromatin-remodelling machinery, which
represses chromatin.

Precisely how E2I° activaies transcription is unknown, although it can also interact with
chromatin-remodelling machinery, presumably to reverse the cffects of the pRB-mediated
repression highlighted above (e.g. CBP, recruitment of HAT activity to promoter) and may also
directly contact the general RNA polymerase 11 transcription machinery (Stevens and
LaThangue, 2003).

In addition to pRB-mediated negative regulation, the decrease in E2I activity that s
required for cells to exit 8 phase appears to be distinct [rom pRB-mediated phosphorylation.
HsCdk2p-cyclin A can both bind to E2F-1 and phosphorylate DP-1, thereby inhibiting DNA-
binding activity. As ¢yclin A is a transcriplional target of the E2F complex, this negative
feedback is reminiscent of the action of SpCig2p upon DSC1 activity (Stevens and LaThangue,
2003; Section 1.6.8).

1.8 Aims of this study

The aims of this study were to produce a stable, reproducible and actlive source of recombinant
protein of the components of the fission yeast DSC1 complex, in yields that would aliow more
cxtensive biophysical, biochemical and functional analyses 1o be undertaken.

The cloning of DSC| component genes and their subsequent overexpression in E. coli
has the potential to produce a reproducible source of protein in yields sufficient {5-10 mg I
culture) for this purpose, in contrast to their naturally low abundance in fission yeast. Chapter 3
describes the cloning and expression of DSC1 components as His-tagged fusion proteins in £
coli. Chapier 4 dJescribes assaying the etfects of [lis-tags on tite activity of each component in
fission yeast. In Chapter 5 DNA-binding activities are also assayed in vitro, following
sojubiisation of the recombinant proteins. In addition, GST-fusions of Reslp and Res2p are
produced to [urther investigate the DNA-binding properties in vitro. Finally, in Chapter 6,
attempts to purify the individual recombinant components of DSCi and obtain preliminary

structural data are described.

4]

H
)]
2
i




Chapter 2

Materials and methods



2.1 Molecular biology materials

2.1.1 Chemicals
All chemicals used were of the highest grade available commercially and distilled water was of’
Millipore-Q quality.

Specialised chemicals such as ampicillin, kanamyein, chloramphenicol, protease
inhibitors (phenylmethanesulfonyifluoride — PMSF, chymostatin, pepstatin, antipain, leupeptin,
aprotonin) and NZ amine, were from Sigma. Sephadex G-50, dATP (10 Ci ul™) and dldC ()
mg ml") were supplied by Amersham Pharmacia Biotech. Dithiothreitol (DTT) was obtained

from Melford laboratories Lid, Suffolk.

2.1.2 Enzymes and kits

All restriction enzymes, T4 PDNA ligase, calf intestinal atkaline phosphatase, dNTPs, Tag DNA
polymerase and T4 polynucleotide kinase were obtained from Promega. Venty DNA
polymerase and Mung Bean Nuclease were obtained from New England Biolabs. The
QIAprep® Spin Miniprep Kit and the QlAquick® Gel Extraction Kit were supplied by
QIAGEN.

2.1.3 Molecular weight markers

DNA molecular weight marker X (0.07-12.2 kbp} was supplied by Roche.

2.1.4 Oligonuclevtides
Oligonucleotides were designed in the laboratory as required and synthesised by MWG-AG
Riotech or DNA Technology A/S. All oligonucleotides used in this thesis are listed in

Appendix I1. The annotation GO refers to the Glasgow lab oligo collection number.

2.1.5 Bacterial media

All strains of Escherichia coli were graown in Luria Broth (LB; 10 g Bacto-tryptone, 5 g Bacto
yeast extract and 10 g NaCl per litre, pH 7.5) or NZY" broth (5 g NaCl, 2 g MgS0,.7TH,0, 5 g
yeasl extract, 10 g NZ amine per litre, pl1 7.5). LB plates were made by adding 7.5 g bacto agar
to 560 ml LB. Aill media wete autoclaved before use and supplemented with ampicillin (50 ug

ml™), kanamycin (30 pg mI™) or chloramphenicol (34 pg mi™) where appropriate.
2.1.6 Bacterial strains

All bacterial strains used in this thesis are listed in Appendix 1. The annotation GB refers to the

Glasgow lab bacteria collection number.
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L. coli DH5a: a recombination delicient strain used for the propagation and storage of plasmid
DNA. Genotype: supE44 AlacU169 ($B0JacZAM15) hsdR 17 recAl endAl hyrA96 thit relAl,
E. cofi BL21 CodonPlus(DE3)-RIL (Stratagene): an all-purposc strain for high-level protein
expression and easy induction. Genotype: T ompT hsdS(rs” my) dem” Tet' gal MIDE3) endA
Hte[argU ieY lew'W Cam').

2.1.7 Bacterial plasmid vectors

The pET vectors were purchased from Novagen, pCR2.1 was supplied by Invitrogen and
pGEX-K(G was obtained from a laboratory stock (Appendix UI).

pET-28c: for expression of His-tagged recombinant proteins; the six histidine residues are
linked to the N-terminus of the cloned gene (kanamycin resistant).

pET-14b: for expression of His-tagged recombinant proteins; the six histidine residues are
linked to the N-terminus of the cloned gene (ampicillin resistant).

pCR2.1: for one-step cloning of a polymerase chain reaction product with polydeoxyadenosing
3” overhangs (ampicillin resistant).

PGEX-KG: for expression of GST-tagged recombinant proteins; the GST tag is linked to the

N-terminus of the cloned gene (ampicillin resistant; Guan and Dixon, 1991).

2.2 Molecular biology methods

2.2.1 Polymerase chain reaction (PCR)
Polymerase chain reactions were performed using cither 7ag DNA polymerase or Venty DNA

polymerasc.

2.2.2 PCR using Taq DNA polymerase

Standard PCR reactions were carried out in an MWG-Biotech Primus Thermal Cycler in
0.5m! thin walled PCR tubes with 7ag DNA polymerase. A typical 100 pl reaction volume
contained {0 x Tag buflfer at a final concentration of 1 x, 200 uM each of ANTPs, 100 ng
cach of the appropriate primers, 50 ng of DNA template and 2 U of Tag DNA polymerase.

Annealing temperatures for each reaction were determined empirically.
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Typical cycle parameters were as follows:

(" Denaturation: 95°C for 2 min
Denaturation; 95°C for 15 sec

30 cycles Annealing: 50°C [or 30 sec (lemperature adapled as appropriate for

{

primers)

Extension: 72°C for 1 min (time adapled as appropriate-1 min per

\_ kb of product)

Extension: 72°C for 5 min

2.2.3 PCR using Ventg DNA polymerase

PCR was performed as above with the following modifications. A typical 100 u reaction
volume contained 1¢ x reaction buffer (100 mM KCI, 100 mM (NH,),S0,, 200 mM Tris-HC]
(pHd 8.8), 20 mM MgSQO,. 1% Triton X-100) at a final conceniration of 1 X, 200 uM of each
dNTP, 100 ng each of the appropriate primers, 50 ng of DNA templatc and 2 U of Ventg DNA

polymerase. Typical cycle parameters were as follows:

(" 95°C for | min
95°C for 30 sec
20 cycles < 58°C for 30 sec (temperature adapied as appropriate for primers)
68°C for 2 min (time adapted as appropriate-| min per kb of product)
\_ 68°C lor 3 min

The yield and purity of the PCR product obtained was analysed by agarose gel electrophoresis

(2% (w/v) agarose) and stored at -20°C before and after agarose gel purification.

2.2.4 Agarosc gel clectrophoresis

The appropriate amount (1 g 100 ml') of agarose was dissolved in 1 x TBE (45 mM Tris-
borate, 1 mM EDTA) and 2-3 pl ethidium bromide added to give slab agarose gels of the
required percentage, routinely 1-2%. Samples for analysis were diluted 5 fold by the addition of
6 x loading buffer (0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF, 0.15%
{(w/v) Ficoll) before being loaded on the agarose gel. These were run at 100 V in 1 x TBE for
between 40 min - 1 h until the dye front was about 1 cm [rom the bottom of the gel. Gels were

then viewed using a UV transilluminator and photographed using E. A. S. Y imaging software.
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2.2.5 Purification of DNA from bacterial cultures

DNA was purified from bacterial cultures using the QlAprep® Spin Miniprep Kit supplied by
QJAGEN. 'The kit was used as per the manufacturer’s instructions. Briefly, a 5 ml culture
containing the appropriate antibiotic was inoculated with a single colony from an LB antibiotic
plate. This was incubated with shaking at 37°C for not more than 16 h. Cells were pelleted at
10,000 rpm for 5 min and resuspended in 250 w! Buffer P1. Cells were lysed by the addition of
250 ] Buffer P2 and incubated for 5 min. 350 ui of Buffer N3 was added and the mixture
centrifuged at 10,000 rpm for 10 min in a benchtop centrifuge 1o pellet the cell debris.
Supernatant was applicd to a QIAprep” column and centrifuged briefly to allow the DNA to
bind to the membrane of the spin column, The column was washed twice, firstly with 0.5 mi
Buffer PB aud then 0.75 mi Buffer PE, before the DNA was eluled in 50 pl nuclease-free

watcr, The yield and purity of DNA obtained was analysed by agarose gel electrophoresis.

2.2.6 Extraction of DNA from an agarose gel
DNA was purified from agarose gels using the QIAquick® gel extraction kit (QIAGEN) as
described in the manufacturer’s instructions.

Briefly, DNA was cxcised from an agarose gel using a sterile scalpel blade. The agarosc
slice was solubilized at 50°C in the appropriate volume of Buffer QG (as supplied). This
mixture was applied fo a spin column and centrifuged for 1 min to allow the DNA to bind the
column. The column was washed with 750 pl of Buffer PE containing 80% (v/v) ethanol.
Residual cthanol was removed by centrifuging the column for a further 1 min, before eluting
the DNA in 50 pl Butfer EB (1 mM Tris-HCI, pH 8.5) or nuclease-free watet.

The vield and purity of DNA obtained was analysed by agarose gel clectrophoresis.

2.2.7 Restriction digestion

Plasmid DNA and PCR products were routinely digested, prior to ligation, as follows: 5 ul
DNA was digested with 1 pl enzyme for a single digest (or 1 i of each enzyme in double
digests), together with 2 pl of the appropriate enzyme buifer in a final volume of 20 ul. This
was incubated at 37°C for 30 min or as otherwise instructed for the enzyme (exceptions were
Smal, which required incubation at 25°C for 30 min and Neol in which a second aliquot of

enzyvme was added after 15 min due to the short hall lifc of the enzyme).
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2.2.8 Dephosphorylation of digested plasmid
Digested veectar was dephosphorylated by the addition of 1 U of calf intestinal alkaline
phosphatase and incubated at 37°C for a further 30 min. This was routinely carried out to

prevent scif-ligation of digested vector.

2.2.9 Ligations

Purified plasmid DNA was ligated with purified insert DNA al various ratios (1.3, 1:5, 1:7). A
typical ligation reaction was set up as follows: 1 pl of digested, dephosphorylated and gei
purified vector was mixed with 5 pl of digested and gel purified insert, 10 x T4 DNA ligase
buffer (at a final concentration of } x) and 1 U of T4 DNA ligase. Routinely, ligations were
incubated overnight at 4°C before being transformed into E.celi DHS5a competent cells
following the standard protocol (Section 2.2.13). The resulting colonies were then screened by

restriction digestion analysis (Section 2.2.7) to confirm the presence of insert DNA.

2.2.10 Cloning of blunt ended PCR producis
The TA Cloning® Kit (luvitrogen) was used to clone blunt-ended PCR products as described in

the manufacturer’s instructions.

2.2.11 Site-directed mutagenesis by overlap vxtension
The plasmid GB 130 (Appendix 1), containing a2 ~2,300 bp fragment representing the
recombinant cdclf' gene, was used as a template in the PCR reactions, which were adapted
from a method described in Sambrook and Russell (2001). Four primers {GO 546, GO 459, GO
547 and GO 548 - Appendix II) were used to introduce a site-specific mutation by overlap
extension. The primers GO 546 and GO 459 were complementary to either end of the cdcl(
gene and allowed infroduction of Ndel and Bamll sites, respectively, (o the 5° and 3° ends of
the PCR fragment. The primers GO 547 and GO 548 were complementary to the cdcl0' gene
and were designed to introduce a single base pair G to C substitution at position 426 relative 1o
the ATG. This introduces a silent mutaion Tyrosine (TAG) to Tyrosine (TAC) and removes
the artificial internal stop codon. The primer pairs GO 547 and GO 548 were necessarily
complementary to cach other and could not be used in the same PCR reaction. Therefore,
mutation had to be carried out in two stages.

Stage 1: Primer pairs GO 546/GO 548 and GO 459/GO 547 were used in separate PCR
reactions to produce 2 different sized fragmeunts. The PCR reaction in this step was carried out

as described in Seclion 2.2.3.
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Stage 2: The 2 fragments, each containing the G o C substitution at 426, were gel
purilicd and joined together to generate the full-length cDNA in a fusion PCR rcaction using
primers GO 546 and GO 455.

The parameters of the fusion PCR reaction were as follows:

94°C for 1 min

94°C for 10 sec
10 cycles 50°C for 1 min

68°C for 3.5 min

94°C for 10 sec
10 cyeles 58°C for 1 min
68°C for 3.5 min

94°C for | min
20 cycles 58°C for 1 min

68°C for 3.5 min

68°C for 7 min

2.2.12 Production of competent bacterial cells
Competent cells were made using the rubidinum chloride method.

The appropriate bacterial L. coli strain was streaked onto a minimal L13 plate and grown
overnight at 37°C. A single colony was used to inoculate an overnight 5 ml LB culture. This
was subcultured into 100 mi LB and grown at 37°C with shaking until the culture reached an
optical density (OD) of 0.48 at 550 nm. The culture was then chilled on ice for 5 min. before
centriflugation at 3000 rpm for 10 min at 4°C. The pellet was resuspended in 40 ml Buffer 1
(100 mM rubidium chloride, 10 mM calcium chloride, 50 mM manganese chloride, 15% (v/v)
glycerol in 30 mM potassium acetate, pH 5.8). Cells were centrifuged as beforc and the pellet
resuspended in 4 ml Buffer 2 (10 mM rubidium chloride, 75 mM calcium chloride, 15% (v/v)
glycerol in 10 mM 3-[N-morphotino] propanesulfonic acid (MOPS), pH 6.5). The cells were
divided tnto 100 pul aliquots and stored at -70°C,

2.2.13 Transformation of competent bacieria
In electro-transformation a BIORAD E. cofi pulser was used with a method adapted from the
BIORAD manual.
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E. coli DH5a cells were routinely used for the propagation and harvesting of
recombinant plasmid DNA, and were transformed using the following method. To 50 pd of
competent bacteria 1-2 ul of the appropriatc plasmid DNA was added. The cell-DNA
suspension was transferred to a pre-chilted 0.2 cm electroporation cuvette and pulsed at 2.5 kV.
1 ml of SOC (2% Bacto tryptone, 0.5% Bacto yeast exteact, 10 mM NaCl, 2.5 mM KCl, 10 mM
MgCly, 10 mM MgSOy, 20 mM glucose) was added to the cclls, which were then transferred to
microfuge tubes and incubated at 37°C with shaking for 45 min. Lhis mix was plated on an LB-
agar plate containing the appropriate antibiotic and incubated overnight at 37°C.

E. coli BI.21 CodonPhus(DE3)-RIL cells were routinely used for the expression of the
desired recombinant proteins and transformed using the following method. To 50 ut of
competent bacteria, 1-10 ng of DNA was added in a pre~chilled microfuge tube. The mixture
was chilled for 15 min beforc heat shocking at 42°C for 90 sec and returned to ice. After 2 min
450 pl of SOC was added and this was incubated at 37°C with shaking for 45 min. This mix
was plated on an LB-agar plate containing the appropriate antibiotic and incubated overnight at
37°C.

2.2.14 Electophoretic mobility shift assay (ILMSA)
Flectophoretic mobility shift assay (EMSA) was as described by Ng et al (2001). This
technique is also commaonly known as the band-shifl assay and is referred to using both names

in this thesis.

2.2.15 Probe preparation

DNA fragments were 5° end-labelled using T4 polynucleotide kinase (PNK). To 5-10 ug of
DNA in 5 ul of dH,O on ice was added 10 U of T4 PNK in 1 x T4 PNK buffer, followed by the
addition of 10 pCi of [y-nP] dATP (10p Ci pl") o give a total volume of 8 pl. The reaction
was incubated at 37°C for 1 h, and the DNA was purified using a Sephadex G-50 column.
Sephadex G-50 was prepared by adding two volumes of TE and autoclaving. The plunger was
removed from a 1 m] syringe (Plastipak) and a small wad of siliconized glass wool was used {0
plug the end before the end was placed inside a microfuge tube. Sephadex (G-50 was added to
the syringe; the syringe and microluge tube were placed inside a 50 ml centrifuge tube and then
centrifuged at 3000 rpm for 5 min to remove the TE. This was repeated until ~0.8 ml Sephadex
G-50 remained in the syringe. A fresh microfuge tube was then placed at the bottom of the
syringe and the radiolabelled probe addcd to the Sephadex G-50 column. This was spun again
at 3000 rpm for 5 min and the syringe was monitored with a Geiger counter to confirm that
unincorporated nucleotides had been removed from the probe. The purified probe was

transferred to a fresh serew-top microluge tube and stored at -70°C.
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2.2.16 EMSA assay

Cach mobility shifl assay was performed by adding 10 pl of sample buffer (1 M Tris-HCI pH
75, 1 M KCl, 50% glycerol, 100 mM 1XI'F, 100 mM protease inhibitors: chymostatin,
pepstatin, antipain, leupeptin, aprotonin, 100 mM PMSF, 1 M MgCl;) to 20 pg of protein (or as
otherwise indicated), 1 pg of dIdC (1 mg ml™") and 1-2 ul of labelled probe. If required, non-
specific or specific competitor DNA was also added. The samples were incubated for 5 min on
ice before the addition of each reagent. Amnalysis of the formation of protein-DNA complexes
was achieved by electrophoresis of samples on a 10% acrylamide gel in 1 x TBE buffer (40
mM Tris-borate, ] mM EDTA pH 8) for 1.5-2 h at 180V. The gel was dried for 1.5 b at 80°C
and exposed to autoradiography film at ~70°C.

2.3 Protein biochemistry materials

2.3.1 Chemicals

Ultra pure imidazole and zinc chloride were purchased from MERCK, BDH. Triton X-100 was
bought from Fisons, Loughborough. Isopropyl B-thiogalactopyranoside (IPTG) was obtained
from Melford Laboratories Ltd, Suoffolk. Glutathione Sepharose 4B was supplied from
Amersham Pharmacia Biotech. Glutathione (reduced), NaF and acrylamide:bisacrylamide
solution were supplied by Sigma. Bradfords Reagent (BIO-RAD protein assay reagent) was
purchased from BIO-RAD.

2.3.2 Molecular weight markers
The relative molecuar mass (subunit M,) of proteins separated by SDS-PAGE was determined
by comparison with low M; markers (Amersham Phammacia Biotech, F.ow molecular weight

calibration kit for electrophoresis).
2.3.3 Phototgraphic materials

Nitrocellulose and Hyperfilm were purchased from Amersham Pharmacia Biotech. The X-

Omat 100 processor was supplied by Kodak.

2.4 Protein biochemistry methods

2.4.1 Growth of bacterial culturcs for protein induction
A single colony of transformed BL.2| CodonPlus(DE3)-RIL cells was picked from an LB-agar

antibiotic plate and grown at 37°C with shaking in 5§ m! growth media plus the appropriate
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antibiotic for 16 h. A I ml aliquot was subcultured into 50 m! growth media plus antibiotic and
incubated at 37°C with shaking until thc ODge was between 0.5-1.0. PTG, at a final
concentration of 0.2 mM-1 mM (0.2 mM for 22°C and 15°C induvctions or 1 mM for 30°C and
37°C inductions), was then added and the cuitures induced at the required temperature for
either 3 h (30°C aund 37°C inductions) or 16 h (22°C and 15°C inductions). During 3 h
inductions samples were taken at zero time and then at 1 It intervals to check for
overexpression. During 16 I inductions samples were taken at zero time and at 16 h. Ali
samples were pelleted by centrifugation at 13,000 rpm for 1 min and the pellets resuspended in
Laemmli sample buffer (2% (w/v) SDS, 10% (w/v) sucrose, 62.5 mM Tris-HCI, pH 6.8,
Pyronin Y dye) using 10 pul per 6.1 ODggo units. Cells were harvested by centrifugation at 3,000
rpm for 15 min and the supernatant discarded. The pellet was then resuspended in 3 mi of the

appropriate buffer for puritication and stored at -20"C.

2.42 Large-scale protein induection

A single colony was picked Lrom an LB-agar antibiotic plate and grown at 37°C with shaking in
10 ml growth media pius antibiotic for 16 h. This was then subcuitured inte 500 mi growth
media plus antibiotic and grown at 37°C with shaking until the ODgy was between 0.5-1.0.
Protein expression was induced by the addition of 0.2-1 mM PTG (Section 2.4.1). Induction
was again carried out for cither 3 h or 16 h depending on the temperature used. Samples at zero
tme and at the end of induction were kept for analysis on SDS-PAGE to check that expression
had occurred as before. Cells were harvested by centrifugation at 8,250 rpm for 15 min in a
Beckman J2-21 centrifuge nsing a JA-14 rotor and the supernatant discarded. The pellet was

then resuspended in 20 ml of the appropriate builer for purification and stored at -20°C.

2.4.3 Dialysis of protein samples
Visking tubing was prepared by boiling in 10 mM sodium bicarbonate, pH 8.0, 1 mM EDTA
for 10 min. This was then rinsed in distilled water before being slored in 100% (v/v) ethanol,
Tubing was thoroughly rinsed in distilled water before use.

Dialysts of protein took place at 4°C for several hours using multiple changes of dialysis

bufter.

2.4.4 Conceniration of protein samples
After dialysis, protein samples were concentrated by centrifugation in a Centricon Plus-20
centrifugal concentrator filer (Amicon), with cut off 30,000 Da, according 1o the

manufacturer’s instructions.
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2.4.5 Determination of protein concentration
The method of Bradford (1976) was routinely employed. A standard curve was produced using
known concentrations of BSA. The absorbance of the unknown samples were taken then

measured at 595 nm and their concentration extrapolated from the standard curve.

2.4.6 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

The solutions required for SDS-PAGE were as follows:

Acrylamide solution
29.2% (w/v) acrylamide/(.8% (w/v) bis-acrylamide.

Resolving gel butfer

10% (w/v) acrylamide, 0.5 M Tris-HCI, pH 8.8, 0.1% (w/v) sodium dodecyl sulphate (SDS),
0.1% (w/v) ammonium persulphate, 0.1% (v/iv) N, N, N', N'-tetramethlethylene diamine
(TEMED).

Stacking gel buffer
4.5% (wiv) acrylamide, 0.06 M Tris-HC], pH 6.8, 0.1% (w/v) SDS, 0.1% (w/v) ammonium
persulphate, 0.1% (v/v) TEMED.

Runrning buffer
25 mM Tris-HCI, pl1 8.3, 0.25 M glycine, 1% (w/v) SDS,

Proteins were resolved under denaturing conditions using the method of Laemmit (1970).
Samples for analysis on SDS-PAGE werce resuspended in Laemymli sample buffer to whiclhh 1 M
DTT was added {at a final concentration of 150 mM) prior to boiling for 5 min to ensure that
all proteins were denatured. A 10 pl aliquot of each sample was loaded on the gel along with 10
)l of a low molecular mass marker (Section 2.3.2). Gels were run using the Biorad Mini-
Protean gel kit system at 400 V for | h or until the dye front was approximately 1 cm from the
bottom of the gel. Gels were then stained in .1% (w/v) Coomassie Brilliant Blue, 10% (v/v)
acetic acid, 50% (v/v) methanol for T h and destained in 10% (v/v) acetic acid, 10% (v/v)

methanol overnight.
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™ (enhanced chemilnminessence)

2.4.7 Immnnoblotting using ECL
Anti-PentaHis-HRP conjugate antibody was supplied by QIAGEN and Anti-GST-HRP
conjugate antibody was supplied by Amersham Pharmacia Biotech. Immunoblotting protocols

were carried out as detailed in the manufacturer’s instructions.
2.4.8 Solutions used in immunablotiing

Transfer buffer (10 x) per litre
25 mM Fris-HCI, pH 7.2, 192 mM glycine, 0.02% (w/v) SDS, 20% (v/v) methanol.

2.4.9 Solutions for Anti-PentaHis-HRP conjugate detection

Blocking buffer: 10 mM Tris-HCI pH 7.5, 0.1% (w/v) Blocking reagent, 0.1% (v/v) Tween-
20.

TBS buffer: 10 mM Tris-HCI pH 7.5.

TBS-Tween/Triton buffer: 20 mM Tris-HC| pH 7.5, 500 mM NaCl, 0.05% (v/v) Tween-20,
0.2% (v/v) Triton X-100.

Anti-PentaHis-HRP conjugatce antibody: 20 mM tris-HCI pH 7.5, 1% (w/v) Non-fat milk,
0.1% (v/v) Tween-20, 1:2500 dilution of Anti-PentaHis-IIRP conjugate antibody.

2.4.10 Solutions for Anti-GST-HRP conjugate detection

Blocking: huffer: 20 mM Tris-HCl pH 7.5, 5% (w/v) Blocking reagent, 1% (v/v) T'ween-20,
TBS bufler: as above (Section 2.4.8).

TBS-Tween/Triton buffer: as above (Section 2.4.8).

Anti-GST-HRP conjugate antibody: 20 mM Tris-HCI pH 7.5, 0.1% (v/v) Tween-20, 1:5000
dilution of Anti-GST-HRP conjugate antibody.

2.4.11 Immunoblotiing protocol

SDS-PAGLE analysis was performed as described in Section 2.4.6. Proteins were then
electrophoretically transferred to nitroccilulose using the Biorad Mini-Protean gel kit system at
50 mA for 2 h in 1 x transfer buffer. Staining of the nitrocellulose with the non-fixative dye
Ponceau S was employed to check the efficiency of protein transter. This was washed off in
distilled water and the non-specific binding sites were blocked by immersing the nitrocellulose
in blocking buifer for 1 h at room temperature with shaking. The membrane was washed twice
for 10 min in TBS-Tween/Triton buffer then incubated with diluted HRP conjugate antibody

solution at room temperature for 1 h. The membrane was again washed in TBS-Tween/Triton
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buffer for 10 min and given a final wash in TBS bufler before detection. The detection step was
carricd out as described in the Amersham protocol for ECL detection. In the dark room,
auloradiography film was placed onto the membrane and exposed for 30 scc initially before

developing the [ilm using a Kodak X-omat 100 processor.

2.4.12 Solubilisation of cxpressed fusion proteins

Fusion proteins were expressed as described previously (Section 2.4.1-2.4.2). The pellets were
then resuspended in the appropriate volume of lysis buffer and disrupted by 3 passes through an
automatic French pressure cell (pre-cooled on ice) at 750 or 950 psi for small or large-scale
preparations, respectively. Protease inthibitors were routinely added to prevent degradation of
protein. A 100 ui aliquot of this whole cell extract sample was retained before the remainder
was centrifuged at 4°C in a Beckman J2-21 centrifuge using a JA-17 or JA-14 rotor for small or
large preparations, respectively. 100 pl aliquots of the supernatant and pellet, resuspended in
the original starting volume of lysis buffer, were retained. An equal volume of Laemmit sample
buffer was added 1o these samples and the solubility of the recombinant protein viewed by

SDS-PAGE.

2.4.13 Purification of GST-tagged proteins
GST-tagged proteins were purified using the BioCAD® SPRINT ', Perlusion Chromatography®
System (PE Biosystems). A GSTrapFF 5 ml (Glutathione sepharose) column was routincly

uscd.

2.4.14 Preparation of bacterial cell extracts
GST fusion proteins were expressed as described (Section 2.4.1-2.4.2).

The pellet from a 500 ml hacterial cell culture was resuspended in 20 ml 1 x PBS (140
mM NaCl, 2.7 mM KC1, 10 mM Na;HPO,, 1.8 mM KH,POy, pH 7.3) und the celis disrupted
under high pressure using a French Pressure cell at 950 psi. Typically 3 passes were made and
prolease inhibitors added to prevent degradation of protein. The supernatanl was clarified by
centrifugation at 10,000 rpm for 15 min at 4°C in a Beckman J2-21 centrifuge using a JA-14

rotor.

2.4.15 Column purification of GST-tagged proteins

The column was prepared by equilibrating with 5 colurim volumes of binding buffer (1 x PBS)
prior to use. Clarified supernatant was loaded onto the column in 5 ml increments., After
extensive washing of the column in binding buffer, bound GST-tagged protein was cluted in
elution buffer (10 mM reduced glutathionc in 50 mM Tris-HCI, pH 8.0) and 2 ml fractions

L




collected. Elution of the protein was monitored by measuring the absorbance at 28(} nm.
Aliquots of the appropriate fractions were then mixed with an equal volume of Laemmli sample

buffer and analyzed using SDS-PAGE.

2.4.16 Purification of His-fagged proteins
{fis-tagged proleins were purified using the BioCAD® SPRINT", Perfusion Chromatography®
System (PE Biosystems). A POROS® MC (metal chelate) colummn (4.6 mmn/100 mwm) was

routinely used.

