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ABSTRACT

MBF and SBF are two large protein complexes involved in cell-cycle- 

dependent transcriptional regulation in Saccharomyces cerevisiae. These protein 

complexes bind to DNA sequences called MCBs {Mlu I cell-cycle box) and SCBs 

(Swi4/Swi6 cell-cycle box) upstream of promoters of many genes that regulate the 

Gl-S phase transition. The binding of MBF to MCBs and SBF to SCBs is highly 

regulated and requires the association of Mbplp with Swi6p (MBF), and Swi4p with 

Swi6p (SBF) through their C-terminal regions. This thesis describes biochemical and 

biophysical experiments that address crucial protein-protein and protein-DNA 

interactions involved in SBF and MBF-mediated regulation of the budding yeast cell- 

cycle.

Plasmids expressing various C-terminal fragments of Swi6p, Swi4p, and 

Mbplp, containing the heteromerisation regions, have been constructed and their 

respective proteins purified for structural characterisation. Initially, hydrodynamic 

and chemical cross-linking data suggested that a C-terminal ISkDa fragment was 

dimeric. This feature was later shown to be an artefact of disulphide formation in 

vitro. Mutation of a single conserved cysteine residue within the C-terminus of Swi6p 

abrogates this dimérisation, but does not show any effect on SBF-mediated 

transcriptional activation in vivo. The circular dichroic (CD) analyses of the C- 

terminal Swi6p fragments show a substantial proportion of a-helical secondary 

structure, verified by comparisons of CD spectra of the full-length molecule and 

several N- and C- terminally deleted fragments. Limited proteolysis of the 18kDa 

fragment suggests a bipartite helical domain within the extreme C-terminal region that 

is required for SBF and MBF interaction.

Mutational studies of the DNA-binding region of Mbplp (1-124) that contains 

a winged helix-tum-helix motif suggest that the non-conserved residues C-terminal to 

the core domain are essential for DNA-binding. Mutations of L ysll6  (K116A) and 

Lysl22 (K122A) show a reduction in the apparent DNA-binding affinities for the 

MCB oligonucleotide duplex with respect to the wild-type protein. However, in 

combination, these two mutations (K116A/K122A) result in a more significant 

reduction in the apparent binding affinity. The results support the notion of two 

structurally distinct DNA-binding regions within Mbplp and related proteins.
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ABBREVIATIONS

ANK ankyrin repeat

CAK CDK-activating kinase

CD circular dichroism

Cdc cell division cycle

CDK cyclin-dependent kinase

GDI CDK-inhibitor proteins

CHIP chromatin immunoprécipitation

CTD carboxy-terminal domain

DNA deoxyribose nucleic acid

DTT dithiothreitol

EDTA ethylenediamine tetra acetic acid

g g- force (relative centrifugal force)

HNF-3y hepatocyte nuclear factor-3 gamma

HPLC high performance liquid chromatography

HTH helix-tum-helix

IPTG Isopropyl P -D-thiogal actopyranoside

Ka association equilibrium constant

Ku dissociation equilibrium constant

LZ leucine zipper

MBF MCB-binding factor

MCB Mlu I cell cycle box

NTD amino-terminal domain

PAGF polyacrylamide gel electrophoresis

PCR polymerase chain reaction

PDB Protein Data Bank

pi isoelectric point

RPC reverse phase chromatography

rpm revolutions per minute

RT room temperature (18-20°C)

SAGA Spt-Ada-Gcn5-acetyltransferase

21



SBF SCB-binding factor

SCB S WÎ4/6-dependent cell cycle box

SDS PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis

SWI switching defective

SNF sucrose nonfermenter

TAF TBP-associated factor

TAR transcriptional activation region

TBP TATA-binding protein

TCEP tris (2-carboxythyl) phosphine

TEMED N,N,N -tetramethylethy lenediamine

UAS upstream activating sequence

wHTH winged helix-tum-helix

A

°C

Da

kDa

min

sec

Angstroms (0.1 nm)

centri grade

Daltons

kilo Daltons

minutes

seconds

Standard S.cerevisiae genetic conventions are used in this thesis. Dominant or wild- 

type genes and their mRNAs are in capitals, recessive mutants are in lowercase italics 

and A refers to a gene deletion or disruption; for example, SWI6 is wild-type, SWI6-1 

is a dominant mutant allele, swi6 is a recessive mutant allele, and swi6A is a deletion. 

Superscripts are added to denote alleles with specific properties, for example, cln3^  ̂ is 

a temperature sensitive allele.

The protein products of a particular yeast gene are in Roman type, for example, Swi6p 

is the gene product of SWI6. Mammalian protein products are stated in capitals, for 

example, CDK2.
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INTRODUCTION

1.1. INTRODUCTION

Progression through the eukaryotic cell-cycle is controlled in part at the level 

of transcription. Transcription regulation of many eukaryotic genes is complex and 

involves the concerted action of multiple factors. Regulation of gene expression is 

controlled primarily at the level of transcriptional initiation, which is co-ordinated by 

an array of transcription factors. Some of these factors are DNA-binding proteins that 

recognise single or multiple DNA target sequences located near or distant from, the 

site of transcription initiation (Pabo and Sauer, 1992). Protein interaction with DNA 

can enhance and/or repress transcription of target genes. This recognition process 

generally requires both non-specific and specific interactions between protein amino 

acid residues and nucleotide residues of its cognate DNA site. Therefore, 

understanding the basic interactions between transcription factors and their target 

sequences is important for the understanding of transcriptional regulation.

Other regulatory factors do not bind DNA directly but can influence the action 

of bound factors or affect the ability of a factor to bind to its response element (Struhl, 

1995). Many transcriptional activators are modular proteins composed of distinct 

’domains’ responsible for DNA-binding, transcription activation, or some other 

relevant regulatory function. DNA-bound activators require adaptor 

proteins/complexes that communicate with the bound multi-subunit RNA polymerase 

molecule. These adaptors recognise both an activation domain of the transcription 

factor and a response domain of one of the subunits of polymerase.
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To ensure proper progression through the eukaryotic cell-cycle, proteins 

directly involved in its regulation must be expressed at appropriate times. These 

proteins in turn regulate other genes whose products mediate fundamental aspects of 

the cycle, such as DNA replication (Dynlacht, 1997).

As eukaryotes, yeast cells are organised much like cells in more complex 

organisms and many yeast proteins are closely related in structure and function to 

their mammalian counterparts. They are amenable to techniques of classical genetics 

and have been used successfully as model systems for the analysis of almost all 

aspects of eukaryotic cellular functions. This thesis describes the biochemical 

characterisation of transcription factors that are involved in the regulation of cell- 

cycle control genes in the budding yeast, Saccharomyces cerevisiae.

1.2. THE EUKARYOTIC CELL-CYCLE

The eukaryotic cell-cycle is divided into two phases, interphase and mitosis 

(M phase) (Howard and Pelc, 1951, Murray and Hunt, 1993; Murakami and Nurse, 

2000). Interphase is further divided into four sequential phases: G l, a prereplicative 

period; S phase, in which DNA is replicated; and 02, in which the cell prepares for 

division (Figure 1.1). Cell division occurs at mitosis, whereby cells assemble a 

spindle and segregate their chromosomes. Mitosis can be sub-divided into prophase, 

metaphase, anaphase, and telophase based on chromosome movement. Chromosomes 

condense during prophase, align during metaphase, separate during anaphase, and 

décondense during telophase (Murray and Hunt, 1993). The importance of each 

regulatory phase within interphase varies within different organisms and among 

developmental stages within the same organism. The regulation of the early 

embryonic cell-cycle in many organisms occurs before mitosis and then during 

development, regulation shifts to the Gl interval. However, in proliferating cells, 

cell-cycle regulation is usually exerted within the prereplicative Gl phase. In 

multicellular organisms, different cells divide at different rates. The variability in the 

length of the cell-cycle occurs mainly in G l and G2 and reflects the ability of cells to 

exit from the cell-cycle during either of these intervals. Figure 1.1 (Murakami and 

Nurse, 2000).
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Figure 1.1. Schematic diagram of the eukaryotic cell-cycle. The cell-cycle is divided 

into two parts (i) mitosis and (ii) interphase. Interphase is further divided into Gl 

(gap before DNA replication); S phase (DNA replication); 02  (gap before cell 

division). Stepwise processes occur once per cell-cycle. The variability in the length 

of the cell-cycle occurs mainly in Gl and G2 and reflects the ability of cells to exit 

from the cell-cycle (GO) during either of the two intervals.

To pass through each phase before division, cells have to ensure DNA 

replication, DNA repair and chromosome segregation are correctly executed. This is 

achieved through feedback controls, which can detect the failure to complete 

replication, repair, or spindle assembly and prevents the progression of the cell-cycle 

at one of three checkpoints (Hartwell and Weinert, 1989). The three checkpoints at 

which feedback controls regulate the cell-cycle are: late G l, called START in yeast or 

the Restriction point in mammals (Pardee, 1974); late G2 (entry into mitosis); pre
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anaphase (exit from mitosis). START and entry into mitosis are also used as 

checkpoints where availability of nutrients, cell size, and growth factors are 

monitored to regulate the cell-cycle. In budding yeast, mating factors, starvation, and 

small cell size can block passage through START, whereas in vertebrates, cells cannot 

pass the Restriction point (Pardee, 1974) in the absence of growth factor stimulation. 

A feedback control prevents Gl cells with damaged DNA from entering S phase, and 

this control differs from that which prevents entry into mitosis. In budding yeast, the 

rad9' (radiation sensitive) mutation allows 02  cells with damaged DNA to enter 

mitosis, but does not allow the Gl cells with damaged DNA to enter S phase. Other 

mutants in S. cerevisiae include mad (mitotic arrest deficient) and hub' (budding 

uninhibited by benzimidazole), which destroy feedback control because they cannot 

detect improperly assembled spindles (Li and Murray, 1991; Hoyt et al., 1991; Brady 

and Hardwick, 2000; Lee et a l, 2001). Cell-cycle checkpoints are mechanisms that 

govern the order of the cell-cycle events, because if the order of the events is 

incorrect, full genetic information is not transmitted at cell division.

1.3. THE SACCHAROMYCES CEREVISIAE CELL-CYCLE

S.cerevisiae is a unicellular organism that has been used for centuries in the 

production of bread, beer, and wine. This organism grows rapidly in a simple 

medium containing glucose and amino acids, dividing every 90 minutes (Murray and 

Hunt, 1993), making it a convenient system to study basic cellular processes. This 

organism contains 16 chromosomes, all of which have been sequenced (Mewes et al., 

1997; The yeast genome directory, 1997).

S.cerevisiae divides by a process that is atypical of eukaryotes; the mother cell 

produces a small bud that enlarges and ultimately separates as the daughter cell 

(Figure 1.2). In budding yeast, as in all eukaryotes, the mitotic cell-cycle is separated 

into four intervals, as described above. S phase and M phase are the periods when 

DNA synthesis and nuclear division occurs respectively, and the overall control of 

cell division is carried out by regulating entry in to these two phases. In somatic cells, 

so-called gap phases, Gl (the gap before DNA synthesis) and G2 (the gap after DNA 

synthesis) separate S and M phases (Howard and Pelc, 1951). These phases contain
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four different classes of cell-cycle regulated genes: G l cyclins and DNA synthesis 

genes expressed in late G l, histone genes in S phase, genes encoding transcription 

factors, cell-cycle regulators and replication initiation proteins in G2, and genes 

required for cell separation as cells enter G 1 following mitosis (Hartwell, 1995).

The proliferation of S.cerevisiae cells is regulated at START (Hartwell et a i,  

1974; Pringle and Hartwell, 1981), as indicated in Figure 1.1 and 1.2. Passage 

through START occurs when cells have achieved a certain critical size, approximately 

35pm^ for wild-type haploid cells (Futcher, 1993). Environmental factors such as 

poor nutrients, small cell size, slow growth rates or the negative growth factor mating 

pheromone all prevent START and arrest cells in G l. Under permissive conditions, 

START is triggered and the cells become committed to completing one round of cell 

division (Hartwell et al., 1973). Cells duplicate their spindle pole bodies and they 

direct growth to the newly forming bud. A G 1-specific program of transcription is 

activated and the transition to S phase is initiated (Figure 1.2).

Normal S. cerevisiae Cell Cycle

Start
/
N

Cell size

Nutrient availability

Cytokines

O  Nucleus 

•  Spindle pole body

Figure 1.2. The S.cerevisiae cell-cycle.
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1.3.1. Cell-cycle analysis

Cell-cycle-specific events in budding yeast have been studied by isolating 

conditional cdc (cell division cycle) mutations. Each cdc mutation causes mutant 

cells to arrest at specific points in the cell-cycle (Hartwell et al., 1970; Pringle and 

Hartwell, 1981). The arrest points of cdc mutants led to the view that the major 

phases of the cell-cycle and morphogenic events, such as budding, are sequentially 

connected. Furthermore, the analysis of cell-cycle mutants also revealed that the 

critical point for controlling cell division in budding yeast is in early G l.

Some cdc mutations affect the cell-cycle only at START, such as cdc28. This 

mutation inhibits START but does not affect the cells biosynthetically and the cell 

begins to accumulate mass at the START block (Hartwell et al., 1974; Stuart and 

Wittenberg, 1995).

An alternative to the mutational approach has been the identification of genes 

that are periodically expressed during the cell-cycle. An example is the HO gene, 

which encodes for an endonuclease, involved in a regulatory function, that leads to 

cell-cycle specific expression of a set of genes involved in mating-type switching.

The expression of a number of genes has been examined by measuring mRNA 

levels in yeast cultures where the cell-cycles have been synchronised or arrested at 

different time points in the cell-cycle by cdc mutations. From these experiments 

various classes of cell-cycle regulated genes have been defined on the basis of their 

time of expression and their involvement at checkpoints in the cell-cycle.

1.4. CYCLIN-DEPENDENT KINASES (CDKs) AND CYCLINS

1.4.1. Cyclin-dependent kinases

Cyclin-dependent kinases (CDKs) are central regulators of both the cell-cycle 

and transcription. They are heterodimeric serine /threonine kinases that bind to cyclin 

proteins in order to become active (Simanis and Nurse, 1986; Pines, 1995). CDKs are 

required for START, initiation of DNA replication, late 0 2  to M phase cell-cycle 

transition and initiation of mitosis. The first CDKs to be identified were the 

S.cerevisiae Cdc28p and the Schizosaccharomyces pombe Cdc2p (Nurse and
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Thuriaux, 1980; Beach et al., 1982; Nasmyth, 1993). These CDKs are responsible for 

catalysing all major cell-cycle transitions.

In S.cerevisiae, there are five CDKs that regulate transcription: Cdc28p, 

Pho85p, Kin28p, SrblOp (SsnBp), and Ctklp (Table 1.1). Of these, Cdc28p is the 

central co-ordinator of the major events of the yeast cell division cycle. In vertebrates 

there are at least seven CDKs (CDKl-7) involved in cell-cycle regulation (Nigg,

1995).

Table 1.1. Major CDKs and cyclins in S.cerevisiae
CDK
(proteins)

Cyclin
Partner

Function S.pombe
homologue*

H.sapiens 
homologue*

References

Cdc28
(Cdkl)

Cln 1-3 
Clb 5-6 
Clb 1-4

Gl
S
0 2  and M

Cdc2 CDK4
CDK2
CDKl

Nasmyth,
1993

Pho85 Pell
Pcl2
Pho80

Gl
Gl
Transcription

- - Cross,
1995

Kin28 Cell Transcription Mcs6 CDK7 Valay et at., 
1995

SrblO
(Ssn3)

Srbll Transcription - CDK8 Liao et al., 
1995

Ctkl Ctk2 Transcription - - Sterner et al, 
1995

Referenced from Morgan, 1997
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CDK activity is tightly regulated through four mechanisms: (a) binding of 

activating cyclins, (b) binding of inhibitory cyclin-dependent kinase inhibitors (CKIs), 

(c) inhibitory phosphorylation of the CDK, and (d) activating phosphorylation of the 

CDK by a CDK-activating kinase (CAK) (Kaldis, 1999) at a conserved threonine or 

serine residue. When a CDK is activated, the cell-cycle progresses through the stage 

which the particular CDK controls. When a CDK is switched off, the cell-cycle stops 

when it reaches the stage controlled by that CDK. Figure 1.3 summarises the major 

regulatory processes common to most CDKs.

The CDKs share certain structural similarities in that they all contain 

conserved protein kinase domains (Hanks et a i, 1988). In particular, they all share a 

sequence related to the canonical EGVPSTAIREISLLKE motif. This motif, termed 

PSTAIRE, is also found in the CDK of fission yeast, Cdc2p (Pines, 1995) and 

humans, CDK2 (DeBondt et aL, 1993). CDKs are proline-directed kinases that 

phosphorylate serine or threonine in S/T-P motifs (Langan et aL, 1989; Mendenhall 

and Hodge, 1998; Endicott et aL, 1999).

Cdc28p is homologous to the S.pombe Cdc2p (60-65% amino acid identity) 

and shares similarity with CDK4, CDK2, and CDKl (Cdc2) in mammalian cells 

(Nasmyth, 1996, Liu and Kipreos, 2000). Human CDK2 has a major role in Gl and S 

phase progression. Its crystal structure has been solved and serves as a model for 

other CDKs (DeBondt et aL, 1993). The CDK2 structure consists of an N-terminal 

lobe’ of five anti-parallel p-strands and a single large helix, and a C-terminal lobe, 

which is primarily a-helical. ATP fits into a cleft between the two lobes, such that 

the phosphates point outwards from the cleft.

CDKs can be activated by multiple cyclins. The basic mechanism of CDK 

activation is the binding to its cyclin partner. In budding yeast, Cdc28p may associate 

with one of nine cyclins (as listed on Table 1.1 and 1.2). The three Gl cyclins (Clnl- 

3) are required for passage through START and the six B-type cyclins (Clb 1-6) are 

involved in S phase and mitotic progression (Nasmyth, 1993). Activation of most 

CDK-cyclin complexes requires phosphorylation by CAK in the T-loop (containing 

the threonine phosphorylation site) at position T 169 of Cdc28p. In human CDK2, this 

corresponding residue is T160 (Gu et aL, 1992; DeBondt et aL, 1993; Morgan, 1996). 

These conserved threonine residues are buried in the T-loop and become accessible to 

CAK upon cyclin binding (Morgan, 1996). Phosphorylation stabilises cyclin-CDK
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interaction and enhances substrate binding. The active complex can be switched off 

either by binding of CKIs, which inactivate some CDK-cyclin complexes or through 

phosphorylation of the CDK subunit at inhibitory sites by other regulatory kinases.

CKIs are small proteins (15-27kD) that bind and inactivate specific cyclin- 

CDK complexes. Examples of CKIs include Far Ip, Siclp, and Cdc6 p (Chang and 

Herskowitz, 1990; Morgan, 1997). Farlp is required for budding yeast to arrest 

before DNA synthesis in response to mating pheromones and Siclp is an inhibitor of 

Cdc28-Clb complexes (Mendenhall, 1993). The inhibitory activity of the three CKIs 

is due to their ability to exclude substrates from the Cdc28p active site. 

Phosphorylation on the CDK catalytic subunit at positions corresponding to T18 and 

Y19 of Cdc28p inhibits the activity of CDKs (Gould and Nurse, 1989). The 

sidechains of T18 and Y19 are near the ATP binding site. It is generally thought that 

tyrosine phosphorylation of Cdc28p delays entry into mitosis.

CKI

Cyclin

Cyclin-CDK

CDK- P

(Inactive)

CAK-P

CAK

(Active)

Figure 1.3. Flowchart of the major CDK-regulatory mechanisms.
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Cdc28p has been recognised as a major component that controls the timing of 

events in the yeast cell-cycle because cdc28 mutants arrest cell-cycle progression at 

START when shifted to restrictive conditions (Reed, 1980). Defects in Cdc28p 

function also result in defects in postmating nuclear fusion (Butcher and Hartwell, 

1982), mitotic chromosome stability (Devin et aL, 1990), spindle pole body 

separation (Lim et a l, 1996), and meiosis (Shuster and Byers, 1980). Recent 

structural mutations of Cdc28p (T18V and Y19F) have suggested that Cdc28p activity 

is also required to induce the metaphase to anaphase transition and initiate the 

transition from anaphase to G l, i.e. activates exit from mitosis (Rudner et aL, 2000). 

The levels of Cdc28p remain essentially unchanged throughout the cell-cycle and its 

overexpression does not seem to affect the growth rate of the yeast cells (Mendenhall 

et aL, 1987).

The second CDK to control progression through Gl phase, in diploid cells of 

S.cerevisiae, is Pho85p. Its functional roles involve regulation of phosphate 

metabolism, glycogen biosynthesis, actin regulation and cell-cycle progression 

(Moffat et aL, 2000). Pho85p is activated by approximately ten cyclins of which 

three are well characterised. These are Pci Ip (Hcs26) and Pcl2p (OrfD), which are 

involved in Gl phase, and Pho80p, which regulates Pho85p in response to phosphate 

conditions. Pho85p is closely related in sequence to Cdc28p (Liu and Kipreos, 2000), 

furthermore, the function of Pho85p overlaps that of Cdc28p in Gl control, since 

Pho85-Pclp complexes are known to be essential in the absence of Cdc28p cyclins, 

Clnlp and Cln2p (Lenburg and O’Shea, 1996; and reviewed by Morgan, 1997). Both 

cyclin components are periodically expressed in late Gl and deletions of the genes 

encoding these cyclins of PH085 are synthetically lethal with deletions of CLN 1 and 

CLN2 (Measday etaL, 1994).

Other CDKs in budding yeast include Kin28 protein kinase, which is 

associated with cyclin-like protein Cell (Valay et aL, 1993). Like Kin28p, SrblOp, 

and Ctklp associate with single cyclin, S rbllp  and Ctk2p, respectively. The Kin28- 

Ccllp and SrblO-Srbllp complexes play an important role in transcription, because 

they phosphorylate the C-terminal repeat domain of RNA polymerase 11 (Mendenhall 

and Hodge, 1998), and stimulate the meiotic development of S.cerevisiae (Ohkuni and 

Yamashita, 2000).
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1.4.2. Cdc28p associating cyclins

As mentioned previously and listed in Table 1.1, Cdc28p cyclins have been 

classified in to two groups: the three Gl cyclins (Clnl to Cln3) and six B-type cyclins 

(Clbl to Clb6 ). Gl cyclins primarily regulate events during the cell-cycle interval 

between mitosis and DNA replication and the B-type cyclins are expressed in three 

successive waves from START to mitosis. The structural and functional properties of 

the nine cyclin activators of Cdc28p are summarised below.