2.4.17 Preparation of bacterial cell extracts

His-tagged fusion proteins were expressed as described (Section 2.4.1-2.4.2). The pellet from a
500 m! bacterial eell culture was resuspended in 20 ml starting buffer (100 mM NaCl, 0.5 mM
imidazole in 50mM KE,PO,, pH 7.5) and the cells disrupted under high pressure using u
French Pressure cell at 950 psi. Typically 3 passes were made and protease inhibitors added to
prevent degradation of protein. The supernatant was clarified by centrifugation at 10,000 rpm

for 15 min at 4°C in a Beckman J2-21 centrifuge using a JA-14 rotor.

2.4.18 Column purification of His-tagged proteins

The column was preparcd by loading the imidodiacetate binding sites with zin¢ ions (0.1 M
ZnCl,, pH 4.5-5) for 25 column volumes and then washing with distilled water followed by

0.5 M NaCl to remove any excess metal tons. The column was then washed with 5 column
volumes of elution buflfcr {100 mM. NaCl, 500 mM imidazole in 50 mM KH,PQO,, pH 7.5),
Finally the column was equilibrated with starting buffer (100 mM NaCl, (1.5 mM imidazole in
50 mM KH,PO,, pH 7.5) before use.

Clarified supernatant was loaded onto the column in 5 ml increments, After extensive
washing of the column in starting buffer bound His-tapped protein was eluted in a linear
imidazole gradient (0.5 mM — 500 mM) and 2 ml fractions collected. Elution of protein was
monitored by measuring the absorbance at 280 nm. After ail the protein efuted the column was
regenerated by washing with 15 column volumes of stripping buffer (50 mM EDTA, | M
NaCl). Aliquots of the appropriate fractions were then mixed with an equal volume of Lacmmli

sample buffer and analyzed using SDS-PAGL.

2.4.19 Solubilization of insoluble proteins from inclusion bodies
The following protocol was adapted {from the Protein Folding Kit (Novagen).
After induction in £. coli and overexpression of the desired protein (Section 2.4.1), the

cells were pelleted as normal and resuspended in 0. 1-cultwre volume of Inclusion body wash
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buffer (10 mM EDTA, 1% (v/v) Triton X-100 in 20 mM Tris-HCL, pH 7.5). Cells were
disrupted by passage through a French press (Section 2.4.12), and insoluble material pelleted
by centrifugation at 10,000 rpm for 10 min at 4°C. The pellet was then washed a further twice
in Inclusion body wash buller.

Inclusion bodies were resuspended in 50 mM KIL,PO,, pH 7.5 (or 150 mM NaF, pH 7.5
for Circular dichroism experiments) at a concentration of 10-20 mg mI™ and supplemented with
the appropriate volume of 30% (v/v) N-laurylsarcosine to give the desircd concentration of
detergent in the buffer, typically 0.1-3% (complete solubilisation was generally achieved with
0.2% {v/v) detergent). This was incubated at room temperature for 30 min with agitation before
clarifving any insoluble material by centrifugation at 10,000 rpm for 1S min at 4°C. Samples of
the supernatant were taken for analysis using SDS-PAGE.

2.4,20 Mass spectromelric data
Mass specira were recorded in collaboration with Dr. A. Pitt, Sir Herry Wellcome Functional

Genomics [acility, University of Glasgow.

Sample preparation

Gel bands were broken into approximately 1 mm cubes and then destained and dehydrated by
sequential washing with 300 ul oft 25 mM ammonium bicarbanate, 50% 25 mM ammonium
bicarbonate in acetonitrile and 100% accionitrile, followed by drying in a centrifugal
evaporator (Univap, Uniscience). Gel slices were re-hydrated in 20 pl of 20 ng ml™ trypsin (in
25 mM ammoenium bicarbonate) for 15 min. Additional 25 mM bicarhonate was then added to
ensure the gl slice was covered and the digest incubated at 37°C overnight. The supernatant
was removed, acidified by the addition on 1 pl of 5% formic acid and used directly for mass
spectrometry or frozen at -20°C until required. 10 pl aliguots of the samples was subjected to
nL.C-MSMS on a QStar Pulsar i electrospray mass spectrometer fitted with a nanospray source
(Protana), using a 20 micron i.d., 10 micron orifice distally couted electrospray tip mounted in a
ProADP2 adaptor (New Objective) connected to a nanoflow LC system (LC Packings) with the
minimuimn length of 20 micron i.d. fused silica capillary possible. nL.C was performed vsing a
0.3 x 5 mm reversed phase trap (PepMap C18, Dionex) and a 75 micron x 15 cm PepMap C18
reversed phase column (Dionex) using standard methodology, with a loading pump flow of 30
pl min” and a main flow of 200 nl min™. Peptides were trapped on the C18 trap and desalted
for 5 min before being separated using a 5-40% acetonitrile gradient over 15 min. All solutions
contained 0.5% formic acid. Mass spectrometfric analysis was performed in DA mode
(AnalystQS software, Applied Biosystems), selecting the 4 most intense ions for MSMS
analysis. A survey scan of 400-1500 Da was collected for 3 sec followed by 3 sec MSMS scans
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of 50-2000 Da using the standard rolling collision energy settings. IDA was triggered lor ions
with charge states 2-4 above a threshold of 10 counts. Masses were then added to the exclusion
list for 3 min. Peaks were extracted using the Mascot script (BioAnalyst, Applied Biosystems)
and automatically exported to the Mascot (Matrix Science) search engine. Data was searched
against the database using the MASCOT Daemon, with a peptide tolerance of 1.0 Da, an

MSMS ion tolerance of 0.5 Da allowing for | missed cleave and variable methionine oxidation.

2.4.21 Circular dichroism
Circular dichroism (CD) spectra were recorded at 20°C on a JASCO J-810 spectropolarimeter

(Jasco UK). All spectra were recorded in collaboration with Dr. S. Kelly and Mr. ‘1. Jess in the
Scoitish Cirenlar Dichroism Facility, University of Glasgow. For CI) experiments, purified

protein samples were routinely prepared in 150 inM NaF, pH 7.5 (Section 2.4.19).
2.5 Fission yeast materials

2.5.1 Yission yeast media

Media used for the propagation of fission yeast were as described by Morena et al (1991).

2.5.2 Fission yeast strains
All fission yeast strains used in this thesis are listed in Appendix 1. The annotation GG reicrs (o

the Glasgow lab [ission yeast collection number.

2.5.3 Fission yeast plasmid vectors

‘The pREP] (GB 27) and pREP3X (GB 28) vectors, used for the expression of the His-tagged
components of the DSCI1 complex in fission yeast, were obtained from laboratory stocks
(Appendix III).

pREP1: for the expression of genes under the conirol of the el {(no message in thiamine)
promoter {(Maundrell, 1993).

pREP3X: for the expression of genes under the control of the nmt! (no message in thiaminc)
promoter. Derived from the pREPI vector it contains different restriction silcs in the polylinker

(Forsburg, 1993).
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2.6 Fission ycast methods

2.6.1 Fission yeast ccll culture

‘I'o resuscitate yeast strains from -70°C glycerol stocks, (maintained in 25% glyceral 75% YE)
cells were streaked onto complcte rich medium (YE) plates (Moreno et al., 1991). The cclls
were then grown at the permissive temperature (25°C or as otherwise indicated [or mutant
strains) for 2-3 nights and checked microscopically to ensure no contamination had occurred,
and that the cells were growing normally. A few individual colonies were then picked and
streaked onto a YE master-plate, which was incubated overnight at 25°C. ‘T'he master plate was
used to replica-plate colonies, using a velvet cloth, onto sclective medium to confirm the yeast
strain genotype. Strains containing plasmids or being used in experiments were propagated in
EMM supplemented with the appropriate amino acids al a concentration of 100 pg ml”
(Moreno et al., 1991). Temperature sensitive mutants were incubated at the restrictive
temperature of 21°C Lo display their mutant phenotype. Cell number per mi of liquid culture
was determined [rom a sample added to [soton (Becton Dickinson); following sonication cells
were counted electronically with a Z2 Coulter Counter, A cell count of 12 x 10° cells ml”

indicated cclls were at exponential phase of growth.

2.6.2 Production of competent fission yeast cells

500 ml of EMM pius appropriate supplements was inoculated with a 10 il overnight culiture.
‘Lhis culture was grown at 25°C until a density of approximately 1 x 107 ccils mI" was
obtained. The cells were harvested in 50 ml centrifuge tubes by spinning at 3000 rpm for 5 min
in a chilled desktop centrifuge. As much supernatant as possible was removed and the cells
gently resuspended in a total of 100 ml of ice-cold 1 M sorbitol. The cells were cenirifuged as
before and resuspended it 50 ml ice-cold 1 M sorbitol. This was repeated and the cclls
resuspended in 20 ml ice-cold 1 M sorbitol. Finally the cells were cenirifuged and resuspended

in 1-2 ml ice-cold 1 M sorbitol before being frozen at -70°C in 50 pl aliquots.

2.6.3 Transformation of competent fission yeast

Aliquots of cells were thawed at room temperature and immediately stored on ice. To 50 ul of

competent cells 1-2 ul of the appropriate plasmid DNA was added. The cellFlDNA suspension
was transferred to a pre-chilled 0.2 em electroporation cuvette and pulsed at 2.5 kV. 1 ml of |
M sorbitol was then immediately added to the cuvette, the cell suspension returncd to the
microfuge tube and placed on ice. The transformation mixture was then plated out onto

selective EMM, left to air dry, and incubated at permissive temperature for 3-4 days.
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2.6.4 Induction of gene overcxpression

Several {ission yeast strains containing the pREP1 or pREP3X vectors with the appropriate
insert were used to overexpress componenls of the DSC1 complex. Aresd cells (GG 146)
were transformed with the pREP vector alone (GG 796), His-res!” (GG 790), His-res2’
(GG 802), His-repl” (GG 811) or His-rep2' (GG 817) and Ares2 cells (GG 156) were
transformed with the pREP vector alone (GG 801) or containing His-res2” (GG 808);

+
Appendix I The pREP vector series uses the #m/ (no message in thiamine) promoter to
control expression of the inserted genes, Strains were streaked from glycerol stocks onto

EMM plates containing the appropriate amino acids for nutritional selection of the plasmid,

"
with and without thiamine at a concentration of 5 pg pl' ¢/ promoter ‘off’) and growth
was compared at 30°C and 21°C. For protein extraction, 5ml cultures were grown (o
saturation at 30°C with the appropriate amino acids with and without 5 pg pl' thiamine.

These were used to inoculale 200 ml cultures supplemented with the appropriate amino
+
acids and 5 pg pi” thiamine (for nmt/ promoter ‘off experiments) or without thiamine (for

+ . - ~
amt! promater ‘on’ experiments}, and then grown for 16 h. Protcin was then extracted tor

use in EMSA experiments as detailed (Section 2.6.5).

2.6.5 Protein extraction from lission yeast
Protein extraction from fission yeast was as described by Ng et al. (2001).

200 m{ cultures of fission ycast cells, in mid-exponential stage of growth, were prepared
and harvested hy centrifugation at 5000 rpm for 10 min in screw-cap centrifuge tubes. The cell
pellet was resuspended in 200 pl of icc-cold bysis buffer (50 mM KCl, 50 mM Tris-HCI pH 8,
25% glycerol, 2 mM DTT, 0.1% Triton X-100, 5 g of protease inhibitors: chymostatin,
pepstatin, antipain, leupeptin, aprotonin, 0.2 mM PMSF) in 2 ml screw-capped microfuge
tubes. ‘The cells were pelleted at 13,000 rpm for 1 min at 4°C in a high-speed microcentrifuge
and again resuspended in 200 pl of lysis buffer. Acid washed glass beads (425-600 nricron,
Sigma) were added to just bencath the meniscus and the tubes were chilled on ice for 2-3 min
before being disrupted using a Ribolyser (Hybaid Ltd, UK) with 1 burst at 40 sec, setting 4.
The cell debris was pelleted by centrifugation at 13,000 rpm for 5 min at 4’C and the protein
supernatants were transferred to a fresh chilled microfuge tube, and clarified by centrifugation
at £3.000 rpm for 30 min at 4°C. Supernatants were transferred to a fresh chilled microfuge
tube and 5 pl was removed to determine protein concentration, which was estimated wsing
Bradford’s reageut (Section 2.4.5) und the remainder of the protein sample was snap frozen on
solid CQ,, and stored at -70°C.
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Chapter 3

Molecular cloning and expression of individual

components of the fission yeast DSC1 complex
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3.1 Introduction

I both budding and fission yeasts the decision to enter the mitotic cell cycle is made at a point
in late G1 phase known as START (Torsburg and Nurse, 1991). Passage through START and
entry into S phase requires CDK activity and the activated transcription of genes that are
essential for S phase. In budding yeast the transcriptional activation of these genes is dependent
on the SBF and MBFT transcription factor complexes and in fission yeast the MBF counterpart,
DSC1 (Jehnsion and Lowndes, 1992).

The SBF complex is composed of an ScSwibp-ScSwidp heterodimer, which binds to the
5° CACGAAA 3° sequence in the promoters of several genes to regulate their franscription
(Breeden and Nasmyth, 1987a; Androws and Herskowitz, 1989a; Taba et al., 1991). Genes
regulated by SBI include the Gl cyclins CLNI, CLN2, PCL! and PCL2 (Johnston and
Lowndes, 1992; Ogas et al., 1991; Measday et al., [994; Koch and Nasmyth, 1994) and the £/
endonuclease gene required tor the mating type switch (Nasmyth, 1983; Breeden and Nasmyth,
1987a).

The MBF complex recognises promoters containing the MCB sequence element 5°
ACGCGT 3° (Mclntosh et al., 1991; Lowndes et al., 1991) and is composed of ScSwiép in
combination with ScMbplp (Lowndes et al., 1992b; Dirick et al., 1992; Moll et al., 1992; Koch
et al., 1993). Targets for MBF regulation in budding yeast incfude many genes required for
DNA synthesis and two late G1 cyclins CLBJ and CLB6 (Johnston and Lowndes, 1992;
Mclntosh et al,, 1991; Epstein and Cross, 1992; Schwob and Nasmyth, 1993). More recently a
genome wide analysis of the SBF and MBF binding patterns has implicated these (wo
complexes in the control of many more genes, some of which are transcriplion factors
themselves, implying a greater gene regulatory role for these complexes than first thought (Iyer
et al., 2001; Horak et al., 2002). Tn both SBF and MBF, DNA binding i mediated by, ScSwidp
and ScMbp1p, respectively (Primig et al., 1992; Dirick et al., 1992; Koch et al., 1993).

in the distantly related fission yeast the transcriptional activation of at least ten genes
(cde22", cdcl®, cig2*, cdtl”, rad2l", suc22, vadll®, ste9", mikl" and cdt2™) vequired for S
phase and DNA replication is controlled by the DSC1 complex (I.owndes ¢t al., 1992a;
Fernandez-Sarabia et al., 1993; Kelly ¢t al., 1993; Connolly and Beach, 1994; Hofmaunn and
Beach, 1994; Birkenbihl and Subramani, 1995; Harris ¢t al., 1996; Parker et al., 1997; Tournier
and Millar, 2000; Ayte et al., 2001; Ng et al., 2001; Yoshida et al., 2003). Similar toc MBF in
budding yeast, this complex binds to MCB elements in the promoters of these genes. The
SpReslp, SpResZp, SpCdcl0p and SpRep2p proteins are all components of this compiex
{Lowndes et al., 19924; Tanaka et al., 1992; Caligiuri and Beach, 1993; Miyamoto et al., 1994,
Zhu et al,, 1994; Nakashima et al., 1995) wilh a role in the meiotic cycle proposed for SpReplp
in place of SpRep2p (Sugivama et al., 1994; Cunliffe et al., 2004). At least three of these
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proteins, namely SpReslp, SpRes2p and SpCdcellp, share close homology to their budding
yeast counterparts.

A comparison of SBE/MBF/DSC1 proteins at the Jevel of primary structure revealed a
significant degree of homology specifically in their N and C-termini and in two centrally
located ankyrin repeats. In ScSwidp and ScMbplp the N-terminus harbours their DNA binding
capability whilst their C-termini are required for heteromeric complex formation with the C-
terminus of ScSwi6p. Similarly, in SpReslp and SpRes2p, the N-terminus contains the DNA
binding domain and theic C-termini bind to SpCdetOp. Common to all six proteins are the two
centrally Jocated ankyrin-repeat motifs (Bork, 1993; Sedgwick and Smerdon, 1999). 'The
ankyrin repeats, believed to be involved in protcin-protein interactions, have been reported to
be requited for interaction with cyclin-CDK complexes (Siegmund and Nasmyth, 1996; Foord
et al., 1999). Both SpCdc10p and ScSwibp also share a putative lencine zipper domain in their
C termini (Reymond and Simanis, 1993; Sidorova and Breeden, 1993).

Much work has been carried oul on these genes and their protein products, both genetic
and biochemical, in terms of characterising their biological function (the funciional properties
ol these proteins will be discussed in Chapters 4 and 5 of this thesis). In recent years significant
progress has been made toward clucidating the structure and function of the ScSwidp-ScSwitp-
ScMbplp family of transcription factors from budding yeast. In contrast, little or no work has
been carried out to study the 3-D structure of the fission ycast DSCI components and =o in
comparison to their budding yeast homologues, these proteins remain poorly characterised at
the atomic level.

To date, the 3-D structure of the DNA-binding domain of SpMbpip has been
determined by two independent groups at 2.1 A resolution using X-ray crystallography (Taylor
et al., 1997; Xu ct al,, 1997), and also marc recently using NMR spectroscopy (Nair et al.,
2003). X-ray cryslaliography was also employed to obtain a defailed structural analysis of the
central ankyrin domain of ScSwi6p at 2.1 A resolution (Foord et al., 1999),

Detailed structural analysis of a protein using methods such as those highlighted above
requires highly pure, soluble and active preparation in large amounts (5 -10 mg). Whilst protein
purification from the native source is the ideal situation, it can ofien involve lengthy protocols,
using several types of chromatography in order to achieve purification to near homogeneity (4
pre-requisife for detailed biophysical analysis). Furthermore, because many proteins of
biological interest (and especially cell cycle transcription factors) are present in naturally tiny
amounts, they are typically recovered in very low yields and are therefore not amenable for
many structural and functional analyses. It is for these reasons that the production of a protein
of interest is often carried out in a heterologons organism whose molecular mechanisms have
been specifically engineered to produce a protein in amounts much greater than that available

from the native source. Indeed, the analysis of all the budding yeast components of MBF have

60

T

o

ek b



heen possible as a result of expression as recombinant proteins in E. cofi. The pIT system
(Novagen) is a widely used prokarvotic system for cloning and expressing recombinant
proteins in E. cofi. Targel genes are cloned into pET vectors undet the control of the tightly
regulated T7 RNA polymerase promoter and maintained in hosts that lack a T7 RNA
polymerase gene. Once established in a non-expression host, the plasmid is then transformed
into a strain engineered to carry a chromosomal copy of the T7 RNA polymerase gene under
lacTUV5 control. Expression of the protein is then chemically induced by addition ol IPTG.

The use of this prokaryotic system is not without limitations, as many of the post-
translational modifications carried out in eukaryotes are unavailable in this host. Alernatively,
many rescarchers therefore exploit a eukaryotic host for recombinant protein expression (the
methylotrophic yeast Pichia pastoris and baculovirus systems are now widely used).
Nevertheless, it is important to note that the relative success of each system uwsed for
heterologous expression must be determined empirically for each individual protein (many
proteins that do not express at all, or to low levels, in the cukaryotic systems have often been
successfully expressed in Z, coli and vice versa). As precedent for this project, 7. coli, as host
for heterologous protein expression, was successfully applied permitting detailed structural
information about the budding yeast MBF components.

The aim of this chapter was to clone the components of the fission yeast DSCI
transeription factor complex and to express them as His-tagged fusion proteins in £ coli. The
cloning and expression of these components using the pET system has the potentiai to provide
a reproducible source of recombinant proteins in amounts suitable tor use in future functional

and bitophysical studies.
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3.2 Cloning the resI®, res2", repl” and rep2” components of DSC1
The plasmids used for the cloning of the DSCI components are listed in Appendix 1 - GB 121
(repl'), GB 23 (rep27), GB 164 (res2') and GB 160 (resi™).

Previously in our laboratory, PCR of the cDNAs encoding the components of the fission
yeast DSC1 complex was performed wsing primers that permitted the addition of N-terminal
Ndel and C-terminal BamHI restriction sites. These sites were not present in the open reading
frames of the genes being cloned. The [(idelity of the PCR reactions and the integrity of the
restriction sites at the ends of each gene were confirmed by DNA scquencing after cloning into
the vector pBC KS* (MWG-Biotech — using oligos listed in Appendix H). The presence of the
restriction ends, specifically the N-terminal Ndel site, allowed cloning into the pET-28¢ vector
in the correct rcading frame with an N-terminal 6-histidine tag (His-tag). The inclusion of the
Iis-tag provides a mcans of conveniently purifying the fusion protein by immobilised metal
jon affinity chromatography (IMAC). This vector also contains the neomyein
phosphotransferase gene, conferring kanamycin antibiotic resistance to the cloned plasmid.

The plasmids containing the His-tagged cDNAs of the DSC] components were digested
with Ndel and BamHL, as was the pET-28¢ veclor to generate compatible cohesive ends for
ligation. 'I'he vector was also treated with calf intestinal alkaline phosphatase to remove the
phosphate groups exposed by digestion in order to prevent self-ligation (Methods 2.2.7 and
2.2.8). The products of the restriction digestions were analysed on a 1.5% (w/v) agarose gel and
bands of the appropriate size excised and purified using the QIAquick® Gel Exiraction Kit
(Methods 2.2.4 and 2.2.6). 5 pl samples were analysed on a 1.5% (w/v} agarose gel to
determine the amount of DNA retrieved and thus to empirically determine the vector;insert
ratio to be used in the subsequent ligation. 1igation reactions were carried out as described
(Methods 2.2.9) and transformed into £. coli DH5a cells the following day (Methods 2.2.13).
Translormants were then plated on 1.B-agar plates supplemented with the antibiotic kanamycin
(30 pg ml™) and incubated at 37°C overnight. Colonics were selected and cultured overnight at
37°C in 5 ml 1.B media supplemeuted with kanamycin (30 ug ml™).

Plasmid DNA was purified from the overnight cultures as described in Methods section
2.2.5 and analysed by restriction enzyme mapping to ¢onfirm the presence of an insert of the
predicted size (Figures 3.1 and 3.2). Potential positive clones were sequenced (MWG-Biotech -
using oligos listed in Appendix II) to confirm the presence of insert and ensure that the genes
had been cloned in-frame with the N-terminal His-tag. After confirmation by restriction
mapping and DNA sequencing, a positive clone for each gene was stored at -70°C in the fab
bacterial collcction: GB 177 (repl”), GB 191 (rep2™), GB 178 (res2") and GB 201 (res!™) -

Appendix 1. These clones were then used for the subsequent overexpression of heterologous

protein.
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Figure 3.1 Restriction digestion analyses of the repl-pET-28c and rep2 -pET-28¢

plasmids

Clones containing insert were analysed by restriction mapping. Samples of each digest were

analysed on a 1.5% (w/v) agarose gel stained with ethidium bromide and viewed under UV

illumination. The 1 kb DNA ladder is shown (M) and sizes are indicated in base-pairs.

Digestion of the rep ! -pET-28c plasmid: 1 Ndel-BamHI 2 EcoRI 3 EcoRV.

Digestion of the rep2 -pET-28c¢ plasmid: 4 Ndel-BamHI.

The restriction enzymes used in each digest and the predicted fragment sizes are summarised

for each clone in Tables 3

| Enzyme(s)

| Ndel-BamHI1

|Ecor1

| EcoRV

Table 3.1 rep! -pET-28c

| Enzyme(s)

. Ndel-Banl}_ll;

Table 3.2 rep2 -pET-28c

.l and 3

l Number - of Fragments

mumber of Fragments

12

Fragment sizes (1 (bp)

1420, 1420,5330
!370 660, 5720

|l 2300, 4440'

Fragment snzes (bp)

| l 660, 5330
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Figure 3.2 Restriction digestion analyses of the res2"-pET-28¢ and resl"-pET-28¢

plasmids

Clones containing insert were analysed by restriction mapping. Samples of each digest were

analysed on a 1.5% (w/v) agarose gel stained with ethidium bromide and viewed under UV

illumination. The 1 kb DNA ladder is shown (M) and sizes are indicated in base-pairs.
Digestion of the res2 -pET-28c plasmid: 1 Ndel-BamHI 2 EcoR1 3 Ncol
Digestion of the res/"-pET-28¢ plasmid: 4 Ndel-BamH1 5 Hindlll 6 Xbal

The restriction enzymes used in each digest and the predicted fragment sizes are summarised

for each clone in Tables 3.3 and 3 4.

l Enzyme(ﬁi)r

| Ndel-BamHI

l EcoRI 7

[_le,, 7

Table 3.3 res2 -pET-28c

| Enzyme(s)
| Ndel-BamH]1

| HindI11

"

Xbal

Table 3.4 res! -pET-28¢c

N! ™ | N{Z

\ &ulhber pf Vll‘llé‘ngentgi 7

64

mber of Fragments

__| Fragment sizes (bp)

11970, 5330

~ [1530,5770

| 1200, 6100

» .F':ragmentrs'irzes (bp)‘;;

| 1910, 5330
11370, 5870
1570, 6670




3.3 Cloning the cdcl0" component of DSC1

The recombinant plasmid containing the cde/0” gene cloned into the Ndel-BamHI sites of pET-
28¢ (previously cloned in our laboratory) was found to produce & truncated protein product
upon overcxpression. Subsequent DNA sequencing analysis identified an artificial internal stop
codon as the cause of this truncation. Site-directed mutagenesis was therefore carried out to
resnove the internal stop site and is outlined below (details of the site-directed mutagenesis of
cdcl0' are described in Methods 2.2.11). The site-directed mutagenesis invokes a G to C single
basc pait substitution at position 426 rclative to the ATG. This is a silent mutation changing
TAG (Stop) to TAC (Tyr) since the wild type cdc10™ gene contains a TAT (Tyr) at the
corresponding codon. The incorporation of C rather than T, with respect to wild type, at base

pair 426 was necessary to remove an internal Neel site.

3.3.1 Site-directed mutagenesis of cdel¢"
The plasmid pET-28¢ containing a 2,304 bp fragment representing the cdel0” gene cloned in al
Ndel-BamHI was obtained from a laboratory stock (GB 130: Appendix I) and used as template
for site-direccted mutagenesis. Figure 3.3 provides a schematic representation of the
mutagenesis reaction and the primers used,

Initially, two separate PCR. resclions were carried oul using primer pairs GO 546/GO
548 and GO 547/GO 459, to generate fragments of approximately 500 bp and 2000 bp,
respectively. The products obtained from these PCR reactions arc shown in Figure 3.4. Both
products of the predicted size, containing the G to C substitution at position 426 (as introduced
by the mutagenic primers GO 547 and GO 548) were gel purifiecd (Methods 2.2.6) and analysed
by electrophoresis on a 1.5% (w/v) agarose gel (data not shawn). 0.5 pl of each purified PCR
product was then used as lomplate in a single fusion PCR reaction using the primers GO 546
and GO 459. These primers are complementary to either end of the cdc/0" gene in GB130 and
incorporaie the N-terminal Ndel and C-terminal BamHI sites, respectively. All PCR reactions
were carried oul using the Venty DNA polymerase (New England Biolabs). This enzymc has
extensive 3° to 5’ exonuclease proofreading activity, thus helping to minimise errors in base

mis-incorporation.
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5 - TAC ¥

Figure 3.3 PCR strategy for the site-directed mutagenesis of cdc10"

A schematic representation of the primers used in the site-directed mutagenesis of
cdel0'. A In separate PCR reactions, 1 and 2, two fragments of the target gene
were amplified. PCR 1 uses primers GO 546 and GO 548, whereas PCR 2 uses
primers GO 547 and GO 459. B The two overlapping fragments were then used as a
template in a fusion PCR reaction, 3, with primers GO 546 and GO 459 to produce
the full-length mutant DNA.

66




2036
1636
1018

4= GO0 546/GO 548

517/506

3054
2036
1636 _ GO 547/GO 459

1018
517/506

Figure 3.4 Site-directed mutagenesis of cdcl0” by PCR amplification

PCR products were analysed on 1.5% (w/v) agarose gels stained with ethidium bromide. The

1 kb DNA ladder is shown (M) and sizes are indicated in base-pairs. Arrows indicate PCR
products of the predicted size, from reactions using primer pairs GO 546/GO 548 and

GO 547/GO 459. The presence of contaminating PCR products in the GO 546/GO 548 reaction

was due to non-specific priming in early cycles.
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3.3.2 Cloning the silently mutated cdcl¢" gene into pCR2.1¢
The TA Cloning® Kit (Invitrogen) was used to clone the blunt-ended PCR product from the
fusion PCR reaction (Methods 2.2.10).

Cloning of PCR products into the pCR2.1% vector is a one-step method that utilises the
non-lemplate dependent activity of 7ag polymerase 1o add single deoxyadenosine (A) to the 3°
ends of PCR products. The linearised pC'R2.1% vector contains single 3* deoxythymidine (T)
residues, thus allowing efficient ligation of'a PCR insert with vector. Ventg DNA polymerase
was used in the PCR rcactions to improve fidelity as it has a much lower rate of base mis-
incorporation than Tag polymerase due to intrinsic proofreading activity. However, Ventg does
not leave singlc 3° A overhangs, and so a necessary extra final step at the end ot the fusion PCR

reaction was to incubate the reaction mix with Tag at 72°C for 10 min.

3.3.3 Ligation, transformation and identitication of clones

After troatment with Tag a PCR product corresponding to the approximate size of the cde/('
gene was gel purified, an aliquot analysed on an agarose gel (data not shown) and used in a
ligation reaction with the linearised pCR2.1® vector. The cloning of the cdclf* fusion PCR
product into the pCR2.1¢ vector and transformation was as described in Methods section
2.2.10.