1.4 2.1. G l cyclins (CLNs)

The activation of Cdc28p at START involves the Gl cyclins, Clnlp, Cln2p, 

and Cln3p (Richardson et al 1989; Dirick et ai., 1995; summarised in Table 1.2). 

CLNl and CLN2 were originally identified as high copy number suppressors of 

cdc28-4^^ mutations (Hadwiger et a i, 1989). Cyclins contain a 100 amino acid 

consensus sequence known as the ’cyclin box’ (Hunt, 1991). It is the cyclin box to 

which the specific protein kinase partner binds (Kobayashi et aL, 1992; Lees and 

Harlow, 1993). The three CLN genes are genetically redundant, in that strain lacking 

all three CLN genes arrest before START and cells carrying deletions of any two 

genes show different size phenotypes but divide normally. CLN over-expression or 

mutational inactivation of a CLN accelerates START and reduces the minimal cell 

size required for budding (Lew et al, 1992). Thus, the regulation of CLN gene 

expression is a critical determinant of the kinetics of START execution.

Each of the three Gl cyclins contain specific amino acid motifs near their C- 

termini known as PEST sequences, which signal the ubiquitin-mediated degradation 

of CLN gene products after the onset of DNA replication (Barrai et a l, 1995). At the 

level of primary structure, the Clnl and Cln2 proteins are 57% identical, but the 

homology rises to 72% identity in their N-terminal region, which contain the cyclin 

box. However, Cln3p is considerably divergent, it has up to 25% identity to Clnlp 

and Cln2p, and actually has a greater overall sequence similarity to Clb5p and Clb6 p 

of the B-type cyclins, shown schematically in Figure 1.4 (Nash et aL, 1988; Stuart and 

Wittenberg, 1995; Andrews and Measday, 1998).
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Figure 1.4. A dendrogram showing the phylogenetic similarities within the Cdc28p 

cyclin family based on multiple sequence alignment (Megalign program, DNASTAR) 

of the most conserved region, adapted from Andrews and Measday, 1998.

Despite the similarity between Clnlp and Clnlp, there are functional 

differences between them. Overproduction of Clnlp is lethal in some strain 

backgrounds but this is not in the case of Clnlp (Richardson et aL, 1989). In terms of 

functional similarities, the expression of both CLNl and CLNl is coordinately 

regulated. CLN 1/1 expression peaks in late Gl and is dependent on a transcription 

factor called SBF (SCB-binding factor; Nasmyth and Dirick, 1991; Stuart and 

Wittenberg, 1995). SBF will be discussed in detail in Section 1.5. Since both CLNl
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and CLN2 are strongly cell-cycle regulated, it has been suggested that they play a role 

in commitment to the mitotic division process (Dirick et aL, 1995; Koch et aL, 1996). 

However, CLN3 transcripts and protein are present at low levels throughout the cell- 

cycle (Tyers et aL, 1992) with increased CLN3 expression occurring in early Gl 

phase. Cln3p also remains present between the end of the previous mitosis and 

START. This is the only cyclin to do so. CLN3 deleted cells are enlarged and have 

an extended Gl period but overall have a normal growth rate due to compensating 

effects at other stages of the cell-cycle (Dirick et aL, 1995).

I.4.2.2. S phase and Mitotic cyclins (CLBs)

The first CLB cyclins expressed in budding yeast (as shown in Table 1.2) are 

the S phase cyclins, Clb5p and Clb6 p, which are activated by the MBF {Mlul -binding 

factor) transcription factor and occur in late Gl phase. Clb3p and Clb4p appear 

during S phase, and Clb Ip and Clb2p during G2. Clb 1-6 proteins show sequence 

similarity with one another, while Clnlp and Cln2p, are more distantly related to them 

(Figure 1.4).

Clb5p and Clb6 p are required for the initiation of DNA replication, and their 

absence delays S phase (Epstein and Cross, 1992). DNA replication can still occur 

when cells are clb5 clb6 mutated because other CLB cyclins, Clblp-Clb4p, can 

promote S phase. Before S phase, Clb5- and Clb6-Cdc28p kinase are maintained in 

an inactive state by association with the CDK inhibitor, Siclp (Schwob et aL, 1994). 

Siclp functions at two stages in the cell-cycle. Firstly, in promoting the exit from 

mitosis by contributing to the shut down of the mitotic form of the Clb-Cdc28p kinase 

and secondly, in controlling the timing of S phase by regulating the activity of the 

Clb5/6-Cdc28p kinase (Schwob et aL, 1994). Clb5p and Clb6 p are inactivated by 

Siclp until after Clnl-Cdc28p and Cln2-Cdc28p appears (Schwob et aL, 1994), as 

shown in Figure 1.5. CLB5 and CLB6  genes are coexpressed with CLNl and CLN2 

in G l, which accounts for the inviability of the clnl A clnl A clb5A clb6A yeast cells 

(Schwob and Nasmyth, 1993). Furthermore, CLB5 or CLB6  overexpression 

suppresses the clnl A clnlA clnSA lethality. The primary roles for Clb5p and Clb6 p 

are to initiate S phase at the appropriate time and negatively regulate Cln-Cdc28p 

activity. Thus, cells lacking Clb5p have been found to have an extended S phase 

(Schwob and Nasmyth, 1993; Schwob etaL, 1994).
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Clb Ip, Clb2p, Clb3p, and Clb4p are necessary for assembly of an intranuclear 

spindle. Clb3p and Clb4p play a role in spindle formation during S phase, while 

Clb Ip and Clb2p promote spindle elongation during mitosis. CLBl and CLB2 

transcripts are strongly periodic together with their associated protein kinase activity 

(Grandin and Reed, 1993; Mendenhall and Hodge, 1998). The majority of Cdc28p 

activity in mitotically arrested cells is associated with Clb2p whereas Clbl-Cdc28p is 

a minor component (Grandin and Reed, 1993). The deletion mutants of clbl are 

larger than normal and cultures have high percentage of budded G2 phase cells; in 

contrast, clbl A has no mitotic phenotype.
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Figure 1.5. The cascade of S phase promoting factors in budding yeast.

In late G l, when cells reach the critical cell size, Cln3-Cdc28p kinase activates 

a transcription program mediated by SBF and MBF. SBF drives the transcription of 

CLNl and CLN2, which encode Gl cyclins required for START, while MBF drives 

the transcription of CLB5 and CLB6  and many replication genes. CLB5 and CLB6  

encode two S phase cyclins that associate with Cdc28p and in turn brings about the 

onset of S phase. Clb5/6-Cdc28p kinases are kept in an inactive state by Siclp until 

Siclp is targeted for destruction by the combined activities of Clnl/2-Cdc28p 

(Schwob et aL, 1994) and SCF, a complex that contains Cdc34p and at least three 

other proteins called Cdc4p, Cdc53p, and Skplp (Feldman et aL, 1997). Degradation 

of Siclp leads to the activation of Clb5/6-Cdc28p and S phase entry. A second kinase 

Cdc7-Dbf4p is also activated in a ST ART-dependent manner and together with the 

Clb5/6-Cdc28p kinase goes onto trigger the initiation of DNA replication. In addition 

to Siclp, the Cln cyclins are also ’turned over’ in a manner dependent of Cdc34p, 

Cdc53p, and Skplp (Deshaies et aL, 1995). Although both Siclp and Cln cyclins are 

activated by Cdc34p, Cdc53p and Skplp for their degradation, Cdc4p is dispensable 

for Cln turnover and is replaced by a protein called Grrlp, for Clnlp and Cln2p- 

specific proteolysis (Barrai etaL, 1995).

In M phase, mitotic cyclin ubiquination is mediated by the Anaphase- 

Promoting Complex (AFC), ubiquitin ligase (Imiger et aL, 1995; Imiger and 

Nasmyth, 1997). By mediating cyclin degradation, the AFC regulates orderly 

progression through mitosis and plays an important role in inactivating mitotic CDKs.
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Figure 1.5. The cascade of S phase promoting factors in budding yeast.
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Table 1.2. S.cerevisiae cyclins and their properties.

Cyclin Type of 
cyclin

CDK GDI Expression 
during cell- 
cycle

Substrate Features

Clnl Gl Cdc28 Farl
S id

Peaks in 
late Gl

SBF
(activates)

-

Cln2 Gl Cdc28 Farl
S id

Peaks in 
late Gl

SBF
(activates)

-

Cln3 Gl Cdc28 Farl Peaks at 
M/Gl

SBF
(activates)

Couples cell 
size to cell- 
cycle

Clbl B-type Cdc28 - Peaks in 
late G2

SBF
(inhibits)

-

Clb2 B-type Cdc28 - Peaks in 
late G2

SBF
(inhibits)

Required for 
Mitosis

Clb3 B-type Cdc28 - Peaks in S 
phase

- -

Clb4 B-type Cdc28 - Peaks in S 
phase

- -

ClbS B-type Cdc28 S id Peaks in 
late Gl

MBF Necessary for 
efficient DNA 
replication

Clb6 B-type Cdc28 S id Peaks in 
late Gl

MBF Necessary for 
efficient DNA 
replication

Abbreviations used: CDK, cyclin dependent kinase; GDI, CDK-inhibitor proteins.
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1.5. START-SPECIFIC TRANSCRIPTION

START is arguably the most important event in the life cycle of a yeast cell 

because this step determines whether the cell will commit itself to a round of mitotic 

division. Transcriptional controls have an important role at START. Passage through 

START requires the activation of Cdc28p by association with the Gl cyclins. 

Consistent with their role at START, CLNl and CLN2 are periodically transcribed, 

with peak transcription at late Gl (Measday, et aL, 1994). Recent analysis of 

transcription patterns by DNA microarray methods has revealed that CLN 1 and CLN2 

are co-ordinately expressed around START along with PCLl, PCL2 and a further 

group of 120 genes (Cho et aL, 1998; Spellman et aL, 1998). Cell-cycle-dependent 

transcription of these genes is directed by two transcription factors, SBF (SCB- 

binding factor) and MBF (MCB-binding factor).

1.5.1. START-specific transcription factors: SBF and MBF

SBF contains Swi4p and Swi6 p (Primig et aL, 1992), and activates 

transcription through binding to cw-acting regulatory DNA elements called SCB’s 

(Swi-dependent cell-cycle boxes) (Andrews and Herskowitz, 1989; Nasmyth and 

Dirick, 1991; Koch and Nasmyth, 1994). SCBs are present in the promoters of 

several genes including the HO, CLNl, CLN2, PCLl, and PCL2 genes (Cross et aL, 

1994). The Swi4 protein specifically binds to SCB DNA elements, which contain the 

consensus sequence 5- CACGAAA-3, whereas Swi6 p does not bind DNA (Sidorova 

and Breeden, 1993; Figure 1.6). SBF is the dominant factor controlling the 

expression of CLNl and CLN2 (Ogas et aL, 1991) and was originally discovered as a 

major factor controlling START-specific transcription of the HO endonuclease 

(Nasmyth, 1985).

The timing of SBF-mediated gene expression, is tightly controlled and 

requires multiple levels of regulation of SBF activity. These include the binding of 

SBF to SCBs in early G l, the activation of SBF at START, and the dissociation of 

SBF from SCBs after S phase. The activation of SBF is dependent on the activity of 

Cln3-Cdc28p kinase at START (Stuart and Wittenberg, 1995) and in G2 phase, SBF- 

dependent transcription is repressed by Clb-Cdc28p (Koch et aL, 1996). Repression
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of SBF has been suggested to involve the phosphorylation of Swi4p and Swi6 p 

(Amon et aL, 1993; Breeden, 1996) and/or interaction of B-type cyclins, such as 

Clb2p with Swi4p, based on in vitro studies that show Clb2p interactions with Swi4p 

(Siegmund and Nasmyth, 1996) and the inability of cells that lack Clb 1-4 to repress 

SBF-dependent genes (Amon et aL, 1993). In addition, microarray experiments have 

shown the repression of -100 transcripts by the overexpression of Clb2p. Following 

mitosis, the rapid proteolysis of the B-type cyclins allows SBF to bind to SCBs again 

(Koch et aL, 1996). SBF activity is also influenced by changes in the localisation of 

Swi6 p within the cell. During S, G2, and early M phases Swi6 p is located in the 

cytoplasm and through late M and G l phases it remains nuclear (Taba et aL, 1991; 

Breeden and Mikesell, 1994; Sidorova et aL, 1995). The localisation of Swi6 p is 

dependent on the phosphorylation of serine-160 (Koch et aL, 1996). It has been 

suggested that phosphorylation of serine-160 in late G l, S and M phases may act to 

conceal an adjacent, cryptic nuclear localisation signal (Baetz and Andrews, 1999). 

Dephosphorylation of phospho-serine-160 occurs in G l and correlates with Swi6 p 

nuclear localisation (Sidorova et aL, 1995). Since Swi4p is nuclear throughout the 

cell-cycle, as shown using indirect immunofluorescence assays, it is incapable of 

promoting transcription in the absence of Swi6 p (Baetz and Andrews, 1999). In 

summary, periodic transcription of SBF is controlled at three stages throughout the 

cell-cycle. From telophase to START, SBF is bound to the promoter but is 

transcriptionally inactive. At START, SBF is converted to an active state by Cln3- 

Cdc28p, although the precise mechanism by which Cln3-Cdc28p activates SBF 

remains a mystery. Finally, from G2 to M, SBF leaves the promoter in a Clb-Cdc28p 

dependent manner.

The role of Cln3p in the regulation of CLNl and CLN2 transcription is not 

fully understood but a few of the important factors involved are known. As 

previously mentioned, the cells tolerate any permutation of double deletions of the Gl 

cyclins. This originally led to a model where the expression of the cyclin genes was 

in a ’positive feedback’ loop with their protein products (Cross and Tinkelenberg, 

1991; Dirick and Nasmyth, 1991). However, the currently accepted model of SBF 

activation at START dispenses with the ’positive feedback’ loop since Stuart and 

Wittenberg (1995) have shown that Cln3p is required for the correct timing of 

expression of CLNl and CLN2. It is known that for maximal expression, the 

promoter must contain intact SCB (and MCB) elements and that these are acted upon
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by SBF, which relies on the activity of CIn3-Cdc28p to activate transcription. Exactly 

how Cln3-Cdc28p carries this function is not understood. However, since it is a 

protein kinase, attention has focused on its potential to phosphorylate SBF and MBF 

components, particularly Swi6 p, but no conclusive evidence confirming this role has 

been presented.

Swi6 p also interacts with a second DNA-binding protein, Mbpl, to form a 

transcription factor known as MBF (Koch et aL, 1993), Figure 1.6. MBF activates 

START-specific expression of SWI4, CLB5, and CLB6 , and genes required for DNA 

synthesis such as TMPl (thymidylate synthase) (Stuart and Wittenberg, 1995). This 

process involves binding of MBF to promoters containing MCB (Mlul cell-cycle box) 

elements in late Gl. The MCB element is a six base pair sequence, 5-ACGCGT-3’ 

(Lowndes et at., 1991). The structural and functional role of Mbplp will be discussed 

in detail in Chapter Five.

Deletion of any one of the genes encoding SBF or MBF (Swi6 p, Mbplp, and 

Swi4p) is not lethal, but phenotypically these cells are enlarged (Koch et at., 1993). 

This has led to the suggestion that, in the absence of Swi4p, CLNl or CLN2 

expression can be mediated by MBF (Ogas et aL, 1991). Similarly, CLB5 can be 

regulated by SBF in the absence of MBPl (Koch et aL, 1993). This implies possible 

crosstalk between the MBF and SBF pathways in vivo. Interestingly, double mutants 

such as, SWI4 and MBPl or SWI4 and SWI6  are non-viable (Koch et aL, 1993; 

Nasmyth and Dirick, 1991). However, a swi6A mbpl A strain remains viable, 

suggesting that unlike SBF, MBF is a nonessential complex. A plausible reason for 

the viability of strains lacking MBF may be due to the constitutive expression of 

MCB-regulated genes throughout the cell-cycle, which, in the absence of MBF are not 

downregulated (Koch et aL, 1993). The fact that swi4A mbpl A cells are inviable 

shows that at least one of the DNA-binding proteins associated with Swi6 p is needed 

for START since these mutant cells die before DNA synthesis (Koch et aL, 1993).
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Figure 1.6. Diagrammatic representation of Swi6 p interaction with Swi4p and 

Mbplp, through their C-termini, to form SBF and MBF. SBF and MBF bind to their 

respective target sites via the N-termini of Swi4p and Mbplp to SCB and MCB 

elements, respectively to activate START-specific gene expression.
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1.5.2. SBF and MBF-like factors in other eukaryotes

In fission yeast, transcription of DNA synthesis genes are regulated by the 

DSCl transcription factor, which bind to MCB-like sites (Reymond and Simanis, 

1993). DSCl activity is essential for the cell to enter S phase and is composed of 

Cdc 1 Op (Aves et aL, 1985), and Res Ip and Res2p (Whitehall et aL, 1999). Cdc 1 Op is 

orthologous to Swi6 p and appears to be functionally equivalent. The partner subunits 

of Cdc 1 Op, Res Ip, and Res2p, also provide DNA-binding activity and are structurally 

similar to Swi4p and Mbplp (Caligiuri and Beach, 1993), Figure 1.7 (Section 1.8). 

The DSCl complex binds to promoters of cdc22‘̂ , which encode a subunit of 

ribonucleotide reductase, and c d t l \  which encodes a product involved in DNA 

synthesis (Lowndes et aL, 1992). The activity of the fission yeast complexes is 

dependent on the activity of Cdc2p, the major CDK activity in S.pombe. Like Cdc28p 

in S.cerevisiae, Cdc2p activity has been shown to be required both at START to allow 

Gl/S transition, and at mitosis (Nasmyth, 1993; Nigg, 1995).

In mammalian cells, progression through the cell-cycle requires transcription 

factors E2F and p53 (La Thangue, 1994). Although the activities of E2F in 

mammalian cells are not equivalent to the Swi-like family of proteins in budding and 

fission yeast, they are in some sense, analogous. E2F transcription factors regulate 

the expression of a number of genes important in cell proliferation particularly those 

involved in progression through Gl and S phase of the cell-cycle. The activity of E2F 

factors is regulated through association with the retinoblastoma tumour supressor 

protein (Rb) and other pocket proteins, p i07 and p i30 (Chellappan et aL, 1991. 

Binding of Rb, p i07 or p i30 converts E2F factors from transcriptional activators to 

transcriptional repressors (Johnson and Schneider-Broussard, 1998). The interplay 

among Gl cyclins, CDKs, CKIs, and protein phosphotases determines the 

phosphorylation state of the pocket proteins which in turn regulates the ability of the 

pocket proteins to complex with E2F. E2F activity is further regulated through direct 

interactions with other factors, such as cyclin A, p53, etc. For example E2F interacts 

with cyclin A-CDK2 in vivo and becomes specifically phosphorylated by it. This in 

turn downregulates its ability to bind DNA and activate transcription (Dynlacht, 

1997). As E2F regulates several proteins required for proliferation, this control 

restricts the expression of target genes during the cell-cycle. The E2F transcription 

factor family comprises of two distantly related subfamilies, E2F and DP. E2F
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activity is dependent on the heteromeric association between each type of subunit, for 

example, E2F-1 and DP-1 form specific heterodimers and act to enhance DNA- 

binding, transactivation, and the binding of the Rb protein. Interestingly, the 

consensus binding site for E2F and DP proteins (5 -c/gGCGCg/c-3) has significant 

similarity to the SCB element and more importantly, both E2F and DP proteins have a 

fold related to the winged-helix DNA-binding motif (Zheng et aL, 1999).

1.5.3. The target sequences of MBF and SBF complexes.

MBF and SBF complexes bind to their respective cis-acting elements MCB, 

and SCB and activate transcription in late Gl phase. MCB elements (consensus 5- 

ACGCGTNA-3’) have been found in the promoters of S phase cyclin genes, CLB5, 

CLB6 , and in many DNA synthesis genes including thymidylate synthase (TMPl), 

DNA ligase (CDC9), DNA polymerase I, II (POLl, POL2), and DNA primase I, II 

(PRI 1, 2). SCB elements (consensus 5 -CACGAAA-39 have been found in 

promoters of Gl cyclins, CLNl, CLN2, PCLl, PCL2 and in the promoter/upstream 

activating sequence (UAS) of the HO endonuclease gene. Most promoters of these 

genes contain a single MCB or SCB sequence. However, repeated MCB/SCB 

sequences are known to occur. For example, ten copies of SCB sequences are present 

in the HO promoter (Breeden and Mikesell, 1991) and two copies of MCB sequences 

are found in the TMPl promoter (McIntosh et al, 1991). According to recent 

genomic analyses, less than 30% of the late Gl upstream regions contain more than 

one copy of the MCB element (Wolfsberg et aL, 1999). While the functional effects 

of repeated binding elements remain unclear, studies have shown evidence of 

cooperative interactions between MBF complexes bound to repeated MCBs in the 

TMPl promoter region (Lowndes et al, 1991; Dirick et al 1992).

It is interesting to note that the core sequences of both MCB and SCB 

elements are similar. Mutations within the core sequence of the MCB element have 

been shown deleterious to Mbpl-directed regulation of the TMPl promoter in vivo 

(McIntosh et aL, 1991). StuAp (stunted growth protein A) and Xbplp (X/ioI-binding 

protein) also bind to a DNA recognition sequence with similarities to SCB’s and 

MCB s. The central bases, which appear critical for binding by these proteins, are 5’- 

GTCGA-3’ for Xbplp (Mai and Breeden, 1997), and 5’-CGCG-3’ for the MCB-like 

StuAp response element (StRE) (Dutton et aL, 1997). Indeed, comparisons of the
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consensus DNA recognition sites of S.cerevisiae Xbplp, Swi4p and Mbplp and the 

S.pombe Resl/Res2/Cdcl0 proteins reveal a conserved core sequence, 5-CNCG-3’, 

that is present within all of the binding sites, as shown below.

Mbp1 A C G C G T N A

Res 1/2 A Ç G C G T

Swi4 C A C G A A A

StuA A/r C G Ç G T/A N A/c

Xbpi G C C T C G A G G O

1.6. THE ROLE OF M BPl AND SWI4 PROTEINS

1.6.1. Binding of Mbplp and Swi4p in vitro

MCBs have been identified from comparisons of the UAS regions of TMPl, 

CDC8 , CDC9 and POLl, all of which contain at least one copy of the MCB 

hexanucleotide sequence (McIntosh et aL, 1991). Mutational and deletional analyses 

have suggested that MCB sequences are essential for transcriptional activation of 

these and other genes. A factor that binds specifically to these MCB elements was 

identified using gel retardation assays. This factor, known as MBF, was shown to 

control both the periodic expression and co-ordinate regulation of the DNA synthesis 

genes (Lowndes et aL, 1991). Detailed studies, using a combination of mutagenic and 

footprinting analysis, demonstrated binding of MBF to two MCB elements in the 

TMPl promoter. The chemical interference patterns of both MCB sites are similar 

and suggests that MBF binding involves two A:T base pairs outside the core hexamer 

sequence containing the Mlul restriction site (Dirick et aL, 1992), that is known to be 

necessary for MCB function in vivo (McIntosh et aL, 1991). Further studies 

employing UV cross-linking identified two components of MBF, Mbplp and Swi6 p, 

and demonstrated that Mbplp contains the DNA-binding activity of this transcription 

factor (Dirick et aL, 1992).

Similar approaches have also been used to identify and characterise the binding 

factor for SCB elements. Gel retardation assays revealed that Swi4p contained the
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DNA-binding activity within SBF and not Swi6 p (Primig et aL, 1992). These results 

are consistent with experiments showing that Swi4p overproduction allows HO to be 

transcribed without Swi6 p (Breeden and Mikesell, 1991) and that CLN2 can be 

partially activated by Swi4p in swi6 mutants (Nasmyth and Dirick, 1991). The 

binding site of Swi4p within the CLN2 promoter/UAS region was identified using 

carbéthoxylation interference analysis and was shown to be restricted to bases in the 

original SCB consensus sequence derived from analysis of the HO UAS (Nasmyth, 

1985). Swi4p binds to all three SCBs in the CLN2 promoter (Primig et aL, 1992). 

The DNA-binding domain of Swi4p was partially defined using a set of deleted 

versions of Swi4 polypeptides and a Swi4p polypeptide containing only residues 36- 

168 (within the N-terminal region) was found to be the most efficient DNA-binding 

protein in these studies. While sufficient for binding to the HO promoter in vivo, this 

domain alone failed to activate HO transcription (Primig et aL, 1992) consistent with 

the requirements for the rest of the molecule and other components of SBF (i.e. 

Swi6 p) for full biological activity.

1.6.2. Analyses of the DNA-binding activity by Mbplp and Swi4p

Many eukaryotic transcription factors bind DNA with an affinity of 10^-10^  ̂

M'  ̂ (Carey and Smale, 2000). In contrast, the affinities for MCB and SCB elements 

of M bplp and Swi4p respectively, have been shown to be much weaker (Taylor et al, 

2000). Mbplp (1-124) binds to MCB elements with an affinity of around 4.0 x 10  ̂

M'  ̂ and Swi4p (32-173) binds to SCB elements with an affinity of 1.2 x 10  ̂ M '\ 

However, similar binding affinities have also been observed in some mammalian 

transcription factors. For example, p65 (RelA) binds to the Ig-xB sequence, present 

in the intronic enhancer of the immunoglobulin K gene, with an affinity of 7.5 x 10  ̂

M '\ and IL-8 -kB, found in the enhancer of the gene encoding interleukin 8 , binds 

with an affinity of 5.3 x 10  ̂M'^ (Chen et aL, 2000). Both Mbplp (1-124) and Swi4p 

(32-173) bind to their cognate sequences as monomers i.e. one protein molecule per 

recognition site (Taylor et aL, 2000). It has been suggested that the related Res2 

protein may bind as a dimer (Zhu et aL, 1997). However, given the degree of 

sequence conservation within this family of proteins (discussed later in Section 1.8.1) 

and the similarity in DNA-binding activity between Mbplp and Swi4p, it is likely that 

all proteins within this family bind as monomers to their cognate sequences.
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1.6.3. DNA-binding specificity by Mbplp and Swi4p

Mbplp and Swi4p exhibit similar binding specificity towards their cognate 

DNA sequences (Taylor et aL, 2000). Both Mbplp (1-124) and Swi4p (32-173) can 

discriminate against non-specific competitor DNA by a factor of -100. Furthermore, 

cross-competition assays between Mbplp and Swi4p with their respective cognate 

sites demonstrate that SCB elements can compete with MCB elements for Mbpl (1- 

124) binding and similarly MCB elements can compete with SCB elements for Swi4p 

(32-173) binding. Since MCB and SCB elements share a common recognition pattern 

C A/G C G as described earlier, it is not surprising that discrimination by either 

protein between MCB or SCB is weak. In fact, both proteins reveal only a 6 -fold 

preference for their respective cognate sites (Taylor et aL, 2000). Consistent with this 

observation, substantial crosstalk between the SBF and MBF pathways in vivo has 

been demonstrated. SBF complexes appear to bind to MCB-like sequences and not 

SCB elements for transcriptional activation in the regulation of CLNl gene 

expression (Partridge et aL, 1997). However, it is interesting to note that in vivo DMS 

footprinting analysis has revealed that SCB sequences in the CLN2 promoter are not 

protected from chemical modification in swi4 or swi6 mutants (Koch et aL, 1996), 

implying that MBF cannot substitute for SBF. Reasons for the different binding 

specificity observed for SBF and MBF in vivo may include interactions with other 

accessory proteins, variations in chromatin structure and other regulatory effects. For 

example, Clb2-Cdc28p kinase is known to interact with the ankyrin repeat domain of 

Swi4p and inhibit the DNA-binding of SBF possibly through Swi6 p phosphorylation. 

Recent chromatin immunoprécipitation (CHIP) experiments have shown the 

association of two chromatin remodelling complexes, SAGA and Swi/Snf, the 

repressor Ash Ip, and transcription factors SwiSp and SBF, to the HO endonuclease 

promoter as cells progress through the yeast cell-cycle. Swi5p’s entry into nuclei 

towards end of anaphase recruits Swi/Snf and SAGA to facilitate the binding of SBF 

to the HO promoter in Gl (Cosma et aL, 1999). More recently, Tafl7 (TBP- 

associated factors) a subunit of the TFIID general transcription factors, has also been 

implicated in the regulation of SBF- and MBF-dependent genes (Macpherson et aL, 

2 0 0 0 ), providing a potentially important molecular link with the basal transcription 

apparatus.
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1.7. THE ROLE OF SWI6 IN SEE AND MBF

The timing of SBF-regulated gene expression is similar to that of the MBF- 

controlled S phase gene expression. This coincidence, as well as the association of 

Swi6 p with two different specific DNA-binding proteins, suggests that Swi6 p may be 

responsible for the timing of gene expression in late G l. However, as previously 

described, Swi6 p does not bind DNA itself. Swi6 p associates with Swi4p and Mbplp 

(SBF and MBF, respectively) through the C-terminal domains of each protein (Koch 

et a l, 1993; Sidorova and Breeden, 1993; Siegmund and Nasmyth, 1996).

1.7.1. SWI6p as a transcriptional activator

Transcriptional activators are promoter-specific activator proteins. A typical 

activator contains a sequence specific DNA-binding domain and a separate activation 

region. Transcriptional activators contact their targets either directly or indirectly via 

intermediary proteins. Once activator proteins are bound to their target DNA 

sequences, they interact with the basal transcription machinery, and either recruit it to 

DNA, stabilise components already recruited to DNA or undergo a conformational 

change or modification (for example, phosphorylation) in their components in order to 

initiate transcription. Regulatory factors influence transcription levels by either 

enhancing or antagonising the activity of the basal transcriptional machinery 

(Latchman, 1998).

Swi6 p has been shown to act as a transcriptional activator in vivo when fused 

to a heterologous DNA-binding domain such as LexA or Gal4 1 .1 4 7  (Morgan et al.,

1996). Further studies have been able to specify the regions of Swi6 p involved in 

transcriptional activation and its regulation (Sedgwick et al., 1998). GALuAS-LacZ 

reporter assays in C-terminally deleted LexA-Swi6  molecules and N-terminally 

deleted Gal4oB-Swi6 fusion molecules, have located activation functions at specific 

regions of the Swi6  protein: TARl (transcriptional activation region) in the region N- 

terminal to the ankyrin-repeats (ANK) and TAR2 within the C-terminus (Chapter 

Three, Section 3.2). The TAR regions activate transcription in the presence of each 

other and in isolation. However, the central ANK repeats of Swi6 p exert an 

antagonistic effect on transcriptional activation by either TAR. Cdc28p may possibly 

involve the modification of accessory proteins that interact with the Swi6 p complexes
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and mediate activation. This may involve the interaction with putative accessory 

proteins mediated by the ankyrin repeats of both Swi6 p and Swi4p, since the repeats 

mediate protein-protein interactions in other proteins (Sedgwick and Smerdon, 1999). 

For example, Stblp (Sin three-binding protein) binds to the ankyrin repeats of Swi6 p 

in vitro (Ho et al., 1999). STBl encodes a novel protein that was originally identified 

in a Two-hybrid screen with the general transcriptional repressor Sin3p, a histone 

deacetylase (HDAC) (Kasten and Stillman, 1997). The precise role of STBl in 

MBF/SBF regulated transcription at present remains unclear. However, stblls. cln3A. 

double mutant cells show a defect in Gl progression and a longer delay in the onset of 

START than observed in the clnSA single mutant. This suggests that STBl is 

important for the timing of START transcription in the absence of CLN3 function and 

implies a possible parallel connection to the CLN3 pathway for the activation of 

START transcription (Ho et at., 1999).

1.8. STRUCTURAL ARCHITECTURE OF SWI6-SWI4-MBP1 

FAMILY

Sequence comparisons of Swi6 p, Swi4p, and Mbplp reveal three regions with 

strong similarities (Figure 1.7). These regions include the N-terminus, the central 

region and the C-terminus. Swi6 p, Swi4p, and Mbplp have both functional and 

sequence similarity to homologues in two other yeast, S.pombe and Kluyveromyces 

lactis. For instance, Swi6 p in K.lactis shares 55% identity to Swi6 p in S.cerevisiae 

(Koch et a l, 1993). In S.pombe, these homologues are CdclOp, Res Ip, and Res2p, 

which also mediate Gl-S control.
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Figure 1.7. Schematic representation of the Swi6-Swi4-Mbpl family of transcription 

factors adapted from Koch et aL, 1993. Regions of similarity are shaded. (I) DNA- 

binding domain, (II) central region encompassing ankyrin motifs (ANK), (III) C- 

terminal similarity of Swi4p and Mbplp, and K.lactis Mbplp, and (IV) C-terminal 

similarity of Swi6 p, K.lactis Swi6 p, and CdclOp.

1.8.1. The N-terminal DNA-binding region of Swi6-Swi4-Mbpl family

The N-termini of Swi4p, Mbplp, Res Ip and Res2p contain highly conserved 

sequences and bind DNA (Koch et al., 1993; Primig et al., 1992; Taylor et al., 2000) 

(Figures 1.7 and 1.8). CdclOp shows some sequence similarity but no DNA-binding 

activity has been demonstrated (Ayte et ai, 1995). Furthermore, Swi6 p has little or 

no homology, and similarly, has no DNA-binding activity (Primig et al., 1992). To 

date, only structures of the N-terminal domains of Mbplp (Xu et al., 1997; Taylor et 

al., 1997b) and Swi6 p (Taylor et al, unpublished data) have been solved and are 

described in Chapters Five (Section 5.1.4) and Three (Section 3.2), respectively.
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Res1_Sp 87 HaHEYNVFD.LIQPL..IEYS...GSAFMPMSTFTPQSN...................................... RKPTEA

Res2_Sp 89 B^TKYKVDG.IMSPI..LSLDIDEGKAIAPKKKQTKQKKPSVRGRRG................. RKPSSL

Swi4_Sc 181 SSTSATTTAANRKGKKNASINQ 

Mbp1_Sc 131 SASTSAIMET.KRNNKKAEENQ

Mbp1_kl 134 SASVPS GKVSEKASSQQQ

Res1_Sp 126 Y R . . .RNSPV.KKSFSRPSHSL 

Res2_Sp 139 SSSTLHSVN.EKQPNSSISPTI

Figure 1.8. Sequence alignment of the DNA-binding domains of S.cerevisiae 

Mbplp, K.lactis Mbplp, S.cerevisiae Swi4p and S.pombe Res Ip and Res2p using 

ClustalW (Thompson et al., 1994). Residues conserved in all five members of this 

family are highlighted in black. Conserved basic residues in the C-terminal regions 

are coloured blue.
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1.8.2. The Central region of the Swi6-Swi4-Mbpl family

The second region of similarity is centrally located and consists almost 

entirely of ankyrin repeat motifs (ANK) (Breeden and Nasmyth, 1987). This region is 

present in all the family members (Figure 1.7). To date, only the Swi6 p-containing 

ANK structure has been determined from this family and is described in Chapter 

Three (Section 3.2).

ANK motifs are found in many regulatory proteins from both prokaryotic and 

eukaryotic organisms and are known to mediate protein-protein interactions 

(Michealy and Bennet, 1992; Sedgwick and Smerdon, 1999). The ANK motifs were 

originally reported by Breeden and Nasmyth (1987), as a -33 residue repeating motif 

in the sequences of Swi6 p and CdclOp, and in the Notch and LE^-12 developmental 

regulators from Drosophila melanogaster and Caenorhabditis elegans. They have 

since been found in transcription factors, toxins, membrane proteins and the ankyrin 

cytoskeleton protein (Bork, 1993). These motifs have been shown to be employed in 

cyclin-CDK inhibitors such as Pho81, an inhibitor of the budding yeast cyclin-CDK 

complex Pho80/Pho85 (Ogawa et al, 1995) and the INK4 family of metazoan cyclin- 

CDK inhibitors (Venkataramani et a l, 1998; Pavletich, 1999).

In Swi6 p, the ANK domain has been demonstrated to act as an attenuator of 

TARl and 2 transcriptional activation (Sedgwick et al, 1998). Furthermore, the ANK 

repeats of Swi6 p have also shown to bind Stblp in vitro (Ho et a l, 1999) as 

previously mentioned in Section 1.7.1. In Swi4p, the ANK domain physically 

interacts with Clb2p in vitro (Siegmund and Nasmyth, 1996). The interaction of 

Clb2-Cdc28p kinase with SBF seems to be responsible for SBF inactivation in early S 

phase (Koch et al, 1996). Therefore, the ANK repeats may be directly involved in 

signalling events between SBF and cyclin-CDK complexes that both positively and 

negatively influence transcriptional activation throughout the cell-cycle (Foord et a l, 

1999).

1.8.3. C-terminal heteromerisation domain of the Swi6-Swi4-Mbpl family

The DNA-binding proteins (Swi4p, Mbplp, K.lactis Mbplp, Resl etc) share 

high sequence homology within their C-termini (Figure 1.9). In Swi4p and Mbplp, 

these highly homologous sequences are essential for Swi6-Swi4 and Swi6 -Mbpl
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heteromerisation (Andrews and Moore, 1992; Primig et a l, 1992; Koch et a l,  1993). 

Specific C-terminal residues of Mbplp that are required for interaction with Swi6 p 

are known to reside within a region of 183 amino acid residues that span the amino 

acids 650 to 833 (Siegmund and Nasmyth, 1996). Likewise, the C-terminal region of 

Swi4p, that has been shown to be necessary for full interaction with Swi6 p, has been 

limited to amino acids 1017 to 1095 (Siegmund and Nasmyth, 1996).

Swi6 p, K.lactis Swi6 p, and S.pombe CdclOp are also highly homologous 

(Koch et a l, 1993; Siegmund and Nasmyth, 1996; Figure 1.9). Therefore, the DNA- 

binding proteins and the regulators (i.e. Swi6 p and CdclOp) are distinguishable by C- 

terminal homology, consistent with the observed specificity of interaction.

Swi6

MbplSwi4

In S.pombe, there are some indications that Res Ip and Res2p associate with 

CdclOp at the same time (Whitehall et a l, 1999). However, there is no indication that 

this is true for Swi4p and Mbplp.

Overall, the above data imply that each interacting pair use similar structures 

for binding and that the sequence differences give rise to their observed specificity.
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Figure 1.9. C-terminal sequence homology between Swi6p, K.lactis Swi6p and 

CdclOp and Mbplp, Swi4p using ClustalW (Thompson et aL, 1994). Homologous 

sequences are shown highlighted in blue. Dark squares indicate amino acid residues 

shared among all the family members.

1.9. AIMS OF THIS WORK

Transcription factors contain distinct DNA-binding domains, for recognition 

of target genes, and activation domains, for stimulation of the transcriptional 

machinery (Triezenberg, 1995). Modular organisation allows the eukaryotic 

transcription factors to facilitate oligomerisation, interaction with other proteins, 

transcriptional activation or repression, ligand binding and response to intracellular 

signals. These characteristics are important for the function of eukaryotic 

transcription complexes in gene regulation because by their interaction with the 

different DNA sequence motifs and with each other, the various transcription factors 

form complex protein assemblies that regulate the ability of RNA polymerase II to 

initiate transcription. Many of the factors are cell-specific or act only at certain 

intervals in cell-cycle or development. In a sense, the interactions of the factors with
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regulatory signals in DNA and with each other determine where, when and how fast 

the transcription machinery operates.

In budding yeast, progression through the cell-cycle occurs at START when 

factors such as cell size, nutrient availability etc are favourable. During this phase in 

the cell-cycle, the transcription factors, SBF and MBF activate genes that are 

predominantly involved in budding, membrane and cell wall biosynthesis, and in 

DNA replication and repair (Iyer et aL, 2001).

The aim of this thesis is to structurally investigate the DNA-binding and the 

Swi6-Swi4 and Swi6-Mbpl heteromerisation modules of SBF and MBF, in order to 

understand the mechanism by which these transcription factors function. In this 

thesis, I present the biochemical, biophysical and structural studies of the C-terminal 

heteromerisation region of Swi6p and assess the DNA-binding model proposed for 

the N-terminal region of Mbplp by site-directed mutagenesis.

57



c m '”

58



MATERIALS AND METHODS

2.1. MOLECULAR BIOLOGICAL PROCEDURES

Unless otherwise indicated all the procedures described below were based 

upon manufacturers protocols, or taken from Sambrook et aL, (1989).

Plasmid DNA clones encoding the SWI6, SWI4, and MBPl open reading 

frames (ORFs), were provided by Dr. Steve Sedgwick (Yeast Genetics, NIMR). 

These were used as templates for amplification of the protein coding regions of the 

gene by the polymerase chain reaction (PCR). The accession numbers of the DNA 

and proteins studied in this thesis are listed in Table 2.1.

Table 2.1. Accession numbers of DNA (GenBank/EMBL) and protein (PIR-PSD^)
used in this study. (#, Protein Information Resource -Protein Sequence database; http://pir.georgetown.eduI

Name DNA/

protein

Accession

Numbers

SWI6 DNA X06238

Swi6p Protein RGBYW6

SWI4 DNA X51606

Swi4p Protein S50614

MBPl DNA X74158

Mbplp Protein A47528
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2.1.1. Bacterial strains

E.coli XL-1 Blue (Stratagene) and DH5a (Gibco BRL) cells were used in 

transformation for initial cloning and DNA purification respectively. E.coli BL21 

(DE3) cells (Stratagene) were used for all protein expression. The DB3 lysogen 

contains the TV polymerase gene under the control of the lacUVS promoter. Addition 

of IPTG (isopropyl p-D-thiogalactopyranoside) induces expression of TV polymerase 

and thus of the recombinant protein. The genotypes of each bacterial strain are shown 

in Table 2.2.

Table 2.2. The genotypes of the E.coli strains used in this study.

E.coli cell Strains Genotype

XL-1 Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 recAl lac[F’proAB 

lac‘̂ ZAM15TnlO(Tef)]

DH5a F ’ (pSOdlacZAM 15 A(lacZYA-argF) U169 deoR recAl endAl 

hsdR17 (kk-, ruK+) phoA supE44 Z- thi'l gyrA96 relAl.

BL21(DE3) E.coHBF’dcm ompThsdS(rB-mB-) gal À(DE3)

2.1.2. Plasmid vectors and constructs

Recombinant proteins were expressed using pET22b, pET28a (Novagen), and 

pGEX 4T-1 (Pharmacia Biotech) host vectors (Table 2.3). Histidine-tagged (His-tag) 

constructs of SWI6, SWI4, and MBPl were generated using PCR from genomic 

DNA, with the primers listed in Table 2.4. The resulting DNA fragments were cloned 

into the required host vector (either pET22b or 28a) via standard cloning procedures 

(Sambrook et al., 1989). See Table 2.5 for details. C-terminal Swi4p Glutathione-S- 

transferase (GST) fusion protein fragments were produced using pGEX 4T-1. The 

protein sequences expressed from each of the cloned constructs are listed in Figure

2 . 1.
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Table 2.3. Details of the plasmid vectors used in this study.
E.coli expression Antibiotic marker Promoter Fusion

system vector

pET 22b
(Novagen)

ampicillin T7 lac C-terminal His-tag 
sequence

pET 28a
(Novagen)

kanamycin T7 lac N-terminal His- 
tag/thrombin/T7-tag 
configuration plus an 
optional C-terminal 
His-tag sequence

pGEX 4T-1
(Pharmacia Biotech)

ampicillin tac N-terminal 
glutathione S- 
transferase (GST) and 
thrombin recognition 
site

Table 2.4. Primers used for cloning the C-terminal constructs of Swi6p, Mbplp, and 
Swi4p.__________________________________________________________________

Constructs 5’ Oligonucleotides 3’ Oligonucleotides

Swi6p 24kDa
(604-803)

5’-GGGAATTCCATATGG
AACAAGTAGCAAATG

TGAAGCAATTG-3’

5'- GGGATTGGTCGAGTG 
AAGGATGGTTTTTTAAAA 

AATGTTGG-3’

Swi6p 18kDa 
(657-803)

5 ’-GGGAATTGGATATGGA
GTGTAGGGAATATGAT

GGAG-3'

5'- GGGATTGGTGGAGTG 
AAGGATGGTTTTTTAAAA 

AATGTTGG-3'

Swi6p lO.SkDa
(723-803)

5’-GGGAATTGATATGTTGAA 
GGGAAGAATAAATGGATA 

GAAGGG G-3'

5’- GGGATTGGTGGAGTG 
AAGGATGGTTTTTTAAAA 

AATGTTGG-3’

Mbplp 12kDa
(739-834)

5’-GGGGAATTGGATATGAAG
AGAGTTGAGAAAGATA

ATAATAGG-3’

5’-GGGAAGGTTGTAGTG
GAGTGGATGAGTATTGG

GGTTTGAGAT-3’

Mbplp 9.6kDa
(759-834)

5’-GGGAATTGATATGTTGGA 
ATT AG AA AG G A AAAAG A A 

ATTGAGTTGG-3’

5’-GGGAATTGTGGAGT
GGATGAGTATTGGGGTTT

GAGATTGTG-3’

Swi4p 9.9kDa
(1019-1093)

5 ’-GGAATTGGGGATGGGTAA 5’-GGGAAGGTTTTAGTGG 
TAGTGTAGAAGAATGAT AGTGGGTTTGGGGTG

ATGATG-3’ AAATGGTTTTG-3’

61



Table 2.5. Cloned fragments of Swi6p, Swi4p, and Mbplp.