Transformants were plated on LB-agar plates containing 1.6 mg i’ X-Gal, 50 pg ml”
ampicillin and incubated at 37°C overnight. Colonies were selected according to the blue/white
screening method and white colonies picked and cultured overnight in LB media supplemented
with ampicillin (50 pg mI™") at 37°C. Plasmid DNA was purified from the overnight cultures as
described in Methods section 2.2.5 and analysed by restriction enzyme mapping to confirm the

presence of an insert of the correct size (Figure 3.5). Potential positive clones were sequenced

(MWG-Biotech - using oligos listed in Appendix II) to confirm he presence of insert and that

the site-directed mutagenesis was successtul. After conlirmation by restriction mapping and
DNA sequencing, a positive clone was stored at -70°C in the lab bacterial collection as GB 313

(Appendix 1).
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Figure 3.5 Restriction digestion analysis of the recombinant cdcl10'-pCR2.1% plasmid
Clones containing insert were analysed by restriction mapping. Samples of each digest were
analysed on a 1.5% (w/v) agarose gel stained with ethidium bromide and viewed under UV
illumination. The 1 kb DNA ladder is shown (M) and sizes are indicated in base-pairs.
Digestion of the cdc10'-pCR2.1® plasmid: 1 Ndel-BamHI 2 EcoRI.

The restriction enzymes used in each digest and the predicted fragment sizes are summarised

for each clone in Table 3.5.

I Enzyme(s)ﬁ‘j Wﬁ_‘i Numb;rrt;l"‘ljljaigmeni; {‘Fraglﬁ;ht sizes (bp) |
Ndel-BamH1 t 2 2300, 3930
| EcoRlI - Tz—m - | 2400,3830 |

Table 3.5 cdc10'-pCR2.1%
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3.3.4 Cloning the silently mutated cdcl0" gene into pET-14b

The plasmid GB 313, containing the ¢del0" fusion PCR product, was digested with Neel and
BamHl as was the pET-14h veetor 1o generate cahesive ends for ligation. The vector was also
treated with calf intestinal alkaline phosphatase, to remove the phosphate groups exposed by
digestion and so prevent self-ligation (Methods 2,2.7 and 2.2.8). The products of the restriction
digests were analysed on a 1.5 % (w/v) agarose gel and bands of the appropriate size excised
and purified using the QIAquick® Gel Extraction Kit (Methods 2.2.4 and 2.2.6). 5 ul samples
were analysed on a 1.5 % (w/v) agarose gel (0 determine the amount of DNA retrieved and thus
to empiricalty determine the vector:insert ratio to be used in the subsequent ligation reaction.
Ligation reactions were carried out as described (Methods 2.2.9) and transformed into £. coli
DH5a cells the following day (Methods 2.2.13).

Transformants were then plated on LB-agar plates supplementcd with the antibiotic
ampicillin (50 pg mlI™") and incubated at 37°C overnight. Colonies were selected and cultured
overnight at 37°C in § ml 1.B media supplemented with ampicillin (50 pg ml™).

Plasmid DNA was purified from the overnight cultures as described in Methods section
2.2.5 and analysed by restriction enzyme mapping to confirm the presence of an insert of the
correct size (Figure 3.6). Polential positive clones were sequenced (MWG-Biotech - using
oligos listed in Appendix 1) to confirm the presence of insert and that the gene had been cloned
in-frame with the N-termina! His-tag, After conlirmation by restriction mapping and DNA
sequencing, a positive clone was stored at -70°C in the lab buacterial collection as GB 314
{Appendix 1). This clone was then used for the subsequeni overexpression of heterologous

protein.
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Figure 3.6 Restriction digestion analysis of the recombinant cdcI0'-pET-14b

plasmid

Clones containing insert were analysed by restriction mapping. Samples of each digest were
analysed on a 1.5% (w/v) agarose gel stained with ethidium bromide and viewed under UV
illumination. The 1 kb DNA ladder is shown (M) and sizes are indicated in base-pairs.
Digestion of the cdc10"-pET-14b plasmid: 1 Ndel-BamH1 2 Pstl.

The restriction enzymes used and the expected fragment sizes produced from each digest are

summarised for each clone in Table 3.6.

[Engyme) | Number of Fragments | Fragment sizes (bp) |
Ndel-BamHI {z m |

‘et 2 | — [2250,4710

1

Table 3.6 cdc10'-pET-14b
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3.4 Overexpression of the recombinant proteins

The previously isolated clones, containing insert for cach component of the DSCI complex,
were then transformed into the . coli expression strain BL21 (DE3) CodonPlus-RIT. and small
scale protein inductions performed to test for successful overexpression of each protein
{Methods 2.4.1}.

At aliquot of a 5 ml overnight culture supplemented with either kanamyein (30ug/ml) or
ampicillin (50 pg ml"), as appropriate, was subculiured into a fresh 50 ml culture and grown
with shaking at 37°C until the optical density veached ~ 0.5 at 600 nm. Expression of protein
was then induced by the addition of IPTG to a final concentration of 1 mM. Inductions were
initially carried out at 37°C and 1 ml samples were removed at the point of induction (€ h) and
at hourly intervals thereafter for 3 h. Samples were then pelleted by centrifugation, resuspended
in Laemmlj sample buffer and analysed by 10% (w/v) SDS-polyacrylamide gel electrophoresis
and Coomassie bluc staiming. The results of each recombinant protein induction are shown in
Figures 3.7-3.9. Immunoblot analysis was also carried out, using an antibody directed against
the His-tag, to confirm that the N-terminus was intact (Figures 3.10-3.12).

All five proteins were successfully expressed at 37°C using this system, although His-
Reslp and 1lis-Rep2p were only observed by immunoblotting. The His-Reslp and His-Res2p
proteins resolved with & M, approximately 75,000, while their predicted values arc 74,604 and
75,864, respectively. The His-Replp and His-Rep2p proteins resolved with a M, approximately
55,000 and 30,000, whilc their predicted valucs are 54,781 and 26,831, respectively. The His-
Cdc10p protein resolved with a M, approximately 90,000 while the predicted value is 87,676.
Once the proteins had been successfully expressed it was then necessary to test their solubility.

This was achieved by breaking open the bacterial cells, by either chemical or mechanical
means, to release the protein into the exiracellular environment. Insoluble proteins and ccllular
debris arc typically removed by centrilugation with any soluble protein being retricved from
the supernatant. The discussion of the solubility of these recombinant proteins is delayed until
Chapter 5 where it is discussed with relevance to the biological activity of the recombinant

DSC1 components in vitro.
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His-Reslp His-Replp

Figure 3.7 Overexpression of His-Reslp and His-Replp

His-Res1p and His-Rep1p were overexpressed at 37°C in BL21 (DE3) CodonPlus-RIL cells by
induction with 1 mM IPTG. Samples (1 ml) were removed at the point of induction (0 h) and at
hourly intervals thereafter for 3 h. Samples were centrifuged and pellets resuspended in
Laemmli sample buffer (10 pl / 0.1 absorbance unit) then denatured by boiling for 5 min in the
presence of DTT (150 mM). Samples were then analysed on a 10 % SDS-polyacrylamide gel
stained with Coomassie brilliant blue. Expression of His-Res1p was not detected by Coomassie
blue staining under these conditions (the anticipated position of His-Res|p is indicated by the
arrow). Expression of His-Replp was observed in lanes 1-3 (indicated by the arrow). Molecular

weight markers are shown (M,) with sizes indicated in kDa.
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Figure 3.8 Overexpression of His-Res2p and His-Cdc10p

His-Res2p and His-Cdc10p were overexpressed at 37°C in BL21 CodonPlus (DE3)-RIL cells
by induction with 1 mM IPTG. Samples (1 ml) were removed at the point of induction (0 h)
and at hourly intervals thereafter for 3 h. Samples were centrifuged and pellets resuspended in
Laemmli sample buffer (10 pl / 0.1 absorbance unit) then denatured by boiling for 5 min in the
presence of DTT (150 mM). Samples were then analysed on a 10 % SDS-polyacrylamide gel
stained with Coomassie brilliant blue. Expression of His-Res2p and His-Cdc10p was observed
in lanes 1-3 in both cases (indicated by arrows). Molecular weight markers are shown (M,) with

sizes indicated in kDa.
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Figure 3.9 Overexpression of His-Rep2p

His-Rep2p was overexpressed at 37°C in BL21 CodonPlus (DE3)-RIL cells by induction with
I mM IPTG. Samples (I ml) were removed at the point of induction (0 h) and at hourly
intervals thereafter for 3 h. Samples were centrifuged and pellets resuspended in Laemmli
sample buffer (10 pl / 0.1 absorbance unit) then denatured by boiling for 5 min in the presence
of DTT (150 mM). Samples were then analysed on a 10 % SDS-polyacrylamide gel stained
with Coomassie brilliant blue. Expression of His-Rep2p was not detected by Coomassie blue
staining under these conditions (the anticipated position of His-Rep2p is indicated by the

arrow). Molecular weight markers are shown (M,) with sizes indicated in kDa.
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Figure 3.10 Immunoblot analysis of overexpressed His-Reslp and His-Res2p

A His-Reslp and B His-Res2p were overexpressed at 37°C in BL21 CodonPlus (DE3)-RIL
cells by induction with 1 mM IPTG. Samples (1 ml) were removed at the point of induction (0
h) and at hourly intervals thereafter for 3 h. Immunoblotting was carried out as described
(Methods 2.4.7-2.4.11) and blots were probed with Anti-PentaHis-HRP conjugate antibody
(Qiagen) at 1:2500. Expression of His-Res1p and His-Res2p was observed in lanes 1-3 in both

cases. Molecular weight markers are shown (M;) with sizes indicated in kDa.
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Figure 3.11 Immunoblot analysis of overexpressed His-Replp and His-Rep2p

A His-Replp and B His-Rep2p were overexpressed at 37°C in BL21 CodonPlus (DE3)-RIL
cells by induction with | mM IPTG. Samples (1 ml) were removed at the point of induction (0
h) and at hourly intervals thereafter for 3 h. Immunoblotting was carried out as described
(Methods 2.4.7-2.4.11) and blots were probed with Anti-PentaHis-HRP conjugate antibody
(Qiagen) at 1:2500. Expression of His-Replp and His-Rep2p was observed in lanes 1-3 in both

cases. Molecular weight markers are shown (M,) with sizes indicated in kDa.
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His-Cdc10p

Figure 3.12 Immunoblot analysis of overexpressed His-Cdc10p

His-Cdc10p was overexpressed at 37°C in BL21 CodonPlus (DE3)-RIL cells by induction with
I mM IPTG. Samples (1 ml) were removed at the point of induction (0 h) and at hourly
intervals thereafter for 3 h. Immunoblotting was carried out as described (Methods 2.4.7-
2.4.11) and blots were probed with Anti-PentaHis-HRP conjugate antibody (Qiagen) at 1:2500.
Expression of His-Cdc10p was observed in lanes 1-3 as indicated by the arrow (basal
expression was observed in lane 0 h - see text for discussion). Molecular weight markers are

shown (M,) with sizes indicated in kDa.
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3.5 Discussion
in this chapter the cloning strategy has been described which allowed the successful and
reproducible overexpression of the individual components of the fission yeast DSC1 complex
as analysed by S1S-PAGE, followed by Coomassie blue staining and immunobloUting.

High-level expression of the Res2p, Replp and CdelOp compenents of DSCI as [is-
tagged fusion proteins was achieved as visualised by SDS-PAGE and Coomassie blue staining
{(Figures 3.7-3.8). Upon immunoblot analysis of His-Cide10p some basal expression was seen at
0 h (Figure 3.12). IHigh-level basal expression can often result in plasmid toxicity causing
prevention of growth and eventually leading to plasmid loss. However, the low levels of basal
cxpression seen with His-Cdc!0p had no such adverse cffects. The overexpression of the His-
Reslp and His-Rep2p components was achieved at lower levels, such that they were detectable
only by immunoblotting (Figures 3.7, 3.10 and 3.9, 3.11, respectively). Attempts to optimise
the expression of all the recombinant proteins made use of alternative £. coli host strains, each
with subtle molecular differences. Expression of each recombinant protcin was tested in Z. coli
RBL21 {(DE3) pLysS cells. These cells contain a plasmid that provides a source of T7 lysozyme,
which binds to T7 RNA polymerase, serving to minimise basal transcription. Furthermore, with
specific regard to overexpression of 1lis-Res1p and His-Rep2p, the BL21Star™ (DE3) strain
was also tested. The BL21Star™ (DE3) strain carries a mutated RNase enzyme that lacks the
ability to degrade mRNA. Conscquently, mRNAs expressed in this strain are typically more
stable, resulting in increased protein expression. However, despite the use of these and other
host strains, optimal conditions for each recombinant protein were achieved using the BL.21
(DE3) CodonPlus-RIL cells. This observation was atiributed to the fact that BL21 (DE3)
CodonPlus-RIL cells contain extra copics of several tRNA species that are ‘rare’ to E. coli.
Most amino acids are encoded by more than one codon and each organism has a bias for
parttcular codons for certain amino acids. Therclore, in each cell of that organism, the {RNA
population will reflect the codon bias in the mRNA. As fission yeast proteins were being
expressed in i coli, differences in codon usage between the two organisms could result in
aberrant {ranslation. The tRNAs that are required and abundant in fission yeast might be absent
or in short supply in E. coli. This can lead to inefficient franslation and incorporation of the
wrong amino acid as a result of ‘rare’ fRNA depletion in E. coli. Use of an E. ¢oli strain which
has exira copies of these ‘rare’ tRNAs engineered on a plasmid can often be used to overcome
such problems.

The cxpression of soluble recombinant proteins suggests that they are capable of fulding
into their native or near-native state in E. coli. Production of soluble protein in this case also
indicates that the presence of the N-terminal His-tag does not affect folding or cxpression in

this host.
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The solubility of the rccombinant proteins produced in this chapter is discussed in
Chapter 5 where their activitics are anatysed by in vitro assay. The following Chapter 4
discusses the use of fission yeast, the organism from which these proteins are derived, as a host

to assay the cffects of the N-terminal His-tag on their biological activity in vive,
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Chapter 4

Biological activity assays of recombinant DSC1

proteins in vivo




4.1 Introduction

Chapter 3 described the cloning of the fission yeast genes of DSCI components cdel0', resl,
res2”, repl” and rep2” into the bacterial expression vector pET-28¢ (pET-14b for cdci07), in-
frame with an N-terminal His-tag. Overexpression of each protein in £. colf has the potential to
produce sufficient amounts to allow detailed structural analyses, with the addition of the His-
tag to facilitate purification by mcans of affinity chromatography.

The function of a protein is dictated by its 3-D architecture. Even a single amino acid
change in the native sequence can dramatically alter protein activity, exemplified in this context
by the sct{-&1 mutant of res/¥, and various point mutants of cdc1¢" (Caligiuri and Beach, 1993;
Reymond et al., 1992). Therefore, as the N-terminal His-tag is naturally absent from these
proteins, its presence may affect their function. In ihis chapter therefore, a study was
undertaken to examine possible effects of the N-terminat His-tag on the biological activity of
these proteins when produced in vivo,

Current models predict that the fission yeast mitotic DSC1 complex is compased of the
SpCdc10p, SpReslp, SpRes2p and SpRep2p proteins (SpRep2p is replaced by SpReplp in the
meiotic cycle). SpCdelOp was the {irst component of DSC1 to be identified (Lowndes et al,,
1992). The identification of the cdeld” gene product as a physical component of the DSCi
complex, coupled to the availability of conditional lethal cdel@ mutants {(Reymond et al.,
1992), allowed the identification of further DSC! components, through veast genetic
suppressos analysis.

SpResip and SpRes2p were first identificd by their genetic interaction with edci(.
Both proteins were subsequently shown Lo inieract with each other. The resi” pene was
identified as a high copy suppressor of the c¢dcl0-729 mutant and is required for passage of
START (Tanaka et al., 1992). In addition, the resi' gene could almost completely suppress a
Acdel? deletion mutant. In contrast, the cdelfl” gene could not rescue cells deleted for res!”.
Furthermore, the putative SpRes1p protein showed significant hamology to bath SpCdei0p and
ScSwi6p and in particular to the DNA binding domain of ScSwidp. Moreover, the res!” gene
was cloned independently as an cxtragenic suppressor of the edel0-129 mutant, and shown to
be part of the DSC1 band-shill activity (Caligiuri and Beach, 1993).

Cells deleted for res!” can grow, albeit poorly, at 30°C but show severe heat and cold
sensitivities, resulting in a lethal phenotype at 36°C and 21°C (Tanaka et al., 1992; Caligiuri
and Beach, 1993). The observation that cells deleted tor the resi” gene could proceed through
the cell cycle at 30°C prompted the search for a gene redundant in function with res/™ and
wltimately to the identification of SpRes2p.

Cioned by its ability to rescue the heat and cold sensitivities of the Ares mutant, the

res2' gene could also effectively suppress the cde70-129 mutant at restrictive temperature, but

g1

PSS

C AR e ————

)
P




unlike res!”, was unable to rescuc a Acdel0 strain. In contrast to res!’, deletion of res2”
showed no apparent delcets in mitotic growth, although defects in the meiotic cycle indicated
res2?" may have a major role (Miyamoto et al., 1994). ‘The res2” genc was also cloned
independently in a genetic screen designed to identify SpCdc10p binding proteins, and was
subsequently shown o bind to MCB elements i vifro, in association with SpCdciOp (Zhu et
al., 1994).

The repl’ gene was isolated as an cxtragenic suppressor of the cdef0-729 mutant at
restrictive temperature but, like res2”, was unable to rescue a Acdcl0 mutant. In addition, rep/ "
could effectively suppress the heat and cold sensitivities of the Ares/ null mutant. Similar to
cells deleted for res2', the Arepl mutant had no apparent mitotic defects, but instead was
defective in the meiotic cycle (Sugiyama et al., 1994).

The fact that the rep/* gene was not expressed in mitosis but could rescue the cde10-129
and Ares! mutants, led to the search for a rept™ like gene acting in mitosis. Consequently, the
rep2t gene was cloned by its ability to rescue the cdc/0-129 mutant at restrictive temperature.
In addition, #ep2” could suppress the heat and cold sensitivities of the Ares/ mutant, whereas
cells deleted for rep2” were viable at 30°C but showed cold sensitivity at 18°C (Nakashima et
al., 1995).

Thus, a common property of these genes (with the exception of ¢dc0") is their ability to
rescue the heat and cold sensitivities of a Ares/ mutant at 36"C and 21°C, and these properties
were exploited to assay the biological activity of the recombinant His-tagged proteins. If the
His-tag docs not affect their function, the rccombinant proteins should behave similarly to their
wild type counterparts in rescuing a Ares! mutant,

A further characteristic of cells deleted for either res/” or res2” is loss of DSC1 as
detected in vitro by band-shift analysis (Zhu et al.. 1997; Ayte et al., 1997). The loss of this
band-shift activity in strains deleted for either res?' or res2” can be rcconstituted by
introduction of either the resi' or res2” gene on a plasmid, respectively. However, expression
of the resi” or res2' gene in strains deleted for either res2” or resl”’, respectively, does not
result in reappearance of this band-shift activity (Zhu ct al., 1997).

Thesc observations, together with the demonstration that the DSCI1 coinplex could be
super-shifted in band-shifl analysis using antibodies specific to either SpCdel0p, SpReslp or
SpRes2p, was the first evidence to suggest that a single complex containing all three proteins
existed (Zhu et al., 1997; Ayte et al,, 1997). These observations revised initial proposals that
suggested that, similar to the rolc of ScSwi6p in the SRF and MBF complexes of budding
yeast, the SpCdcllp protein of fission yeast was a commnon subunit of twa distinct DNA
binding complexes. Earlier models proposed that a SpRes1p-SpCide10p DSCI complex acted

primarily in the mitwtic cycle, whilst a SpRes2p-SpCdelOp complex behaved similatly in the
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meiotic cvcle (Miyamolo ct al., 1994; Zhu et al., 1994). The existence of a single fission yeast
DSCt complex was confirmed by the demonstration that a SpCdcelOp-SpReslp-SpRes2p
heteromeric complex existcd throughout the mitotic cell cycle (Whitchall et al., 1999).

In addition to the genetic suppressor activities mentioned above, the abilities of both
His-Res1p and His-Res2p to participate in the DSCI complex were assessed. In the case of
His-Reslp and Ilis-Res2p, the ability of these proleins to participate in a DSC1 complex
produced #» vive can be tested. The SpReplp protein, however, is not expressed during the
mitotic cycle and so does not form a part of the DSCI complex under these conditions
(although it is postulated to form part of DSCI in the meiotic cycle; Sugiyama et al.,, 1994;
Cunliffe et al., 2004) thus precluding the use of this assay for His-Replp. The SpRep2p protein
binds to SpRes2p iz vitro and both SpReslp and SpRes2p in vive (Nakashima et al,, 1995;
Sturm and Okayama, 1996). Nevertheless, the DSC1 band-shift activity is not lost in a Arep2
mutant background suggesting that the DSC1 complex can still form in the absence of SpRep2p
(Baum et al., 1997).

To swnmarise, the ectopic expression of His-resI*, His-res2”, His-rep!” or His-rep2* in
a Ares! mutant of fission yeast, allows an i vive test for gene [unction via rescue of a
conditional-tethal mutant phenotype at restrictive temperature. With respect to His-res” and
His-res2', expression of these ¢cDNAs in both Ares/ and Ares2 mutants, respectively, should
allow reconstitution of the DDSC1 band-shift activity. These methods were exploited to assay the
biological activities of recombinant DSC1 components.

The aim of this chapter was to clone the recombinant components of the DSC1 complex
into the fission yeast expression vector pREP and using these constructs, assay the offect of the

His-tag on the biological activities of these proteins in vivo.
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4.2 The fission yeast expression vector pREP
The fission yeast thiamine-repressible expression vectors pREP1 and pREP3X werc used 1o
clone the recombinant DSC1 components for the in vive experiments (Appendix I- GB27 and
GB28).

tn pPREP, genes are cloned downstream of the thiamine repressible nmtl” (not made in
fhiamine) promoter (Maundrell, 1992). As the name suggests, transcription of genies under the
control of this promoter is regulated by the presence ot thiamine. In the absence of thiamine
transcription is induced, whercas repression is achieved by addition of 5 pg pl” thiamine to the
growth medium. Nevertheless, despite addition of thiamine, transcription from the nmz/’
promoter is often not completely repressed. The ability to switch off transcription depends on
the cloned genc. For example, many genes under nmt/ " control retain their suppressor activity
despite the presence of thiamine whereas, at this same dosage, transcription of other genes may
be switched off (Maundrell, 1992; Forsburg, 1993), Thus, the effect of expressing a gene under
nmtl™ control, in either the presence or absence of thiamine, must be determined empirically.

The availability of suitable restriction sites within the multiple cloning region of the
pRIFP3X vector allowed cloning of the His-resl”, His-repl” and His-rep2' cDNAs, following
PCR amplification, Tn contrast, the His-res2' ¢DNA was cloned into the pREP1 vector in a
modified directional cloning procedure, reflecting the suitability of restriction sites present
within the insert and multiple cloning region of the vector. Both pREPI and pREP3X arc
derived from the parent pREP vector series and differ in onfy two restriction sites within their
multiple cloning regions (pREP3X contains a Xhol site i addition 1o a Bafl site in place of
Ndel in pREP1).
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4.3 Cloning recombinant His-resi”, His-res2", His-repl” and His-rep2”

components of DSC1

The recombinant plasmids, containing the His-res!', His-res2', His-repl’ and His-rep2’
cDNAs, were cloned (Chapter 3) and are lfisted in Appendix 1 - GB 177 (His-repl”), GB 191
(His-rep2"), GB 178 (His-res2") and GB 201 (HisresI™). These plasmids were used as
templates in PCR rcactions, using primers GO 458 and GO 459, designed to add 5° Sall and 3
Bamll) restriction sites (upstream of the His-tag and immediately following the stop codon),
respectively. Addition of these restriction sites was necessary to facilitate cloming into the
pREP3X vector. In contrast, His-res2” was cloned into pREP1, duc to the presence of a Sail

restriction site within the open reading frame of the res2” gene (Section 4.3.3).

4.3.1 Cloning His-resl', His-repl” and Hiv-rep2” cDNAs into pREP3X

Figure 4.1 provides a schematic representation of the PCR reactions and the primers used. PCR
reactions were performed using the Venly DNA polymerase. Conditions for PCR were
essentially as described with the annealing temperature at 50°C (Methods 2.2.3). PCR products
of the predicted size were gel purified (Methods 2.2,6) and analysed by electrophoresis on a 1.5
% (w/v) agarosc gel (Figure 4.2).

4.3.2 Ligation, transformation and identification of clones

5 wl of each purified PCR product was digested with Sc/l and BamHI, as was the pREP3X
vector, (0 generate compatible cohesive ends for ligation. The vecior was also treated with calf
intestinal alkaline phosphatase (Methods 2.2.7 and 2.2.8). The products of the restriction
digestions were analysed on a 1.5 % (w/v} agarose gel and bands of the appropriate size
cxcised and purified using the QIAquick® Gel Extraction Kit (Methods 2.2.4 and 2.2.6). 5 pl
samples were analysed on a 1.5 % (w/v) agarose gel (0 assay the amount of DNA retrieved to
determine the vector:insert ratio to be used in the ligation. l.igation reactions were carrted out
as described (Methods 2.2.9) and transformed into E. coli DHS5o, cells the following day
(Methods 2.2.13).

Transformants were then plated on 1.B-agar plates supplemented with the antibiotic
ampicillin (50 pg m1") and incubated at 37°C overnight. Colonies were sclected and cultured
overnight at 37°C in 5 ml LB media supplemented with ampicillin (50 pg mi™).

Plasmid DNA was purified from the overnight cultures as described in Methods section
2.2.5 and analyscd by restriction enzyme mapping to confirm the presence of an insert of the
predicted size (Figures 4.3 - 4.5). Potential positive clones were sequenced (MWG-Biotech - -
using oligos listed in Appendix II) to confirm the presence of insert and fidelity of the PCR

reactions. After confirmation by restriction mapping and DNA sequencing, a positive clone for
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each gene was stored at -70°C in the lab bacterial collection: GI3 202 (His-repi "), GB 343 (His-
rep2”y and GB 203 (His-resI™) - Appendix L.
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Ndel BamH]1

Sall BamH]I

C GTéGACATG‘:>(LA¢'I‘%
CAGCTGTAC CCTAGG

Figure 4.1 Schematic representation of the PCR reactions for pREP3X cloning

The white arrow represents the ORFs of the res/’, repl" and rep2’ cDNAs cloned into pET28¢
at Ndel-BamHI sites. The His-tag is boxed in green, the black lines represent pET vector
flanking sequence and arrows indicate the positions of restriction sites.

A Restriction map representing the Ndel-BamHI fragment of each cDNA cloned into the pET-
28¢ vector (Chapter 3). The ATG supplied by the vector is indicated upstream of the His-tag.

B The positions of the primers used in the PCR reactions are indicated in relation to the
corresponding sequence of the pET-28c vector. GO 458 adds a Sall site (GTCGAC) upstream
of the ATG and His-tag. GO 459 includes the BamHl (GGATCC) site immediately
downstream of the stop codon.

C A schematic representation of the DNA fragments produced following PCR.
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3054
2036

1636
1018

517/506

Figure 4.2 PCR amplification of His-repl’, His-rep2" and His-resl’

PCR products were analysed on a 1.5% (w/v) agarose gel stained with ethidium bromide and
viewed under UV illumination. The 1 kb DNA ladder is shown (M) and sizes are indicated in
base-pairs. PCR products of the predicted size, from reactions using primer pairs
GO458/G0O459 are shown in lanes 1 His-repl' 2 His-rep2' and 3 His-resl’. The His-repl’
DNA sequence resolves at the 1636 bp marker (the rep/” cDNA is 1419 bp long), His-rep2’
resolves between the 517 bp and 1018 bp markers (the rep2’ ¢cDNA is 660 bp long) and the
His-res]” DNA sequence resolves between the 1636 bp and 2036 bp markers (the res/” cDNA
is 1914 bp long).
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517/506

Figure 4.3 Restriction digestion analysis of the recombinant His-resI"-pREP3X plasmid
Clones containing insert were analysed by restriction mapping. Samples of each digest were
analysed on a 1.5% (w/v) agarose gel stained with ethidium bromide and viewed under UV
illumination. The 1 kb DNA ladder is shown (M) and sizes are indicated in base-pairs.
Digestion of the recombinant His-res! -pREP3X plasmid: 1 Ndel-BamH]1 2 Sall-BamH]

3 Hindlll.

The restriction enzymes used in each digest and the predicted fragment sizes are summarised in

Table 4.1. Fragments marked (*) appear as a result of partial digest.

| Enzyme(s) [ Number of Fragments | Fragment sizes (bp)
| Ndel-BamHI1 | 4 | 7600, 700%,

| 1900, 800
§“§(i1i.§2uhh'i 2 ' i fé&ﬁ()’. 1900

" Hinati — |4 * 17600, 700%,

2200, 500

Table 4.1 His-res! -pREP3X
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Figure 4.4 Restriction digestion analysis of the recombinant His-repl’-pREP3X plasmid
Clones containing insert were analysed by restriction mapping. Samples of each digest were
analysed on a 1.5% (w/v) agarose gel stained with ethidium bromide and viewed under UV
illumination. The 1 kb DNA ladder is shown (M) and sizes are indicated in base-pairs.
Digestion of the recombinant His-rep! -pREP3X plasmid: 1 Ndel-BamH1 2 Sall-BamH]I

3 Hindlll.

The restriction enzymes used in each digest and the predicted fragment sizes are summarised in

Table 4.2. Fragments marked (*) appear as a result of partial digest.

| Enzyme(s) _ | Number of Fragments | Fragment sizes (bp) |
iNdel-BamHl | 4 | 7600, 200*,

E | 1400, 800

[ Sall-Bami1 — |2 | ~ 8400, 1400
Hinammt T “[7500, 300%,

1200, 1100

Table 4.2 His-repl -pREP3X
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Figure 4.5 Restriction digestion analysis of the recombinant His-rep2’-pREP3X plasmid
Clones containing insert were analysed by restriction mapping. Samples of each digest were
analysed on a 1.5% (w/v) agarose gel stained with ethidium bromide and viewed under UV
illumination. The 1 kb DNA ladder is shown (M) and sizes are indicated in base-pairs.
Digestion of the recombinant His-rep2 -pREP3X plasmid: 1 Sa/l-BamHI.