Ail constructs were cloned such that the His-tag was fused to the C-terminus, except 

for pGEX 4T-1 vector which expressed an N-terminal GST-tag and pET28a, which 

utilised an N-terminal hexa-histidine tag.

Genes of 
required 
proteins

Cloning of 
corresponding 
Amino acid 
positions

Restriction
Enzymes
used for
engineering
individual
construct

Vectors 
used for 
cloning 
relevant 
genes

No. of 
residues 
expressed 
(with His- 
tag)

MW (kDa) 
of expressed 
protein

SWI6 604-803 Ndel
Xhol

pET22b 208 24

SWI6 657-803 Ndel
Xhol

pET22b 155 18

SWI6 723-803 Ndel
Xhol

pET22b 89 10.5

SWI4 1019-1093 Ncol
Xhol

pET28a 85 9.9

SWI4 1019-1093 EcoRl
Xhol

pGEX 4T-1 102 36

MBPl 739-833 Ndel
HindUl

pET22b 104 12

MBPl 759-833 Ndel
Xhol

pET22b 83 9.6

MBPl^ 1-124 Ndel
HindYll

pET22b 137 15.5

#, gift from Ian Taylor
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1. Swi6p-24kDa (604-803)

M“ ^'EQLANVKQLKDAEYSLMQEQLTNLKAG1EEEEESFREESKKLGIIADESSGIDWDSSEYDADEPFKVEFLSDFLE

DKLQKNYEGDISKLLEAESKEQIMEQIRNQLPAEKIQSMLPPTVLLKARINAYKRNDKHLTNVLDTISTKQSELENKFRR

yLSLCLKlDENK^NM LDGLLQAiSSEDPQDIDTDEMQDFLKKH®°^'ASLEHHHHHH

2. Swi6p-18kDa (657-803)

M^^'DSSEYDADEPFKVEFLSDFLEDKLQKNYEGDISKLLEAESKEQIMEQIRNQLPAEKIQSMLPPTVLLKARINAYKR

NDKHLTNVLDTISTKQSELENKFRRVLSLCLKIDENKVDNMLDGLLQAISSEDPQDIDTDEMQDFLKKH^ASLEHHHH

HH

3. Swi6p-10.5kDa (723-803)

M^^LKARINAYKRNDKHLTNVLDTISTKQSELENKFRRVLSLCLKIDENKVDNMLDGLLQAISSEDPQDIDTDEMQDFL

KKHA“” 'SLEHHHHHH

4. Swi4p-9.9kDa (1019-1093)

MA^°^^NTVQESYDVNETLRLATELTILQFKRRMTrLKISEAKSKINSSVKLDKYRNLIGITIENIDSKLDDIEKDALRAN^°” ~

ALEHHHHHH

5. Swi4p-40kDa (1019-1093)

G.Sr/ky/ow-MA^°^^NTVQESYDVNETLRLATELTILQFKRRMTTLKISEAKSKINSSVKLDKYRNLIGITIENIDSKLDDIEKD

ALRAN'°®^ALERPHRD

6. Mbplp-12kDa (739-833)

M^^^NTVEKDANNTLERLELAQELTMLQLQRKNKLSSLVKKFEDNAKIHKYRRIIREGTEMNIEEVDSSLDVILQTLIANN

NKNKGAEQIITISNANSH®^^ALEHHHHHH

7. M bplp-9.6kDa (759-833)

M^®®'LQLQRKNKLSSLVKKFEDNAK!HKYRRIIREGTEMNIEE^SSLDV1LQTLIANNNKNKGAEQIITISNANSH“ ^'ALE

HHHHHH

8. Mbplp-15.5kDa (1-124)

m '~ s n q i y s a r y s g v d v y e f i h s t g s i m k r k k d a d w v n a t h il k a a n f a k a k r t r il e k e v l k e t h e k v q g g f g k y q g t

WVPLNIAKQLAEKFSVYDQLKPLFDFTQTDGSASPPPAPKHHHASKV'^^-DKLAAALEHHHHHH

Figure 2.1. Protein sequences encoded by each construct. Conserved residues within 

the C-termini are highlighted in red, and those in the N-terminus are in blue; 

homologous residues shared among Swi6p, Swi4p, and Mbplp C-termini are 

underlined.
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2.1.3. Polymerase chain reaction (PCR)

PCR reactions were carried out using a MJ Research PTC-200 Peltier thermal 

cycler. All reactions were carried out in sterile 500|il PCR reaction tubes in a total 

reaction volume of 60|il. The initial reaction mix consisted of the reagents as listed in 

Table 2.6, except the Pfu DNA polymerase (Promega). Reactions were initially 

incubated at 9TC  for 1 min prior to enzyme addition. This technique avoids 

unnecessary heating of the enzyme, allows for complete dénaturation of the DNA 

template, and also reduces non-specific priming during the initial warm up phase. A 

small amount of mineral oil was overlaid to stop evaporation of the reaction mixture 

during the PCR process. 25 PCR cycles were used after the initial 1 min dénaturation 

step as shown below:

95°C 90 sec (DNA dénaturation)

45°C 60 sec (primer annealing)

60°C 90 sec (primer extension)

Table 2.6. A typical reagent mixture for a PCR reaction. The dNTP mix includes the 
four-deoxynucleotide tri-phosphate bases at 2.5mM each.

Reagent Volume (|iL)

Oligonucleotide primer 1 (lOOpmol) 5

Oligonucleotide primer 2 (lOOpmol) 5

Template DNA (0.5-1 jig) 1

dNTP mixture (lOmM) 8

1.5mM MgCb 16

lOx PCR buffer (200mM Tns-HCl pH8.8, 
lOOmM KCl, lOOmM (NH4)2S04, 20mM MgS04, 
1% Triton X-100, Img/ml nuclease-free BSA)

6

Pfu DNA polymerase (3 U/|il) 1

dHzO 18

Total 60
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2.1.4. PCR product purification

PCR products were purified using the Magic PCR Clean up Kit (Promega) 

according to Manufacturer’s instructions. DNA from each reaction tube was eluted 

into 50p.l dHiO.

2.1.5. Restriction enzyme digests

Where possible, the restriction sites were chosen so that the reaction 

conditions for the respective enzymes were compatible. Both double and single 

restriction digests were carried out at 37°C for 1 hour. A general reaction mixture is 

given in Table 2.7. Reactions were halted, where possible, by heating to 70°C for 10 

min and cooling to 4°C before purification (see next Section).

Reagent Volume
(|iL)

DNA (50-100ng) 5

Restriction enzyme 1 1
(Ndel,\OV/[L\)
Restriction enzyme 2 1
(Xhol, lOU/ îl)
lOx reaction buffer 2
(6mM Tris-HCl pH6, 6mM MgCl;,
150mM NaCl, ImM DTT, pH 7.9)
dHiO 11

Total 20

2.1.6. Restriction digest purification

The digested DNA products were purified using a 1% low melting point 

agarose (LMP) gel. Briefly, after loading, gels were electrophoresed at 15V for 40 

min before being stained with O.lpg/ml ethidium bromide solution and visualised on 

an UV-transilluminator. The required DNA band was excised from the gel using a 

sterile scalpel blade and placed in a clean 1.5ml sample tube. The sample was heated
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at 65°C in a bench top heating block until the agarose had completely melted, at 

which stage 1ml of Promega Magic DNA Clean-up Binding resin was added and the 

suspension vortexed briefly three times over a period of 1 min. The purification 

method from this point is the same as that described in Section 2.1.4.

2.1.7. Plasmid DNA purification and DNA ligations

Plasmid DNA was purified from E.coli DH5a or XL 1-Blue using QIAGEN mini or 

midiprep kits according to manufacturer's instructions. The eluted DNA was 

precipitated by adding 3.5ml of room temperature isopropanol and mixed. The 

sample was centrifuged immediately at 15,000 g for 30 min at 4°C and the resulting 

supernatant was removed. The DNA pellet was washed with 2ml of room 

temperature 70% ethanol and centrifuged at 15,000 g for 10 min. The ethanol was 

carefully decanted and washed with 100% ethanol in the same way. The resulting 

pellet was air-dried for 10 min and redissolved in a suitable volume of TE buffer 

(lOmM Tris.Cl pH 8.0, ImM EDTA). The DNA concentration was determined by 

both UV spectrophotometry and quantitative analysis on an agarose gel.

Ligation reactions were carried out overnight at 16°C using T4 DNA ligase 

(Promega). Table 2.8 shows the components of a typical ligation reaction. The lOx 

ligation buffer composes of 300mM Tris/HCl pH 7.8, lOOmM MgCL, lOOmM DTT 

and 5mM ATP.

Reagent Volume (|xL)

Linearised host vector 2
(~50-100ng)
DNA PCR insert 6
(ratio of 1:3,
vector: insert)
T4 DNA ligase 1
(3 units)
1 Ox ligation buffer 1

Total 10
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2.1.8. Site-directed mutagenesis

The QuikChange kit (Stratagene) was used for all site-directed mutagenesis 

experiments (Table 2.9). The procedure utilises a supercoiled double-stranded DNA 

(ds DNA) vector template (50ng/|il) and two synthetic oligonucleotide primers 

(125ng/)il each).

Primers were designed so that both the 5’ and 3’ primers contained the desired 

mutation so that they anneal to the same sequence on opposite strands of the plasmid. 

Ideally, primers should be 25-45 bases in length and the melting temperature (Tm) 

10°C above the extension temperature. For example, to obtain the Cys ->Ser mutation 

at position 762 (C762S) of the Swi6p-18kDa (657-803) construct, a pair of 33mer 

oligonucleotide primers were designed that contained the appropriate base 

substitution (TGT^TCT; C762S). These primers are shown below (codon is 

underlined and base substitution is in boldface).

(sense) 5'-GAAGAGTGTTATCTTTATCTTTGAAAATCGACG-3'

(antisense) 3-CTTCTCACAATAGAAATAGAAACTTTTAGCTGC-5'

The Tm for the above primers were calculated to be 71.5°C according to the empirical 

formula (as per manual) and the extension cycling temperature was varied according 

to the Tm for each pair of primers.

Tm = 81.5 + 0.41 (%GC) - 675/N - % mismatch (N = primer length, bp)

Each complementary strand of the oligonucleotide was extended using Pfu DNA 

polymerase, which replicates both plasmid strands with high fidelity and with no 

displacement of the mutant oligonucleotide primers.

Each sample reaction contained 5|il of lOx reaction buffer (lOOmM KCl, 

60mM (NH4 )2 S0 4 , 200mM Tris HCl pH8.0, 20mM MgC12, 1% Triton X-100, 

100|LLg/ml nuclease-free BSA); l|xl of double stranded DNA template (50ng/|Lil final 

concentration), l)Lil each of sense and antisense primer (125ng/|il final concentration), 

l|il of lOmM dNTP mix (2.5mM each NTP), l|xl of Pfu DNA polymerase (2.5U/|il), 

made up to 50|xl total volume with water.
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The following cycling program was used:

1 cycle: 95°C 30 sec

12 cycles: 95°C 30 sec

55°C 1 min

65°C 12 min

1 cycle: TC 2 min

Following temperature cycling, the product was treated with l|xl Dpnl 

(lOU/pl) and incubated for one hour. The Dpnl endonuclease (target sequence 5'- 

G"^^ATC-3') is specific for methylated DNA and is used to digest the parental DNA 

template and thus select for newly synthesised, mutated strand. The nicked vector 

DNA, incorporating the desired mutation was then transformed into E.coli DH5a 

supercompetent cells by electroporation (Figure 2.2).

Transformants were innoculated into 5ml of LB and incubated overnight at 

37°C at 225rpm. DNA purification was carried out as described in Section 2.1.7.
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Mix

C ycle

Gene in plasmid with 
mutationtarget site { • )

Mutagenic primers

D ig est

Mutated plasmid

Transform

Figure 2.2. Site-directed mutagenesis scheme. (1) Plasmid is denatured and primers 

with desired mutation (X) are annealed to the plasmid; (2) PCR temperature cycle 

extends and incorporate mutation primers resulting in nicked circular strands; (3) 

parental DNA template is digested with Dpnl; (4) resulting annealed ds nicked DNA 

molecules are transformed into E.coli. After transformation, the XL 1-Blue E.coli cell 

repairs nicks in the plasmid. This reaction is catalysed through the protein DNA 

ligase, which is encoded by the E.coli lig gene.
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Table 2.9. Primary sequence of N-terminal Mbplp and list of mutagenic primers.
(a) Primary sequence of N-terminal Mbplp-15.5kDa (1-124). Mutated residues are in 

boldface.
M'~SNQIYSARYSGVDVYEFIHSTGSIMKRKKDADWVNATHILKAANFAKAK 

RTRILEKEVLKETHEKVQGGFGKYQGTWVPLNIAKQLAEKFSVYDQLKPLFD 

FTQTDGSASPPPAPKHHHASKV'^‘'~DKLAAALEHHHHHH

(b) List of sense and antisense primer sequences used for each mutagenic reaction of 
Mbplp-15.5kDa (1-124). Substitution of a particular wild-type residue to a 
mutated residue, for example Lys^A la at position 41, is denoted by K41 A.______

Site of
mutation

in
MBPl

Mutagenic primers Codon 
substitution 

(shown for 
sense strand)

K41A 5’-GCTACACATATTTTAGCGGCCGCCAATTTTGCC-3’
3’-CGATGTGTATAAAATCGCCGGGGGTTAAAACGG-5’

AAG*^AGC

K47A 5’-GCCGCCAATTTTGCCGCGGCTAAAAGAACAAGG-3’ AAG-»GCG
3’-CGGCGGTTAAAACGGCGCCGATTTTCTTGTTCC-5’

K49A 5-GCCAATTTTGCCAAGGCTGCAAGAACAAGGATTCTAGAG- AAA-»GCA
3’-CGGTTAAAACGGTTCCGACGTTCTTGTTCCTAAGATCTC-

R50A 5’-GCCAAGGCTAAAGCAACAAGGATTCTAGAGAAG-3’ AGA-4GCA
3’-CGGTTCCGATTTCGTTGTTCCTAAGATCTCTTC-5’

T51A 5’-GCCAAGGGTAAAAGAGCAAGGATTCTAGAG-3’ AGA-»GGA
3'-GGGTTGGGATTTTGTGGTTGGTAAGATGTG-5'

R52A 5’-GGTAAAAGAAGAGGGATTGTAGAGAAGGAAG-3’ AGG-»GGG
3’-GGATTTTGTTGTGGGTAAGATGTGTTGGTTG-5’

E55K 5’-GGTAAAAGAAGAAGGATTGTAAAGAAGGAAGTAG-3’ 
3'-GGATTTTGTTGTTGGTAAGATTTGTTGGTTGATG-5'

GAG^AAG

E55A 5'-GGTAAAAGAAGAAGGATTGTAGGGAAGGAAGTAG-3' GAG-»GGG
3’-GGATTTTGTTGTTGGTAAGATGGGTTGGTTGATG-5’

K56A 5'-GAAGAAGGATTGTAGAGGGGGAAGTAGTTAAG-3' AAG-»GGG
3'-GTTGTTGGTAAGATGTGGGGGTTGATGAATTG-5'

H116A 5’-GGAGGTGGTGGTGGAGGAGATGAGGATGGGTGGAAG-3’ AAA-»GGA
3’-GGTGGAGGAGGAGGTGGTGTAGTGGTAGGGAGGTTG-5’

K122A 5’-GAGGATGGGTGGGGGGTGGATAAG-3’ 
3’-GTGGTAGGGAGGGGGGAGGTATTG-5’

AAG^GGG

K116 A/ S’GCTCCTGGTCCAGCACATCACGATGCCTCGGCGGTGGATAAGS’ AAA-^GGA 
K122A 3’GGAGG AGGAGGTGGTGTAGTGGTAGGGAGGGGGGAGGTATG5’ AAG-»GGG
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2.1.9. DNA sequencing

DNA sequencing was carried out using Thermo Sequenase radiolabelled 

terminator cycle sequencing kit (Amersham Pharmacia Biotech). This method uses 

Thermo Sequenase DNA polymerase, which efficiently incorporates 

dideoxynucleotides and results in reaction termination. The advantage of this 

protocol is that it is possible to use very low amounts of isotope ([a-33P] ddNTP). 

Essentially, 2|il of nucleotide master mix (dGTP) and 0.5p.l of [a-33P] ddNTP (G, A, 

T or C, one of each per sequence) was prepared on ice to produce a termination mix 

for each ddNTP. Meanwhile, for multiple (n) reactions with different primers and/or 

templates, an n + 1 batch of reaction buffer, water, polymerase was prepared with the 

amounts shown in Table 2.10. This reaction mixture was aliquoted and primers (T7 

promoter and terminator) and/or template added in the appropriate concentration and 

volume to the aliquots.

For cycling termination reactions 4.5)il of the reaction mixture was transferred 

to each termination tube (G, A, T, C) and mixed. The reaction tubes were placed on 

the Perkin-Elmer DNA thermal cycler and the following parameters were used for 

PCR.

Cycling program (60 cycles):

95°C 30 sec

55°C 30 sec

72°C 120 sec

4|li1 of stop solution was added to each of the termination reactions, mixed and briefly 

centrifuged before storage at -20°C. The samples were heated to 70°C for 2 min prior 

to loading. 5|il of each sample was loaded per lane on a 6% sequencing gel as 

described in Section 2.2.1.
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Table 2.10. Table detailing the contents of sequencing reaction mixtures.

Reagent Volume

( îL)

Reaction buffer
(260mM Tris.HCl pH9.5, 65mM MgCy

2

DNA (lOOng) 1

Primer (Ipmol) 1

dHzO 14

Thermo Sequenase polymerase (4U/|ll1) 2

Total 20

2.1.10. Transformation of competent ceils with plasmid DNA

50|xl of competent E.coli cells (Stratagene) was used for each transformation. 

2|li1 of purified plasmid DNA (O.l-lpg) was gently pipetted into a 1.5ml sample tube 

containing the competent cells and the mixture immediately replaced on ice for 1 

hour. The cells were then heat shocked at 42°C for 1 min before being returned to ice 

for a further 5 min. 200pl of liquid LB media (excluding any antibiotics) was added 

and the tubes placed in a 37°C incubator for an hour. After this period, a lOOpl 

sample was plated out into LB/agar plates containing the required antibiotic and 

incubated overnight at 37°C.

2.2. ELECTROPHORESIS

2.2.1. Agarose gels

DNA was analysed using 1% (in the case of plasmid DNA) or 4% (for ds 

DNA oligonucleotides) agarose gels made up in TAB buffer (40mM Tris Acetate pH

7.7, ImM EDTA), according to the method described by Sambrook et aL, 1989. Gels 

contained ethidium bromide at a final concentration of 0.1-0.5|ig/ml. Electrophoresis
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was performed in a Ix TAB buffer system at 80V for 30-40 min and DNA was 

visualised under UV-transilluminator.

2.2.2. DNA sequencing gels

6% sequencing gels (42g Urea, 10ml lOx Tris borate EDTA (TBB), 15ml 40% 

Bis-acrylamide, 43mls dHiO) were used for sequencing purified DNA (Sambrook et 

aL, 1989). The gel mix was filtered and degassed before being poured on to pre- 

siliconised glass plates. Once the plates and comb had been positioned for casting, 

500)11 of 10% APS and 50pl of TBMBD were added to the gel mix and then carefully 

poured ensuring that no air bubbles formed. DNA samples were denatured at 80°C 

for two minutes before electrophoresis. Gels were electrophoresed at 75w for three 

hours at RT. Gels were subsequently fixed in 10% acetic acid, 10% methanol for 5 

min and vacuum dried at 80°C for one hour before autoradiography.

2.2.3. SDS-PAGE (Laemmli) gels

SDS-PAGE gels (Laemmli, 1970) were used for separating proteins between 

lO-lOOkDa. All SDS PAGE gels were cast and electrophoresed using the Bio-Rad 

Mini-Protean II gel system. Gradient polyacrylamide gels (10-18%) were used to 

increase resolution of low molecular weight proteins/peptides.

Protein samples were incubated for 5 min at 100°C in loading buffer (4% SDS, 

12% glycerol (w/v), 50mM Tris, 0.01% bromophenol blue, pH6.8, 50mM DTT). 1- 

5|xg protein samples were loaded per lane (unless stated otherwise). Gels were 

typically electrophoresed in running buffer (25mM Tris, 250mM glycine, 0.1% SDS 

pH 8.3) at 25-35mA (constant current), before being stained with Coomassie Brilliant 

Blue (0.05% Coomassie R250, 10% methanol, 10% acetic acid) and destained (10% 

acetic acid, 10% methanol) overnight.

2.2.4. High ionic strength gels

For sharp resolution of -lOkDa protein bands in SDS PAGE, high ionic 

strength resolving gel buffer (for 18% acrylamide gel: 10ml 3M Tris pH 8.8; 0.4% 

SDS; 18ml 40 % acrylamide; 12ml dH20) was used. The stacking buffer was
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unchanged, however the gels were electrophoresed with double strength 

electrophoresis buffer (53mM Tris,pH8.8; 200mM glycine and 0.2% SDS) at 25mA 

constant current. Staining and destaining procedures were as described in Section 

2 .2.2.

2.2.5. Tricine discontinuous SDS PAGE (Schagger) gels

The tricine discontinuous SDS PAGE system, as described by Schagger and 

Von Jagow (1987), was used in a modified form to allow resolution of small proteins 

and peptides at lower acrylamide concentrations than are permitted by the glycine 

SDS PAGE system, as described above (Laemmli, 1970). The stock solutions 

prepared for gel electrophoresis are given Table 2.11. Resolving gel buffer was made 

by mixing 12.5ml solution A, 10ml solution B, 3.2ml glycerol, 4.3ml water, pH 8.45, 

with addition of 0.1ml 10% ammonium persulphate (APS), and 0.02ml TEMED. 

Spacer solution was prepared using 7.5ml solution A, 10ml solution B, 12.5ml water, 

with addition of 0.1ml 10% APS and 2|xl TEMED. The resolving gel buffer and 

spacer were subsequently laid into the vertical gel and allowed to polymerise before 

overlaying with stacking gel solution (12.5ml solution A, 3.10ml solution B, 8.15ml 

water with 0.06ml 10% APS and Ipl TEMED). Electrophoresis was performed at 

25mA for approximately 15 hours at RT.

Table 2.11. Tricine (Schagger) gel stock solutions.

Solution A 40% acrylamide/bis solution 37.5 : 1

Solution B 36.34g/ 100ml Trizma Base,

0.3g/100ml SDS. Adjusted to pH 8.45

Anode Buffer 121 .lg/5L Trizma Base pH 8.9

Cathode Buffer 12.1 Ig/L Trizma Base, 17.92g/L Tricine, Ig/L SDS

pH 8.25
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2.3. PROTEIN PURIFICATION

2.3.1. Preparation of bacterial lysates

Transformed E.coli BL21 (DE3) cells were grown in Terrific Broth (12g/L 

bacto-tryptone, 24g/L bacto-yeast extract, 4ml/L glycerol, with addition of 

appropriate antibiotic) to mid-log phase (ODeoonm 0.6-0.8) at 37°C whereupon ImM 

IPTG was added to initiate overexpression. Three hours after induction, cells were 

harvested (6,000 g, 20 min) and the cell pellet resuspended in lysis buffer (50mM 

Tris-HCl (pH 7.8), 300mM NaCl, 25% w/v sucrose, 2mM EDTA, 5mM dithiothreitol 

(DTT), O.lmM PMSF and ImM benzamidine). All subsequent procedures were 

carried out at 4°C.

Cells were lysed by sonication (Branson Sonifer 450) on ice and the insoluble 

cell debris removed by centrifugation at 45,000 g for 30 min. 20ml of the cleared 

supernatant was transferred to high speed centrifugation tubes. A cushion of 5 ml of 

sucrose buffer (66% w/w sucrose, 2mM EDTA, 20mM phosphate (pH 6.9) or Tris 

buffer (pH 7.8) and 750mM NaCl) was injected into each tube below the sample. The 

tubes were centrifuged in 70 Ti rotor (Beckman) at 50,000 rpm (or 300,000 g) for two 

hours at 4°C. The characteristics of each purified protein fragments is detailed in 

Table 2.12.

In all cases, protein purification was carried at 4°C and the absorbance of 

column eluents was monitored at 280nm.

2.3.2. Purification of C-terminal Swi6p fragments

The resulting supernatant from the ultracentrifugation, was adjusted to 70% 

saturation with ammonium sulphate and the precipitated material recovered by 

centrifugation at 17,500 g for 20 min. The pellet was redissolved in 20mM Tris-HCl 

(pH 7.8), 50mM NaCl, ImM EDTA, 3mM DTT (Buffer A) and dialysed exhaustively 

overnight at 4°C. The dialysed sample was applied to a (60ml) Q Sepharose FF 

column (Pharmacia) pre-equilibrated in buffer A. The column was developed using a 

0.08-IM NaCl gradient, over ten column volumes. Fractions containing Swi6p were 

adjusted to lOmM imidazole and applied to a (40ml) Ni affinity column (Qiagen) 

equilibrated in lOmM imidazole, 300mM NaCl, 20mM Tris-HCl (pH 7.5). Bound
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protein was eluted using a 0.01-0.5M imidazole gradient over eight column volumes. 

Peak fractions were pooled and dialysed against buffer A at 4°C overnight in 6-8 kDa 

MWCO (molecular weight cut-off) Spectrapor Membrane (Pierce & Warriner), and 

centrifuged at 17,500 g for 20 min at 4°C. The supernatant was subsequently applied 

to a high capacity, high resolution (40ml) Source 30Q ion exchange column 

(Pharmacia Biotech). Bound protein was eluted with a 0.05-IM NaCl gradient over 

20 column volumes. Swi6p-containing fractions were pooled and concentrated in a 

Centriplus 10 ultracentrifugation device (Amicon) and applied to a (240ml) Superdex 

75 Prep Grade gel filtration column (Pharmacia Biotech) equilibrated in 40mM Tris 

pH 7.8, 400mM NaCl, 2mM EDTA, 6mM DTT). Purified protein was concentrated 

to approximately 14mg/ml, adjusted to 50% (v/v) glycerol (Fluka) and stored in small 

aliquots at -20°C. Samples were analysed at each stage by 16% SDS PAGE. 

Approximately, 2mg/ml protein was recovered per litre flask of culture for both Swi6- 

18 and -10.5kDa proteins.

2.3.3. Purification of Swi6-90kDa, 60kDa, 40kDa and ISkDa

The following purification procedure of Swi6-containing proteins (except for 

the C-terminal fragments) were carried out as described by Sedgwick et aL, 1998. 

Essentially, cells were lysed by sonication on ice and the insoluble cell debris 

removed by centrifugation at 45,000 g for 30 min and then at 300,000 g for two hours. 

The supernatant was adjusted to 70% saturation with ammonium sulphate and the 

precipitated material recovered by low speed centrifugation. The pellet was 

redissolved in buffer A (50mM Tris-HCl pH 7.8, 80mM NaCl, ImM EDTA, 3mM 

DTT) and dialysed exhaustively against this buffer overnight. Protein extracts were 

applied to a (60ml) Q-Sepharose FF column (Pharmacia) pre-equilibrated in buffer A. 

The column was developed with an increasing salt gradient (0.8-1.OM) over ten 

column volumes. Pooled fractions were adjusted to lOmM imidazole and applied to a 

(40ml) NTA-Ni agarose column (QIAGEN) equilibrated in lOmM imidazole, 300mM 

NaCl, 20mM Tris-HCl pH 7.7. Bound protein was eluted with an increasing gradient 

of imidazole (0.01-0.5M) over eight column volumes.

For Swi6-15kDa purification, the resulting peak fractions were pooled, 

dialysed against 20mM Tris-HCl pH 7.8, 50mM NaCl, ImM EDTA, 3mM DTT and 

applied to a (40ml) Source Q ion-exchange column equilibrated in the same buffer.
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Proteins were then eluted by application of a salt gradient (0.05M-1M NaCl) over 20- 

50 column volumes. Swi6-15kDa -containing fractions were again pooled, 

concentrated and further purified by gel filtration chromatography on a (240ml) 

Superdex G75 column equilibrated in 40mM Tris-HCl pH 7.8, 300mM NaCl, 2mM 

EDTA, 6mM DTT. Approximately, 2.5mg/ml protein was recovered per litre flask of 

culture for Swi6-15kDa.

For Swi6-40kDa and 60kDa proteins, the following procedure was 

undertaken. This involved the purification step using anion exchange column on Q- 

Sepharose Fast flow (Pharmacia) followed by NTA-Ni agarose (QIAGEN) as above 

and an additional step involving hydrophobic interaction chromatography, as follows. 

Protein fractions were pooled, adjusted to 150mM Tris-HCl pH 7.8, 200mM NaCl, 

0.74M ammonium sulphate and applied to (50ml) butyl Sepharose 4 FF (Pharmacia), 

equilibrated in the same buffer. The column was washed extensively and the bound 

protein was eluted with a decreasing ammonium sulphate gradient (0.74-0.00M) over 

six column volumes, followed by an isocratic phase of just 150mM Tris-HCl pH 7.8, 

200mM NaCl. Under these conditions, Swi6-60kDa eluted reproducibly in this 

isocratic phase. Again the Swi6p fractions were pooled and dialysed against 20mM 

Tris-HCl pH 7.8, 50mM NaCl, ImM EDTA, 3mM DTT. The protein samples were 

applied to a (40ml) Source Q column and then eluted with a salt gradient (0.05M-1M 

NaCl) over 20-50 column volumes. Finally, proteins were further purified by gel 

filtration chromatography on a (280ml) Superdex G200 column equilibrated in 40mM 

Tris-HCl pH 7.8, 300mM NaCl, 2mM EDTA, 6mM DTT. Approximately, 3-5mg/ml 

protein was recovered per litre flask of culture for both Swi6-40 and -60kDa proteins.

In the case of full-length Swi6p protein (Swi6-90kDa) containing mutation 

K543A/K544A (KAKK-^KAAA), essentially the same procedure was undertaken as 

for Swi6-40kDa and 60kDa except that the Ni-affinity chromatography was omitted 

due to the lack of Hisg-tag in the expressed protein. Approximately, 0.5mg/ml protein 

was recovered per litre flask of culture for Swi6-90kDa.

All purified protein samples were concentrated to approximately 15mg/ml, 

adjusted to 50% (v/v) glycerol (Fluka) and stored in small aliquots at -20°C. Protein 

purity was assayed by SDS PAGE and ESI mass spectroscopy. In all cases, a single 

homogenous band was observed after staining the gel with Coomassie Brilliant blue 

and the expected mass obtained by mass spectroscopy.
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2.3.4. Purification of C-terminal Mbplp and Swi4p fragments

Cell pellets were resuspended in buffer A and resonicated. After further low 

speed centrifugation (12,000 g, 15 min), the pellet was washed twice in buffer A and 

three times in Triton buffer (0.5% Triton X-100, 5mM EDTA). Pellets were then 

washed twice in 20mM Tris pH 7.8, 300mM NaCl to remove any remaining 

detergent, dissolved in denaturing buffer (20mM Tris pH 7.8, 300mM NaCl, 8M 

Urea, 5mM imidazole) and applied to a (40ml) Ni-NTA agarose column (QIAGEN) 

equilibrated with the same buffer at RT. Bound protein was eluted with an imidazole 

gradient (0.005-0.25M) over eight column volumes and peak fractions were pooled 

and dialysed against 20mM Tris pH 7.8, lOOmM NaCl, ImM DTT for 8 hours at 4°C. 

The dialysate was centrifuged at 35,000g for 15 min, 4°C and the resulting 

supernatant applied to (240ml) Superdex-75 HPLC column. Purity of the samples 

were analysed by 18% SDS PAGE. Approximately, 4mg/ml protein was recovered 

per litre flask of culture for both Mbp-12kDa and -9.6kDa proteins and half this 

amount was recovered for Swi4-9.9kDa.

For GST fused proteins, (10ml) Glutathione Sepharose 4B column 

(Pharmacia) was used for purification. The resin was pre-equilibrated in ten column 

volumes of equilibration buffer (300mM NaCl, 50mM Tris pH 7.8, 3mM DTT, 2mM 

EDTA) before addition of the cell lysate. The resin was further washed with ten 

column volumes of equilibration buffer before the GST-fusion protein was eluted by 

addition of 1ml of equilibrium buffer containing 20mM reduced Glutathione per ml 

bed volume. Peak eluents were collected and concentrated to 2ml volumes and stored 

in 50% glycerol in aliquots at -20°C. Purity of the samples was analysed by 16% SDS 

PAGE.

2.3.5. Purification of the N-terminal Mbplp (1-124, 15.6kDa) fragment and its 

mutants

For purification of N-terminal Mbplp fragments, cells were resuspended at 

7ml/g wet weight in 50mM sodium phosphate pH6.9, 25% sucrose, 2mM EDTA, 

3mM DTT, O.lmM PMSF and ImM benzamidine and lysed by ultrasonication 

(Branson Sonifer 450) on ice. The cell lysate was centrifuged and the soluble fraction 

was precipitated by ammonium sulphate. 7ml of 100% saturated ammonium sulphate 

was added per 3ml protein sample whilst stirring and allowed to precipitate for l-3hr
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at 4°C. The pellet was dissolved in 50mM sodium phosphate pH6.9, 80mM NaCl, 

ImM EDTA, 3mM DTT and dialysed against a large excess of the same buffer 

overnight at 4°C. The dialysate was loaded onto a (40ml) SP-Sepharose Fast-flow 

cation exchange column (Pharmacia/LKB) equilibrated in 20mM sodium phosphate 

pH6.9, 80mM NaCl, washed in the same buffer to remove unbound material and 

eluted with a 400ml 0.8-IM NaCl gradient. Fractions containing the Mbpl mutant 

fragment were pooled, brought to 20mM imidazole (Fluka) and loaded onto a (40ml) 

NTA-Ni agarose column (QIAGEN) previously equilibrated in 20mM sodium 

phosphate, 300mM NaCl, 20mM imidazole, pH6.9. The column was eluted with an 

imidazole gradient (20-500mM) over 8-column volumes. Mbpl (1-124) containing 

fractions were pooled and 4mM EDTA was added prior to dialysis in 5L gel filtration 

(OF) buffer (400mM NaCl, 40mM phosphate, 4mM EDTA, 6mM DTT). The 

dialysed sample was concentrated to lOmg/ml in a Centricon-10 concentrator 

(Amicon) and loaded onto a Superdex-75 gel filtration column (HiLoad 26/60, XK26, 

Pharmacia) previously equilibrated in OF buffer. Peak eluents were collected and 

concentrated to 2ml volumes and stored in 50% glycerol in aliquots at -20°C. Purity 

of the samples was analysed by 16% SDS PAGE. Approximately, 1 mg/ml protein 

was recovered per litre flask of culture.

2.4. PROTEIN ANALYSIS

2.4.1. Dialysis and concentration of C-terminal Swi6p fragments

5mg of Swi6p from a glycerol stock (-20°C) was diluted into 2mls of dialysis 

buffer (20mM Tris pH 7.8, 300mM NaCl, 50mM DTT (or ImM Tris (2-carboxyethyl) 

phosphine hydrogen chloride (TCEP)) and inserted into 2kDa MWCO Slide-a Lyzer 

Dialysis cassette (Pierce) for dialysis. The dialysis was carried out overnight against 

2L of 20mM Tris, pH 7.8, 300mM NaCl at 4°C, with three changes of buffer. The 

dialysate was concentrated using a lOK MWCO Centricon (Amicon) at 3,000 g, 4°C. 

Similar methods were used for other protein samples (Mbplp and Swi4p fragments) 

with size cut-off adjusted for molecular weight.
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2.4.2. Use of TCEP or DTT as reducing agents

In this study, two alternative sulphydryl reducing agents: Tris (2-carboxyethyl) 

phosphine hydrogen chloride (TCEP, Molecular Probes) and/or dithiothreitol (DTT, 

Sigma) have been used in protein purification buffers (Figure 2.3). Concentrations of 

each reductant were varied accordingly, depending on the proteins and their 

experimental analysis. In aqueous solutions, TCEP stoichiometrically and 

irreversibly reduces disulphides according to reaction [1] and has been claimed to be a 

useful reductant over a much wider pH range (1.5-8.5; Burmeister et aL, 1999)) than 

DTT (pH 6.5-8.5; Sigma).

(CH2CH2C00H)3P: + RSSR + H 2 0 -»  (CH2CH2C00H)3P=0 + 2RSH [1]

DTT, however, is the most commonly used thiol reductant in this study. The 

mechanism of disulphide reduction by DTT is an exchange of the thiolate anion (XS ), 

as shown in reaction [2].

XS + RSSR RSSX 4- RS [2]

OH-------------------------------------------------------- HgC----- C ------COOH
H

MS C  C  C  C  SH COOH —  c — C —  P:
Hg I I Hp Hp Hp

OH H 0 ------0 ------COOH
H 2  H 2

dithiothreitol (DDT) tris(2-carboxyethyl)phosphine (TCEP)

Figure 2.3. Sulphydryl reducing agents, DTT and TCEP.
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2.4.3. Determination of protein concentration

Protein concentration was determined by direct spectroscopic analysis using a 

Shimadzu UV-160 or a Beckman Du640 Spectrophotometer at RT. Measurements 

were carried out using absorbance value at 280nm and extinction coefficient derived 

from the aromatic residue content per protein using 8 2 8 0  values of 1280 M'^cm'^ and 

5690 M'^cm'^ for tyrosine and tryptophan, respectively (Wetlaufer, 1962). Values for 

each protein are shown in Table 2.12. Protein concentrations stated in mg/ml 

throughout the thesis correspond to values determined at E2 8 0 , unless or otherwise 

stated.
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Table 2.12. Calculated extinction coefficient and absorbance at 280nm of all protein 

fragments studied.

Protein 
fragments* ̂

Number
of

Tyrosine
residues

Number of 
Tryptophan 

residues

Extinction
Coefficient

£280
(Micm'i)c

A2 8 0  at 
Img/ml 
solution

p r Soluble
(S)/non-
soluble

(NS)
Swi6p-
24kDa

(604-803)

4 1 10,810 0.45 4 . 6 8 NS

Swi6p-
18kDa

(657-803)

3 0 3,840 0.22 4.98 S

Swi6p-
lO.SkDa

(723-803)

1 0 1,280 0.12 6.53 s

Swi4p-
9.9kDa

(1019-1093)

2 0 2,560 0.26 7.57 NS

Mbplp-
12kDa

(739-833)

1 0 1,280 0.11 7.10 NS

Mbplp-
9.6kDa

(759-833)

1 0 1,280 0.14 9.47 NS

M bplp (1- 
124) 15.5kDa 

wild-type

5 2 17,780 1.15 9.52 S

M bplp
(1-124)
mutants

5 2 17,780 1.15 9.31-
9.69

s

a:includes hexa-histidine tag; b: expression of residues are bracketed; c: derived from DNA Star.
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2.4.4. Dynamic light scattering

The monodispersity of concentrated protein solutions (greater than 2mg/ml) 

was examined by dynamic light scattering (DLS, DynaPro Model 801, Protein 

Solutions Inc., Charlottesville, VA). With this technique, a beam of monochromatic 

light is directed through the sample and the fluctuation of intensity of the scattered 

light by the molecules is analysed as an autocorrelation function. After the analysis of 

the scattered light by the DynaPro-801 the results are calculated and transmitted to the 

accompanying computer data logging and analysis software. The output from the 

DLS is the apparent translational diffusion coefficient ( D t ) .  This coefficient is 

converted to the hydrodynamic radius (Rh ) of the particles in solution using the 

Stokes-Einstein equation (equation 2.1):

R h = KbT/ôTTnDx (Eq.2.1 )

where Kb is the Boltzman constant (1.38 x 10 KJ), T is the absolute temperature in 

Kelvin and r\ is the solvent viscosity. The hydrodynamic radius given in the output 

represents the median size present within the sample. The polydispersity value is 

expressed as a percentage and indicates the standard deviation of the spread of 

particle sizes about a reported average radius [(polydispersity (nm)/hydrodynamic radius 

(nm)) x 100]. A value of less than 15 percent indicates that the standard deviation of 

particle size is negligible and hence, the solution is largely monodisperse. An 

estimate of the molecular weight of the species in the sample is calculated using the 

hydrodynamic radius. This is done using an empirically derived relationship between 

values of Rh and molecular weight (MW) values for globular protein standards in 

buffered aqueous solutions. The determination of MW by this method is therefore 

dependent on the shape of the molecule and therefore only likely to be accurate for 

globular molecules. For DLS measurements, 300)l 11 deionized distilled water was 

injected via a 0.02|im Whatman Anotop Plus syringe filter into the DLS photometer 

to obtain a clean water count rate. Thereafter, 300|Lil of sample was injected in the 

same way, using the filter, and the count rate measured.
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2.4.5. Crystallisation trials of C-terminal Swi6 fragments

Crystallisation of purified wild-type and mutant Swi6p-18kDa (657-803) and 

Swi6p-10.5kDa (723-803) proteins was attempted using the hanging drop vapour 

diffusion technique. This method utilises the evaporation and diffusion of water 

between solutions of different solute concentrations as a means of approaching and 

achieving supersaturation of macromolecules. The protein solution was mixed 1:1 

with the solution containing the precipitant at the final concentration that is required 

after equilibration. The 2|il drop containing the 1:1 mixture of protein and precipitant 

was suspended, as a hanging drop, and sealed over the well solution, which contained 

the precipitant at the target concentration. This method was used to screen a large 

number of conditions by varying the composition of each well solution, with varying 

protein concentration, pH, and temperature. Commercially available screens based on 

the precipitating properties of salts (e.g. (NH4 )2 S0 4 ) and organic solvents (e.g. 

polyethylene glycol (PEG)) were purchased from Hampton Research (Crystal screen 

I, n, PEG and PEG/LiCl, and Matrix).

2.4.6. Reverse phase HPLC

50|ig of denatured protein samples in 50mM Tris pH 7.5, 9M urea, 50mM 

DTT; were applied to a Zorbax 300SB-C3 reverse phase chromatography column, 

pre-equilibrated in 5% acetonitrile at 36°C. Bound protein was eluted with an 

increasing gradient of acetonitrile (5-60%). Peak fractions were vacuum dried at 36°C 

for three hours and dissolved in lOpl urea buffer (9M urea, 20mM Tris, 150mM DTT) 

with addition of 5|xl SDS loading buffer. 5|il dissolved sample was loaded for SDS 

16% PAGE.

2.4.7. Analytical ultracentrifugation

Sedimentation equilibrium experiments were carried out using an Optima XL- 

A Beckman Analytical Ultracentrifuge. Sedimentation equilibrium was used to 

accurately determine the multimeric state of Swi6p-18kDa C-terminal fragments. 

This technique is preferred over other techniques such as gel filtration 

chromatography and light scattering because the measurement is shape-independent.
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Sedimentation equilibrium of a protein solution is established at a relatively low 

centrifugation speed. During centrifugation, a distribution of the solutes present in 

solution occurs so that an observable concentration gradient is established in the cell. 