The restriction enzymes used in each digest and the predicted fragment sizes are summarised in

Table 4.3

I Enzy_q_lg_(s)' - __NA:(Number of Fragments ﬁf Fragment sizes (bp) i
l Sall-BamH]1 P 8400, 700 |
— — - |

Table 4.3 His-rep2” -pREP3X
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4.3.3 Cloning rccombinant His-res2” cDNA into pREP1

As mentioned, the pREP3X vector was unsuitable for cloning the His-res2” cDNA, owing to a
Sall restriction sife within the open reading tirame of the res2” gene. Alternatively, the His-
res2” ¢DNA was cloned into the pREPT vector. The pREP1 and pREP3X vcctors are
essentially identical differing only in the restriction sites available within their multiple ¢loning
regions. The plasmid containing the His-res2” ¢DNA (GB 178) was digesied with Xbal and
BamH! (which cut upstream of the Ilis-tag and immediately following the stop codon,
respeetively). Importantly, the Xbal enzyme cleaves upstream of an ATG which is 5° to, and in~
frame with, the His-tag. The inclusion of an A'TG is necessary due Lo the destruction of the
pREP1 vector supplied ATG, within the Ndel site, in the subsequent cloning procedurc. The
pREP1 vector was digested with Ndel and BamHI and treated with calf intestinal alkaline
phosphatase, in preparation for ligation. The products of the restriction digestions were
analysed on a 1.5% (w/v) agarosc gel and bands of the appropriate size excised and purified
using the QlAquick® Gel Extraction Kit (Methods 2.2.4 and 2.2.6). 5 pl samples were analysed
on a 1.5% (w/v) agarose gel, again to allow determination of the vector:insert ratio to be used
in the subsequent ligation. Fhe ligation reaction was carried out essentially as described
(Methods 2.2.9), although in two steps owing to the incompatible Xbal and Ndel restriction
ends of the insert and vector, respectively. An initial ligation reaction was carried out for 30
min, to allow the compatible BamHI ends (o ligate. 0.5 ui of Mung bean nuclease (an enzyme
which degrades singic stranded nucleotides) was then added to remove the Xbal and Ndel
overhangs, creating blunt ends. Finally, 0.5 pl of T4 DNA ligase was added to ligate the blunt
ends (Figure 4.6). Ligation reactions were then transformed inte 7. coli DHS5o cells (be
following day (Methods 2.2.13).

Transformants were plated on LB-agar plates supplemented with the antibiotic
ampicilliv (50 pg ml’") and incubated at 37°C overnight. Colonics were selected and cultured
overnight at 37°C in 5 m} LB media supplemented with ampicillin (50 pug mi™).

As hefore; following plasmid DNA purification, restriction enzyme mapping (Figure
4.7) and DNA sequencing (MWG-Biotech - using oligos listed in Appendix 1I); a positive
clone was stored at -70°C in the lab bacierial collection: GB 195 (res2”) - Appendix I
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Xbal BamHI1

v v

A TCTAGA e ATG
TAC CCTAGG
Xbal BamH]I
B TCTAGA e ATG
TAC

Ndel DNA ligase

Figure 4.6 Cloning the His-res2” ¢DNA into pREP1 using Mung Bean nuclease

The white arrow represents the ORF of the res2' ¢cDNA cloned into pET-28¢ at Ndel-BamHI
(Chapter3). The His-tag is boxed in green, the black lines represent pET vector flanking
sequence and arrows indicate the positions of restriction sites. The red lines represent pREP1
vector sequence.

A The plasmid containing the His-res2" cDNA (GB 178) was digested with Xbal and BamHI to
excise the His-res2' ¢cDNA. The Xbal enzyme cleaves upstream of the pET vector supplied
ATG, which is in-frame with the His-tag.

B The pREP1 vector was digested with Ndel and BamHI. An initial ligation reaction was then
carried out for 30 min to allow the compatible BamHI ends between the insert and vector to

ligate.
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BamH]I

Mung Bean
nuclease
ATG !.-AJEL
Mung Bean
Ndel nuclease
Blunt ATG
TG 1:>__
DNA ligase

Figure 4.6 Cloning the His-res2' cDNA into pREP1 using Mung Bean nuclease

C Mung bean nuclease was then added to remove the Xbal and Ndel overhangs of the insert
and vector, respectively. Degradation of the single stranded nucleotides creates blunt ends and
destroys the pREP1 supplied ATG.

D Finally, the blunt ends are ligated by DNA ligase, placing the His-res2” ¢cDNA under nmt!

control.
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Figure 4.7 Restriction digestion analysis of the recombinant His-res2'-pREP1 plasmid

Clones containing insert were analysed by restriction mapping. Samples of each digest were

analysed on a 1.5% (w/v) agarose gel stained with ethidium bromide and viewed under UV

illumination. The 1 kb DNA ladder is shown (M) and sizes are indicated in base-pairs.

Digestion of the recombinant His-res2 -pREP1 plasmid: 1 Ndel-BamH1 2 Ncol.

The restriction enzymes used in each digest and the predicted fragment sizes are summarised in

Table 4.4
(Enzyme(s) | Number of Fragments
{AM%LBanﬂl] [2

Neol (2

Table 4.4 His-res2 -pREP1

| Fragment sizes (bp) _
| 7600, 1900

[ 9100, 1200




4.4 Biological activity assays — rescuing Ares] lethal phenotype

The lethal phenotype of the Ares] mutant, at 21°C, can be rescued by expression of the full-
tength wild Lype resi®, res2’, repl” or rep2’ ¢cDNAs (Tanaka et al., 1992; Miyamoto et al.,
1994; Sugiyama et al., 1995; Nakashima et al, 1995). Accordingly, expression of the
corresponding recombinant cDNAs, cach having an N-terminal His-luag, would be expected to
behave similarly, if the tag does not affect the function of the proteins. Therefore, following
successful cloning of the recombinant His-res!”, His-res2 , Fis-repl” and His-rep2" cDNAs
into the pREP vector each construct was subsequently transformed into the {ission yeast Ares]
strain (GG 146 - Appendix ] and Methods 2.6.3) and stored at -70°C in the lab fission ycast
collection. Aresi cells were also transformed with the empty pREDP vector fo act as a negative
control (GB 28 - Appendix I}.

To assess the ability of the [fis-res]’, His-res2”, His-repl” and His-rep2” cDNAs to
rescue the cold sensitivity of a Ares/ mutant at 21°C, cclls were streaked from -70°C glycero!
stocks onto EMM plates containing adenine (for nutritional selection of the plasmid), in either
the presence (mntf promoter ‘off’) or absence (nmtf promoter ‘on’) of thiamine at a
concentration of 5 pg ul” (Methods 2.6.4). Rescue of the lethal phenotype of the Ares/ mutant
at 21°C was comparcd between strains transformed with His-res!”-pREP3X, His-res2*-pREP1,
flis-repl -pREP3X or His-rep2? -pREP3Xand the empty pREP vector. In all four cases the

Ares] mutant was viable at the restrictive temperature, whereas celis containing the empty

vector were not, indicating the recombinant cDNAs could function in a similar fashion to their

wild type counterparts (Figures 4.8 - 4.11).
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Figure 4.8 Expression of His-resI” rescues the growth defect of the Ares/ mutant at 21°C
The Aresl strain (GG 146) was transformed with pREP3X (GG 796) or His-resl -pREP3X
(GG 790). Transformants were allowed to grow at 30°C on EMM + thiamine (5 pg pl"), then

streaked out onto the same medium and incubated at 21°C for 6-8 days.
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His-res2"-pREP1

pREP3X

Figure 4.9 Expression of His-res2" rescues the growth defect of the Ares/ mutant at 21°C
The Aresl strain (GG 146) was transformed with pREP3X (GG 796) or His-res2 -pREP1 (GG
802). Transformants were allowed to grow at 30°C on EMM + thiamine (5 pg ul"'), then

streaked out onto the same medium and incubated at 21°C for 6-8 days.
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His-repl'-pREP3X

pREP3X

Figure 4.10 Expression of His-repl” rescues the growth defect of the Ares/ mutant at 21°C
The Aresl strain (GG 146) was transformed with pREP3X (GG 796) or His-repl -pREP3X
(GG 811). Transformants were allowed to grow at 30°C on EMM + thiamine (5 pg pul™), then

streaked out onto the same medium and incubated at 21°C for 6-8 days.
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His-rep2”-pREP3X

pREP3X

Figure 4.11 Expression of His-rep2" rescues the growth defect of the Ares/ mutant at 21°C
The Aresl strain (GG 146) was transformed with pREP3X (GG 796) or His-rep2'-pREP3X
(GG 817). Transformants were allowed to grow at 30°C on EMM + thiamine (5 pg pl™') then

streaked out onto the same medium and incubated at 21°C for 6-8 days.
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4.5 Biological activity assays — rescuing DSC1 binding activity

The expression of either the wild type res!" or res2” ¢cDNAs in plasmids has the ability to
restore in vitro DSC1 DNA-binding activity to either Ares/ or Ares2 mutants, respectively, that
is otherwise absent in these strains (Zhu et al., 1997). Expression of the recombinant His-resi’
or Flis-res2” cDNAs in such delction strains would be expected to give similar results, if the
tags do not affect their function. therefore, this assay was used as another way 1o test the
activities of the recomhinant His-Res1p and His-Res2p proteins.

The electrophoretic mobility-shift assay (EMSA), often referred to as the gel retardation
or band-shift assay, allows detection of sequence specific DNA/prolcin inderactions in vifro.
This technique is based on the effect of bound protein(s) on the electrophoretic mobility of a
radio-labelled DNA fragment. DNA molecules are naturally ncgatively charged and therefore
migrate toward the positive electrode in an electric ficld. Furthermore, in an acrylamide gel,
DNA molecules are separated according to their size, small molecules having the highest
mobility and vice versa. In addition, protein bound to a particular DNA fragment will further
retard its mobility. In this assay a radio-labelled DNA fragment (or ‘probe’), of specific
sequence, is incubated with a protein extract from ihe cells under nvestigation. Any protein(s)
capable of binding to the DNA fragment will form a complex and the DNA/protein mix is then
electrophoresed on a non-denaturing acrylamide gel. The radio-labelled DNA fragment is then
visualised by autoradiography and unbound DNA, which runs proportional to its size, appears
at the bottom of the gel. However, the mobility of any DNA bound by protein is relarded,
cavsing a visible ‘band-shift’, relative to the unbound probe. Furthermore, following detection
of such & band-shift activity, Lhe specificity of interaction between the DNA fragment and the
protein(s) can be analysed. For example, in a ‘self-competition’ experiment, addition of an
identical (but non radio-labelled) DNA fragment will compete with the radio-labelled DNA for
protein binding, if binding is specitic to that sequence. Addition of increasing amounts of such
‘cold-competitor’ DNA, results in loss of the radioactive signal by titration, and so (he band-
shift is diminished and is no longer visible, following autoradiography.

A more stringent test of binding specificity is possible using a mutated version of the
DNA [ragment. Indeed, alteration of as few as one or two basc pairs, can result in loss of
binding, such is the specificity ofien observed by scquence specific DNA-hinding proteins.
Therclore, such tests of specificity allow distinction between complexes formed by specific and
non-specific DNA-binding proteins.

The EMSA assay was used to originally identify the DSC1 complex in fission veast
(Lowades et al., 1992). In these experiments the DNA fragments used as probes were derived
from sections of the cde22” promoter, that contain MCB sequences in two clusters, with one

cluster named MCB1 and the other MCB2 (Magbool et al, 2003). In the following assays a
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DNA probe containing the MCB | cluster was used, and a mutated MCB1m probe was used 1o
test specificity. Using protein extracted from Ares/ cells, transformed wilh His-res! “pREP3X,
His-res2"-pREP1 or pREP3X, and Ares2 cells, transformed with His-res! "-pREP3X, His-
res2'-pREP1 or pREP3X (Appendix I} the ability of His-Reslp or His-Res2p to reconstitutc the
DSC1 band-shift activily was assayed.

For protein extraction, 5 ml cultures were grown to mid-log phase at 30°C, with the
appropriate amino acids, in the presence (for ami! : promoter ‘off” experiments) or absence (for
il promoter ‘on’ experiments) of thiamine (5 pug wl?). Cultures (200 ml), in the presence or
absence of thiamine (5 ng ul™), were then inoculated with the 5 wl pre-cultures and grown for
16 h. Protein was then extracted for use in EMSA experiments as detailed (Methods 2.6.5).
Figures 4.12-4.14 show the results of these EMSA assays.

Upon expression of His-Res2p in Ares2 cells a ‘DSCl-like® band-shift aclivity,
comparable to the DSC1 complex formed in wild-type extracts, was present. Importantly, this
band-shift was not observed in Ares2 cells alone or Ares2 cells containing empty vector.
Furthermore, (his complex bound specifically to the MCB1 element, as judged by self-
competitor analysis and an inability to bind the mutated MCB1m sequence (Figures 4.12-4.13).
However, this complex did not super-shift using an antibody directed against the His-tag {data
not shown). In contrast to His-Res2p in Ares? cells, a DSCl-like band-shift aclivity was not
detected when His-Reslp was expressed in Aresi cells, either in the absence or presence of

thiamine (Figure 4.14).
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L. Z2.3.4.5.6.7 8.9

DSC1

Free
Probe

Figure 4.12 ‘DSC1-like’ complex is detected in Ares2 cells expressing His-Res2p

EMSA analysis of protein extracts prepared from wild-type cells (GG 217), Ares2 cells (GG
156), Ares2 cells transformed with pREP3X (GG 801) or Ares2 cells transformed with His-
res2 -pREP1 (GG 808). Protein extracts were prepared and incubated with a radio-labelled
probe derived from the cdc22” promoter (MCB1). To confirm the specificity of the retarded
complex an excess of unlabelled MCB1 probe was added to lane 9, GG 808. The upper arrow
indicates the position of the putative DSC1 complex and the lower arrow denotes unbound

radio-labelled probe.

| = free MCBI probe

o

= wild-type protein extract + MCB1 probe

W

wild-type protein extract + MCB1 probe

4 = Ares2 protein extract + MCB1 probe

5 = Ares2 : pREP3X protein extract + MCB1 probe

6 = Ares2 : pREP3X protein extract + MCB1 probe

7 = Ares2 : His-res2 -pREP1 protein extract + MCB1 probe
8 = Ares2 : His-res2 -pREP1 protein extract + MCB1 probe

9 = Ares2 : His-res2 -pREP1 protein extract + excess unlabelled MCB1 probe
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Figure 4.13 ‘DSC1-like’ complex is detected in Ares2 cells expressing His-Res2p

EMSA analysis of protein extracts prepared from wild-type cells (GG 217), Ares2 cells (GG
156), Ares2 cells transformed with pREP3X (GG 801) or Ares2 cells transformed with His-
res2'-pREP1 (GG 808) grown in either the presence or absence of thiamine. Protein extracts
were prepared and incubated with a radio-labelled probe derived from the cdc22” promoter
(MCB1) or with a probe containing a mutated MCB1 (MCBIm) element to check the
specificity of the retarded complex. The upper arrow indicates the position of the DSCI

complex and the lower arrow denotes unbound radio-labelled probe.

1 = free MCBI1 probe

2 = wild-type protein extract + MCB1 probe

3 = wild-type protein extract + MCB1m probe

4 = Ares2 protein extract + MCB1 probe

5= Ares2 : pREP3X protein extract + MCB1 probe

6 = Ares2 : His-res2 -pREP1 protein extract (+ thiamine) + MCBI1 probe

7 = Ares2 : His-res2 -pREP1 protein extract + MCB1 probe

8 = Ares2 protein extract + MCB 1m probe

9 = Ares2 : pREP3X protein extract protein extract + MCB1m probe

10 = Ares2 : His-res2'-pREP1 protein extract (+ thiamine) + MCB1m probe

11 = Ares2 : His-res2'-pREP1 protein extract + MCB1m probe
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Figure 4.14 ‘DSC1-like’ complex is not detected in Ares/ cells expressing His-Reslp

EMSA analysis of protein extracts prepared from wild-type cells (GG 217), Ares/ cells (GG
146), Aresl cells transformed with pREP3X (GG 796) or Ares!/ cells transformed with His-
resl'-pREP3X (GG 790) or His-res2"-pREP1 (GG 802) grown in the presence or absence of
thiamine. Protein extracts were prepared and incubated with a radio-labelled probe derived
from the cdc22' promoter (MCB1). Protein extracts prepared from Ares2 cells (GG 156) and
Ares2 cells transformed with His-res2'-pREP1 (GG 808) grown in the presence of thiamine
were incubated with the same probe and with an excess of unlabelled MCBI1 probe for
comparison. The upper arrow indicates the position of the DSC1 complex and the lower arrow

denotes unbound radio-labelled probe.

1 = free MCB1 probe

2 = wild-type protein extract + MCB1 probe

3 = Ares| protein extract + MCB I m probe

4 = Aresl : pREP3X protein extract + MCB1 probe

5= Aresl : His-res!" -pREP3X protein extract (+ thiamine) + MCB1 probe
6 = Ares| : His-res! -pREP3X protein extract + MCB1 probe

7 = Aresl : His-res2 -pREP1 protein extract (+ thiamine) + MCBI1 probe
8 = Aresl : His-res2 -pREP]1 protein extract + MCBI1 probe

9 = Ares2 protein extract protein extract + MCB1 probe

10 = Ares2 : His-res2 -pREP1 protein extract (+ thiamine) + MCB1 probe

11 = Ares2 : His-res2" -pREP1 protein extract (+ thiamine) + excess unlabelled MCB 1 probe
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4.6 Discussion

In this chapter a series of assays have been described, designed fo asscss the eftect of an N-
terminal His-tag on the biological activities of the SpReslp, SpRes2p, SpReplp and SpRep2p
proleins of the fission yeast DSC! complex. To this ond, a cloning strategy was designed
allowing directional cloning of the rcspective recombinaut cDNAs inte the fission yeast
overexpression vector pREP.

The recombinant cDNAs, His-resi™, His-res2*, His-repl” and His-rep2' werc able to
rescue the cold-sensitivity of a Ares! mutant at 21°C (Figurcs 4.8-4.11). Notably, this rescue
was most efficient when cells were grown in the presence of thiamine. As outlined in Section
42, genes under the control of the »mu!™ promoter may still be expressed despite the presence
of the transcriptional repressor thiamine. With respect to His-resi”, His-res2’, His-rep!” and
His-rep2” suppression of the cold-sensitive letbality of a Ares! mulant was possible at levels of
transcription achieved in the presence of thiamine. This was not surprising given that the rescue
of a Ares] mutant was achieved by expression of the wild-type res?” ¢cDNAs from the SV40
promoter (Tanaka et al., 1992). The level of transcription from the pREP vector, in the presence
o[ thiamine, is comparable with that seen from an induced SV40 promoter (Forsburg, 1993).

With respect to His-Res2p, reconstitution of a ‘DSCI-like’ band-shift activity has been
demonstrated upon expression of this protein in a Ares2 mutant (Figures 4.12-4.13). In
comparison, the DSC1 band-shift activity was Jost in protein extracts preparcd from the Ares2
strain (Figures 4.12-4.13). This “‘DSC1i-like’ band-shift activity was reduced in protein extracts
prepared from Ares2 cells expressing His-ResZp in the presence of thiamine (Figure 4.13).
Additionally, this DSCl-like complex bound specifically to the MCB]1 element, was competed
by addition of an identical non radio-labelled probe and did not bind to a mutated MCB1m
sequence. Thus, from these results, it is likely that the ‘DSC1-like’ complex observed in Ares?
cells expressing His-Res2p is similar to the wild-type DSC1 complex.

In contrast, expression of His-Res2p in Ares! cells did not reconstitute the DSC1 band-
shift complex nor did expression of 1Iis-Reslp Ares2 cells (Rigure 4.14 and data not shown).
Despite expression of His-ResIp in the Ares/ mutant background, a ‘DSCl-like’ band-shitt
activity was not observed (Figure 4,14). Intriguingly, although the DSCI complex was not
detecled in vitro when His-Res2p was expressed in Ares’ cells, both the heat and cold sensitive
lethality of these cclls was rescued by expression of this protein from the pREP vector (Figure
4.9 this study, and Zhu ¢t al., 1997). Therefore, as suggested by Zhu and co-workers, delection
of the DSC] complex in vitro does not correlate with loss of transcriptional activity per se.

Nevertheless, the successful reconstitution of the DSCI band-shift in Ares! cells
expressing SpReslp has been reported (Caligiuri and Beach, 1993) and failure o do so in this

study may reflect inclusion of the His-tag. The ability of the His-Reslp protein to efficiently
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rescue the cold sensitive lethality of a Ares] mutant suggests that inclusion of the His-tag does
not affect function, but rather some other property such as protein stability. For example, levels
of the His-Reslp protein may be at a level sufficient to rescue the Aresi ceils and form an
active DSC1 complex i vive, but this complex cannot be detected /n vitro. Indecd, despite the
efficient rescue of the cold-sensitive lcthality of Ares? cells by all of the recombinant proteins
(indicating they arc all expressed and functional) none have been delecled by immunoblotting
using an antibody directed against the His-tag. In addition, a super-shifi of the DSCli-like
complex, reconstituted by expression of His-res2'-pREP1in Ares2 cells, was not detected using
this same antibody.

The inability to detect the recombinant proteins, or lo super-shifl the ‘DSC|-like’
complex containing His-Res2p, may be a result of cleavage at the N-terminus and thus loss of
the His-tag. The presence of a thrombin cleavage site immediately downstream of the His-tag
supports this explanation. However, we are unaware of any fission yeast thrombin
homologue(s), and given that the cleavage process is a highly specific sequence-dependent
reaction, a degenerate protease would be unlikely 1o cleave at this site. Importantly, the use of a
recombinant protein expression system in fission yeast using tags containiug thrombin and
enterokinasc cleavage sites has been reported (Lu et al. 1997). Also, the function of both
SpRes!p and SpRes2p requites an intact N-terminus (Tanaka et al., 1992; Ayte et al., 1995;
Zhu et al,, 1997).

Whilst the His-tag has no apparent cffects on the function of these proleins, the
incorporation of the tag may affect their stability and expression level, such that they are not
detectable by immunohlotting. 1n addition, with respect to the super-shift experiment, the His-
tag is ai the N-lerminus. Given that binding of both SpRes1p and SpRes2p to DNA is mediated
by their N-termini, it is possibic that the His-tag may be masked by interaction with the DNA
and/or components of the DSC1 complex and so is occluded from binding to the monoclonal
antibody.

Even so (for reasons outlined in Chapter 3), it is our intention to study the structures of
these recombinant proteins when produced in . cofi. Differences in protein production
between eukaryotes and prokaryotes, particularly in post-translational moditication, are well
documented (Sudbery, 1996). Such differences may be manifested in alterations of protein
structure and activity. It is encouraging that the resulis described in this chapter indicate these
recombinant proteins can function normally in fission yeast (in comparison to their wild type
counterparts). As the presence of the Flis-tag appears to impart no obvious impediment to the
function of these proteins in vive, it is likely that its inclusion does not significantly alter their
structure. Having assessed the effect of the His-tag on the function of these proteins ir vive, in

the following chapter, the recombinant proteins, when produced in £&. coli, are analysed to

107

F O s T TR SRR SR

i
|
B
1
{
i
1
i




assess their solubility and ultimately their biological activity. As discussed in Chapter 3, the
expression of soluble recombinant proteins in E. coli suggests they are capable of folding into
their native or near-native statc, and that the tag does not disrupt folding or expression.
Following production of soluble protcin the biological activity of the rccombinant protein may

then be assayed.
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Chapter 5

Biological activity assays of recombinant DSC1

proteins in vitro




5.1 Introduction

Chapter 4 focused on the analysis of the biological activity of recombinant DSC1 compoenents,
when produced in vivo, The results of these assays indicated that addition of the N-terminal
His-tag (required for alfinity purification) did not affect the cellular function of these proteins.
Therelore, it is unlikcly that the presence of this tag alters protein structure, to the detriment of
function.

Detailed structural information is obtained through biophysical studies using techniques
such as X-ray crystallography, nuclear magnetic resonance (NMR), circular dichroism (CD),
surface plasmon resonance (SPR) and isothermal titration calorimetry (ITC). With the
exception of SPR, these techniques require milligram quantities of protein. To obtain sufficient
quantities of material for such studies, the fission yeast DSC1 components have been over-
expressed as His-tagged {usion proleins, wsing £, coli as a heterologous host. Despite the
apparent activity of the recombinani His-Res1p, His-Res2p, His-Replp and His-Rep2p proteins
in vive, it is still necessary to ensure that these proteins, when produced in vitro, are
biologically active, as this will be the source for structural analysis.

To dale, the fission yeast DSCT components have been poorly characterised in terms of
3-dimensional structure. These studies have been limited to secondary siructure predictions
based on sequence alignments and homology with their budding yeast counterparts. Significant
information has been obtained regarding the domain architccture of these proteins, revealing
the regions that are important for their function. Much of this information has been obtained
through the 7n vivo analysis of mutated, truncated and hybrid proteins. In addition to this,
studies of in vitro translated and bacterially expressed proteins have also contributed to
understanding about their funclions.

Analysis of truncated and mutant SpCdelOp proteins iz vivo has indicated that the
central ankyrin repeats and C-terminal region are important for tunction. The C-terminal region
of SpCdclOp has been implicated in protein~protcin interactions with itsclf and/or SpReslyp
(Reymond and Simanis, 1993). The majority of cdci temperature sensitive mutants contain
fesions that map to either the central ankyrin repeats, or within the C-terminus (Reymeond ct al.,
1992), and the C-lerminally truncated SpCde10-C4p mutant, displays increased MCB-regulated
gene expression in vivo, implying an important regulatory function for this region (Mclnerny et
al., 1995). Together, these results define imporiant roles for both the cenirally located ankyrin
repeals and the C-terminus of SpCdc10p.

The Cdel0p protein is unable by itself to bind to MCB-DNA i» vifre (Zhu et al., 1994;
Ayte ctal,, 1995). However, it is required for the MCB-specific DNA binding of both SpReslp
and SpResZp. EMSA analysis using iz vitre translated protein has revealed that SpReslp
cannot bind MCB-DNA in the absence of SpCdc10p, although SpRes2p does so very weakly
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(Zhu et al., 1997). In contrast, baclerially expressed SpReslp binds specifically to MCRB-DNA
on ils own, although this was dependent on an N-terminal fusion partner (Ayte et al., 1995;
Aylo et al,, 1997). Both SpReslp and SpRes2p share significant homology in their N-termini
and in the centrally located ankyrin repeats, but diverge in their C-terminal region. Whilst
SpResip and SpRes2p can fonctionally substitute for each other with respect to their mitotic
roles, SpReslp is unable to mimic the meiotic role of SpResZp (Sturm and Okayama, 1996).

Analysis of hybrid proieins, generated by fusing together different domains of SpReslp
and SpRes2p, has revealed that the functional specificity of both SpReslp and SpRes2p is
dictated almost entirely by their C-terminal region (Sturm and Okayama, 1996; Zbu et al.,
1997). The meiotic-specific function of SpRes2p lies within this C-terminal region in addition
to a domain required for interaction with SpRep2p (Sturm and Okayama, 1996). Similarly,
yeast two-hybrid analysis has revealed the domains responsible for the transcriptional
activation and SpRes2p-binding activities of SpRep2p (Tabara et al.,, 1998). Binding assays
have shown that bacterially cxpresscd GST-Rep2p binds o in vitre translated SpRes2p
{Nakashima et al., 1995; Sturm and Qkayama, 1996). SpRes2p binds to bacterially expressed
GST-Res2p, GST-Cdelp and GST-Reslp in vitro, whereas SpReslp binds only GST-Res2p
and GST-Cde10p, but not GST-Resip (Ayte et al., 1997). Notably, however, there have been
no reported studies on the SpReplp protein, either in vivo or in vitro, and as such the functional
properties and domain architecture of this protein remain poorly characterised.

Using the EMSA technique, the ability (and therefore the biological activity) of
bacterially produced His-Reslp and His-Res2p to bind to MCB elements in vitro can be
assayed. The biological activity of bacterially produced His-CdclOp may be similarly assayed,
following successful co-expression with either His-Reslp or His-Res2p. In contrast, assay of
the biological activity of both SpRep! and SpRep2p is not so facile. The absence of any GST-
fusions of these DSC1 components precludes binding assays with bacterially expressed His-
Rep2p or His-Repip. The ability of either protein to participate in an in vifro band-shift
complex with cither His-Reslp and/or His-Res2p may be assessed. Indeed, following
expression and/or co-expression of the respective DSCI components it might be possible to
reconstitute a recombinant DSC1 complex in vitro. An in vitro reconstituted complex has the
potential to provide an idcal model system for structural and [enctional studics.