At equilibrium, there is no net migration of the macrospecies since the rate of 

sedimentation resulting from the applied centrifugal field is balanced by the back 

diffusion induced by the concentration gradient. The distribution observed at 

equilibrium is dependent only on the buoyant molecular weight of the solutes present 

in the solution and thus, the molecular weight of the solute can be determined using 

equation 2.2.

Mr = 2RT/ (1-vp) W^xdl nC/ d  (r^) (Eq.2,2)

where, Mr is the relative molecular mass, R is the gas constant, T is temperature in 

Kelvin, v is the partial specific volume, p is the density of the solution, 0) is the 

angular velocity in radians/sec, r is the radial distance from the axis of rotation and C 

is the solute concentration.

Protein samples for sedimentation equilibrium were prepared by gel filtration 

on Superdex 75 in blank buffer (lOmM Tris-HCl pH 7.5, 300mM NaCl). llOjxl of 

lOjiM Swi6p-18kDa (657-803) protein sample, in the above stated buffer, was loaded 

into the outer sample column of the three channelled centrifuge cell (12mm) and 

topped with fluorochemical oil (Beckman). The inner cells were loaded with 125|xl of 

reference buffer (300mM NaCl, lOmM Tris pH 7.5). An-60Ti rotor (Beckman) was 

used and the speed was maintained at 22,000 rpm for 24 hours at 4°C. The cells were 

scanned radially at two hour intervals (k = 232nm) until no further change in the 

absorbance profiles was observed. Molecular masses were derived by direct non

linear fitting of the final equilibrium profile (absorbance of the protein (A) vs. the 

radial distance from the centre of the rotor (r)) using the ORIGIN scientific graphing 

and data analysis program, together with the XL-A 2.01 data analysis supplement 

program.

Sedimentation equilibrium for full-length Swi6p was carried in 20mM Tris- 

HCl, 300mM NaCl, ImM EDTA, and 3mM DTT. The rotor speed was maintained at 

10,500 rpm for 16 hours at 20°C. The cells were scanned every hour until no further 

change in the profiles were observed.
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2.4.8. Circular dichroism (CD)

Far UV CD spectroscopy was used to assess the secondary structure content of 

purified proteins. Samples were prepared by exhaustive dialysis at 4°C for 24 hours 

against 5mM sodium bicarbonate, lOOmM sodium fluoride (which is transparent in 

the far UV), in 2K MWCO Slide-a-Lyzer dialysis cassettes, and the concentration 

determined by UV spectroscopy. Protein concentrations of 0.15mg/ml were used for 

each sample. CD spectra were recorded at 20°C on Jasco J-600 and Jasco J-715 

spectropolarimeters purged with nitrogen gas. The cuvette pathlength was 1mm 

(fused silica). Spectra are the average of three scans and buffer blanks were 

subtracted. The spectra are presented as the CD absorption coefficient on a per 

residue basis (Aemrw). Values of Aem can be obtained by multiplying Aemrw by the 

number of residues. Estimates of the a-helical content were derived from the mean 

residue ellipticity at 220nm; fraction a-helix = ([0] + 3000) / 33,000 (Morrisett et aL, 

1973; Felton and McLean, 2000). Swi6-90kDa, Swi6-60kDa, Swi6-40kDa, Swi6- 

15kDa were recorded in 20mM sodium phosphate buffers pH7.6.

2.4.9. Limited proteolytic digestion

For peptide mapping, Swi6p-18kDa (657-803) samples were prepared for 

proteolytic digestion by dialysis against 50mM Tris-HCl (pH 7.8), 300mM NaCl, 

50mM DTT or ImM TCEP, at 4°C and concentrated to approximately 1 mg/ml. 

Trypsin or chymotrypsin (Boehringer-Manheim, sequencing grade), pre-dissolved in 

ImM HCl (pH3), were added at w/w ratios of 1:1000 and 1:500 respectively and the 

reactions were incubated at room temperature for various times. lOjxl aliquots of 

purified Swi6-18kDa (1 mg/ml) were incubated for a total of 30 mins with each of the 

proteases in a total reaction volume of 18.5|il. The reactions were terminated with a 

potent serine protease inhibitor, 2mM Pefabloc (Boehringer-Manheim) before 

addition of SDS loading buffer. 5)ig of digested protein samples were 

electrophoresed on discontinuous 10-16% acrylamide gradient Tricine gels or 

Schagger gels (Schagger and Von Jagow, 1987). For peptide sequencing of each 

proteolytic product, 30|Lig of Swi6p was digested with the proteolytic enzymes and
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10|Xg of each digested Swi6p sample was loaded per lane on to Tricine gels before 

electroblotting and N-terminal protein sequencing (Section 2.4.10).

For analysis of the proteolytic products by mass spectroscopy, 72|il of 3mg/ml 

Swi6p were digested with trypsin or chymotrypsin (1:500 enzyme: substrate), 

respectively for 15 min at RT. Digests were terminated as before but with further 

addition of 200mM DTT, 9M urea, and 1 IM acetic acid. 40|li1 of digested sample 

(96)Lig) was applied to a Zorbax 300SB-C3 reverse phase chromatography column on 

an HPLC, pre-equilibrated in 9M urea, IIM  Acetic acid, and 200mM DTT and 5% 

acetonitrile at 36°C. Bound peptides were eluted with an increasing gradient of 

acetonitrile (5-60%) over eight column volumes. The eluted peak fractions, of 500|il, 

were collected at 0.5ml/fraction/min and recorded at 215nm. Half of each eluent was 

used directly for mass spectroscopy, whilst the latter half was vacuum dried and 

dissolved in 14pl of urea buffer (9M urea, 200mM DTT, 50mM Tris pH 8.0). 

Samples were incubated for 20 min at RT before addition of 7pi SDS loading buffer, 

and subsequent electrophoresis.

2.4.10. Protein sequencing

Proteolytic fragments, for N-terminally sequencing, were separated on 10-16% 

gradient Laemmli gels or Tricine gels. Gels were equilibrated in transfer buffer 

(lOmM Caps, 10% (v/v) methanol, pH 10.1) and electroblotted onto Problott™ 

membrane (Applied Biosystems), prewetted with 100% methanol, at a constant 

voltage of 50V (170mA-100mA) at 4°C for 40 min. Bands were visualised by 

staining with 0.1% Coomassie Brilliant Blue R-250 (Bio-Rad). The bands were 

excised from the filter and air-dried prior to loading on to an Applied Biosystems 

470A gas-phase sequencer (NIMR) or automated Edman degradation (Procise™, 

Ludwig Institute). Each sample (or band) was subjected to eight cycles of N-terminal 

sequencing.

2.4.11. Mass spectrometry

Protein molecular masses were determined using a stand alone syringe pump 

(Perkin Elmer, Foster City CA) coupled to a Platform electrospray mass spectrometer
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(Micromass, Manchester, UK). Samples were desalted on-line using a 2mm x 10mm 

guard column (Upchurch Scientific, Oak Harbor, WA) packed with 50 micron Poros 

Rin resin (Perseptive Biosystems, Framingham) inserted in place of the sample loop 

on a Rheodyne 7125 valve. Proteins were injected onto the column in 10% 

acetonitrile, 0.10% formic acid, washed with the same solvent and then step eluted 

into the mass spectrometer in 70% acetonitrile, 0.1% formic acid at a flow rate of 

lOjil/min. The mass spectrometer was calibrated using myoglobin.

2.4.12. Chemical cross-linking

Chemical cross-linking reagents, dimethyl suberimidate (DMS) and dimethyl 

adipimidate.2HCl (DMA), were used to probe intermolecular interactions between 

Swi6p-18kDa molecules. The DMS and DMA spacer arm lengths are 11Â and 8.6Â 

respectively (Figure 2.4) which contain homo-bifunctional groups that react with 

primary amines in proteins to form stable covalent bonds. Chemical cross-linking 

reactions contained lOjil of 1.6mg/ml Swi6-18kDa (657-803) (i.e. 88|xM) in 50mM 

Hepes pH 8.2, BOOmM NaCl, ImM TCEP (Pierce). DMS (Pierce) was added to each 

reaction to a final concentration of lOmM at RT. Cross-linking was allowed to 

proceed for specific time periods between 0-30 min at RT, before quenching with the 

addition of 70mM final concentration of ethanolamine pH 8.2 or acetic acid pH 2. 

This procedure was also repeated with DMA at lOmM. Zero time points were used as 

controls in the absence of cross-linking reagents. lOmM DMS was also used in 

reactions employing varying Swi6p concentration. 8pg of the reaction samples were 

electrophoresed on 15% SDS PAGE.
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Figure 2.4. Schematic structure of DMS (MW 273.20) with 11Â spacer arm length 

(top) and DMA (MW 245.15) with 8.6Â spacer arm length (bottom).

2.5. IN VIVO GENETIC ANALYSIS

2.5.1. Yeast strains, medium and cell growth

S.cerevisiae strains used in this study (Table 2.13) were used for 

transformation, transcriptional activation assays, and detection of mutant Swi6p 

activity in vivo. Yeast media used for these experiments are detailed in Table 2.14. 

Cell cultures were grown to cell count of 5 x 10̂  cells per ml (ODgoonm 0.4-0.6). 

Arrested cells were prepared by shifting exponentially growing cells to the restrictive 

condition.
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Table 2.13. Yeast strains used in this study.

Yeast Strain Genotype References

CTY-10-5d ade2 trp\-9Q\ Ieu2-3,122 Bartel er a/., 1993 
his3-200 galA galSO 
URA3::lexA op-lacZ 
LexAop-LacZ reporter

BY600 SWI4^, swi6::TRP 1-197; Breeden and Mikesell, 1994 
ade2 ho::lacZ ura3 his3 
leu2 trpl

K2003 his ade leu ura swi4‘̂  Nasmyth and Dirick, 1991 
swi6::TRP,

W303-la MAT a, ade2-1, trp-1, van 1 - Lowndes et at., 1992 
100, leu2-3, 112, his3-U,
15, ura3, GAL

Table 2.14. Details of yeast media.

Yeast medium Ingredients

YNB 20g/L glucose, 6.7g/L yeast nitrogen base 
without amino acids, 20g/L Difco agar

YEPD lOg/L yeast extract, 20g/L Difco peptone, 
20g/L glucose
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2.5.2. Cloning of Swl6p C762S mutation into pTR28

Plasmid pTR28 containing the SWI6 gene (2.3Kb) cloned into the BamHl site 

of pTR27 yeast expression vector (Sedgwick et aL, 1998) was used in this study. This 

construct expresses fusions of the LexA DNA-binding domain with full-length Swi6p. 

pTR28 was digested with the restriction enzymes, Clal and Sail to release a SWI6 

DNA fragment encoding amino acids 657-803. This region was replaced with 

corresponding Clal - Xhol digested mutated SWI6 DNA fragment in pET22b 

expressing C-terminal residues 657-803 (18kDa) with Cys-^Ser mutation at position 

762 (Swi6p-18kDa (C762S), described in Section 2.1.2 and 2.1.8). The fragments 

were ligated to create a plasmid (pTR733) expressing full-length Swi6p with C762S 

mutation (Figure 2.5). Miniprep DNA of pTR733 was double digested with Clal and 

Sail to test the correct insertion on the mutated fragment. Positive clones were DNA 

sequenced to confirm the presence of the mutation.

2.5.3. S.cerevisiae transformation

Yeast cells were grown in 200ml of YEPD broth to cell count of 5 x 10  ̂cells 

per ml (ODeoonm 0.4-0.6). Cells were harvested at 6,000 g for 4min and washed with 

equal volume of water. Pelleted cells were resuspended in 1ml water and transferred 

to a 1.5ml Eppendorf tube. Cells were further centrifuged for 30sec at 10,000 g and 

washed in 1ml TE/lithium acetate (lOmM Tris/HCl pH 7.5, ImM EDTA, lOOmM 

lithium acetate (LiAc)) before respinning. The resulting cell pellet was further 

resuspended in 600|il of transformation mix (60|il lOmM EDTA, lOOmM Tris/HCl 

pH7.5, 60|il IM LiAc, 120p.l ss carrier DNA (1.2mg/ml), 360pl water), boiled and 

cooled at 4°C before use.

5|il of miniprep DNA (~l|Xg) was added to each 50|xl aliquot of yeast cells 

suspended in the transformation mix. These samples were mixed before adding six 

volumes of 40% PEG/TE/LiAc and shaken at 30°C for 45min at 225rpm. The cells 

were heat shocked at 42°C for 15min and then plated selectively on YNB minimal 

medium containing 2% glucose, 40|ig/ml adenine, leucine, methionine, and uracil. 

Transformants were incubated for three days at 30°C.
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Figure 2.5. Schematic outline of the construction of plasmid pTR733. (a) Diagram 

showing the SWI6 gene (2.3kb) originally cloned into the BamHl site of pTR27, 

resulting in plasmid pTR28. (b) pTR733 was created by digesting and removing the 

Clal and Sail sites of pTR28, encompassing C-terminal SWI6 DNA fragment 

(expressing residues 657-803). This fragment was replaced by corresponding SWI6 

DNA fragment, expressing Cys->Ser mutation at position 762, digested with Clal and 

Xhol from pET22b E.coli expression vector. Restriction enzyme sites: B, BamHV, C, 

Clal', S,5a/I; X, Xhol.
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2.5.4. Qualitative, Lac Z reporter assay

Transformants were grown selectively on YNB minimal agar plates containing 

tryptophan (400mg/100ml L-tryptophan) and replica-plated onto Whatman lA filter 

paper discs. The disc was peeled off with tweezers and placed into liquid nitrogen for 

30sec, and laid cell-side up on top of a second filter disc within a petri dish. The 

second filter disc was pre-soaked with 2ml of reaction mix (1 mg/ml Xgal (dissolved 

at 40mg/ml in DMSO), 137jil |3-mercaptoethanol/50ml of Z buffer (1 mg/ml zymolase 

2000, dissolved in 40mg/ml DMSO)). The test filters were incubated at 30°C for up 

to six hours. After the development of a blue colour on the filter discs, the reaction 

was terminated by the addition of 500pl Na2 C0 3 .

2.5.5. Quantitative assay using ONPG (liquid p-Gal assay)

2-Nitrophenyl-p-galactopyranoside (ONPG) is a colorimetric and 

spectrophotometric substrate for detection of P-galactosidase activity. ONPG is 

cleaved by P-galactosidase via hydrolysis at the p-l-4-glycosidic bond between 2- 

nitrophenol and galactose. The released 2-nitrophenol is detected spectroscopically at 

OD4 2 0 nm- The absorbance intensity at this wavelength relates directly to the specific 

activity. For this assay, transformants were inoculated into selective liquid YNB 

minimal medium and grown to mid log phase (-10^ cells per ml). Cells were 

harvested by microfuging for 30 sec and frozen on dry ice for at least 30min. The 

yeast cell pellet was resuspended in 250|li1 Z buffer, vortexed and incubated at 30°C 

for lOmin to lyse the cell walls. The cell lysate was centrifuged at 10,000 g for 3 min 

and the supernatant was transferred to a fresh tube. To 180|il of supernatant, 950)il of 

freshly prepared Z buffer/ONPG (0.8mg ONPG) was added and incubated at 30°C for 

0-90 min (time was noted for a prominent yellow colour to develop for each sample). 

The reaction was terminated with 500|il of IM Na2 C0 3  and spectroscopically 

measured (CD 4 2 0 nm) against controls containing either no cells or cells with vector 

only. A further 20)li1 of supernatant was transferred to a fresh tube with addition of 

180|il water to conduct a Lowry protein assay (Lowry et aL, 1951). The mixture was 

vortexed and 1ml of ABC mix (A: 2% Na2 C0 3  in O.IM NaOH; B: 1% CuS04; C: 2% 

potassium tartrate; A:B:C was mixed in the ratio of 100:1:1) was added to the protein
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solution and incubated at RT for 10 min. 0.1ml of solution D (Folis-phenol reagent, 

diluted 1:1 with water) was added to the samples. After heating at 50°C for 10 min, 

spectroscopic measurements at ODyoonm were made. To determine the protein 

concentration for each sample, a calibration curve was plotted with known 

concentrations of a standard protein, bovine serum albumin (BSA; 50-250|xg/ml) 

against absorbance at ODvoonm. Transcriptional activation was measured in arbitrary 

units for each test sample using equation 2.3, whereby the protein concentration 

()Lig/ml) of each test sample was evaluated from the Lowry assay and the absorbance 

at OD4 2 0 nm from the ONPG colorimetric assay:

Arbitrary units = [OD420nm / protein concentration (p,g/ml)] x 250 x [60 min / time (min)]

(Eq. 2.3)

A histogram was plotted for each sample against the arbitrary units determined from 

the above calculation (see Chapter Three).

2.5.6. Swi6p C762S in vivo activity assay.

To determine the effects of the mutant Swi6p in vivo, two functional assays 

were carried out. In the first assay, pTR733 was transformed into the swi6' swi4ts 

yeast strain, K2003. This was to investigate whether the mutant Swi6p can rescue 

temperature sensitivity of this double mutant yeast. In these cells, there is no active 

Swi6p or Swi4p at restrictive temperature (35°C) and accordingly no growth. This 

thermosensitive growth defect can be complemented by plasmid encoding Swi6p or 

Swi4p. Thus, this system was used to determine whether the C762S substitution 

affected Swi6p function in vivo.

The second assay investigated the influence of the C762S mutation in Swi6p 

activity in formation of the SBF complex in vivo, using the ONPG assay as described 

in Section 2.5.5. In this test, Swi6 C762S-driven SBF activity was monitored by the 

expression of the HO-LacZ reporter gene of BY600 yeast strain. In BY600, the LacZ 

gene is fused to the chromosomal HO promoter therefore, detection of p-galactosidase 

activity using the ONPG assay reflects the activity of Swi6p in SBF on the HO
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promoter. The strains used in this assay contain the TRP^ (tryptophan) gene, hence 

tryptophan auxotrophy could not be used for selection as these plasmids also rely on 

the TRP selective genes. For this reason, a HIS3 (histidine) gene was transposed into 

the TRP encoding region of pTR733 as described elsewhere (Morgan et aL, 1996). 

Plasmid containing pTR733 TRP::HIS was termed pTR734. Individual isolates of 

pTR733 transposed with TnHIS3 were screened for transposon insertion in their TRP 

genes by loss of ability to complement trpl mutant yeast, W303-la. Equivalent 

TnHIS3 derivatives of pTR28 and pTR27 were made and supplied by Dr. Steve 

Sedgwick.

2.6. GEL RETARDATION ASSAYS

2.6.1. Preparation of oligonucleotide duplexes

Duplex DNAs (MCB21) were prepared using HPLC purified oligonucleotides 

purchased from Oswell (University of Southampton).

MCB21: 5’-GCAGGTG ACGCGTAAGCTTGG-3 ’

3’-CGTCCAGTGCGCATTCGAACC-5’

To ensure accurate mixing of single strands in equimolar proportions, molar 

extinction coefficient were determined for each oligonucleotide. This was done by 

summing the contribution from the individual nucleotides, taking into account any 

hyperchromicity observed during a digestion by snake venom phosphodiesterase I 

(Taylor et aL, 1994). 30pl of phosphodiesterase snake venom was added to 1.5ml of 

50mM Tris buffer pH 7.8 and the mixture vortexed briefly. 300|xl were added to a 

spectrophotometer cuvette for background measurements. Immediately, 8pl of a 

single oligonucleotide was added to the remainder of the phosphodiesterase snake 

venom and buffer mixture. The mixture was vortexed and 300|il of the reaction 

mixture was placed into cuvettes. The samples and control were measured together at 

A2 6 0 nm over a total time of 4000 seconds. Readings of net absorbances were noted at
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time, T= 0 and 2655 sec (i.e. asymptotic) and averaged using the calculation shown 

from equation 2.4 below:

hyperchromicity value — OD 260nm (fmal) ~ OD 260nm (start) /  OD 260nm (final)

(per oligonucleotide) (Eq.2.4)

Hyperchromicity values for ’forward’ and ’reverse’ oligonucleotides were 

calculated to be 20.2% and 19.4% respectively. The experimental extinction 

coefficient for each oligonucleotide was calculated using the hyperchromicity 

percentage of each oligonucleotide subtracted from the calculated extinction values 

(equation 2.5). The extinction coefficient values from experimental and calculated 

data are displayed in Table 5.4 (Chapter Five, Section 5.3.1).

Calculated 8 2 6 0 nm = (14,700 x nA) + (6,100 x nC) + (11,800 x nG) + (8,700 x nT)

(Eq.2.5)

(where A, C, G, and T represent bases: adenine, cytosine, guanine, and thymine respectively 

in each oligonucleotide and n denotes the frequency of each base)

The concentration of each oligonucleotide was estimated from the absorbance 

values at 260nm, taking in to account the dilution factor and the experimentally 

determined molar extinction coefficient (e). Duplexes were then prepared by mixing 

the complementary strands in equimolar proportions. To anneal the complementary 

oligonucleotides, the annealing temperature (Ta) was determined from the base 

composition of the primers and calculated using the Wallace rule (equation 2.6; 

Wallace et aL, 1979).

Ta = { 2(A + T) + 4(G + C) } °C (Eq. 2.6)

The annealing reactions were then heated to 95°C for 10 min and cooled 

slowly to 4°C over 4 hours. Duplex DNA's were purified by gel filtration 

chromatography on Superose-12 HR (12/30) (Pharmacia). The molar extinction 

coefficient for the duplex was determined as for the single strands. The extinction
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coefficient value for MCB21 was calculated as £2 6 omcb2 i = 305,267.3 M'^ cm'^ (Table 

5.4; Chapter Five, Section 5.3.1). Duplex solutions were aliquoted and stored at - 

20°C.

2.6.2. 5’-Labelling of oligonucleotides with y’̂ P-ATP

For use in gel retardation assays, DNA oligonucleotides were labelled at their 

5' ends with y^^P-ATP (NEN Life Sciences). From an aliquot of 50|li1 of 5'- 

unphosphorylated oligonucleotide DNA duplex (lOOpM), 20\il was incubated with 

fresh y^^P-ATP (80|iCi/ml) in the presence of T4 polynucleotide kinase and lOx 

kinase buffer (500mM Tris/HCl pH 7.6, lOOmM MgCli, 50mM DTT, ImM 

spermidine, ImM EDTA.Na%), the remainder was stored at -20°C for later use. The 

reagents and volumes for a typical labelling reaction are given in Table 2.15. These 

components were incubated at 3TC  for 30 min in an Eppendorf tube before the 

addition of 8|xl 5M NaCl and 12|il water. The reaction was subsequently spun and 

incubated at 55°C for 10 min to inactivate the enzyme and then cooled for 5 min on 

the bench before re-spinning briefly and adding l|il of 0.5M EDTA. The reaction 

was cooled further for 5 min on the bench and spun again in order to re-anneal the 

duplex. The entire reaction mixture was applied to a desalting, NICK spin column 

(Sephadex G-50, Pharmacia Biotech) equilibrated with 0.3M TNE (300mM NaCl, 

20mM Tris pH7.8, ImM EDTA) to remove the unincorporated-labelled nucleotides 

from end-labelled oligonucleotides. The column was spun for 4 min at 735 g and 

600|Li1 of ice cold 100% ethanol was added to the sample eluate containing the labelled 

duplex. The mixture was vortexed and spun briefly before storage at -20°C.

The radiolabelled sample was ethanol precipitated by the following method. 

Firstly, the sample was spun at 10,000 g at 4°C for 30 min. The ethanol was removed 

in to a glass beaker and 500|il of 70% ethanol added to the pellet to remove residual 

salt. After mixing, the sample was centrifuged at 10,000 g for 10 min at 4°C. The 

supernatant was discarded and further 500|il of 100% ethanol was added and 

centrifuged as before. After decanting the ethanol, the DNA pellet was vacuum dried 

for 20 min. The resulting 5'-phosphorylated oligonucleotide pellet was resuspended 

with the remaining aliquot of 100|iM unlabelled DNA, and stored at -20°C. The
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concentration of the labelled duplex was measured before each binding reaction 

and assay.

Table 2.15. Table showing the reagents used for y^^F-ATF labelling of 
oligonucleotide DNA fragments.

Reagent Volume (|xL)

MCE 21 duplex 20

f^P-ATP (80nCi/mol) 10

lOx Kinase buffer 10

T4 polynucleotide kinase 10

dHiO 50

Total 100

2.6.3. Gel retardation assays

The DNA-binding characteristics of purified mutant Mbpl (1-124) were 

assayed by gel mobility shift (Revzin, A., 1987 and modified according to Dr. Ian 

Taylor (personal communication)).

Appropriate volumes of DNA-binding proteins (200-400|il) were dialysed 

against 20mM Tris, lOOmM NaCl, pH 7.8 (2L, 4°C, overnight), using mini dialysis 

kits (Fierce) to obtain 70-100|iM final protein concentration. DNA-binding reactions 

for titration experiments were carried out in a series of sterile 1.5ml Eppendorf tubes, 

(Table 2.16). The reaction mixture was mixed thoroughly by flushing the sample 

repeatedly in a micropipet tip and then centrifuging briefly before incubation at RT 

for 30 min. No protein was added to the control tubes. Meanwhile, 10% native TAB 

gels (5ml 19:1 acrylamide (Bio-Rad), 0.4ml 50x TAB, 14.4ml water, 150p.l 10% 

ammonium persulphate (APS) and 16fxl TBMBD) were pre-electrophoresed in Ix
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TAE at 4°C at 125V constant voltage, 30mA for one hour to remove APS from the 

gel, prior to sample loading. After sample loading (9|Ll1 per lane), the gels were 

electrophoresed at 10mA constant current for 45min.

Following electrophoresis, the gels were placed onto two sheets of 3MM 

Whatman covered with Saran wrap and dried under vacuum using a Bio-Rad gel 

dryer for 20min at 80°C. The labelled bands were visualised by autoradiography and 

phosphoimaging (Molecular Dynamics).

Table 2.16. Details of each DNA-binding reaction mixture.

Reagent Volume (|xL)

5x Binding buffer
(50% v/v glycerol, 25mM MgCE^, 15mM DTT®, 200mM Tris 
pH7.8.)

2

^^P-labelled MCE 21mer Oligonucleotide ^ 1

Sterile water* 6

DNA-binding protein*  ̂® 1

Total 10
* These amounts were titrated; a, -lOpM and ~100|iM stock for low (weak) and high 
(strong) MCE concentration respectively; b, ~5|liM and -SOjiM protein stock for weak 
and strong DNA-binding reactions respectively; c, final addition to the spun reaction 
mixture; d, added to minimise charge repulsion of the phosphates in the DNA 
backbone and to help stabilise protein and DNA structure; e, added to prevent protein 
oxidation.

The principle of the gel shift assay is that the entry of the mixture of free DNA 

and DNA-protein complex into the gel matrix results in the physical separation of the 

two species. If the bound DNA dissociates from the protein during electrophoresis, it 

can never ’catch up’ with the DNA that was free at the start of the run. This effect is 

also known as caging and can affect the experimentally determined apparent 

equilibrium association (^a) or dissociation (Kr>) constants.
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The gel retardation assay can also resolve DNA-protein complexes with 

different stoichiometries, i.e. the DNA with 1, 2, 3, or more molecules of protein 

bound to it. The gel retardation assay would reveal a series of bands of DNA with 

progressively reduced electrophoretic mobilities. However, stoichiometric 

interactions occur when both protein and DNA components are present at 

concentrations exceeding the A'd-

If the DNA substrate has one specific site that binds the protein much more 

tightly than any other site, a gel shift experiment will reveal just one DNA-protein 

complex. However, appearance of a single retarded band does not necessarily mean 

that a specific complex has been formed. One test for specificity is to add unlabeled 

DNA to a binding reaction containing ^^P-labelled substrate DNA. On addition of 

competitor DNA, all non-specific complexes with the labelled DNA should be titrated 

away. Any remaining complexes should represent the specific DNA-protein 

association, and this can be confirmed by observing their disappearance on further 

titrations with unlabeled substrate DNA.

2.6.4. Quantitation of binding data

In quantitative gel retardation titration experiments the proportion of the free 

DNA and bound complexes, relative to the total amount of DNA in each sample, was 

measured from the band intensities using phosphoimaging (Molecular Dynamics). 

The IMAGEQUANT program was used to quantify the integrated intensities of each 

band in order to determine fraction of bound DNA sites (0) at each total protein 

concentration ([Pt]). A plot of 0 against [Pt] was then used to determine the 

stoichiometry from titration assays at high DNA concentrations (strong) and apparent 

Kf  ̂ from titration assays using low DNA concentrations (weak, ~l|jM ), i.e. when [Pd 

= [Dt]. Derivation of binding constants from titration data is described below (Kelly 

et al., 1976). For the association of protein and DNA, the association equilibrium 

binding constant is given by:

P + D PD (Eq.2.6)
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^APP = [PD] / [P] [D] (Eq.2.7)

Where [D] is the concentration of free DNA-binding sites, [P] is the concentration of 

free protein, and [PD] is the concentration of the DNA-Protein complex. The 

fractional saturation of the protein, 0, is expressed as the ratio of the bound protein to 

total protein:

0 = [PD] / [P] + [PD] (Eq.2.8)

0 = ( [PD] / [P] [D] ) / ([P] / [P] [D] ) + ( [PD] / [P] [D])

(Eq.2.9)

By substitution from equation 2.9:

0 = ^APP / ( 1/[D] + Ĵ APP ) (Eq.2.10)

This expression is rearranged and solved for [D] to yield equation 2.15:

/̂ APP = 0 ( 1 / [D]+ î APP ) (Eq.2.11 )

Ĵ APP — 0 ^APP + 0/ [D]  (Eq.2.12)

0/ [D]  = ^App- 0 ^APP (Eq.2.13)

0/ [D]  = ^APP ( 1 - 8 ) (Eq.2.14)

[D] = 0 / ^APp( l - 0)  (Eq.2.15)

The free concentration of DNA sites, [D] is assumed equal to the total concentration 

minus the concentration bound to protein:

[D] = [Dt] - 0[Pt] (Eq.2.16)

101



where [DJ and [PJ are the total concentration of DNA sites and of protein,

respectively. Equating the right sides of equation 2.15 and 2.16 gives:

[Dt] - 0 [Ft] = 0 / /sTapp (1- 0) (Eq.2.17)

which can be rearranged and solved for ^App :

( [Dt] - 0 [Pt] ) (^APP - 0 ^APP) = 0

î APP ( 1- 0 ) = 0 / ( [Dt] - 0 [Pt] )

^APP = 0 / ( 1 - 0 )  ([D] - 0 [Pt] ) (Eq.2.18)

At stoichiometric concentration of DNA sites; i.e. where [Dt] = [Pt], the expression in 

equation.2.18 assumes the simplified form as shown in equation 2.20:

^APP = 0 / ( l - 0 ) (  [Pt] - 0 [Pt] ) (Eq.2.19)

^:app= e / ( i - e f  [p,] (Eq.2 .2 0 )

Therefore, ^ app can be determined at a known protein concentration and the known 

value of the fractional saturation at the stoichiometric ratio of DNA sites to protein.

An example for determining the Kp, from the phosphoimages of gel retardation 

assays is demonstrated in Figure 2.6, which shows a plot of 0 against [Pt] using low 

DNA concentrations (weak, ~l|iM), i.e. when [PJ = [DJ. The graph reveals a 

parabolic increase in saturation as the protein concentration increases. A non-linear 

relationship is determined that provide a good fit of all the data points. 0 (or y) is 

derived by substituting x as the concentration of [Pt] because [Pt] = [Dt]. is then 

calculated using equation 2.20.
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The graph fits the expression: y = 0.098x2 4- 0.297x - 0.014, for the wild-type 

Mbpl-15.5kDa (1-124) when Dt was 1.39|i,M. x is the protein concentration when 

[Pt] = [Dt], therefore x is assumed to be 1.39 and is substituted in the above expression 

to derive y (0). In this case, y is derived to be 0.59. Evaluation of 0 and [Pt] (when 

[Pt] = [Dt]) allows for their substitution in equation 2.20 in order to determine for

^APP-

K a p p =  0 / ( 1 - 8 ) "  [ P t ] (Eq.2.20)

T̂app = 0.59/ ( l - 0 .5 9 f x  (1.39 X 10 ®) 

Kavp = 2525047 M '

Since, Ku= 1/^app then Kp,= 396 nM

Figure 2.6. A plot of 0 against [Pt] is used to determine the apparent equilibrium 

association (Ka) or dissociation (^d) constants, for the wild-type (as shown) and 

mutant proteins from the titration assays using low DNA concentrations (weak, 

~l|iM ), i.e. when [Pt] = [Dt].
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Chapter Three
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PURIFICATION AND BIOCHEMICAL ANALYSIS 
OF THE SEE AND MBF HETEROMERISATION 

DOMAIN OF SWI6p

3.1. INTRODUCTION TO THE S.CEREVISIAE 

TRANSCRIPTION FACTOR, SWI6p

The S.cerevisiae Swi6 protein is an essential component of transcription 

factors SBF and MBF and is involved in the regulation of many genes that are 

transcribed at the G 1/S transition of the cell-cycle. These include genes encoding the 

HO endonuclease, G1 cyclins (Nasmyth and Dirick, 1991) and those involved in 

DNA replication (Lowndes et a i, 1991; Dirick et a i, 1992). Both SBF (Swi6/Swi4) 

and MBF (Swi6/Mbpl) complexes contain Swi4p and Mbplp, which mediate the 

DNA-binding activities of the two transcription factors. The association between 

Swi6p and Swi4p, and Swi6p and Mbplp are mediated through their C-terminal 

domains (Koch et al., 1993; Sidorova and Breeden, 1993).

The SWI6 gene resides on chromosome XII of the yeast genome (YPD; 

Proteome, Inc.). It contains one open reading frame with no introns and encodes an 

803 amino acid protein with a relative molecular mass (Mr) of 90,561 (Breeden and 

Nasmyth, 1987; DNA Star 1999; YPD). Swi6p shares 33% sequence identity with its 

fission yeast counterpart CdclOp within the C-terminal domain (Breeden and 

Nasmyth, 1987; Figure 1.9.).
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3.2. SW I6p ARCHITECTURE

Hydrodynamic and limited proteolysis studies by Sedgwick et al (1998) 

identified three major regions/domains within Swi6p. A 15kDa N-terminal domain 

(NTD) is linked to a 40kDa central region by a linker region followed by the 30kDa 

C-terminal domain (Figure 3.1).

N-terminus
I---------------1 h

Central region C-terminus
H I--------------------------- 1

ANK

11 I

Transcriptional Transcriptional
activation antagonism

LZ TAR2 HD[hjPlj
Transcriptional Mbp1/Swi4 

activation interaction

Essential

Figure 3.1. Schematic diagram showing the architecture of Swi6p. The N-terminal 

domain (NTD), transcriptional activation domain (TAR 1/2), ankyrin repeats (ANK), 

leucine zipper (LZ), and the heteromerisation domain (HD) are labelled. The C- 

terminal domain contains the LZ, TAR2, and the region for heteromerisation with 

Mbplp and Swi4p.

The 15kDa N-terminal domain is apparently dispensable for Swi6p activity in 

vivo and has been proposed to represent a non-functional remnant of a DNA-binding 

domain from a common ancestor (Sedgwick et al, 1998). The structure of the N- 

terminal region has been solved to 1.8Â resolution and contains five p-strands and 

four a-helices (Figure 3.2; Taylor et al., unpublished data). A linker region of -90 

residues separates the N-terminal domain from the central domain (Sedgwick et al., 

1998; Foord et al., 1999).

The central 40kDa fragment, whose X-ray structure has been solved 2.1 Â 

resolution, consists of a transcriptional activation region (TARl) and five ankyrin- 

repeat (ANK) motifs (Foord et al., 1999). This structure reveals a predominantly a-
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helical molecule with the major domain (310-514) containing the five ANK repeat 

motifs. N-terminal to this major domain lies 30 residues of extended structure (TAR), 

combined with two a-helices, A and B, in which helices A and B are connected by a 

polar loop (Figure 3.3). The TAR region has been shown to be required for 

transcriptional activation in vivo but is found to be inactive when attached to the ANK 

repeat region. In vivo, the ANK repeat region has been suggested to exert an 

antagonistic effect on transcriptional activation when Swi6p is complexed with 

M bplp or Swi4p (Sedgwick et a l, 1998). Meanwhile, in vitro experiments have 

demonstrated that the Swi6p ANK repeats also interact directly with Stblp for 

activation of gene expression (Ho et a l, 1999). As described in Chapter One (Section 

1.8.2), the core domain containing the ANK repeats in Swi6p shows significant 

sequence similarity within the Swi6/CdclO family indicating that all members of the 

Swi6/CdclO class of proteins are likely to share a similar architecture.

The C-terminal domain is again connected to the central domain of Swi6p by a 

linker (Sedgwick et al., 1998). It is the C-terminal domain rather than the ANK 

region that contain sequences required for the interaction with the binding partners 

M bplp and Swi4p (Siegmund and Nasmyth, 1996). This domain also contains a 

leucine heptad repeat (LZ) and a transcriptional activator region (TAR2) upstream of 

the heteromerisation region (Sedgwick et al., 1998). The putative leucine zipper 

motif, spanning residues 585-606 in Swi6p (Sidorova and Breeden, 1993) is also 

present within the C-terminal domain of CdclOp although no specific function has 

been assigned to this region in either proteins. Studies by Siegmund and Nasmyth 

(1996) show that a 140 amino acid stretch spanning residues A663 and Q787 of 

Swi6p is sufficient for binding to either Swi4p or Mbplp; the remaining extreme C- 

terminal 30 residues of Swi6p appear to be dispensable for Swi4p and Mbplp 

interaction. The C-terminal segment (A663 and Q787) is highly conserved between 

CdclOp and Swi6p and contains all sequences conserved between the C-termini of the 

Swi4/Mbpl family (Chapter One, Figure 1.9). In spite of the importance of the C- 

terminal region in transcriptional activation and SBF/MBF heterodimer formation, no 

structural or biophysical information is available for this crucial region of any of the 

Swi6/CdclO family members. Furthermore, the stoichiometry of the interactions 

between Swi6p with any of its partner molecules in SBF or MBF has not been 

determined this far.
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Figure 3.2. The structure of the N-terminal region of Swi6p 

(construct Swi6-15kDa), courtesy of Taylor and Smerdon 

(unpublished data), a-helices and p-strands are shown in blue 

and green, respectively. Figure reproduced using Ribbons (Carson, 1997).
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Figure 3.3. The structure of the ANK domain from the Swi6-40kDa 

fragment (N188-G512 (LE)). The a-helices are shown as cylinders 

and P-strands as arrows. TAR is shown in red. Helices and strands 

that constitute the ANK repeat motifs are coloured blue and green, 

respectively. Non-ANK insertions are coloured yellow. Diagram 

reproduced from Foord et al., (1999), using Ribbons (Carson, 1997) 

PDB code 1SW6.
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3.2.1. Aim

The C-terminal interactions between Swi6p and Mbplp and Swi6p and Swi4p 

are absolutely required for SBF and MBF function at START. Despite the 

fundamental importance of this region in complex assembly, no structural information 

is available. Crystal structures of both the N-terminus and the central region of Swi6p 

have been solved and attempts to crystallise the C-terminal region have been the main 

goal of this project.

The aim of this part of the project was to identify fragments of Swi6p C- 

terminal domain amenable to crystallisation through a systematic biochemical and 

spectroscopic characterisation of this region. In the process of identifying a suitable 

fragment for crystallisation a number of problems were encountered. This chapter 

describes the purification and procedures undertaken in order to biochemically 

characterise the C-terminal fragments of Swi6p and the steps taken to address and 

circumvent the problems incurred during this study. A major problem in this study 

was the multimerisation of the Swi6p C-terminal domain during purification. The 

nature and biological significance of multimerisation were investigated. In particular 

the role of a single cysteine in the C-terminal domain was explored through site- 

directed mutagenesis and tested for its effect in vivo.
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3.3. RESULTS

3.3.1. An overview

The single most important step in the crystallisation of a protein is its 

purification and characterisation. Ideally, for crystallisation, proteins need to be 

extremely pure to ensure homogeneity. Before a molecule can be crystallised, it must 

be soluble as a monodisperse solution free of aggregates, non-specific oligomers, and 

should be conformationally homogeneous.

This chapter describes the steps undertaken to identify suitable fragments of 

Swi6p C-terminal domain for further biochemical and spectroscopic analyses and 

crystallisation. For this purpose, a plasmid expressing the entire C-terminal region of 

Swi6p (E604-S803), Swi6-24kDa, was constructed and over-expressed with a C- 

terminal hexa-histidine (Hisg) affinity tag in E.coli. This protein encompasses the 

leucine heptad repeat and all of the sequences necessary for heteromerisation. Like 

the SOkDa C-terminal domain (residues 544-803; Sedgwick et al., 1998), produced by 

an E.coli protease cleavage of the full-length protein, Swi6-24kDa was severely 

aggregated and was not amenable for further biophysical analysis. To circumvent this 

problem, shorter clones of Swi6p were constructed that expressed fragments D657- 

S803 (Swi6-18kDa) and L723-S803 (Swi6-10.5kDa) (Figure 3.4).

The Swi6-18kDa fragment contains regions that are known to be sufficient for 

intermolecular interactions between Swi6p and Swi4p and between Swi6p and Mbplp 

(Andrews and Moore, 1992; Primig et al., 1992; Koch et al., 1993; Siegmund and 

Nasmyth, 1996). Swi6-10.5kDa is the smallest C-terminal construct that contains the 

sequences for interactions with Mbplp and Swi4p and includes all the amino acids 

conserved among the C-termini of CdclOp, Swi6p, Mbplp, Swi4p, Res Ip, and Res2p 

(Chapter One, Figure 1.9; Caligiuri and Beach, 1993; Miyamoto et al., 1994; Zhu et 

al., 1994; Ayte et al., 1995; Koch et al., 1996). Expression of Swi6-18kDa and Swi6- 

10.5kDa yielded soluble proteins, which were amenable for biochemical and 

spectroscopic characterisation. These experiments are reported in the subsequent 

chapter.
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Sw i6p (90.5 kDa)
803

Constructs

24 kDa
604 603

'4 J — U 18 kDa
6 5 7  8 0 3

HUD 10.5 kDa
723 803

Figure 3.4. Schematic representation of the Swi6p C-terminal fragment expression 

constructs. Black-boxed region denotes the ankyrin region; grey shaded region 

denotes the heteromerisation region. Constructs are labelled according to their 

molecular mass, indicated in kDa.

3.3.2. Purification of the C-terminal Swi6p fragments.

The C-terminal Swi6p fragments, 24kDa (604-803), ISkDa (657-803) and 

10.5kDa (723-803) were overexpressed and purified from E.coli as described in 

Chapter Two (Section 2.3.1). Swi6p constructs are shown schematically in Figure

3.4. Purity of the Swi6p fragments was assessed by 16-18% high ionic strength SDS 

PAGE, as shown in Figure 3.5(a).