In order to assess the biological aclivity of the recombinaut DSC1 components they
must firstly be solubilised following successful overexpression. For experimentat analysis of a
protein it is essential that, following release fram the cell, it be relcased into a solvent in which
it is stable. Upon release from its pative environment, a profein is exposed to foreign conditions
and agents that may cause irreversible damage. The nature of the solvent is therefore critical.
Exposure to proteolytic enzymes, oxidising agents or extremes of temperature and pl can all

have adverse effects on the native structwe of a protein. Also, due to the multiple acid-basc
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groups present in the amino acid side-chains, the structure and thus solubility of a protein will
also depend on the ionic composition/polarity of the solvent. As a result, proteins are routinely
dissolved in bulfer solutions, effective over a pH range at which the protein is stable. The
addition of proiease inhibitors and rcducing agents can help to maintain the integrity of a
protein in solution and procedures of protein preparation and purification are routinely carried
out on ice, as many proteins are thermally labile.

The unique 3-D arrangement of the constituent amino acids of a protein dictates its
physicochemical properties. Thus, the optimal conditions in which a protein is both soluble and
stable, following release into the cxtracellular milien, must be determined empirically. With
respect to heterologous expression systems, the host strain and growth conditions can equally
affect the ability to obtain soluble protein following overexpression. For example, the choice of
host strain can affect the folding, and thus structure, of the protein expressed. Manipulation of
induction conditions can atfect the rate and level of protein synthesis that in turn can affect
solubility. Conscquently, the preparation of soluble recombinant protein can often be one of the
lengthiest stages in a purification strategy.

The aim of this chapter, therefore, was to assay the biological aclivity of the
recombinant DSC1 components when produced in vifro. Following successtul overexpression
(Chapter 3), the solubility of each protein is discussed followed by a serics of experiments

designed (o test their in vitro biological activity using EMISA.
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5.2 Solubility of the recombinant DSC1 proteins

The successful cloning and overexpression of the full-length recombinant His-tagged DSC1
component polypeptides (His-Reslp - 75 kDa, His-Res2p ~ 75 kDa. His-Replp - 55 kDa, His-
Rep2p - 30 kDa and His-Cdc10p - 90 kDa), in £ coli has been described in Chapter 3. Tor
experimental analysis, these recombinant proteins must be both soluble and stable following
release from bacteria.

Lysis of L. coli ceils is routinely achieved by sonication, enzymatic lysis or mechanical
disruption. The mechanical disruption method was favoured for this work, using a French
Pressure apparatus. The French Press was chosen as it was extremely repreducible and the most
convenient method available, particularly when managing large volumes of bacterial culture.
The solubility of all proteins described in this chapter was routinely asscssed (Methods 2.4.12).
Following overexpression, cells were harvested by centrifugation and the pellet re-suspended in
an appropriate volume of lysis buffer. Cells were then disrupted by passage thraugh an
automatic French pressure cell. Subsequently, an aliquot of this whole cell extract, together
with samples of supernatant and pellet (obtained following centrifugation), were analysed by
SDS-polyacrylamide gel electrophoresis. The solubility of each protein was determincd by
comparing the ratio present in the supernatant/pellet, following Coomassie blue staining or
immunoblotting,

As discussed previously, the ability to produce soluble protein is dependent on multiple
factors, Several parameters were altered in an attempt 10 achieve optimal conditions for the
production of soluble protein, for each of the recombinant DSC1 components. Despiie
manipulation of lysis butfer composition (i.e. pll, salt concentration and buffer salt) no
significant change was observed, with respect {o the solubility of His-Resip, His-Replp, His-
Rep2p or His-CdelOp. Conscquendly, these proicins were routinely dissoelved in 50 mM
KH;POy, pH 7.5 (the oplimal bulfer condilions achieved). Figures 5.1-5.4, therelore allow a
comparison of soluble protein production under 4 different induction conditions. Figures 5.1,
52 and 5.5 show the solubility of His-Replp, His-Cdellp and His-Res2p following
overexpression at different temperatures as viewed by Coomassic bluc staining. Figures 5.3 and
5.4 show the solubility of His-Resip and His-Rep2p at different temperatures as viewed by
immunoblotting. IiImmunoblot analysis of both His-Res1p and His-Rep2p was necessary due to
the low expression level of these proteins (Chapter 3).

Iis-Reslp was detecled in the soluble fraction at 37°C (Figure 5.3 B) whereas His-
Rep2p was completely insoluble following induction at this temperature (Figure 5.4 B). Both
His-Resip and His-Rep2p were partially soluble at all other temperatures tested (Figures 5.3
and 5.4). The fact that expression of these laller {wo proleins was deteciable only by

immunoblotting (under all conditions tested) reflects their low level of expression. Such low-
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Jevel expression may account for detection of both proteins in the soluble fraction, under most
conditions tested. However, the low yield of these proteins imposes restrictions on their use for
detailed structural work although the observation that at least 50% of these proteins were
soluble was encouraging. In contrast, the high levels of protein obtained following
overexpression of His-Replp and Ilis-Cdel0p may contribute to their insolubility, High-lcvel
overexpression of proteins can result in the physiological solubility limit of the cell being
exceeded. Both of these proteins were insoluble and appeared in the pellet under all of the
conditions tested (Figures 5.1 and 5.2).

Figure 3.5 shows that at 15°C, approximately 100 % of His-Res2p was recovered in the
supernatant. Importantly, the ability to produce soluble His-Res2p was not sokely reliant on
manipulation of the growth conditions. In addition, the nature of the lysis buffer was crucial.
Indeed, the production of soluble His-Res2p highlights the dclicate balance of conditions
required to obfain soluble protein (Section 5.3). Even so, assuming that this protein is correctly
folded and active, following a scaling up in the process, structural studies should now be

possible.
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Figure 5.1 SDS-PAGE analysis of His-Rep1p solubility

His-Replp was overexpressed in BL21 CodonPlus (DE3)-RIL cells for 3 h at either 30°C (A)
or 37°C (B) by induction with 1 mM IPTG. Alternatively overexpression was carried out at
15°C (C) or 22°C (D) by induction with 0.2 mM IPTG. Samples (1 ml) were removed at the
point of induction (0 h). The bacterial culture was then centrifuged, the pellet resuspended in 5
ml lysis buffer, and cells lysed by French pressure disruption. This whole cell extract (W) was
then separated into soluble (S) and insoluble (P) fractions by centrifugation. The pellet was
resuspended in 5 ml lysis buffer. The 0 h samples were centrifuged, the pellets resuspended in
Laemmli sample buffer (10 pl/0.1 absorbance unit) and denatured by boiling for 5 min in the
presence of DTT (150 mM). Samples (1 ml) of the whole cell extract, the soluble fraction and
the resuspended pellet were diluted with an equal volume of Laemmli sample buffer and
similarly denatured. Samples were then analysed on a 10% SDS-polyacrylamide gel stained
with Coomassie brilliant blue. Molecular weight markers are shown (M;) with sizes indicated in

kDa.
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Figure 5.2 SDS-PAGE analysis of His-Cdc10p solubility

His-Cdc10p was overexpressed in BL21 CodonPlus (DE3)-RIL cells for 3 h at either 30°C (A)
or 37°C (B) by induction with 1 mM IPTG. Alternatively overexpression was carried out at
15°C (C) or 22°C (D) by induction with 0.2 mM IPTG. Samples (1 ml) were removed at the
point of induction (0 h). The bacterial culture was then centrifuged, the pellet resuspended in 5
ml lysis buffer, and cells lysed by French pressure disruption. This whole cell extract (W) was
then separated into soluble (S) and insoluble (P) fractions by centrifugation. The pellet was
resuspended in 5 ml lysis buffer. The 0 h samples were centrifuged, the pellets resuspended in
Laemmli sample buffer (10 pul/0.1 absorbance unit) and denatured by boiling for 5 min in the
presence of DTT (150 mM). Samples (1 ml) of the whole cell extract, the soluble fraction and
the resuspended pellet were diluted with an equal volume of Laemmli sample buffer and
similarly denatured. Samples were then analysed on a 10% SDS-polyacrylamide gel stained
with Coomassie brilliant blue. Molecular weight markers are shown (M,) with sizes indicated in

kDa.
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Figure 5.3 Immunoblot analysis of His-Res1p solubility

His-Res1p was overexpressed in BL21 CodonPlus (DE3)-RIL cells for 3 h at either 30°C (A) or
37°C (B) by induction with 1 mM IPTG. Alternatively overexpression was carried out at 15°C
(C) or 22°C (D) by induction with 0.2 mM IPTG. Samples (1 ml) were removed at the point of
induction (0 h) and at 3 h or 16 h. The bacterial culture was then centrifuged, the pellet
resuspended in 5 ml lysis buffer, and cells lysed by French pressure disruption. This whole cell
extract (W) was then separated into soluble (S) and insoluble (P) fractions by centrifugation
and samples (1 ml) taken. Samples from 0 h and 3 or 16 h were centrifuged, the pellets
resuspended in Laemmli sample buffer (10 pl/0.1 absorbance unit) and denatured by boiling for
5 min in the presence of DTT (150 mM). All other samples were diluted with an equal volume
of Laemmli sample buffer and similarly denatured. Samples were then analysed by
immunoblotting as described (Methods 2.4.7-2.4.11). Blots were probed with Anti-PentaHis-
HRP conjugate antibody (Qiagen) at 1:2500. The positions of molecular weight markers are

indicated (M,) in kDa.
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Figure 5.4 Immunoblot analysis of His-Rep2p solubility

His-Rep2p was overexpressed in BL21 CodonPlus (DE3)-RIL cells for 3 h at either 30°C (A)
or 37°C (B) by induction with 1 mM IPTG. Alternatively overexpression was carried out at
15°C (C) or 22°C (D) by induction with 0.2 mM IPTG. Samples (1 ml) were removed at the
point of induction (0 h) and at 3 h or 16 h. The bacterial culture was then centrifuged, the pellet
resuspended in 5 ml lysis buffer, and cells lysed by French pressure disruption. This whole cell
extract (W) was then separated into soluble (S) and insoluble (P) fractions by centrifugation
and samples (1 ml) taken. Samples from 0 h and 3 or 16 h were centrifuged, the pellets
resuspended in Laemmli sample buffer (10 pl/0.1 absorbance unit) and denatured by boiling for
5 min in the presence of DTT (150 mM). All other samples were diluted with an equal volume
of Laemmli sample buffer and similarly denatured. Samples were then analysed by
immunoblotting as described (Methods 2.4.7-2.4.11). Blots were probed with Anti-PentaHis-
HRP conjugate antibody (Qiagen) at 1:2500. The positions of molecular weight markers are

indicated (M,) in kDa
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Figure 5.5 SDS-PAGE analysis of His-Res2p Solubility

His-Res2p was overexpressed in BL21 CodonPlus (DE3)-RIL cells for 3 h at either 30°C (A) or
37°C (B) by induction with 1 mM IPTG. Alternatively overexpression was carried out at 22°C
(C) or 15°C (D) by induction with 0.2 mM IPTG. Samples (1 ml) were removed at the point of
induction (0 h) and at 3 h or 16 h. The bacterial culture was then centrifuged, the pellet
resuspended in 5 ml lysis buffer, and cells lysed by French pressure disruption. This whole cell
extract (W) was then separated into soluble (S) and insoluble (P) fractions by centrifugation
and samples (1 ml) taken. Samples from 0 h and 16 h were centrifuged, the pellets resuspended
in Laemmli sample buffer (10 pl / 0.1 absorbance unit) and denatured by boiling for 5 min in
the presence of DTT (150 mM). All other samples were diluted with an equal volume of
Laemmli sample buffer and similarly denatured. Samples were then analysed on a 10% SDS-
polyacrylamide gel stained with Coomassie brilliant blue. Molecular weight markers are shown

(M,) with sizes indicated in kDa.
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5.3 The effect of salt concentration on His-Res2p solubility

Lysis buffer compasition plays & crucial role in delermining both the solubility and stability of
a protein following release from the ccll. Attempts to enhance the solubility of His-Replp and
His-Cdc10p were refractory to manipulation of both growth and lysis bulfer conditions. In
contrast, His-Res2p was significantly affected. Initial attempts to obtain soluble His-Res2p,
following overexpression at 37°C or 30°C, coupled with a screening of different lysis buffer
conditions, were unsuccessful. A small amount of His-Res2p was retrieved in the supernatant
following overexpression at 22°C and ovcrexpression al 15°C yielded significantly more
soluble protein and manipulation of lysis buffer composition enhanced this lurther.

Following overexpression at 15°C, the concentration of salt in the lysis buffer proved
pivotat in the ability to obtain soluble His-Res2p, following release from the cell. In lysis
buffers containing > 0.3 M NaCl (such concentrations of salt are routinely used in buffers due
to the requirements of purification procedures), 1Tis-Res2p was almost exclusively present in
the inscluble pellet (Figure 5.6 B and C). In contrast, reduction or complete removal of the salt
concentration had a profound effect (Figure 5.6 A and D). In buffer solutions with either no or
minimal salt (< 0.1 M NaCl), His-Res2p was completely seluble (although a minute amount is
present in the pellet at 100 mM NaCl). In contrast, even a slight increase to 300 mM NaCl
resulted in approximately 100% of expressed protein becoming insoluble; a similar effect was
observed following lysis in buffers containing 1M NaCl.

The solubility of His-Res2p was extremely sensitive to salt concentration. This serves as
an excellent example of the sensitivity of a prowin to its immediate environment. The
sensitivity of His-Res2p to high NaCl concentration has implications for the purification of this

protein and is discussed in Chapter 6.
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Figure 5.6 Effect of salt concentration on the solubility of His-Res2p

His-Res2p was overexpressed at 15°C in BL21 CodonPlus (DE3)-RIL cells by induction with
0.2 mM IPTG. Samples (1 ml) were removed at the point of induction (0 h) and at 16 h. The
bacterial culture was then centrifuged, and the pellet resuspended in 5 ml lysis buffer: (A)
50mM KH,PO,, pH 7.5; (B) A + 1M NaCl; (C) A + 0.3M NaCl and (D) A + 0.1M NaCl. Cells
were then lysed by French pressure disruption. The whole cell extract (W) was separated into
soluble (S) and insoluble (P) fractions by centrifugation and samples (1 ml) taken. All samples
were centrifuged, the pellets resuspended in an equal volume of Laemmli sample buffer and
denatured by boiling for 5 min in the presence of DTT (150 mM). Samples were then analysed
on a 10% SDS-polyacrylamide gel stained with Coomassie brilliant blue. Molecular weight

markers are shown (M;) with sizes indicated in kDa.
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5.4 Biological activity assays — His-Res1p and His-Res2p

Both SpReslp and SpRes2p, when produced én vitro, can bind specifically to MCB elements i
vitre as detected by EMSA. Detection of both SpReslp and SpRes2p MCB-specific DNA-
binding complexes was dependent on co-expression with SpCdc10p, although SpRes2p alone
could bind very weakly (Zhu et al., 1994; Zhu et al., 1997).

The ability of the bacterially produced His-Res1p and His-Res2p proteins to bind MCB
elements in vitro was tested. Soluble extracts from E. coli cells, expressing either His-Res]p or
His-Res2p (Methods 2.4.1 and 2.4.12), were incubated with a radio-labeiled DNA probe and
used in EMSA experiments. The DNA probe was identical to that detailed in Chapter 4 and
contained the MCB1 cluster derived from the cdc22® promoter (Magbool et al.,, 2003). The
mutated MCB Im probe was again used to test specificity. Despite repcated attempls, binding of
gither His-Res|p or His-Res2p to MCB1 DNA using the EMSA was not detected under these
conditions (Figure 5.7).

However, as mentioned above, binding of either SpRes1p or SpRes2p to MCB DNA i#
vitro was reporiedly dependent on and/or enhanced by, the presence of SpCdcl10p and so co-
expression of 11is-Cdc10p with His-Resip or His-Res2p was also attempted. It is possible that
these proteins may associate in a co-translational manner /» vivo. Therefore, co-expression with
His-CdelOp in E. coli might replicate this scenario since association of proteins as folding
intermediates can increase stability and thus, successful co-expression has the potential to

enhance protein solubility.
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Figure 5.7 His-Reslp and His-Res2p binding to MCB motifs in vitro

EMSA analysis of protein extracts prepared from E. coli BL21 (DE3) CodonPlus-RIL cells
transformed with pET-28¢c (GB 7), His-res! -pET-28c (GB 201) or His-res2'-pET-28¢c (GB
178). Protein extracts were prepared and incubated with a radio-labelled probe derived from the
cdc22" promoter (MCB1). To test the specificity of protein binding to the MCB sequence a
probe containing a mutated MCB1 element (MCB1m) was included (lanes 3, 6, 7, 10, 11, 14
and 15). A protein extract from wild-type fission yeast cells (GG 217) was incubated with
MCBI and forms the characteristic DSC1 band-shift (lane 2). The upper and lower arrows on
the left indicate the positions of the fission yeast DSC1 complex and unbound radio-labelled

probe, respectively.

1 = free MCBI probe

2 = wild-type protein extract + MCB1 probe

3 = wild-type protein extract + MCB1m probe

4 and S = His-res] -pET-28c protein extract + MCB1 probe

6 and 7 = His-res!"-pET-28c protein extract + MCB 1m probe
8 and 9 = His-res2 -pET-28c protein extract + MCB1 probe

10 and 11 = His-res2"-pET-28c protein extract + MCBIm probe
12 and 13 = pET-28c protein extract + MCB1 probe

14 and 15 = pET-28c protein extract + MCB I m probe
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5.5 Cloning of resI*, repl” and rep2”

To ensure that (wo proteins are co-expressed from separate plasmids in the same . coli cell,
there must be selection for bolh plasmids. Both res!' and res?’ were cloned into the
kanamycin resistant pET-28¢ vector, whereas cdel” was cloned into the ampicillin resistant
pEt-14b (Chapter 3). The pET-14b plasmid is essentially identical to pIiT-28c¢, containing an
N-terminal His-tag upstream of Ndel-BamHI multiple cloning sites. However, in contrast, pET-
14b contains the P-lactamase gene, conferring ampicillin resistance. The cloning of res/!'/res2"
and cdcl' into plasmids with different antibiotic resistance markers allows phenotypic
selection of co-transformants. Further to such studies using His-Cdc10p, co-expression between
other DSC1 components was investigated. To this end, res/ " was cloned into pET-14b to allow
co-expression studies with Res2p. In addition, rep!” and rep2’ were cloned into pET-14b to
facilitate co-expression studics with these proteins.

Cloning of these cIDNAs into pET-14b was performed as described previously (Chapter
3, section 3.2). Clones containing insert were analysed by restriction enzyme mapping and
DNA sequencing (MWG-Biotech — using oligos listed in Appendix H) and a positive clone for
each gene was stored at -70°C in the lab bactcrial collection: GB 299 (resi™), GB 289 (rep!™)
and GB 310 (rep2”) — Appendix 1.

Following optimisation of conditions, each clone was successfully over-expressed in the
BL2t (DE3) CodonPlus-RI, strain. The cxpression levels and solubility were comparable to
that achieved when these same cDNAs were expressed from the pET-28¢ vector: both His-
Reslp and His-Rep2p were detectable only by immunoblot and were soluble, whereas His-

Replp was detected by Coomassie blue staining and was insoluble (data not shown).

5.6 Co-expression of recombinant DSC1 components in E. coli

Following co-transformation (Methods 2.2.13) into BL21 (DE3) CodonPlus-RIL cells and
small-scale protein inductions, the ability of two proteins to co-express was determined by
Coomassie blue staining or immunocblotting, following SDS-PAGE.

Upon testing different combinations of DSC1 components, only co-cxpression of His-
Res2p with His-Rep2p was detected: only His-Res2p was visualised by Coomassie staining
whereas both proteins were detected by immunoblotting (Figure 5.8).

Unfortunately, despite successful co-expression, incubation of a solublc ¢rude protein
extiact from His-Res2p/His-Rep2p co-expressing cells with MCBI did not produce a
detectable band-shift as detected by EMSA (data not shown). In addition, mixing of crude
soluble extracts conlaining His-Res1p and His-Res2p was tested. Furthermore, reconstitution of
the DSC1 band-shift complex following mixing of crude His-Reslp and His-Res2p bacterial

supcrnatants with fission yeast protein extracts prepared from their respective deletion mutants
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(His-Res2p to Ares2 and His-Reslp to Ares? cells) was atiempted. However, using either of
these approaches, no MCB-specific DNA-binding activity was detccted (data not shown).
Neither bacterially expressed IHis-Resip nor His-Res2p appeared able to bind MCB-
DNA in vitro. Despite successful expression of soluble His-Rep2p, the lack of a definitive
assay has precluded the assignment of activity to this protein. Due to the insoluble nature of
both His-Cdc10p and His-Replp, these protcins have been refractory to similar analysis.
In conirast, the bacterial expression of a biclogically active Reslp protein has been reported
(Ayte et al., 1995). A GST-Reslp fusion protein was shown to bind specifically to MCB
elements in vitro. The DNA binding ability of this recombinant protein was aiiribuied to
SpResip homodimerisation, artificially promoted by the GST moiety. Accordingly, it was
reasoned that the inability of either His-Resip or His-Res2p to bind MCB-DNA might reflect
the self-dimerisation potential of these proleins i# vitro. It is possible that the soluble His-
Resip and His-Reg2p proteins are correctly folded but canmot homodimerise, thus precluding
DNA-binding. An investigation was undertaken to assess the ability of Reslp and ResZp to
bind specifically to MCB DNA, when bacterially expressed as GST fusion proteins. The
production of both SpReslp and SpRes2p as GST-fusion proteins will also allow assay of His-
Rep2p via binding assays.
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Figure 5.8 Co-expression of His-Res2p and His-Rep2p in E. coli

His-Res2p and HisRep2p were co-expressed at 15°C in BL21 CodonPlus (DE3)-RIL cells by
induction with 0.2 mM IPTG. Samples (1 ml) were removed at the point of induction (0 h) and
at 16 h. The bacterial culture was then centrifuged, the pellet resuspended in 5 ml 50mM
KH,PO,, pH 7.5 and cells lysed by French pressure disruption. The whole cell extract (W) was
separated into soluble (S) and insoluble (P) fractions by centrifugation and samples (1 ml)
taken. Samples from 0 h and 16 h were centrifuged, the pellets resuspended in Laemmli sample
buffer (10 pl/0.1 absorbance unit) and denatured by boiling for 5 min in the presence of DTT
(150 mM). All other samples were diluted with an equal volume of Laemmli sample buffer and
similarly denatured. Samples were then analysed on a 10% SDS-polyacrylamide gel stained
with Coomassie brilliant blue. Immunoblotting was carried out as described (Methods 2.4.7-
2.4.11) and blots were probed with Anti-PentaHis-HRP conjugate antibody (Qiagen) at 1:2500.

The positions of molecular weight markers are indicated (M,) in kDa.
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5.7 Cloning resI” and res2” cDNAs into pGEX-KG
The res?” and res2” cDNAs (Appendix I; GB 201 and GB 178, respectively) were amplified by
PCR using primer pairs GO 464/G0O 466 (resl™) and GO 465/GO 466 (res2'). Primers GO 464
and GO 465 were designed to add a 5° Smal restriction site immediately upstream of the ATG
of res1” and res2", respectively. Primer GO 466 adds a 3° Xhol restriction site downstream of
thc stop codon of each ¢DNA. Addition of these restriclion vnds was necessary to {facilitate
directional cloning into the pGEX-KG vector, in-frame with an N-lerminal GS'I-tag,

Figure 5.9 provides a schematic representation of the PCR reaction and the primers
used. All PCR reactions were carried out using the Ventg DNA polymerase (New England
Biolahs).

5.7.1 Cloning res?” and res2” ¢DNAs into pCR2.1°

Following PCR amplification, each reaction mix was incubated with Zag polymerase at 72°C
for 10 min to allow cloning into the lincariscd pCR2.1% vector. The cloning of PCR products
using the TA Cloning® Kit (Invitrogen) has been described previously (Chapter 3, Section
3.3.2-3.3.3). Use of the TA Cloning® Kit, as an intermediate cloning step, was necessary due
to the difficulty in digesting the Smal and X#ol restriction ends present at the end of 2 PCR
product (restriction enzymes often require substantial flanking sequence around their
recognition site to digest efficiently). Following cloning into the TA vecior, the cDNAs can
then be easily excised for cloning into pGEX-KG.

Plasmid DNA was purified from overnight cultures (Methods 2.2.5) and analysed by
restriction enzyme mapping ko confirm the presence of an insert of the correct size (Figures
5.10A and 5.11A). Potential positive clones were sequenced (MWG-Biotech — using oligos
listed in Appendix 11} to confirm the presence of insert and lhe fidelity of the PCR. A positive
clone for both res/™ and res2” was stored at -70°C in the lab bacterial collection (Appendix | -
GB 300 and GB 302).
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5.7.2 Cloning resl' and res2” ¢DNAs into pGEX-KG

The plasmids GB 300 (resi™) and GB 302 (res2") were digested with Smal and Xfol as was the
pGEX-KG vector to generate cohesive ends for ligation. The vector was also treated with calf
intestinal alkaline phosphatase (Methods 2.2.7 and 2.2.8). The products of the restriction
digests were analysed on a 1.5 % (w/v) agarose gel (Figures 5.10A and 5.11A) and bands of the
appropriate size exciscd and purified using the QIAquick® Gel Extraction Kit (Methods 2.2.4
and 2.2.6). 5 ul samples were analysed on a 1.5 % (w/v) agarose gel to delermine the
veelor:insert ratio to be used in the subsequent ligation reaction. Ligation reactions wete carried
out as described (Methods 2.2.9) and transformed into £. enli DH5a cells the following day
(Methods 2.2.13). Plasmid DNA was purificd from overnight cultures (Methods 2.2.5) and
analysed by restriction enzyme mapping (Figures 5.10B and 5.11B) and DNA sequencing
(MWG-Biotech - using oligos listed in Appendix 11) to confirm cloning was in-frame with the
N-terminal GS'T-tag. A positive clone for both GST-res!” and GS§T-res2* was stored at -70°C in
the lab bacterial callection {Appendix I - GB 309 and GB 318, respectively).
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Figure 5.9 Schematic representation of the PCR amplifications for pGEX-KG cloning

The white arrow represents the ORFs of the res/” and res2” ¢cDNAs cloned into pET 28c at
Ndel-BamHIl. The His-tag is boxed in green, the black lines represent pET vector flanking
sequence and the position of restriction sites are indicated by arrows.

A Restriction map representing the Ndel-BamH]1 fragment of each cDNA cloned into the pET-
28c vector (Chapter 3).

B The positions of the primers used in the PCR reaction are indicated in relation to the
corresponding sequence of the pET-28c vector. GO 464 and GO 465 add a Smal site
(CCCGGG) immediately upstream of the ATG of res/” and res2’, respectively. GO 466
includes the pET-28¢c Xhol (CTCGAG) site downstream of the stop codon.

C A schematic representation of the DNA fragments produced following PCR.
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5.10 Restriction digestion analyses of the res/*-pCR2.1% and res1'-pGEX-KG plasmids
Clones containing insert were analysed by restriction mapping. Samples of each digest (5 pl)
were analysed on a 1.5% (w/v) agarose gel stained with ethidium bromide and viewed under
UV illumination. The 1 kb DNA ladder is shown (M) and sizes are indicated in base-pairs.

A Digestion of the res/'-pCR2.1® plasmid: 1 EcoRI 2 Smal-Xhol.

B Digestion of the res/ -pGEX-KG plasmid: 1 Hindlll 2 Sacl.

The restriction enzymes used in each digest and the predicted fragment sizes are summarised

for each clone in Tables 5.1 and 5.2.

| Enzyme(s) _ __| Number of Fragments | Fragment sizes (bp) |
][_E:Z'oRl 2 { 3900, 1900 |
| Smal-Xhol ' 12 — [3900,1990 |
Table 5.1 res/ -pCR2.1%
|Enzyme(s) | Number of Fragments | Fragment sizes (bp) |
Hind1ll [2 1 5600, 1300
S — — T S —
Sacl [ 2 | 5200, 1700
| |

Table 5.2 res! -pGEX-KG
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5.11 Restriction digestion analyses of the res2’-pCR2.1% and res2'-pGEX-KG plasmids

Clones containing insert were analysed by restriction mapping. Samples of each digest (5 ul)

were analysed on a 1.5% (w/v) agarose gel stained with ethidium bromide and viewed under

UV illumination. The 1 kb DNA ladder is shown (M) and sizes are indicated in base-pairs.

A Digestion of the res2'-pCR2.1® plasmid: 1 EcoRI 2 Smal-Xhol.

B Digestion of the res2 -pGEX-KG plasmid: 1 Sa/l 2 EcoRI.

The restriction enzymes used in each digest and the predicted fragment sizes are summarised

for each clone in Tables 5.3 and 5.4. Fragments marked (*) appear as a result of partial digest.

(Ensyme) [ Number of Fragments
| EcoRI 4
Sﬂl(ll-/él;(r)li T !'_2 -

Table 5.3 res2'-pCR2.1%

| Enzyme(s) | Number of Fragments
| Sall [2

k — Y §

f EcoRI | 2

Table 5.4 res2 -pGEX-KG
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5.8 Overexpression and solubility of GST-Reslp and GST-Res2p

As described for the Ilis-tagged recombinant proteins (Chapter 3 and this Chapter), in order to
obtain optimal conditions for the overexpression and solubility of both GST-Reslp and GST-
Res2p, several £. coli expression strains were tested, together with a variety of growth and lysis
buffer conditions. As before, the E. coli expression strain BL21 {DE3) CodonPlus-R11. gave
optimal results for both recombinant proteins, following transformation with the clones
containing the GST-res!” and GST-res2” cDNAs. Small-scale protein inductions were carricd
out to test for successful overexpression of each profein (Methods 2.4.1 and 2.4.12). Aliquots
of the induction at 0 h and 3 h or 16 h together with samples of the whole cell exiract (W),
supernatant (S) and pellet (P) were then analysed by SDS-PAGE and the solubility of each
protein determined by viewing after Coomassie blue staining or immunoblotting. Figures 5.12
and 5.13 show the overexpression and solubility of GST-Reslp and GST-Res2p at different
temperatures as viewed by Coomassie blue staining. The GST-Reslp and GST-Res2p proteins
resolve with a M, approximately 98,000 (GST is a protein with a M, value of 26,000). Figure
5.14 shows immunoblot analysis of the overexpression and solubility of GST-Reslp and GST-
Res2p. For comparison, overexpression of the GST moiety alone is similarly depicted in Figure
5.15.
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Figure 5.12 Overexpression of GST-Reslp

GST-Reslp was overexpressed at 30°C (A) or 15°C (B) in BL21 CodonPlus (DE3)-RIL cells
by induction with | mM or 0.2 mM IPTG respectively. Samples (1 ml) were removed at the
point of induction (0 h) and at 3 h or 16 h. The bacterial culture was then centrifuged and the
pellet resuspended in 5 ml 1 x PBS. Cells were lysed by French pressure cell disruption. This
whole cell extract (W) was then separated into soluble (S) and insoluble (P) fractions by
centrifugation and samples (1 ml) taken. Samples from 0 h and 3 h were centrifuged, the pellets
resuspended in Laemmli sample buffer (10 pl/0.1 absorbance unit) and denatured by boiling for
5 min in the presence of DTT (150 mM). All other samples were diluted with an equal volume
of Laemmli sample buffer and similarly denatured. Samples were then analysed on a 10%
SDS-polyacrylamide gel stained with Coomassie brilliant blue. Molecular weight markers are

shown (M,) with sizes indicated in kDa.
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Figure 5.13 Overexpression of GST-Res2p

GST-Res2p was overexpressed at 30°C (A) or 15°C (B) in BL21 CodonPlus (DE3)-RIL cells
by induction with 1 mM or 0.2 mM IPTG respectively. Samples (1 ml) were removed at the
point of induction (0 h) and at 3 h or 16 h. The bacterial culture was then centrifuged and the
pellet resuspended in 5 ml 1 x PBS. Cells were lysed by French pressure cell disruption. This
whole cell extract (W) was then separated into soluble (S) and insoluble (P) fractions by
centrifugation and samples (1 ml) taken. Samples from 0 h and 3 h were centrifuged, the pellets
resuspended in Laemmli sample buffer (10 pl/0.1 absorbance unit) and denatured by boiling for
5 min in the presence of DTT (150 mM). All other samples were diluted with an equal volume
of Laemmli sample buffer and similarly denatured. Samples were then analysed on a 10%
SDS-polyacrylamide gel stained with Coomassie brilliant blue. Molecular weight markers are

shown (M,) with sizes indicated in kDa.
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Figure 5.14 Immunoblot analysis of GST-Reslp and GST-Res2p

GST-Reslp (A) and GST-Res2p (B) were overexpressed at 15°C in BL21 CodonPlus (DE3)-
RIL cells by induction with 0.2 mM IPTG. Samples (1 ml) were removed at the point of
induction (0 h) and at 16 h. Each bacterial culture was then centrifuged and the pellets
resuspended in 5 ml 1 x PBS. Cells were lysed by French pressure cell disruption. The whole
cell extracts (W) were then separated into soluble (S) and insoluble (P) fractions by
centrifugation and samples (1 ml) taken. Samples from 0 h and 16 h were centrifuged, the
pellets resuspended in Laemmli sample buffer (10 pl/0.1 absorbance unit) and denatured by
boiling for 5 min in the presence of DTT (150 mM). All other samples were diluted with an
equal volume of Laemmli sample buffer and similarly denatured. Samples were then analysed
on a 10 % SDS-polyacrylamide gel stained with Coomassie brilliant blue. Immunoblotting was
carried out as described (Methods 2.4.7-2.4.11) and blots were probed with Anti-GST-HRP
conjugate antibody (Amersham) at 1:2500. The positions of molecular weight markers are

indicated (M,) in kDa.
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Figure 5.15 Immunoblot analysis of GST

GST was overexpressed at 15°C in BL21 CodonPlus (DE3)-RIL cells by induction with 0.2
mM IPTG. Samples (1 ml) were removed at the point of induction (0 h) and at 16 h. The
bacterial culture was centrifuged and the pellet resuspended in 5 ml 1 x PBS. Cells were lysed
by French pressure cell disruption. The whole cell extract (W) was separated into soluble (S)
and insoluble (P) fractions by centrifugation and samples (1 ml) taken. Samples from 0 h and
16 h were centrifuged, the pellets resuspended in Laemmli sample buffer (10 pl/0.1 absorbance
unit) and denatured by boiling for 5 min in the presence of DTT (150 mM). All other samples
were diluted with an equal volume of Laemmli sample buffer and similarly denatured. Samples
were then analysed by immunoblotting as described (Methods 2.4.7-2.4.11). Blots were probed
with Anti-GST-HRP conjugate antibody (Amersham) at 1:2500. The positions of molecular

weight markers are indicated (M;) in kDa.
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5.9 Biological activity assays - GST-Reslp and GST-Res2p

Bacltcrially cxpressed GST-Resip bound specifically to MCB elements in vitro (Ayte et al.,
1995). Accordingly, the EMSA technique was employed to assay the biological activity of the
recombinant GST-Reslp and (3ST-Res2p proteins.

Recombinant GST-Reslp and GST-Res2p were individually overexpressed at 15°C
(Scction 5.8) and recovered in the supernatant fraction. Soluble protein extracts (Methods
24.14) were incubated with a radio-labelled MCB1 DNA probe and used in EMSA
cxperiments as described (Methods 2.2.14 - 2.2.16). The results of this assay are shown in
Figure 5.16. Incubation of either GSt-Reslp or GST-Res2p with MCBI1 produced a co-
migratory band-ghift activity. In contrast, this band-shift activity was absent from extracts of
GST alone incubated with MCB1. Both the GST-Reslp and GS'I-Res2p band-shift activities
were specific to the MCBI element, as judged by competition analysis and an inability to bind
the mutatcd MCB1m scquence. Notably, both of these band-shifls were of a greater mobility
than the DSCI1 band-shift formed in wild-type fission yeast extiacts, consistent with the
absence of SpCdclOp, SpRep2p and SpRes2p or SpReslp, respectively. In addition, the
presence of the GST-tag, in both GST-Reslp and GST-Res2p containing complexes, was
confirmed by a super-shift following addition of an anti-GST antibody (Figure 5.17).
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Figure 5.16 GST-Reslp and GST-Res2p bind specifically to MCB1 DNA in vitro

EMSA analysis of protein extracts prepared from E. coli BL21 (DE3) CodonPlus-RIL cells
transformed with pGEX-KG (GB 159), GST-res! -pGEX-KG (GB 309) or GST-res2 -pGEX-
KG (GB 318). Protein extracts were prepared and incubated with a radio-labelled probe derived
from the cdc22" promoter (MCB1). To check the specificity of the retarded complex an excess
of unlabelled MCBI1 probe was added (lanes 6 and 9) or a probe containing a mutated MCB
(MCB1m) element (lanes 4, 7 and 10) or an excess of unlabelled MCBIm (lanes 11 and 12). A
protein extract from wild-type fission yeast cells (GG 217) was incubated with MCBI1 and
forms a characteristic DSC1 band-shift for comparison (lane 2). The upper and lower arrows on
the left indicate the positions of the DSC1 complex and the unbound radio-labelled probe,

respectively. The arrow on the right indicates the GST-Res1p and GST-Res2p band-shifts.

|1 = free MCBI1 probe

2 = wild-type protein extract + MCB1 probe

3 = pGEX-KG protein extract + MCB1 probe

4 = pGEX-KG protein extract + MCB1m probe

5 = GST-res] -pGEX-KG protein extract + MCB1 probe

6 = GST-res] -pGEX-KG protein extract + excess unlabelled MCB1 probe

7 = GST-res] -pGEX-KG protein extract + MCB 1m probe

8 = GST-res2 -pGEX-KG protein extract + MCB1 probe

9 = GST-res2 -pGEX-KG protein extract + excess unlabelled MCB1 probe

10 = GST-res2'-pGEX-KG protein extract + MCB1m probe

11 = GST-res!"-pGEX-KG protein extract + excess unlabelled MCB 1m probe
12 = GST-res2'-pGEX-KG protein extract + excess unlabelled MCB 1m probe
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Figure 5.17 Super-shift EMSA assay of GST-Reslp and GST-Res2p with Anti-GST
antibody

EMSA analysis of protein extracts prepared from E. coli BL21 (DE3) CodonPlus-RIL cells
transformed with pGEX-KG (GB 159), pGST-res!” (GB 309) or pGST-res2” (GB 318). Protein
extracts were prepared and incubated with a radio-labelled probe derived from the cdc22
promoter (MCBI1). Protein extracts mixed with probe were incubated with various dilutions of
an anti-GST antibody prior to loading on a 2% SeaPlaque: 1% agarose gel. A protein extract
from wild-type fission yeast cells (GG 217) was incubated with MCBI and forms a
characteristic DSC1 band-shift for comparison (lane 2). The upper and lower arrows on the left
indicate the positions of the DSC1 complex and the unbound radio-labelled probe, respectively.

The green arrow indicates the super-shifted GST-Res2p complex.

| = free MCB1 probe

2 = wild-type protein extract + MCBI1 probe

3 = pGEX-KG protein extract + MCB1 probe

4 = pGEX-KG protein extract + MCB1 probe + Anti-GST (1:1)

5 = GST-res] -pGEX-KG protein extract + MCB1 probe

6 = GST-res! -pGEX-KG protein extract + MCB1 probe + Anti-GST (1:1)

7 = GST-res] -pGEX-KG protein extract + MCBI1 probe + Anti-GST (1:2)

8 = GST-res! -pGEX-KG protein extract + MCBI probe + Anti-GST (1:5)

9 = GST-res1"-pGEX-KG protein extract + MCB1 probe + Anti-GST (1:10)
10 = GST-res! -pGEX-KG protein extract + MCB1 probe + Anti-GST (1:50)
11 = GST-res2"-pGEX-KG protein extract + MCB1 probe

12 = GST-res2"-pGEX-KG protein extract + MCB1 probe + Anti-GST (1:1)
13 = GST-res2"-pGEX-KG protein extract + MCBI1 probe + Anti-GST (1:2)
14 = GST-res2 -pGEX-KG protein extract + MCBI probe + Anti-GST (1:5)
15 = GST-res2'-pGEX-KG protein extract + MCB1 probe + Anti-GST (1:10)
16 = GST-res2'-pGEX-KG protein extract + MCBI probe + Anti-GST (1:50)
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5.10 Discussion

In this chapter, attempts to obtain soluble recombinant protein, following overexpression of
His-Res1p, His-Res2p, His-Replp, His-Rep2p or His-Cde10p in E. coli, have been described.
Following this, a series of assays have been described to determine the biological activity of
these soluble recombinant proteins when produced in vitro.

The ability to obtain a soluble protein, following release from the cell, can be dependent
on several faclors. With respect to heterologous protein production, not only must the
conditions within the cell be suitable, facilitating efficient translation and protein folding, but
also the protein must then be recovered and maintained in a solvent in which it is stable.
Accordingly, a series of growth and lysis bulfer conditions were screened, in attempts to
recover each of the recombinant proteins in a soluble form.

The major advantage of heterologous cxpression systemns is for the production of
substantial quantities of rccombinant protein, This is often counterbalanced by the affect that
such high levels can impose on solubility. [ndeed, recombinant protein may comprise >50% of
total cell protein, and this can resull in the formation of insoluble aggrepates. Expression at
lower temperatures, in combination with a reduced concentration of inducing agent, can often
aid in the production of soluble protein (Schien and Noteborn, 1988). it has been suggested that
lowering the induction temperature can slow down the rate of translation. In tura, the amount of
protein that accumulales in & given time is reduced and as a resuli, the protein has more time to
fold correctly, helping (o prevent formation of insoluble aggregates.

Initial aitempts to obtain soluble protein following overexpression of the His-tagged
proteins at 37°C were unsuccessful, with the exception of His-Res1p. Given that the expression
of' His-Resip was at a relatively low level (detectable only by immunobloiting), the partial
solubility of this recombinant protcin at this, and indeed all temperatures tested may reflect this
observation. Similarly, His-Rep2p (also detectable only by immunoblot analysis) although
completely insoluble at 37°C, appeared in the supernatant following expression at 30°C, 22°C
or 15°C. Conversely, both His-Replp and His-Cdel10p were present in the insoluble fraction
under all conditions tested, perhaps reflecting higher expression levels. These proteins may
therefore be present as inclusion badies, which can form for several reasogs. The recombinant
protein may require post-transiational modification and/or miolecular chaperones in order to
fold correctly. In addition, the high levels of protein expressed within the cell may account for
dense packing and aggregation (Lilie et al., 1998).

Even so, inclusion bodies can oflen be a useful source of pure protein. The solubilisation
and purification of both His-Res1p and His-Cdc10p from inclusion bodies is discussed in detail
in Chapter 6.
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In conirast the solubility of His-Res2p increased signilicantly following inducton at
15°C for 16 h. The ability to produce soluble His-Res2p was 1ot solely dependent on finding
the appropriate induction conditions, but was equally reliant on the composition of the lysis
buffer. Using the variant solubility of His-Res2p in buffers of different salt concentration as an
exampie, one of the many parameters that can dramatically affect the solubility of a protein has
been highlighted. Furthermore, the apparent insolubility of His-Res2p in NaCl concentrations
> 300 mM has important consequences for the purification of this prolein (discussed in Chapter
6).

Following production of soluble His-Resip (albeit al low levels) and His-Res2p, these
recombinant proteins were assayed for biological activily. Crude soluble extracts from Z. coli,
expressing either His-Reslp or His-Res2p, were incubated with a radio-labelled MCB probe.
However, an in vitro MCB DNA-binding activity was not detecled with either of these protoins
using this technique.

Co-expression of His-CdclOp with either His-Reslp or His-Res2p was attempled.
Unfortunately, co-expression of either protein with His-Cdel0p proved unsuceessful, in terms
of detectable protein (either His-Reslp or [lis-Res2p were detected but not His-Cde10p by
Coomassie blue staining or immunoblotting). In addition, co~expression of cither HHis-Reslp or
His-Res2p with cach other and with His-Replp or His-Rep2p was tested. Association of these
proteins might facilitate MCB-specific DNA binding of the His-Resp subunits in the absence of
His-Cde10p. Iowever, although co-expression of His-Res2p/His-RepZp was detected, and both
of these proteins were present in the soluble fraction (as determined by immunoblotting --
Figure 5.8), use of this protein extract did not yicld detectable MCB binding in vifro.

These observations suggest that neither bacterially produced soluble His-Reslp or His-
Res2p has DNA-binding activity. There are a number ol possible explanations why the His-
tagged Resp proteins cannot bind to DNA in vitro. The His-tag, present at the N-terminus of
these proteins, may prevent proper folding and therefore occlude DNA-binding. "I'o counter this
possibility the presence of a His-tag at cither the N- or C-terminus had no adverse cffeet on Lhe
specific DNA-binding properties of bacterially expressed ScSwidp ot ScMbplp (Taylor et al.,
2000).

With respect to the resulls observed with [lis-ResIp, it has been reported that in vitro
iranslated SpReslp cannot bind to MCB DNA, in the absence of SpCde 10p (Ayte et al., 1995).
Similarly, the MCB-specific DNA binding activity of in vilro translated SpRes2p was
dependent on co-expression with SpCdc10p, although a weak band-shift activity was detected
with SpRes2p alone (Zhu ct al., 1997).

The inabilily to co-express either His-Reslp or His-Res2p with His-CdelOp has
precluded a definitive analysis of the dependency of these proteins upon His-Cdel0p, for their

DNA-binding activity in vitro. Using His-Res2p alone, no MCRB specific band-shifi activity
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was detected. Pertinent to this result, Zhu and co-workers previously reposted an inability o
detect a MCB-specific DNA-binding complex by EMSA with in vifro translated SpRes2p,
using threc different MCB containing probes (Zhu et al., 1994). Therefore, the ability of
SpRes2p alone to bind to MCB DNA iz vitro may not be straightforward.

Intriguingly, it has been shown that C-lerminal truncation of iz vitro produced SpRes2p
enhances MCB-specitic DNA-binding. The C-termini of SpReslp and SpRes2p are responsible
for binding to SpCdciOp (Ayte et al,, 1995; Zhu et al., 1997). The fact that only a weak band-
shift was detected with SpRes2p alone, and that this was markedly increased by the presence of
SpCde10p, suggested that in the absence of SpCdellp, the ability of SpRes2p to bind DNA is
compromised (Zhu et al., 1997).

In agreement with this observation, analysis ol the ScSwidp protein in vitro suggests
that, in the absence of ScSwi6p, the C-terminus of SeSwidp is involved in contact with the N-
terminal DNA-binding domain, This has led to the proposal that control of DNA-hinding in
ScSwidp may be mediated, at least in part, through intramolecular auto-inhibition, in the
absence of ScSwi6p (Baetz and Andrews, 1999).

Given the extensive seyuence homology between the SpRestp/SpRes2p and ScSwidp
proteins at the N and C-termini, it is tempting to suggest that such a mode of DNA-binding
regulation may be conserved. It is perhaps relevant that the co-cxpression cxperiments of Zhu
and co-workers utilised i vitro translated protein made in rabbit reticulocyte lysates and so it is
possible that the DNA-binding activity exhibited by these proteins reflects a requirement for
post-trauslational moditication that only aceurs in eukaryotes,

Arguing against this, bacterially expressed SpReslp has been shown to bind specifically
to MCB DNA by EMSA. This band-shift activity was attributed to the artificial homo-
dimerisation of SpRes1p imparted by the GS'I moicty (Ayte et al., 1995). Further evidence for
this was demonstrated by the MCB-specific binding of SpRes1p when fused at its N-terminus
to the Fpstein Barr Virus ZEBRA domain, a protein with intrinsic dimerisation potential (Ayte
et ul., 1997).

Such resuits have led these authors to atiribute the apparent inability of SpRes1p to bind
DNA in vitro, to homodimerisation potential. SpRes2p can homodimerise in vifro, in a
SpCdc10p-dependent manner (Zhu et al. 1997). Both SpResip and SpRes2p are believed to
form heterodimers in the mitotic DSC1 complex in vivo (Ayte et al., 1997; Whitehall et al.,
1999).

This suggestion prompted an investigation to determine if GST-Reslp and GST-Res2p
could bind specifically 1o MCB DNA, in contrast to the His-tagged isoforms. Following
cloning into a GST cxpression vector and successful overcxpression of solublc protein, the
ability of GST-Reslp and GST-Res2p to bind specifically in vitre to MCB DNA was assayed.

In accordance with the results of Ayte and co-workers, GST-Reslp produced a MCB-speeific
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band-shift complex. Notably, expression of SpRes2p as a GST-fusion protein also conferred
MCB-specific DNA-binding, Both DNA-binding activitics were co-migratory {a slightly
stronger complex was detected with GST-Res2p — most likely reflecting the higher level of
expression of this protein). The presence of thc GST-tag in each band-shift complex was
confirmed following super-shift analysis, using an anti-GS'1" antibody (Figure 5.17).

‘I'he fact that E. cofi is capable of producing biologically active GST-Resip and GST-
Res2p (in terms of MCB-specific DNA binding), indicatcs that post-translational modification
is not essential for the DNA-binding activity of these proteins in vitro. Furthermore, although
the band-shift activities arc MCB-specific, the artificial dimerisation imparted by the GST
moiety may confer this DNA binding capability. Indeed, if this were found to be true, then the
inability of Ilis-Res1p or His-Res2p to bind DNA might reflect the monomeric nature of these
proteins in vitro. If either homo- or heterodimerisation in vitro is dependent on SpCdelOp
(outwith ariificial means), then the His-Resp proteins may not be inactive per se. The soluble
nature of these proteins suggests that they may be corrcctly folded and so analysis of these
proteins may still be worthwhile.

It should be noted that in all assavs using GST-Reslp and GST-Res2p, crude soluble
prolein exiracls were used. As is apparent from both Coomassie blue staining and
immunoblotting, these exfracts contain a heterogeneous population of both GST-Resip and
GST-Res2p proteins. In both cases the band-shift was reliant on the presence of either GS'1-
Reslp or GST-Res2p (no specific complex was detected using extracts from . coli expressing
the GST-tag alone). Nevertheless, the possibility that MCB-specific DNA-binding is conferred
by C-terminally truncated, rather than full-length, GST-Reslp or GST-Res2p molecules cannot
be excluded. Such an explanation would correlate with relief of C-terminal mediated auto-
inhibiton. The smeared appearance of the band-shift complex in both cases indicates such
heteropencity and has been noted by Ayte and co-workers (Ayte et al., 1995).

Despite the apparent MCB-specific DNA binding capacity of GST-Reslp and GST-
Res2p, a more definitive answer regarding the DNA-binding properties of these proteins
requires further analysis. A more direct analysis toward answering these questions necessitates
purification of these proteins. Firstly, with respect to G8T-Res1p and GST-Res2p, purification
of full-length protein will allow determination of the nature of the DNA-binding activity. Is the
MCR-specific 1IJNA-binding activity generated by full-length GST-Reslp/GST-Res2p, or
instead C-terminally truncated isoforms? In addition, thrombin cleavage of the GST-tag and
purification of the resullant Res1p and Res2p proteins will allow separation of the effects of the
GST-tag on DNA-binding. The presence of the GST-tag may stabilise these proteing and aflow
them to fold correctly. In contrast, the artificiat homo-dimerisation imparted by the GST moiety

may be required for DNA-binding.
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Similarly, there are un-resolved issues over the results of the in vifro assays with both
His-tagged Reslp and Res2p. Thrombin cleavage of the His-tag from purified His-Reslp and
His-Res2p will allow separation of the effects of the [lis-tag, if any, on DNA-binding.

Purification of these proteins and recovery in sulficient amounts will providc valuable material

for use in biophysical studies allowing an analysis of the structure of thesc proteins. Of

particular interest will be a comparison of the His-tagged and GS1-tagged isoforms. in
addition, purification of the GST-Resp proteins described in this chapter will allow an analysis
of the activity of His-Rep2p using iz vitro binding assays.

In the following chapter the purification of these recombinant proteins is described, to

permit detailed functional, and ultimaicly structural, analyses.
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Chapter 6

Purification of recombinant DSC1 proteins




6.1 Introduction

Chapter 5 focuscd on analysis of the biological activity of recombinant DSC1 components,
when produced in vitro. These experiments showed that, when bacterially expressed as GST-
fusion proteins, both ResIp and Res2p bound specifically to MCB containing DNA in EMSA
assays. In contrast, their respective Mis-tagged isoforms displayed no such detectable DNA-
binding activily. Similar assays using His-Rep2p were inconclusive and both IHis-Replp and
His-Cdel0p were insoluble following overexpression. This precluded # vitro assays using
either of these latter two proteins.

As discussed in the previous chapter, analysis of these results has raised several issves
regarding the behaviour of the recombinant GST-Resp and His-Resp proteins in viro.
Specifically, with respect to both GST-Reslp and (GST-Res2p, the nature of the protein
responsible for MCB-specific DNA-binding has stilf to be Tully resolved. In viiro DNA-binding
assays employed crude soluble bacterial extracts, containing a helerogencous mix of both full-
length and truncated GST-Resp proteins. The effect(s) of the GST moiety upon DNA-binding
requires further investigation, particularly with regard to /n vitro homodimerisation and so the
His-tagged isoforms of Reslp and Res2p merit further analysis. The inability of the His-Resp
proteins to bind MCB-DNA in vitro may reflect an inability to homodimerise. Removal of the
His and GST moicties will allow separation of the etfect of these tags, if any, upon the
behaviour of these proteins in vitro.

Detailed analysis of a protein requires it is free of any contaminants that may interfere
with or infloence its activity. In order to obtain a greater understanding of the behaviour of
these recombinant proteins i vifro, purification must be undertaken. Purification of either
GST-Resip or GST-Res2p will also allow iz vitro binding assays with His-Rep2p. Importantly,
recovery of protein in sufficient yield and purity will also provide valuable material for detailed
structural studics.

The purification of a protein from the many macromolecular compounds within a cell
can often be a formidable task, particularly if it is present in low abundance. In addition, the
protein may exist in several different isoforms within the cell. Such micro-heterogencity can be
problematic when attempting to obtain a homogencous preparation, required for detailed
structural studies. As discussed in Chapter 3, biopiiysical analyses require large amounts of
pure and active protein that are often extremely difficuit to obtain from the native source.
Overexprossion of proteins of inierest, as recombinants with fusion tags in bacteria, often
simplifies purification and increases yield.

Expression of a protein with a fusion tag is primarily useful for purification purposes; in
some cases expression, solubility and stability may also be enhanced. The highly specific

binding properties of the fusion tag can be exploited in affinity chromatography, providing a
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relatively straightforward means of purification (generally applicable to any protcin containing
the tag). Inclusion of a genetically cngineered protease recognition sequence at the C-terminus
of the tag allows cleavage either during or after purification. The bacterial overexpression and
solubility of each of the [ission yeast DSC1 components, with an N-terminal His-tag, has been
deseribed previously (Chapter 3, Section 3.4). Both Res1p and Res2p have also been bacterially
expressed as N-terminal GST-fusions (Chapter S, section 5.8). Both the pET-28c and pGEX-
KG veetors contain thrombin cleavage sites immediately C-terminal to their His and GST-tags,
respectively.

The glutaihione S-transferase envyme has a subunit M, of 26 kDa, and 1s frequenily uscd
as an N-lerminal fusion partner in recombinant protein studies. GST-fusion proteins can then be
purified based on their affinity for glutathione (Smith and Johnson, 1988). Similarly, fusion of
a 6-1listidine-tag to the N or C-terminus of a protein affords a simple means of purification by
exploiting the affinity of histidine for transition metal ions (Porath et al., 1975; Smith et al,,
1988). In both cases, the fusion proteins can then be purified, following binding to their
respective ligands (immobilised on a chromatographic support), by mass-action competitive
binding. Elution is achieved by addition of rcduccd glutathione for GST-fusions, whereas
imidazole competes with His-tagged proteins.

Ideally, for purification using these methods, the protein should be in soluble form. Even
so, recovery of pure and active protein from insoluble aggregates is not unprecedented, Both
His-Replp and 1lis-Cde10p were insoluble under all conditions tested, which prevented assay
of their activitics in vitro. The presence of insoluble proteins in inclusion bedies, however,
often provides a convenient and straightforward means of ohtaining pure prolein in high yield
(Carrio and Villaverde, 2002). The material present within inclusion bodies frequently
represents mis-folded agpregates of protein. Accordingly, recovery of active protein from
inclusion bodies routinely involves re-folding, which can often be an extremely complex
process. Even so, scveral proleins parified from tnclusion bodics have been found to obtain
significant secondary and tertiary strocture, with somc displaying significant activity (Carrio
and Villaverde, 2002). Purification of His-Replp and His-Cdc10p from inclusion bodies has
the potential to provide a reproducible source of active protein in high yield.

In this chapter, purification of the recombinant DSC1 components is described with
view to more definitive functional analyses ix vifrn. Following purification, attempts to oblain

preliminary structural data for these proteins arc described.
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6.2 Purification of Recombinant His-tag fusion proteins using the

BioCAD® system

Cloning, overexpression and sotubility of the recombinant His-tagged DSCI compenents has
been deseribed previously (Chapters 3 and S).

The His-Reslp, His-Res2p and His-Rep2p recombinant proteins were purified from
large-scale  bacterial cultures by the method of Immebilised Metal ion  Affinity
Chromatography - IMAC (Porath cL al., 1975; Smith et al, 1988) using the BioCAD®
SPRINT™ Perfusion Chromatography® system (Mecthods 2.4.16-2.4.18). This is a fully
automated purification system that employs a pre-programmed purification protocol. The
ultraviolet (UV) elution profile is monitored at 280 mm, and can be plotted against a choice of
parameters (e.g. % elution buffer, pH and conductivity).

In IMAC, a metal chelating group (typically imidodiacetate; CHoN(CHCO,'),) is
immohilised on a hydrophilic chromatographic support. The imidodiacetaie groups chelate
transition metal ions, allowing the remaining co-ordination sites to interact with proteins. The
type of metal ion used can aflect the binding strength, with copper providing tightest binding
(Cu?" > Ni#* > Zn** > Co®"). Proteins bind to these metal co-ordination sitcs through their
surface amino acids, in particular histidine. Thus, proteins with a high availability of histidine
residues (i.e. high affinity for transition metal ions) bind to the column, whilst other proteins
elute during washing steps. Therefore, fusion of a 6-histidine tag 10 2 recombinant protein
provides an efficient handle for purification by this method. The active group in histidine,
involved in binding to the metal co-ordination sites, is imidazole. Elution of bound protein is
therefore achieved through mass action competitive binding, by a gradient of increasing
imidazole concentration. Following initial trial purifications (e.g. using cobalt or nickel) the

optimal conditions [or binding and clution were achieved using zinc.
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6.2.1 Purification of His-Res1p and His-Rep2p

Large-scale prolein induction, preparation of clarified supernatant and preparation of the
metal chelate column for purification, were carried out as described (Mcthods 2.4.17 and
2.4.18). Clarificd supernatant was manually injected onto the POROS MC column in 5 ml
aliquots, in the presence of Starting buffer. Tlution of bonnd protein was achieved by an
increasing lincar gradient of imidazole (0.5 mM-500 mM), and was monitored by observing the
absorbance profile at 280 nin plotted against % clution buffer; 2 ml fractions were collccted
automatically.

The results depicted in Figure 6.1 represent a typical purification run for His-Reslp, as
recorded by the BioCAD® system. A single sharp peak in absorbance was initially observed,
encompassing fractions ~6 to 9, followed by a gradual decline that levelled off around fraction
20. Samples of peak fractions were taken and analysed by SDS-PAGE and Coomassic blue
staining, or immunoblotting using an antibody directed against the His-tag (Figurcs 6.2 and 6.3,
respeetively), 'The majority of protein, corresponding to the approximate M, of His-Resip
(75 kDa), eluted in fractions 8 and 9, with faint bands of similar size visible in fractions 10
through 14. The sharp peak seen in Figure 6.1 correlated with the major bands detected in
fractions 8 and 9 following Coomassie blue staining. However, immunoblot analysis of these
same [ractions indicated that a single protein corresponding to the expected size of His-Res1p
was present in fractions 10-14 only (Figure 6.3 - a faint band of the expected size was also seen
in fraction 9; fraction 14 is not shown on the blot). These results, indicated that the major peak
observed was not consistent with elution of Ifis-Reslp and wus most likely due to non-specific
binding of &. colf protein(s). Instead, His-Resip appeared to elute in the shoulder to the right of
this major peak, with the amount of His-Res1p retrieved following purification by this method
heing very low (Figure 6.2).

Similar resulls were obtained for Ilis-Rep2p (data not shown). Manipulation of
chromatography conditions had no significant effect on protein yield. A scale-up in the process
was carried out in an altempt to maximise the amount of protein loaded, but was similarly
ineffectual. The inability to purily appreciable amounts of His-Resip or His-Rep2p was,
therefore, attributed to the low levels at which these proteins were overexpressed. Attempts to
increase the expression levels of these proteins have been described previously (Chapter 3,
Section 3.4). The results presented represent the optimal conditions achieved to date. The
inability to purify His-Reslp or His-Rep2p in significant amounts has implications for the

future functional and stractural study of these proteins.
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Figure 6.2 SDS-PAGE analysis of His-Reslp from IMAC purification

His-Reslp was overexpressed in BL21 CodonPlus (DE3)-RIL cells for 16 h at 15°C by
induction with 0.2 mM IPTG. The bacterial culture (routinely 500 ml) was then centrifuged, the
pellet resuspended in 20 ml lysis buffer, and cells lysed by French pressure disruption. The
soluble fraction was obtained following centrifugation and loaded onto the column in 5 ml
aliquots. Peak fractions were collected automatically and samples (100 pl) taken. All samples
were diluted in an equal volume of Laemmli sample buffer and denatured by boiling for 5 min
in the presence of DTT (150 mM). Samples were then analysed on a 10% SDS-polyacrylamide
gel stained with Coomassie brilliant blue. Molecular weight markers are shown (M,) with sizes
indicated in kDa. The arrow indicates the expected position of full-length His-Reslp and
numbers above each lane correspond to the fraction numbers indicated on the BioCAD® trace

(Figure 6.1).
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Figure 6.3 Immunoblot analysis of His-Res1p from IMAC purification

The peak fractions shown in Figure 6.2 were also analysed by immunoblot analysis. Following
SDS-PAGE and transfer to nitrocellulose, the blot was probed with Anti-PentaHis-HRP
conjugate antibody (Qiagen) at 1:2500. The positions of molecular weight markers are
indicated (M,) in kDa. The arrow indicates the expected position of full-length His-Reslp. A
sample of the His-Reslp supernatant loaded onto the column is shown (lane S) and numbers
above each lane correspond to the fraction numbers indicated on the BioCAD® trace (Figure

6.1).
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6.2.2 Purification of His-Res2p

1.arge-seale protein induction, preparation of clarified supernatant and preparation of the metal
chelate column for purification, were carried out as described (Methods 2.4.17 and 2.4.18).
Loading of supernatant and elution were carricd out as described previously for purification of
His-Reslp (Section 6.2.1) and 2 ml fractions collected automatically. The results depicted in
Figure 6.4 represent a lypical purification run for His-Res2p, as recorded by the BioCAD®
system. A single peak in absorbance was observed, encompassing fractions ~6 to 13, that
peaked at fractions 9-10 and reached its nadir around fraction 17. Samples of peak fractions
were taken and analysed by SDS-PAGE and Coomassie blue staining, or immunoblotting using
an antibody directed against the His-tag (Figures 6.5 and 6.6, respectively). The majority of
protein, corresponding to the approximate M, of His-Res2p (75 kDa), cluted in fractions 7
through 13, as viewed by Coomassie blue staining, coincident with the major prak in
absorbance (compare Figures 6.4 and 6.5). Immunoblot analysis of these same fractions
detected a single protein corresponding to the expected size of His-Res2p; a faint band of the
expected size was also seen in fraction 9 (Figure 6.6). These results indicated that the major
peak in absorbance was consistent with elution of His-Res2p.

Purification of recombinant His-Res2p using this method yielded significant amounts of
protein (typically 5-10 mg 1" culture). Despite such a successful yield, the purity was
compromised. A single contaminating protein was consistently observed to co-purify with His-
Res2p, in all peak fractions analysed. This contaminant protein was ~ 60 kDa in size as viewed
by Coomuassie blue staining (compare with Figure 5.1 Chapter 5, for approximnale size). In
contrast to His-Res2p, this protein was not detected by immunoblotting using anti-llis
antibody.

It an attempt to remove this impurity, ion-exchange chromatography was attempted.
This technique scparates proleins by exploiting differences in tonic binding strength. The
requirement for high salt concentrations in buffers used in this technique was complicated by
the insolubility of His-Res2p in NaCl concentrations >100mM (Chapter 5 Section 5.3).
Following IMAC, dialysis of eluted protein into ion-exchange bufters frequently resulted in
protein precipitation, precluding use of this technique.

The inability to detect the contaminant protein following trumunoblot analysis, with
anti-His antibody, demonstrated that this protein did not contain the N-terminal His-tag that
was present in full-length His-ResZp. It was therefore assumed thal the co-purifying protein
was either fiom Z£. coli, bound non-specifically to the column {or to His-Res2p), or
alternatively an N-terminally degraded product of His-Res2p (missing the 1lis-tag).

Close examination of the immunoblot analysis of ITis-Res2p purification revealed a
small protein of approximately 20 kDa (Figure 6.6). It was therefore possible that this

represented the N-terminal His-tag ‘fragment’ missing from the ‘truncated’ contaminant
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protein. Tn order to identify the contaminant and confirm that the 75 kDa protein was His-
Res2p, mass spectrometric analysis was undertaken. In the following section, the 75 kDa
protein assumed to be His-Res2p is referred to as protein X and the co-purifying 60 kDa

contaminant as protein Y.
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Figure 6.5 SDS-PAGE analysis of His-Res2p from IMAC purification

His-Res2p was overexpressed in BL21 CodonPlus (DE3)-RIL cells for 16 h at 15°C by
induction with 0.2 mM IPTG. The bacterial culture (routinely 500 ml) was then centrifuged, the
pellet resuspended in 20 ml lysis buffer, and cells lysed by French pressure disruption. The
soluble fraction was obtained following centrifugation and loaded onto the column in 5 ml
aliquots. Peak fractions were collected automatically and samples (100 pl) taken. All samples
were diluted in an equal volume of Laemmli sample buffer and denatured by boiling for 5 min
in the presence of DTT (150 mM). Samples were then analysed on a 10% SDS-polyacrylamide
gel stained with Coomassie brilliant blue. The molecular weight markers are shown (M,) with
sizes indicated in kDa. The upper arrow indicates the expected position of full-length His-
Res2p and the lower arrow indicates the position of the co-purifying protein. Numbers above

each lane correspond to the fraction numbers indicated on the BioCAD® trace (Figure 6.4).
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Figure 6.6 Inmunoblot analysis of His-Res2p from IMAC purification

Peak fractions (7-12) from the purification were collected and samples taken. Samples were
then analysed on a 10% SDS-polyacrylamide transferred to nitrocellulose and blotted with
Anti-PentaHis-HRP conjugate antibody (Qiagen) at 1:2500. The positions of molecular weight
markers are indicated (M,) in kDa. The arrow indicates the expected position of full-length His-
Res2p. A sample of the His-Res2p supernatant loaded onto the column is shown (lane S) and
numbers above each lane correspond to the fraction numbers indicated on the BioCAD® trace

(Figure 6.4).
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6.2.3 Identification of protein X and protein Y

The identity of prateins X and Y, purified by IMAC in section 6.2.2, wete confirmed by mass
spectrometric analysis. Prolein identification by mass spectrometry was carried out in the Sir
Hemry Wellcome Functional Genomics Facility (University of Glasgow) using standard
methodology (Methods 2.4.20). A brief overview of this technique and its application lo protein

identification is described.

6.2.4 Protein identification by mass spectrometry

Mass spectrometry is a highly accurate and sensitive analytical technique used for measuring
molecular weight. The molecular masses of proteins, and other biomolecules, can be accurately
determined to within 0.01% of their total molecular weight (Pitt, 1996). Mass spectrometric
analysis is achieved through the initial generation of gas phase ions of the molecule of interest,
followed by analysis of the mass to charge (m/z) ratio of these ions. A mass spcclrometer is
essentially composed of three main parts: a source, in which ions are gencrated from the
substance 1o be analysed; an analyser, in which ions are separated according to their mass; and
a detector, in which a signal produced from the separated ions is transmitted 1o a data system
where it is recorded in the {orm of a mass spectrum. There are several variations of this
technique, primarily differing in the types of ionisation source and analyser used.

The application of mass spectrometry to biochemical analysis is pariicularly
advantagenus for protein identification by peptide sequencing, using tandem mass spectromelry
(MS/MS). An MS/MS insirument typically contains two analysers separated by a collision cell.
The first analyscr is used to sclect sample ions according to their mass to charge (m/z) ratio.
Thesc selected {or ‘parent’) ions are then passed into the collision cell where they are
fragmented by collision with gas molecules. The fragment (or ‘daughter’) ions are then
analysed by the second analyser, again according to their m/z ratio. This technique is of
particnlar use for generating peptide sequence information since the daughter ions (i.c.
fragmented peptide) derive from a specifically selected parent {on (i.e. intact peptide), allowing
information dependent on the amino acid sequence of the pepiide 1o be obtained (Sheehan,
2000).

A schematic diagram, representing the process of protein identification using MS/MS is
shown in Figure 6.7. The protein to be analysed must firstly be digested by a protease (e.g.
trypsin). This gencrates peptides that are characteristic to the digest pattern of that protein.
Clean up and separation of [ragments in a digest mixture {e.g. by chromatography) prior to
delivery into the source, allows the sequential analysis of individual peptides. Each of these
peptides is then introduced into the mass spectrometer and, following icnisation, analysed
(*weighed’) to produce a mass spectrum. Analysis of the mass spectra prodvuced from the intact

peptides (known as a peptide mass fingerprint), can be used to search an on-line database in an
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attempt to identify the protein. In addition, subsequent selection of specific parent ions and
passage inlo the collision cell (where they are fragmented) produces a daughter ion mass
spectrum. As fragmentation generally occurs by breaking of one of the peptide bonds in the
molecule, a set of fragments is generated where the diffcrence in mass between the fragments
can be used to deduce the amino acid sequence. Consequently, the database search using
MS/MS ion data is more specific, as it contains primary structure information. Protcin
identification is ultimately accomplished using complex computer algorithms that compare the
experimental data (i.e. peptide molecular weights from the digested protein and/or MS/MS ion
data from one or more of these peptides), with values calculated from a comprehensive primary
structure database. The Mascot computer program searches primary structure databases for
proteins matching the experimental data (www.matrixscience.com). A probabilistic scoring
algorithm is then appticd allowing proteins to be ranked in order of closest match. The absoluie
score reflects the fit of the theoretical and experimental data, and is typically repoited as -
10¥loge(P), where P is the probability. ‘Thus, a low probability (that the expcrimental and

2 becomes a

calcolated data match is random) is reflected in a high score (e.g. a P valuc of 10
score of 200). Furthermore, the significance of a match is measured against a threshold score,
calculaled for a random hit against a given database using the search parameler set chosen for
the individual search. The threshold has a default setting of $%, such that, scores below the
threshold have a > 5% probability that (he match is random. Conversely, scores above the
threshold have 2 < 5% probability that the match is random.

Mass spectral data from proteins X and Y was used in a Mascot search. In both cases the
top scoring protein was Res2p from §. pombe, with protein scores of 239 and 160, for X and Y
respectively (the threshold value was 74). These scores represent the probability of a random
match of approximately 1 in 10*" and 1 in 10°, respectivety. Therefore, it was concluded that
protein X (approx. 75 kDa) was full-length is-Res2p whereas the co-purifying protein Y
(approx. 60 kDa)} was an N-terminally truncated product of His-Res2p. This was backed up by
the absence from the dataset for the truncated form of some N-terminal peptides identificd in
the tuli-length transcript. The number of peptides matched and % sequence coverage of Res2p,
from the database search using cxperimental data from proteins X and Y, are shown in Figures
6.10 and 6.11, respectively. Figures 6.8 and 6.9 depict chromatographic and mass speetral data
obtlained {rom analysis of protcin X and arve shown as examples. Similar data was retrieved

from analysis of protein Y (data not shown).
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MAPRSSAVHV
VQIGAHEKVQ
KQKKPSVRGR
PASPNALLSP
NSVIDDDGHT
GQVLELLQST
LVNLQDSNGD
QSNSNASHSA
RANRLKQDTL

AVYSGVEVYE
GGYGKYQGTW
RGRKPSSLSS
NDNTIKPVEE
SLHWACSMGH
IYAVDTNGQS
TSLLIAARNG
FSFSGISPAI

NEISRTYQEL

IFDLERSLKP
ASRKKDTLYI

HTSLSISFPS
RKLYEELGID

CFIKGVSVMR
VPFQRGVDLA
STLHSVNEKQ
LGMLEAPLDK
IEMIKLLLRA
IFHHIVQSTS
AMDCVNSLLS
ISPSCSSHAF
TFLOKNNPTY
DFLKKEDGLS
DTVNSYRRLI

RRRDSWLNAT
TKYKVDGIMS
PNSSISPTIE
YEESLLDFFL
NADIGVCNRL
TPSKVAAAKY
YNANPSIPNR
VKAIPSISSK
SQSMENLIRE
LNNDFKKPAC
AMSCGINPED

QILKVADFDK
PILSLDIDEG
SSMNKVNLPG
HPEEGRIPSF
SQTPIMRSVI
YLDCILEKLI
QRRTASEYLL
FSQLAEEYES
AQETYQOLSK
NNVTNSDEYE
LSLEILDAVE

PQRTRVLERQ
KAIAPKKKQT
AEEQVSATPL
LYSPPPDFQV
FTNNYDCQTF
SIQPFENVVR
EADKKPHSLL
QLREKEEDLI
RLLIWLEARQ
QLINKLTSLQ
EALTREK

Figure 6.10 Matched peptides from protein X
The amino acid sequence of SpRes2p is shown above with matched peptides
from the MS/MS ion data search of protein X, shown in red. Sequence

coverage was 43% and 38 peptides were matched. The daughter ion mass
spectrum of the peptide underlined (QDTLNEISR) is shown in Figure 6.9B.

MAPRSSAVHV
VQIGAHEKVQ
KQKKPSVRGR
PASPNALLSP
NSVIDDDGHT
GQVLELLQST
LVNLQDSNGD
QSNSNASHSA
RANRLKQODTL
IFDLERSLKP
ASRKKDTLYI

AVYSGVEVYE
GGYGKYQGTW
RGRKPSSLSS
NDNTIKPVEE
SLHWACSMGH
IYAVDTNGQS
TSLLIAARNG
FSFSGISPAI
NEISRTYQEL
HTSLSISFPS
RKLYEELGID

CFIKGVSVMR
VPFQRGVDLA
STLHSVNEKQ
LGMLEAPLDK
IEMIKLLLRA
IFHHIVQSTS
AMDCVNSLLS
ISPSCSSHAF
TFLOKNNPTY
DFLKKEDGLS
DTVNSYRRLI

RRRDSWLNAT
TKYKVDGIMS
PNSSISPTIE
YEESLLDFFL
NADIGVCNRL
TPSKVAAAKY
YNANPSIPNR
VKAIPSISSK
SQSMENLIRE
LNNDFKKPAC
AMSCGINPED

QILKVADFDK
PILSLDIDEG
SSMNKVNLPG
HPEEGRIPSF
SQTPIMRSVI
YLDCILEKLI
QRRTASEYLL
FSQLAEEYES
AQETYQQLSK
NNVTNSDEYE
LSLEILDAVE

POQRTRVLERQ
KATIAPKKKQT
AEEQVSATPL
LYSPPPDFQV
FTNNYDCQTF
SIQPFENVVR
EADKKPHSLL
QLREKEEDLI
RLLIWLEARQ
QLINKLTSLQ
EALTREK

Figure 6.11 Matched peptides from protein Y
The amino acid sequence of SpRes2p is shown above with matched peptides
from the MS/MS ion data search of protein Y, shown in red. Sequence
coverage was 33% and 23 peptides were matched.
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6.3 Purification of GST-Resip and GST-Res2p

Cloning, overexpression and solubility of the recombinant GST-Reslp and GST-Res2p
proteins has bhecn described previously (Chapter 5 Sections 5.7-5.8). GST-Reslp and GST-
Res2p were purilicd from large-scale bacterial cvltures by affinity chromatography using the
BioCAD® SPRINT™ Perfusion Chromatography® system, attached to a GSTrap FF 5 mli
column (Methods 2.4.13-2.4.15).

Large-scale protein induction and preparation of clarified supernatants for purification
were carried out as described (Methods 2.4.2 and 2.4.14), Clarified supernatant was manually
injected onto the GSTrap FF 5 ml column in 5 ml aliquots, in the presence of 1 x PBS. Clution
of bound protein was achieved by addition of clation buffer (containing 10 mM reduced
glutathione), and was monitored by observing the absorbance profile at 280 nm; 2 mi fractions
were collected automatically.

The results depicted in Figure 6.12 represent a {ypical purification run for GST-Res2p,
as recorded by the BioCAD® system. A single peak in absorbance was obscrved, encompassing
fractions ~ 6 to 8. Samples of peak fractions were (aken and analysed by SDS-PAGE and
Coomassie blue staining (Figure 6.13). The majority of protein, corresponding to the
approximate M, of GST-Res2p, cluted in fractions 7 and 8 with a faint band of similar size
visible in fraction 9. Indeed, the peak seen in Figure 6.10 correlated with the major bands
detected in fractions 7 and 8 following Coomassie blue staining. Therefore, these results
indicated that the major peak in absorbance was consistent with elutton of GST-Res2p.

Despite the majority of GST-ResZp being present in the supernatant fraction, the yield
folowing purification was poor. Similar results were oblained upon purification of GST-Reslp
with even tower yield (attributed (o the Jower cxpression levels observed with this proiein, in

comparison to GST-Res2p - data not shown).
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Figure 6.13 SDS-PAGE analysis of GST-Res2p from the GSTrap column

GST-Res2p was overexpressed in BL21 CodonPlus (DE3)-RIL cells for 16 h at 15°C by
induction with 0.2 mM IPTG. The bacterial culture (routinely 500 ml) was then centrifuged, the
pellet resuspended in 20 ml lysis buffer, and cells lysed by French pressure disruption. The
soluble fraction was obtained following centrifugation and loaded onto the column in 5 ml
aliquots. Peak fractions were collected automatically and samples (100 pl) taken. All samples
were diluted in an equal volume of Laemmli sample buffer and denatured by boiling for 5 min
in the presence of DTT (150 mM). Samples were then analysed on a 10% SDS-polyacrylamide
gel stained with Coomassie brilliant blue. Molecular weight markers are shown (M;) with sizes
indicated in kDa. The arrow indicates the expected position of full-length GST-Res2p. The
whole cell extract (W), soluble (S) and insoluble (P) samples are shown and numbers above

each lane correspond to the fraction numbers indicated on the BioCAD® trace (Figure 6.12).




6.4 Purification of His-Replp and His-Cdcl0p from inclusion bodies
As described previously, both His-Replp and His-Cdel0p werc insoluble foilowing
overexpression in E. coli under all conditions tested (Chapter 5, Sections 5.2 and 5.10).
Consequently, this prevented assay of their biolagical activity ir vitro. In addition, with regard
to His-Cdc10p, this also had implications for the i vitro assays of His-Reslp and His-Res2p
(Chapter 5, Sections 5.6 and 5.10).

High-level overcxpression of recombinant proteins in E. coli can olicn result in the
formation of inclusion bodies. Inclusion bodies are thought to contain aggrepates of mis-folded
protein. Although the protein may contain the correct primary structure, proper folding (and
hence full biological activity) may require post-translational modification and/or molecular
chaperones (Lilie et al, 1998). The accumulation of a recombinant protein in inclusion bodies
can nevertheless have a number of advantages: primarily, accumulation aof high levels of
protein in a very pure form. Native profein can be recovered following solubilisation of
inclusion bodies in denaturing solvenis or detergents, followed by re-fviding/re-naturation and
s0 the solubilisation and purification of His-Replp and His-Cde10p from inclusion bodies was

attempted.

6.4.1 Solubilisation of His-Replp and His-Cdc10p using N-lauroylsarcosine
Solubilisation of both His-Replp and His-Cdcl0p was based on the adaplation of a technique
described in the Novagen protein {olding kit. Attempts to solubilise both proteins were made in
a range of detergents, with greatest success found with buffers containing N-lauroylsarcosine.
This is an anionic delergent that has been reportedly success{ul in solubilising proteins from
inclusion bodies to their native or near native state, without atfecting biclogical activity
(Frangioni & Neel, 1993).

His-Replp and His-Cdel0p were overexpressed in E. coli as described (Methods 2.4.1).
Cells were harvested by centrifugation and the pellet resuspended in an appropriate volume of
inclusion hody wash buffer. Inclusion bodies were isolated following cell disruption and
centrifugation as described (Methods 2.4.19). Subsequently, aliquots of the whole cell extract,
supernatant and pellet (obtained following centrifugation), were analysed by SDS-
polyacrylamide gel clectrophoresis. The solubility of each prolein was eslimated by visual
comparison of the amounts present in supernatant and pollet fractions, following Coomassie
blue staining. Figurcs 6.14 and 6.15 show the results obtained [ollowing solubilisation and
purification of His-Repip and His-Cde10p, respectively, from inclusion bodies using
N-lauroylsarcosine. Both proteins were approximately 100% soluble in buffer containing 0.3%

(w/v) N-lawroylsarcosine.
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Figure 6.14 SDS-PAGE analysis of His-Rep1p solubilised in N-lauroylsarcosine

His-Replp was overexpressed in BL21 CodonPlus (DE3)-RIL cells for 3 h at 37°C by
induction with 1 mM IPTG. Samples (1 ml) were removed at the point of induction (0 h) and at
3 h. The bacterial culture was then centrifuged, the pellet resuspended in 5 ml Inclusion body
wash buffer, and cells lysed by French pressure disruption. This whole cell extract (W) was
then separated into soluble (S) and insoluble (P) fractions by centrifugation and samples (1 ml)
taken. The pellet was washed extensively in Inclusion body wash buffer prior to resuspension
in 50 mM KH,PO,, pH 7.5, supplemented with either 0.1% (v/v) or 0.3% (v/v)
N-lauroylsarcosine. Following agitation and centrifugation and an aliquot of supernatant taken
for analysis. Samples from 0 h and 3 h were centrifuged, the pellets resuspended in Laemmli
sample buffer (10 pl/0.1 absorbance unit) and denatured by boiling for 5 min in the presence of
DTT (150 mM). All other samples were diluted with an equal volume of Laemmli sample
buffer and similarly denatured. Samples were then analysed on a 10% SDS-polyacrylamide gel
stained with Coomassie brilliant blue. The arrow indicates the expected position of full-length

His-Rep1p. Molecular weight markers are shown (M;) with sizes indicated in kDa.
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Figure 6.15 SDS-PAGE analysis of His-Cdc10p solubilised in N-lauroylsarcosine

His-Cdc10p was over-expressed in BL21 CodonPlus (DE3)-RIL cells for 3 h at 37°C by
induction with 1 mM IPTG. Samples (1 ml) were removed at the point of induction (0 h) and at
3 h. The bacterial culture was then centrifuged, the pellet resuspended in 5 ml Inclusion body
wash buffer, and cells lysed by French pressure disruption. This whole cell extract (W) was
then separated into soluble (S) and insoluble (P) fractions by centrifugation and samples (1 ml)
taken. The pellet was washed extensively in Inclusion body wash buffer prior to re-suspension
in 50 mM KH,PO,, pH 7.5, supplemented with either 0.1% (v/v) or 0.3% (v/v) N-
lauroylsarcosine. Following agitation and centrifugation an aliquot of supernatant was taken for
analysis. Samples from 0 h and 3 h were centrifuged, the pellets resuspended in Laemmli
sample buffer (10 pul/0.1 absorbance unit) and denatured by boiling for 5 min in the presence of
DTT (150 mM). All other samples were diluted with an equal volume of Laemmli sample
buffer and similarly treated. Samples were then analysed on a 10% SDS-polyacrylamide gel
stained with Coomassie brilliant blue. The arrow indicates the expected position of full-length

His-Cdc10p. Molecular weight markers are shown (M,) with sizes indicated in kDa.

167




6.5 Investigating the structure and function of the purified

recombinant DSC1 proteins

Attempts to purify His-Resip, His-Rep2p, GST-Reslp amt GST-Res2p were unsuccessful in
that both yield and purity were unsatistactory. In contrast, purification of His-Res2p, His~
Replp and His-CdciOp yielded amounts sufficient to allow detailed structural analyses to be
undertaken. However, the issue of whether these latter three recombinant proteins were
biologically active remained unresolved.

Following purification of these proteins, attempts were made to recovet them in bulfer
solutions more appropriate for biophysical anafyses. With respect to His-Res2p, the high
concentration of imidazole present in the elution buffer had to be removed. Similarty, the level
of N-lauroylsarcosine may have to be reduced or removed fo permit structural studies of His-
Replp and His-Cdel0p. Buffer exchange is routinely achicved by dialysis, involving muitiple
changes of buffer through a semi-permeable membrane with a molecular weight cut-off, or
centrifugation using a centricon tube (Methods 2.4,3-2.4.4). Using either approach, all three
proteins frequently precipitated despite attempling a variety of conditions (e.g. temperature)
and buffers. In addition, thrombin cleavage of His-Res2p was uvnsuccess{ul despite
manipulation of cleavage conditions. Unforlanately, due to time constraints, studies using
purified His-Res2p and His-Cdel0p in band-shift assays wore not initiated. Nevertheless, initial

attempts to obtain structural information from His-Cdc10p and His-Replp were undertaken.
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6.6 Circular dichroism

Detailed structural information from a protein is typically obtained from high-resolution
techniques such as X-ray crystallography and NMR spectroscopy. Both of these techniques
require significant amounts of material (several tens of mg) and results are rarely rapidly
obtained. Indeed, for successful X-ray analysis crystals must be produced that diffract
sufficiently to permit structural detail al the atomnic level. Typically, this may take several
weeks, months or even years to achieve. Furthermore, in NMR, full structural determinations
arc limited to small proteins of maximal moleculur weight ~ 30 kDa.

In conirasl, circular dichroism (CD) studies require significantly less material (-2 mg
ml™! or less) and results are rapidly obtained (typically within a few hours). Despite these
advantages, this is a Jower resolution technigue and so detailed siructural information is not
generally obtained from CD spectra. However, the secondary structure content of a protein can
be empirically determined. Perhaps the most valuable usc of CD is in the study of protein
folding and protein-protein, protein-nucleic acid and protein-ligand interactions.

CD is a spectroscopic technique that involves measurement of the differential absorpiion
of the left and right circularly polarised components of plane-polarised light. Upon passage
through an optically active sample, one of these components (i.e. left or right) will be absorbed
to a greater exient than the other (as a result of the asymmotric nature of chiral molecules).
Consequently, subsequert recombination of thesc components genetates ellipticaily polarised
light. The occurrence of ellipticity is called circular dichroism. CD speciva arc recorded in a
speotropolarimeter where the differential absorption of left and right circularly polarised tight is
detected and converted into units of ellipticity, B (degrees om” dmol™).

CD measurements can be performed in two main spectral regions, the far-UV region
(240-180 nm) and the near-UV region (320-260 nm). In the far-UV region the principal
absorbing species is the peptide bond and so the CD spectrom is sensitive to the main chain
conformation. The common secondary structure motils, o-hetix, [i-sheel and B-tura exbibit
distinct CD spectra in this region, therefore CD studies can be used to estimate the secondary
structurc content of a protein, In addition, random coil, representing regions of a protein that do
not encotmpass the major secondary structural motifs, can be identified as it absorbs in a region
stmilar to that of p-shect (Kelly and Price, 2000).

Several computer programs are available to estimalte the secondary structure content of a
protein from the properties of its CD spectra (Provencher and Glockner, 1981; Sreerama and
Woody, 1993). Experimentat CD values are compared to a database containing CD spectra of
proteins whose structures have been solved by X-ray diffraction. Using this approach, a
secondary structure content estimate of the prolein is obtained. The validity of these estimates

can then be compared/contrasied with previous known data. Therefore, CD spectra can provide
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low-resolution (yet reliable) secondary struetural information on a protein. In the near UV
region the environment of aromatic amino acids such as tryptophan, tyrosine, phenylalanine
and cystinyl groups can be detected. In a folded profein the side chains of these amino acids are
likely to be placed in a chiral environment, thus giving rise to specica that can provide a
fingerprind of the tertiary structure of the protein.

In this section, CD was wsed to determine the secondary structures of His-CdelOp and
His-Replp. In addition, the stability and unfolding characteristics of both proteins were
investigated, by monitoring changes in their CI) spectra following denaturation in increasing

concentrations of guanidinium chloride.
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6.6.1 Secondary structure determination uf His-Replp and Dis-Cdcl(p

His-Cdc10p and His-Replp were solubilised and purified from inclusion bodies as described in
Section 6.4.1. Specifically for CD mcasurements, inclusion bodies were solubilised in 50 mM
KH,POQy, 150 mM Nak pH 7.5, supplemented with 0.1% (v/v) N-lauroylsarcosine. The lower
amount of 0.1% (v/v} N-lauroylsarcosine was preferred (to 0.3%) as the sample was of greater
purity in this preparation and a minimal amount of detergent was more suitable for CD studies.
CD spectroscopy was carried out in the Scottish Circular Dichroism Facility, University of
Glasgow, using standard methodology (Methods 2.4.21). In ail cases, the CD spectrum was
obtained following subtraction of the baseline (bulffer only) spectrumm from the sample

spectrum.

6.6.2 CD spectra of His-Replp and His-Cdcl0p

Purified His-Repip (0.24 mg ml") and His-CdelOp (0.22 mg ml”) were prepared for CD
analysis as described above. An initial CD scan revealed that there was a significant level of
nucleic acid contamination in both protein preparations. Nucleic acids display distinct CD
spectra in the near UV region and therefore interfere with any signal produced from the protein.
Consequently, analysis of His-Replp and His-Cdc18p in the near-UV region was not possible.
An example of the nucleic acid contamination ol His-Replp is shown in Figure 6.16.
Furthermore, analysis of these proteins in the far-UV region was only permitled down to a
lower wavelength limit of 180 nm due to the poor signal o noise ratio. Figures 6.17 and 6.18
show the CD spectra obtained for His-Replp and His-Cdcl0Op, respectively. Secondary
structure estimates were calculated nsing the CONTIN procedure (Provencher and Gléckner,
1981) and are displayed in Tables 6.1 and 6.2 for His-Replp and His-Cde10p, respectively.
These results indicaie that the majority of detergent solubilised full-tength His-Replp consists
of o-helix (~78%), with ~17% B-sheet/turn and the remaining ~6% as random coil. For
detergent solubilised Tull-length His-Cde10p the majority of the protein consists of §-sheet/turn

(~40%), with ~30% a-helix and the remaining ~30% as random coil.
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Figure 6.16 Nucleic acid contamination of His-Replp

CD spectrum incorporating both near and far-UV regions shows nucleolide contamination of
[lis-Replp. Mcasurements were recorded in a quartz ¢ell of pathlength 0.02 em, containing
purified His-Replp (0.24 mg ml?) in 50 mM KILPO,, 150 mM Nal’ pH 7.5, supplemented

with 0.1% (v/v) N-lauroylsarcosine.
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Figure 6.17 Sccondary structure determination of His-Replp
The far-UV scan of His-Replp. Measurements were recorded in a quartz cell of pathlength 0.02
em, containing purified His-Replp (0.24 mg mf") in 50 mM KH,PO,, 150 mM NaF pH 7.5,

supplemented with 0.1% (v/v) N-lauroylsarcosine.

173

T S A

1



20000 r e s . .\ ——
10000 :
0

Mol. Elfip. o
Jdeg. em’. dmol™] -10000| -

t

200 |__ ,,,,,,,,,, | S -
180 200 220 240 260
Wavelength [nm]

3
i
|
|
i
Figure 6.18 Secondary structure determination of His-Cdel0p ]
The far-UV scan of His-Cde10p. Measurements were recorded in a quariz cell of pathlength
0.02 cm, containing purified His-Cdc10p {0.22 mg mi™} in 50 mM KH,PQ,, 150 mM NaF pH
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Secondary Total
Structure Element Protein %
w-helix 77.4
$-sheet 21

$-turn . 14.8
Random coil 5.8

Table 6.1 Secondary structure content estimate of Ilis-Replp
The secondary structure content of recombinant His-Replp was estimated from analysis of the

far-UV CD spectra using the CONTIN procedure (Provencher and Gldckner, 1981).

Secondary Total
Structure Element Protein %
| e-helix 29.6
e T 07
[-turn 209
Random coil | 28.8

Table 6.2 Secondary structure conlentl estimate of His-Cdc10p
The secondary structure content of recombinant His-Cde10p was estimated from analysis of the

[ar-UV CD spectea using the CONTIN procedure (Provencher and Gléckner, 1981).




6.6.3 Assessment of His-Replp and ITis-Cdcl0p stability

The stabilitiecs of Ilis-Replp and His-Cdcl0p were also assessed, following chemical
denaturation with guanidinium chioride (GdmCl). Purified His-Replp (0.24 mg ml™) and His-
CdelOp (0.22 mg ml’) samples were prepared in increasing guanidinium chloride
concentrations as described (Methods 2.4.22).

The unfolding of Iis-Replp and His-Cdel10p in GdmCl was monitored by changes in
{ar-UV CI2 and expressed in terms of % total change of this parameter occurring between 0 M
and 6 M GdmCl. The unfolding of His-Repip and His-CdciQp as monitored by CD is
presented in graphical form in Figures 6.19 and 6.20, respectively.

From the appearance of the graph shown in Figwre 6.19, it appears that there is a
biphasic unfolding event oceurring. An initial major unfolding event takes place between ¢ and
0.5 M GdmCl, followed by an apparcut stabilisation until the GdmCl concentration is increased
to approximately 2 M. From this point onwards, a second unfolding event begins that ends at 6
M. Similarly, the unfolding of ITis-Cdcl0p follows a biphasic pattern. The initial unfolding
event takes place between 0-2 M GdmCl. The second event occurs sharply between 2 M and ~

3 M and perhaps a third event may be oceurring between 3 M and 6 M (Figure 6.20).
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Figure 6.19 Unfolding profile of His-Replp during denaturation with guanidinium
chloride

Purified His-Replp (0.24 mg ml') was incubated at room temperature in increasing
concentrations of GdmCIl: 0 M, 0.5 M, | M, 2 M, 3 M, 4 M and 6 M prior to measurement. The
CD changes were expressed relative to the total change observed between 0 M and 6 M

GdmCl. CD was measured as change in ellipticity (0) at 222 nm.
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Figure 6.20 Unfolding profile of His-Cdc10p during denaturation with guanidinium
chloride

Purified His-Cdc10p (0.22 mg ml') was incubated at room temperature in increasing
concentrations of GdmCl: 0M, 0.5M, 1M, 2M, 3M, 4 M and 6 M prior to measurement. The
CD changes were expressed relative to the total change observed between 0 M and 6 M

GdmCl. CD was measured as change in ellipticity (0) at 222 nm.
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6.7 Discussion

The aim of this chapler was to purify the bacterially overexpressed recombinant fission yeast
DSC1 components, Following on from the results discussed in Chapter 5, several unresolved
issucs required further investigation. The initial aim of purification was to obtain protein with
which to carry out further in vitro functional assays. In addition, purification of protein of
sufficient yicld and purity would allow the initiation of structural studies.

Unfortunately, both the yield and purity of His-Resip and His-Rep2p were
unsatisfaclory, (ollowing puwrification by IMAC. This was attributed to the low level
overexpression of these proieins in E. coli. Attempts to increase the overexpression level have
been discussed previously (Chapter 3 Section 3.4). A scaling up of the purification process
neither improved yield nor purity.

In contrast, the viclds of the GST-Resp proteins obtained following overexpression in £.
coli were significantly greater, and it was anticipated that purification would provide large
amounts of protein. Disappointingly, neither GST-Resip nor GST-Res2p was purified in
sufficient amounts, following affinity purification on an immobilised ghutathione column. Due
to time constraints, the optimisation of purification of these proteins has not been fully
investigated and as such, the results presented represent preliminary data. Reasons for poor
recovery may include steric hindrance of the GST moiety, by intramolecular interactions with
the attached Resp protein. It should be noted that in both cases, DNA sequencing has confirmed
that the GST-tag was in-frame with the cDNA. These results were particulacly frustrating,
given that several interesting and potentially informative experiments, regarding the in vitro
DNA-binding behaviour of these proteins, relied on their purification.

The most favourable casec was in purification of Ilis-Res2p. This protein was
reproducibly purificd in large amounts following IMAC (5-10 mg I culture). Despite
consistent co-purification with a ~60,000 Da protein, subsequent mass spectrometric analysis
identified this protein as an N-i¢rminally truncated product of His-Res2p (Section 6.2.3).
Unfortunately, recovery of purified His-Res2p, in buflers suitable for structural studies,
frequentiy resulted in precipitation. Indeed, initial attempts to obtain CD spectra from this
protein were unsuccessful, primarily due to precipitation. Intriguingly, the spectral studies
displayed a high level of nucleic acid contamination in purified samples of His-Res2p. This
was despite the fact that both DNAase and RNAase were routinely used in purification
procedures. Given that this protein is a DNA-binding protein its association with nucleic acids
is mot surprising. Precipitation of His-tagged proteins purified by IMAC has also been noted
elsewhere and attributed to contamination with Zn® ions from the chromatography column

(Lindner et al., 1992). However, despite addition of EDTA, precipitation continued.,
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His-Cdc10p and His-Replp were solubilised from inciusion bodies, using the anionic
detergent N-lauroylsarcosine. The yield and purity of these proteins was sufficicot to initiate
structural studies. Simitarly to His-Res2p, dialysis into more suitable bullers rowtinely resulted
in precipitation and aggregation of protein. Nevertheless, CD studies were initiated on Iis-
Cdc10p and His-Replp. as this technique was somewhat tolerant to the presence of low levels
of detergent. Initial CD spectra of these proteins also revealed a significant level of nucleic acid
contamination; this precluded near-UV analysis of these proteins and imposed restrictions on
the far-UV stadies. Far-UV CD spectra were oblained for both proteins permitiing secondary
structure content cstimations and stability studies were initiated by monitoring unfolding
following deunaturation in increasing concentrations of guanidinium chloride. The results of the
CD studies using these proteins should be treated with caution, as neither of these proteins has
been shawn to be active in viro. It is highly likely that to obtain these proteins in their fuily
native state, re-folding will be necessary. The results obtained here setve as an example of the
type of imitial structural information that can be rapidly obtained following successful
purification.

Structure-function studies of proteins need large amounts of material. The ability to
obtain sufficient amounts requires the development of efficient and reproducible methods for
overexpression and purification of the proteius of interest. As exemplified in this (and previous
chapters) development of such protocols requircs considerable investigation. The necessity to
producc large amounts of protcin for such studies can frequently result in aggregation and
precipitation as has been the case with His-Res2p. Assuming that the problem of precipitation
can be overcome, structural studies muy then be iniliated given the yield and purity of this
protein obtained, following purification by IMAC.

Wwith respect to His-Reslp, His-Rep2p and the GS'1-Resp proteins, optimisation of
purification must be addressed in order o provide suflicient material for further study. Several
experiments of significant interest, with purified GST-Resp proteins couid then be addressed.
In summary, due to time constraints, the results presented within this chapier provide a basis

for further study.
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Chapter 7

General discussion




7.1 Introduction

In both budding and fission yeasts, the highly related MBF/SBF and DSC1 iranscription factor
complexes are responsible for controlling the G§-S phase-specific gene ¢xpression programme
essential for passage through START and entry into a ncw round of mitotic cell division.
Similarly, in humans, a Gi-S phase-specific gene expression programme cxists that is also
essential for passage through the Restriction point and entry into mitosis. In contrast to the two
yeast systems, the E2F transcription factor family of proteins bear no significant resemblance to
any of the yeast proteins at the amino acid sequence level.

1o budding yeast, MBT and SBF are heterodimeric transcription factors composed of the
single sequence-specific DNA-binding protein subunits, ScMbplp and ScSwidp, respectively,
combined wilh the common regulatory subunit ScSwi6p that is preseni in both complexcs.
Fission yeast DSC1 is belicved to exist as a heterotetramer, consisting of two distinct yet
related sequence-specific DNA-binding profeins, SpReslp and SpRes2p, each of which binds
to a single molccule of the regulatory SpCdc1Up protein. The budding yeast and fission yeast
proteins constitute a family of related transcription factors that share considerable homology,
located to three main regions. All six protcins possess the centrally located ankyrin-repeal
motifs, whose primary function is unclear, but may be involved in both protein-protein
interactions and in affording flexibility. The ScMbp!p/ScSwidp and SpRes1p/SpRes2p proteins
also share considerable homelogy within their N-terminal DNA-binding regions, whilst
ScSwibp and SpCdcl0p do so in their C-termini. To dale, structural studies on this family of
transcription factors have been limited to the budding yeast proteins; specifically the DNA-
binding domain of SeMbplp and ankyrin repeat domain of ScSwiop (Xu et al., 1997, Taylor et
al., 1997; Foord et al., 1999). In contrast, no siructural data beyond the amino acid sequence
level is available for any of the fission yeast members of this family. Thus, successful cloning
and expression of the fission yeast DSC1 components will provide an invaluable resource for

detailed structural and functional studies.
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7.2 Summary of results

7.2.1 Chapter 3: Cloning and overexpression
In Chapler 3 the cloning strategy was described, which allowed the successful and reproducible
overexpression of the individual components of the fission yeast DSCI complex in £ cofi.
Site-directed mutagenesis was employed to remove an artificial internal stop codon within the
cdc10" open reading frame.

Each of the individual components of the DSC1 complex: cdc /", resi”, res2, rep!’
and rep2” was cloned into the pET-28c vector (pET-14b for edel¢’) in-framee with an N-
terminal 6-histidine tag (to facilitate purification by affinity chromatography) and successfully
expressed following induction at 37°C. High-level expression of the Res2p, Replp and Cdel0p
components of DSC1 as His-tagged fusion proteins was achieved as visualised by SDS-PAGE
and Coomassie blue staining (Figoires 3.7-3.8). Overexpression of His-Reslp and His-Rep2p
was achieved at lower levels, such that they were detectable only following immunoblot

analysis (Iigures 3.7, 3.10 and 3.9, 3.11).

7.2.2 Chapicer 4: Biological activity assays in vive

Chapter 4 described the use of fission yeast (the organism from which these proieins originate)
as host to assay the effects of ihe N-terminal His-tag upon the biological activity of each of the
recombinant profeins ix vivo.

To this end, the cloning stratcgy was described that facilitated expression of the 7fis-
resi’, His-res2®, His-repl' and His-rep2' cDNAs in fission yeast from the pREP vector. Due to
time constraints {(primarily the lengthy site-directed mutagenesis protocol), Fis-cdc10” was not
cloned into the pREP vector and sc the ability of His- cdci0" to function in vivo was not
determined.

The biological activity of each recombinant protein was assayed following expression in
the Ares! mutant background. The wild type resi™, res2’, rept” and rep?’ genes can each
suppress the cold-sensitive phenotype of this strain (Tanaka et al., 1992; Miyamoto et al., [994;
Sugiyama et al., 1994; Nakashima et al., 1995). Similarly, the His-res?', His-res2’, Iis-repl”
and His-rep?” cDNAs each suppressed the cold-sensitive lcthality of Ares! cells when
celopically expressed (Figures 4.8-4.11). The biological activities of His-Res1p and His-Res2p
were also assayed [oltowing expression in Ares/ and Ares2 mutant backgrounds. Ectopic
expression of #esi” and res2” in Aresl and Ares2 colls, re-constitutes the characteristic DSCH
band-shift activity that is otherwise lost in these mutant strains (Zhu et al., 1997; Ayte et al.,
1997). A ‘DSCI-like’ band-shift activity was observed in Ares2 cells upon eclopic expression

of His-res2" (Figures 4.12-4.13). Surprisingly, no ‘DSCI-like* band-shift activity was delected
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when His-res]” was expressed in Aresd cells (Figure 4.14). That each recombinant protein was
able to rescue lhe cold-sensitive lethality of the Ares/ mutant suggested that the His-tag

imposed no impairment {0 function i vivo.

7.2.3 Chapter 5: Recombinant protein solubility

in Chapter 5, attempts to obtain soluble rccombinant protein, following overexpression of His-
Res1p, His-Res2p, Iis-Replp, His-Rep2p or His-Cde10p in E. coli, were described. Following
this, a series of assays were outiined to determine the biological activity of these bacterially
expressed proteins.

A range of expression and lysis buffer conditions were tested to optimise the amount and
solubility of cach recombinant protein. Both His-Res!p and His-Rep2p were retrieved in the
soluble fraction under most conditions tested, although yields were low (Figures 5.3-5.4). The
ability to produce soluble His-Res2p was dependent on both induction conditions and the
nature of the solvent. Approximately 100% of His-Res2p was retrieved in soluble form
following expression at 15°C and importantly, release into lysis buffer containing < 100 mM
NaCl (Figures 5.5-5.6). Despite analysis under a range of conditions, both His-Replp and His-
Cdc 10p were retrieved as insoluble aggregates following release from the cell (Figures 5,1-5.2)

and so biological activily assays using either of these two proteins were precluded.

7.2.4 Chapter 5: Biological activity assays in vitro

Following production of soluble Ilis-Reslp and His-Res2p, these recombinant proteins were
assayed for biological activity iz vifro using the EMSA technique. In this study, neither His-
Reslp nor His-Res2p (obtained in crude soluble E. coli extracts following overexpression)
produced a detectable MCB DNA-binding activity when incubated with a radio-labellcd MCB
probe (Figure 5.7).

IFailure to detect DNA-binding with either of these proteins may have been due, at least
in part, to the absence of Cdc10p, since ir vitro DNA-binding by either protein is dependent on
Cdcel0p, although weak Res2p DNA-binding has been reported alone (Ayte et al., 1995; Zhu et
al,, 1997). The insoluble nature of His-Cdc10p in this study prevented such analyses and se an
alternative strategy employed co-expression studics in an attempt to circumvent this probiem.
Unfortunately, co-cxpression of either His-Reslp or His-Res2p with His-CdelOp proved
unsuceesstul in terms of detectable protein. In addition, co-expression of either His-Reslp or
His-ResZp with each other and with His-Replp or Ilis-Rep2p was tested, reasoning thal
association of these proteins might facilitate MCB-specific DNA binding of the Resp subunits,
in the absence of Cdel0p. Although co-expression of His-Res2p/His-RepZp was detected, and
both of these proteins were present in the soluble fraction (as determined by immunoblotting —

Figure 5.8), usc of this protein extract did not yield detectablc MCB binding in vifro. Mixing of
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either His-Res1p or His-Res2p with fission yeast protein extracts prepared from Ares/ or AresZ
cells, respectively, were similarly ineffectual. To summarise, neither bacterially produced
soluble His-Reslp nor His-Res2p showed detectable DNA-binding activity in vitro, in the
absence of Cdcilp.

Previous studies have indicated that in the absence of Cdel0p, at least in viiro, Reslp
requires artificially mediated homodimerisation in order to exhibit MCB-specific DNA-binding
(Ayte et al., 1995). It had been shown previously that bacterially expressed Reslp as a GST-
fusion protein could bind specifically to an MCB DNA probe in in vifro band-shift assays
(Ayte ct al., 1995). In this siudy, both Reslp and Res2p were subsequently cloned and
cxpressed as N-terminal GST-fusion proteins to investipate dimerisation-dependent MCD-
specific DNA-binding in vitro, in comparison to the His-tagged isoforms. Hence, the cloning
strategy was described, which allowed the successful and reproducible overcxpression of the
Res1p and Res2p components of the fission yeast DSC1 complex in E. coli as N-terminal GST-
fusion proteins. Fach protcin was successfully overexpressed in sofuble form following
induction at 15°C (Figures 5.12-5.14), Furthermore, both GST-Reslp and GST-Res2p, in
confrast to the His-tagged isoforms, bound specifically to MCB DNA in band-shift assays
(Figures 5.16-5.17).

7.2.5 Chapter 6: Purification and analysis of the recombinant DSC1 components
Following the solubility studies and iz vifro activity assays carried out in Chapter 5,
purification of the recombinant DSC1 components and initiation of structural analyses werc
described in Chapter 6. The solubilisation and purification of His-Replp and His-Cdel0p from
inclusion bodies was also described. The aims of this chapter were twofold: firstly, to obtain
pure protein of sufficient vield and purity with which to carry out further in vitre functional
analyses and secondly, to allow the initiation of structural studies.

Unfortunately, both yield and purity of His-Reslp and His-Rep2p were unsatisfactory,
following purification by IMAC (Figure 6.2). This was attributed to the Jow-levels of these
proteins produced following overexpression in E. coli. Despite attempts to increase expression
levels and scale-up the purification, the amounts retrieved following purification were
msufticient to pursue structural studies.

In contrast, the yields of GST-Res1p and GST-ResZp obtained following overexpression
in E. coli were significantly greater, and it was aulicipated that purification would provide
sufficient amounts of material with which (o instigate structure/function studics. Frustralingly,
however, neither GST-Reslp nor GST-Res2p was retrieved in sufficient yield or purity,
following affinity purification (Figure 6.13). Due to time counstraints, optimisation of the
purification procedure for these proteins has not been fully investigated and as such, the results

presented represent preliminary data.
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His-Res2p was reproducibly expressed and purified in high yield (5-10 ing I culture).
Initial observations noted the continued presence of a ‘contaminant’ protein species of M,
approximately 60 kDa, although this was subsequently identified as a N-terminally degraded
product of His-Res2p, by mass spectrometric analysis (Figures 6.4-6.11). Unfortunately,
recovery of purified His-Res2p, in bufter solutions suitable for structural studies, frequently
resulted in precipitation. Initial attempts to obtain CI speciral data from this prolein were
unsuccessful, primarily due to precipitation. The spectral studies showed a high level of nucleic
acid contamination in purified samples of His-Res2p. This was despite the fact that routine
measures (e.g. use of both DNAase and RNAase) were employed to prevent this problesn.

Both His-Roplp and His-Cdcl0p proteins were refractory to manipulation of induction
and solvent conditions, although each protein was ultimately solubilised and purified from
inclusion bodics, using the anionic detergent N-lauroylsarcosine in yiclds that were sufficient to
initiatc structural studies (Figures 6.14-6.15). Similarly to His-Res2p, however, dialysis into
more suitable buffers routinely resulted in precipitation and aggregation of protein. Inittal CD
spectra of these proteins also revealed a significant level of nucleic acid contamination (Figure
6.16). Nevertheless, CD studies were initiated on His-Cdc10p and His-Replp, as this technique
is tolerant to low levels of detergent. The results of these CD studies demonstrated that each
protein had signiticant secondary structure and were at least partially folded (Iigures 6.17-6.20
and Tables 6.1-6.2). Given that beth proteins requircd dctergent solubilisation, it is highly

likely that {o obtain these proteins in their fitlly native state, ve-folding strategies are required.

7.3 Future experimental work

The aim of this work was to provide a stable reproducible and active source of recombinant
components of the tission yeast DSC1 complex in sufficient yield and purity to allow detailed
structural and functional analyses. Whilst signiticant steps have been taken toward this ultimate
gonl, several key issues require further investigation.

Importantiy, this study has demonstrated that bacterially expressed Resip and Res2p are
biologically active, in terms of MCB-specific DNA-binding activity, when expressed as N-
terminal GST-fusion proteins. This indicates (hat post-translational modification is not essential
for the DNA-binding activity of these proteins in vitro, This had been demonstrated previously
for GST-Reslp (Avte et al., 1995). Initial atterupts (o purify these proteins in sofficient yield
for further analyses, specifically structural studies, proved unsuccessful. Future work would
therefore concentrate on optimising the purification of these two proteins to provide a
convenient source of pure protein with which to undertake detailed biophysical analyses.

In contrast, no such DNA-binding activity was detected with either of the His-tagged

Resp proteins. Previous studies reported that the MCB-specific DNA-binding activity of in

185

P SV LUV SIS VI S

At it A et rm e L et L



vitro transtated Reslp and Res2p was dependent on co-expression with Cdel0p, although a
weak band-shift activity could be detected with Res2p alone (Ayte et al,, 1995; Zhu et al,
1997). In this thesis, the inability to obtain soluble His-Cdcl0p protein (or to co-express either
His-Resip or His-Res2p with His-CdclOp) has prevented a definitive analysis of the
dependency of these proteins upon CdclOp Tor in vitre DNA-binding activity. Even so, this
study has demonstrated the solubilisation of His-Cdc10p from inclusion bodies, although it is
likely that the production of active His-Cdc!0p protein from this source will require re-folding.
If this can be achieved, then the issue of IHis-Reslp and His-Res2p DNA-binding activity may
be more tully investigated.

Of particular interest is why the GST-Resp proteins should exhibit MCB-specific DNA-
binding aclivity, yet the His-Resp proteins do not. Clearly such differences may reflect the
different N-terminal tags. It is possible that this may be due to a tag-mediated protein folding
effect with the His-Resp proteins, presumably, unable to told into their native tertiary structure,
in contrast to their GST-tagged isoforms. However, the soluble nature of both Iis-Reslp and
His-Res2p suggests this would be unlikely. It has been demonstrated in this study that His-
tagged Reslp and Res2p are able to function in vive. Perhaps a more obvious explanation for
the difference in DNA-binding activity between these fusion proteins lies in the intrinsic
dimerisation potential of the GST-tag. In contrast to the His-tagged proteins, GS1-fusion
proteins are expressed as homodimers.

As discussed in Chapter 5, Reslp and Res2p are believed to bind to DNA as
heterodimers in vivo and Reslp and Res2p can homo-dimerise in vitro in a Cde10p-dependent
manncr (Ayte et al., 1997; Zhu et al., 1997; Whitchall et al., 1999). Thus, it is highly likely that
the difference in activity displayed by the GST-Resp and His-Resp proteins reflects intrinsic
dimerisation potential. However, this conclusion cannot be reached solely from the results
presented in this study, and require further investigation to be proved.

The GST-Resp fusion proteins used in band-shift assays herein were obtained from
crude soluble bacterial extracts (Figure 5.16). Whilst the majority of protein in these extracts
was full-length GST-Resip or GS8T-Res2p, they were not homogeneous and so it could not be
determined whether DN A-binding was mediated by full-length, or C-terminally truncated GST-
Resp molecules. Importantly, C-terminally truncated Res2p molccunics show enbanced DNA-
binding iz vitro, and the highly related ScSwidp protein displays C-terminally mediated auto-
inhibition of DNA-binding (Zhu et al., 1997; Baetz and Andrews, 1999). Thus, il is tempting to
speculate that the inability of the His-Resp proteins reflects an inability to homo-dimerise
and/or C-terminally mediated inhibition, in the absence of Cdc10p.

In order to further resolve these issues, pure preparations of full-length GST-Resp fusion
proteins must be obtained for use in DNA-binding assays. Initial attempts to do this werc

described in Chapter 6, Duc to time consiraints the conditions for purification have not been
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optimised. Thrombin cleavage of each tag could be emploved in order to separate the effects of
the respective tags upon DNA-binding activity. Of particular importance will be assay of the
ability of each prolein to bind DNA in the absence of GST-mediated dimerisation.

[n this respect, the His-Resp fusion proteins merit lurther analysis. Full-length His-
Res2p has been successfully over-expressed and purified in high yield, providing a valuable
resource for structural studies. Importantly, to date, this represents the first member of this
family of transcription factors to have been produced intact and in yields sufficient to penmit
detailed biophysical analyses. As discussed above (and in Chapter 5) the apparent inactivity of
cither His-Resp protein may not simply be due to mis-folded but rather due to an inability to
homo-dimerise in vitro. So, whilst a reproducible sonrce of pure His-ResZp in high yield has
been produced, final optimisation of the stability of this protein requires further investigation.
Specifically, protein precipitation has proven to be a frequent and frustrating problem following
attempts to study this purified recombinant protein. Assuming that the problem of precipitation
can he avercome, structural studies may then be initiated. Similarly, following optimisation of
the GST-Resp purilications, structural analyscs should be possible. Comparative studies with
His-Res2p, for cxample using CD, will be of particular interest. In addition, the purified GST-
Reslp and GST-Res2p may also be utilised for pull-down assays with the His-tagged DSCI
components,

in future studies it may be worthwhile to investigate the use of alternative heterologous
hosts for the expression of the recombinant DSC1 component proteins. Eukarvotic hosts such
as the methylotrophic yeast Pichia pastoris and insect cells are now more commonly in use. In
particular, exploitation of these systems may be required to produce sullicient amounts of His-
Reslp and His-Rep2p, which have been unattainablc in K. cofi. Ultimately following
optimisation and extension of much of the work presented in this study, the long-term goal of
reconstituling an in vitro DSC1 complex should be possible providing an invalvahle resource

for future investigation into the structure and function of these components.
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Appendix II1: Vector maps
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PET-14b cloning/expressian region

Appendix Iila: Plasmid map of the pET-14b cloning and cxpression veetor

The pET-14b vector carries an N-terminal His-tag sequence followed by a thrombin cleavage

sife and unique restriction sites are shown on the circle map. The cloning/expression region of

the coding strand transcribed by T7 RNA polymerase is shown in more detail in the box

{Adapted from www.novagen.com),
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Appendix TTTb: Plasmid map of the pET-28a-c¢(+) cloning and expressioa veetor

The pET-28a-c (+) vectors carry an N-terminal His-1ag®/thrombin/T'7-Tag® configuration
plus an optional C-terminal His-Tag sequence. Uniguc restriction sites are shown on the circle

map. The cloning/expression region of the coding strand transcribed by T7 RNA polymerase is

shown in more detail in the box (Adapted from www.novagen.com).
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Appendix I1Id: Plasmid map of the pREP1 cloning and expression vector

The pREP! vector is derived from the original pREP series by addition of a Ndel site
adjacent to the Sall site (Adapted from Maundrell, 1993).
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Appendix Hie: Plasmid map of the pREP3X cloning and expression vector
The pREP3X veetor is derived from the original pREP3 series by addition of a X#ol polylinker
between the Ball and Sall sites; this deletes the ATG within the polylinker, destroys Bell and

recreates Sa/l (Adapted from www-rcf.usc.edu/~forsburg).