Gel filtration chromatography using Superdex G-75 was carried out as a final 

purification step following determination of optimal buffer conditions such as pH, 

ionic strength etc to prevent ion-exchange effects or aggregation and allow for 

reproducible elution profiles of the proteins from the gel filtration columns. The 

elution profiles of both the proteins from the gel filtration chromatography revealed a 

broad peak that was inconsistent with a single species. Furthermore, on calibrated 

Superdex-200 /HPLC both Swi6-18kDa and Swi6-10.5kDa had rather lower retention 

times than might be expected for lOkDa or 18kDa proteins (Figure 3.5(b)). The 

apparent large size of these fragments determined on the gel filtration column is more 

likely to be accounted for by the presence of partly denatured regions, self

association, an asymmetric shape, or a combination of these factors.
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(a) Swi6-24kDa
M 1 2 3 4  5

9 5 -
6 5 -
4 6 -
2 9 - m
21 -

1 4 -

24 kDa

(b) Swi6-18kDa
M 1 2 3 4

— « • '^ 1 8  kDa

(c) Swi6-10.5kDa
M 1 2 3 4 5

10.5 kDa

Figure 3.5 (a). Expression and purification of Swi6p C-terminal domain constructs in 
E.coli, as shown by high ionic SDS 16-18% PAGE, (a) Swi6-24kDa: lanes M are 
MW markers (Pharmacia Biotech); lane 1, cell lysate; lane 2, supernatant after high 
speed centrifugation; lane 3, peak fraction from Q-Sepharose EE column; lane 4, peak 
fraction from Ni-affinity column; lane 5, peak fraction from G-75 column, (b) Swi6- 
ISkDa: lane 1, cleared cell lysate; lane 2, peak fraction from Q-Sepharose EE; lane 3, 
peak fraction from Ni-affinity column; lane 4, peak fraction from G-75 column, (c) 
Swi6-10.5kDa: lane 1, cleared cell lysate; lane 2, supernatant after high speed 
centrifugation; lane 3, peak fraction after Q-Sepharose EE; lane 4, peak fraction from 
Ni-affinity column; lane 5, peak fraction from G-75 column.
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Figure 3.5 (b). Absorbance profiles of Swi6-18kDa and Swi6-10.5kDa at 220nm 
from Superdex-200 on HPLC. 3.3)liM samples were loaded in lOmM Tris pH7.8, 
300mM NaCl and lOmM TCEP. Shorter retention times were observed for each 
protein than expected for 18kDa or lOkDa proteins according to the calibration curve 
shown using protein standards. The calibration curve shows of protein standards 
against molecular weight (A'av = Ve-Vo / Vt-Vo, where Vo, void volume (8ml); Vt, 
total volume (24ml) and Ye, elution volume). The flow rate was 0.4ml/min. 
Molecular weight estimated from the calibration curve were 30kDa and 18kDa for 
Swi6-18kDa and Swi6-10.5kDa, respectively.
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3.3.3. Dynamic Light Scattering (DLS) of C-terminal Swi6p fragments

The DLS profile of a protein is highly indicative of its crystallisability. 

Proteins with monomodal distributions have a high probability of producing crystals 

(Bergfors 1999). Conversely, proteins with non-specific aggregates are less likely to 

crystallise. Thus, DLS was performed on the purified Swi6p fragments to measure 

the size distribution of these proteins in solution. In the DLS profiles, the 

polydispersity values <15% are considered monomodal. The sum of squares (SOS) 

represents the amount of residual noise or error in the DLS measurement. SOS values 

of 1.000-5.000 indicate low noise with negligible error. Baseline values of 0.997-

1.002 are considered to represent a monomodal distribution.

Purified Swi6-24kDa fusion protein (604-803) aggregated in solution and did 

not pass through the 0.02pm filter membrane prior to light scattering. Mild 

detergents, such as n-octyl-p-D-glycopyranoside (0.1-0.5% p-O-G) failed to 

disaggregate Swi6-24kDa, thereby limiting the scope for further studies using this 

protein.

In contrast, the shorter C-terminal Swi6p fragments (ISkDa and 10.5kDa) 

were essentially monodisperse at concentrations of ~1 mg/ml as shown in Table 3.1, 

and ideal for crystallisation.

Table 3.1. DLS results for Swi6-ISkDa and Swi6-10.5kDa in 20mM Tris pH 7.8, 
300mM NaCl ± 50mM DTT. Samples at ~1 mg/ml concentration, were centrifuged 
for lOmin at 10,000 g prior to DLS measurements. Data were averages of 20 
recorded values.

DLS DATA Swi6- ISkDa Swi6-■10.5kDa

50mM DTT - + - +

No. of amino acid residues^ 155 155 89 89
Diffusion coefficient (Dj) (10'^ cm^/sec) 511 600 690 803

Hydrodynamic radius (Rh) (nm) 4.27 3.65 3.17 2.73
Polydispersity (nm) 0.9 1.1 0.8 1.3
Count (kCts/sec) 67 54 28 26

Baseline 1.001 1.002 1.001 1.002
SOS (sum of squares) error 2.110 4.368 8.433 14.441

a: includes His-tag.
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3.3.4. Gel filtration studies

Further hydrodynamic studies involving analytical gel filtration studies of 

purified Swi6-ISkDa protein on a Superdex G-75 HPLC revealed a decrease in the 

retention time of the protein that was dependent upon protein concentration. DTT 

was added in the sample during injection due to the absorption of DTT at 280nm. 

Thus, at greater Swi6-ISkDa concentrations a lower retention time was observed 

(Figure 3.6). Therefore, at increasing concentration, Swi6-ISkDa appeared to be self

associating into discrete higher molecular weight complexes. This potential self

association was further assessed using chemical cross-linking and sedimentation 

equilibrium ultracentrifugation as described in the subsequent sections.
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Figure 3.6. Absorbance profiles at 232-220nm (A-D) from Superdex-75 gel 
filtration/HPLC column runs at varying Swi6-18kDa concentrations ( 1 0 0 - 0 . 8 | liM ) .  

The samples were loaded in 20mM Tris pH 7.8, 400mM NaCl, 50mM DTT. 
Retention time (mins) is indicated above each Swi6-18kDa elution peak. For each 
profile, the y-axis represent absorbance (OD) and the x-axis represent retention time. 
The figure shows the shift in retention times with varying Swi6-18kDa concentrations 
indicating differences in molecular weight.
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3.3.5. Investigations into the intermolecular interaction of Swi6-18kDa by

chemical cross-linking

To probe the intermolecular interactions between Swi6-ISkDa molecules, two 

chemical cross-linking reagents, DMS and DMA were used. The DMS and DMA 

spacer arm lengths are 11Â and 8.6Â respectively (Chapter Two, Figure 2.4). These 

compounds are homobifunctional imidoesters possessing two identical groups that 

react with primary amines to form stable covalent bonds at mildly alkaline pH. Here, 

the cross-linking experiments with both DMS and DMA demonstrated that an 

abundant species migrating at the molecular weight expected of cross-linked Swi6- 

ISkDa dimers, trimers and possibly tetramers were detected (Figure 3.7 (a) and (b)). 

Under identical reaction conditions, the relative intensities of the dimer bands were 

observed to be greater with DMS than with DMA indicating a commonly observed 

length-dependence on the spacer arms.

The cross-linking studies were repeated with increasing Swi6-ISkDa 

concentrations (i.e. 15|xM to S5|LiM) at constant lOmM DMS concentration. The 

results are shown in Figure 3.S. An increase in intensity of the higher molecular 

weight species was also observed with increasing Swi6-ISkDa concentration, 

consistent with gel filtration data (Section 3.4.4).
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Figure 3.7. SDS 15% PAGE showing the chemical cross-linking of Swi6-ISkDa. (a) 

94)im Swi6-ISkDa was incubated with lOmM DMS for specified time course at RT 

under reducing conditions. DMS was excluded at time point zero X)’. An increase in 

dimer band intensity was observed over the time period (from 0-30mins); (b) similar 

results were obtained with reactions performed using lOmM DMA.
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Figure 3.8. SDS 15% PAGE showing cross-linking of increasing Swi6-ISkDa 

concentration with lOmM DMS. The reaction was carried out for 15 mins at RT 

under reducing conditions, 8|ig of protein sample was loaded in each lane. The 

control lane demonstrates no cross-linkage in the absence of DMS.
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3.3.6. Sedimentation equilibrium of Swi6-18kDa and the full-length Swi6

protein

Sedimentation equilibrium is a method for determining the molecular weight 

of intact protein assemblies and for investigating interacting systems of proteins 

(Schachman, 1989), independent of their shape. The parameter measured is the 

absorbance of the protein (A), as a function of the radial distance from the centre of 

the rotor (r ), shown in Figure 3.9 (a). The continuous curves seen in this figure are 

the best fit to the data points derived by non-linear fitting of this equilibrium profile 

(A vs. r).

Sedimentation equilibrium was performed on Swi6 -ISkDa since this construct 

exhibits a much greater molar extinction coefficient ( 6 2 3 0  = 3900 M'^cm'^) compared 

with the Swi6-10.5kDa protein ( £ 2 3 0  = 1300 M'^cm'^) and is thus more amenable for 

these studies.

Sedimentation equilibrium analyses of Swi6-18kDa indicated the presence of 

mixed species in solution, at a total monomer concentration of lOpM. A good fit to a 

monomer/ dimer equilibrium model was obtained and a Æo of 1.2pM {[monomer]^/ 

[dimer] = (2.1pM)^ / 3.6pM} was estimated from the proportion of each species at 

equilibrium.

At the time of the analyses on the C-terminal fragments, the full-length Swi6p 

was unavailable and only obtained towards the later stages of the project. 

Sedimentation equilibrium measurements of the full-length protein were performed in 

a solution containing 20mM Tris, 300mM NaCl, ImM EDTA, and 3mM DTT and at 

the scanning wavelength of 280nm and at a rotor speed of 10,500rpm. Results 

showed that the full-length Swi6p behaves as a monomeric protein with a molecular 

mass of 90+1 kDa (Figure 3.9 (b)), which is essentially identical to the formula 

molecular mass of 90.5 kDa calculated from the amino acid sequence. Collectively, 

these results indicate that the full-length Swi6p is most likely active as a monomer in 

contrast to the behaviour of Swi6-18kDa, taking into consideration the concentration 

(18 pM) used for these experiments was well above that which produces dimers of 

Swi6-18kDa.
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Figure 3.9. Sedimentation equilibrium analyses of Swi6-ISkDa and Swi6p (full- 
length). (a) Absorption profile of Swi6-ISkDa at the scanning wavelength of 232nm 
(Swi6-ISkDa 8 2 3 2  = 33,540 M'^cm'’), the data points are shown in circles. The data 
indicates the best-fit curve for a mixture of ISkDa and 36kDa species (monomer- 
dimer) at lOpM. The ultracentrifugation procedure is detailed in Section 2.4.7. (b) 
Absorption profile of Swi6p (ISpM) in 20mM Tris, 300mM NaCl, ImM EDTA, and 
3mM DTT and at the scanning wavelength of 2S0nm (courtesy of Dr. Ian Taylor). 
The rotor speed was maintained at 10,500rpm, 20°C for 16 hours until no further 
change was seen in the profile.
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3.3.7. The use of TCEP and DTT as reducing agents for Swi6-18kDa

The Sedimentation equilibrium analyses indicated that the purified C-terminal 

fragment of Swi6p behaved somewhat differently to the isolated full-length protein in 

solution. Several possibilities may exist for this. Firstly, the oligomerisation 

observed for Swi6-ISkDa may be its real activity that is masked in the isolated, full- 

length Swi6p, but which occurs in the context of SBF/MBF. Alternatively, the 

dimérisation, covalent or non-covalent, observed for the isolated C-terminal 

fragments maybe an artefact of preparation.

It became apparent that purified C-terminal Swi6p fragments dimerised over 

time (Figure 3.10, lane 2) even under reducing conditions, and that once cross-linked, 

the dimérisation was difficult to dissociate (Figure 3.10 lane 1). Evidence for this is 

seen, again, from bands of twice the monomer molecular weight on SDS PAGE 

during purification. Due to this problem and possibility of covalent dimérisation 

through disulphide formation of the Swi6p C-terminal fragments via a single cysteine 

residue (Cys762), different reducing conditions were investigated. In particular, two 

different water-soluble sulphydryl reducing agents, TCEP (Kirley, 1989) and DTT 

(Cleland et a l, 1964), were used in parallel to test their ability to reduce Swi6-ISkDa. 

TCEP is UV transparent (Pierce) and an effective reductant over a wider pH range 

than DTT. Furthermore, it has been suggested by Burmeister et al (1999) that TCEP 

is significantly more stable than DTT in the absence of metal chelates such as EDTA.
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Figure 3.10. Dimérisation of Swi6-ISkDa observed after dialysis of protein samples 

in 20mM Tris pH 7.8, BOOmM NaCl without any reducing agents. Lane 1 and 2 show 

samples treated with and without 150mM DTT, respectively prior to SDS PAGE 

analysis. M denotes molecular weight markers as seen in Figures 3.7 and 3.8.

To investigate the effects of Swi6-18kDa in the presence of reducing agents, 

glycerol samples of Swi6-18kDa were subjected to gel filtration in 50mM Hepes pH

8.2, 300mM NaCl and ImM TCEP, using a Superdex G-75 chromatography column 

to obtain a monomeric elution peak. Peak protein samples were mixed with varying 

concentrations of DTT or TCEP and incubated for at least 24 hours at two different 

temperatures (4°C and RT) before SDS PAGE analysis (Figure 3.11). Independent of 

temperature, the addition of lOOmM DTT did not completely reduce the dimeric 

species (Figure 3.11, lanes 2 and 7). Similarly, protein samples with lOOmM DTT 

and 8M urea had no additional effect (lanes 3 and 8). In comparison, samples 

incubated with ImM or 5mM TCEP abrogated the dimérisation of Swi6-18kDa, 

however, these samples also showed signs of degradation. The degradation of 

samples with TCEP was more prominent at RT than at 4°C (compare lanes 4,5 with 9,
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10). The control sample at RT (lane 1: water only) also showed some degradation 

possibly due to the initial amount of TCEP in the gel filtration buffer. Notably, the 

degradation due to TCEP is prevented by the presence of DTT. Although TCEP is 

effective as a reducing agent in this study, the protein seems susceptible to chemical 

proteolysis in its presence. Furthermore, in the case of DTT, lOOmM-reductant 

concentration seems to be insufficient for total dimer reduction.

Since DTT appeared to prevent degradation, dimer reduction was further 

investigated using increasing concentrations of DTT, in the presence or absence of 

high concentrations of urea. TCEP was not used in any part of this investigation. In 

this analysis, SDS PAGE analysis showed that without any reducing agents, Swi6- 

18kDa is a dimer that is non SDS-dissociable (Figure 3.11 (b), lane 1). On addition of 

increasing DTT concentration (50-500mM), dimer bands were still visible ((b) lanes 

2-4). However, initial treatment of protein samples with 8M urea followed by 

increasing concentrations of DTT, completely dissociated the dimers into the more 

rapidly migrating monomeric form ((b) lanes 5-7). On the basis of these experiments 

dimeric bands of Swi6-18kDa could be reduced into monomers, with DTT but this 

was only possible after the protein had been denatured with high concentration of urea 

prior to the addition of SDS loading buffer before gel electrophoresis.
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Figure 3.11. 15% SDS PAGE analysis of Swi6-18kDa incubated with two different 
reductants. (a) The protein was dialysed in 300mM NaCl, 50mM Hepes pH 8.2, ImM 
TCEP and concentrated to 1.7mg/ml. Ipl of protein was aliquoted into ten tubes with 
the addition of the above buffer. Lane M, molecular weight marker (Pharmacia 
Biotech); lane 1, water only (blank control); lane 2, lOOmM final DTT; lane 3, 
lOOmM DTT and 8M final Urea; lane 4, ImM final TCEP; lane 5, 5mM final TCEP. 
Lanes 1-5 show samples incubated at RT for 24 hours. Lanes 6-10 are repeat 
conditions of lanes 1-5 except these samples were incubated 4°C for 24 hours.
(b) SDS 16% polyacrylamide gel showing the Swi6-18kDa protein titrated with 
increasing concentration of DTT, in the absence and presence of 8M urea. Lanel 
shows the Swi6-18kDa migration, after dialysis, in the absence of any reducing 
agents. Increasing concentration of DTT (50, 200 and 500mM) reduces the 
dimérisation (Lane 2,3,4). Repetition of titration with DTT (from 50-500mM), in the 
presence of 8M urea, as shown in lane 5,6,7, denatures the protein into monomeric 
subunits.
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3.3.8. Characterisation of C762S mutation of Swi6p C-terminal fragments.

Given the propensity of the C-terminal Swi6p fragments to form covalent 

dimers through disulphide bond formation via Cys762 and the subsequent difficulties 

in reducing these dimers into monomeric subunits for crystallisation, site-directed 

mutagenesis was used to substitute this residue with serine in both Swi6-18kDa and 

Swi6-10.5kDa.

Site-directed mutagenesis of cysteine to serine (cys-^ser) and vice versa has 

been frequently used for a variety of reasons such as investigating tertiary 

interactions of specific residues of a protein; probing conformational changes 

associated with enzyme function; and identification of cysteine residues critical for 

dimérisation in extracellular domains of the human Câ "̂  receptor (Fasman, 1989; 

Ghosh et a l, 1986 and references therein; Klein-Seetharaman et a i, 1999; Kunita et 

a i, 2000; Ray et a l, 1999). Cysteine and serine residues are isosteric and each 

consists of small polar sidechains.

In each case, following the cys-^ser substitution mutagenised plasmids were 

DNA sequenced to confirm the correct mutation. Surprisingly, both of the constructs 

produced insoluble proteins in E.coli (Figure 3.12). Furthermore, during expression 

of the mutant 18kDa protein (Swi6-18kDa C762S), two induced bands corresponding 

to 18kDa and IBkDa were observed. Both of these fragments bound to a Ni-affinity 

column under denaturing conditions (Figure 3.12 laneS) indicating that they both 

contained the C-terminal His-tag.

Following purification, these proteins were renatured by stepwise dialysis in 

decreasing concentration of the dénaturant, before being purified by ion exchange 

chromatography. Gel filtration chromatography of Swi6-18kDa resulted in two 

separate elution peaks containing the 18kDa and 13kDa proteins. These were further 

analysed using mass spectroscopy and dynamic light scattering. Somewhat 

surprisingly, mass spectroscopy indicated that the 13kDa protein resulted from a false 

start in translation at methionine 701 of the Swi6 C-terminal fusion protein, (Figure 

3.13). This phenomenon does not occur during expression of the wild-type sequence 

and remains unexplained.

Both wild-type and mutant Swi6-18kDa and lOkDa proteins were subjected to 

SDS PAGE under reducing and non-reducing conditions (Figure 3.14). The results 

showed that in the absence of DTT, the C762S mutant proteins migrated at the
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monomer molecular weight, confirming that the replacement of the cysteine residue 

by serine abrogated the dimérisation. However, all mutated proteins were expressed 

in the insoluble fraction suggesting that the single cysteine in the C-terminus may be 

structurally important. Indeed, this residue (Cys 762) is conserved in Swi6p, CdclO, 

and K.lactis Swi6p. The effects of this mutation on Swi6p activity in vivo, was 

therefore investigated.
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Figure 3.12. Expression of C762S mutant Swi6p C-terminal domain constructs in 
E.coli. High ionic SDS 16-18% PAGE showing peak fractions from each purification 
step of the mutant Swi6p fragments.
(a) Swi6-18kDa C762S; lanes 1, MW markers (Pharmacia Biotech); lane 2, 
uninduced cell sample; lane 3, IPTG induced cell sample; lane 4, cell pellet; lane 5, 
supernatant after denaturing Ni-chromatography; lane 6, peak fraction from Q- 
Sepharose EE column of Swi6-13kDa C762S; lane 6, dialysed sample of Swi6-13kDa 
C762S after Q-Sepharose FF column; lane 7, concentrated sample of Swi6-13kDa 
C762S; lane 8, peak fraction from Q-Sepharose EE column of Swi6-18kDa C762S; 
lane 9, concentrated sample of Swi6-18kDa C762S.
(b) Swi6-10.5kDa C762S: lanes 1, MW markers; lane 2, cleared cell lysate; lane 3, 
cell pellet; lane 4, peak fraction from denaturing Ni-affinity column; lane 5, peak 
fraction from non-denaturing Ni-affinity column; lane 6, peak fraction from ion- 
exchange Source-Q column; lane 7, peak fraction from Ni-chromatography; lane 8, 
peak fraction from G-75 column.
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Figure 3.13. Mass spectroscopy analysis of the mutant Swi6-13kDa C762S protein 

(Observed molecular mass from ESI-MS is 12930.2 Daltons and calculated molecular 

mass (701-803 4 - Hisô) from DNA star is 12928.8 Daltons).
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Figure 3.14. 16% High ionic strength SDS PAGE showing native, denaturing and 
denaturing + reducing conditions with the wild-type and mutant Swi6p C-terminal 
fragments. Dimers are seen for all wild-type protein samples (gel (a) Swi6-18kDa 
and (b) Swi6-10.5kDa) under non-denaturing and/or non-reducing conditions whereas 
no dimérisation is observed with the subsequent C762S mutants under similar 
conditions. Gel (a) shows: lane 1, molecular weight markers; lanes 2-4 refer to Swi6- 
18kDa; lanes 5-7 refer to Swi6-18kDa C762S; lanes 8-10 refer to Swi6-13kDa 
C762S. Gel (b) shows: lane 1, molecular weight markers; lanes 2-4 refer to Swi6- 
10.5kDa; lanes 5-7 refer to Swi6-10.5kDa C762S. Treatment with (-f-) or without (-) 
8M urea and 125mM DTT is indicated below each lane. Protein samples of 1.6)ig, in 
SDS loading buffer, were loaded per lane.
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3.3.9. In-vivo analysis of the mutant Swi6p

In vivo activity was analysed in S.cerevisiae using the full-length Swi6p 

molecule that contained the cys-^ser mutation. Sub-cloning of this particular 

mutation, from Swi6-18kDa C762S into wild-type plasmid vector (resulting in 

plasmid pTR733) has been described (Chapter Two, Section 2.5.2). Plasmid pTR733 

was sequenced to confirm the exact mutation and expression of Swi6p C762S. 

Complementation assays, transcriptional activation and Swi6p C762S interaction with 

Swi4p using yeast One/Two-hybrid system (Fields and Song, 1989) were employed. 

This system allows for the in vivo reconstitution of a functional transcriptional 

activator from two interacting polypeptides, one fused to a sequence-specific DNA- 

binding domain and the other to a potent transcriptional activation domain that is 

detected by the activation of a reporter gene (Morgan et al., 1996; Sedgwick et a l, 

1998).

3.3.9.1. Complementation assays

For complementation assays, Swi6p C762S was transformed into swi4^  ̂ swi6' 

S.cerevisiae K2003. This assay was used to detect activity by Swi6p C762S for cell 

survival. The K2003 cells are thermosensitive and incur a growth defect at 35°C. In 

this assay, cells expressing both the wild-type and the mutant Swi6p were viable at 

the restrictive temperature. Thus, Swi6p C762S rescues temperature sensitivity and 

the cys-^ser substitution does enable cell survival. Complementation assays for the 

wild-type Swi6p have been previously reported (Sedgwick et al., 1998) and reveal 

similar results.

3.3.9.2. Transcriptional activation

Wild-type, full-length Swi6p has been shown to act as a transcriptional 

activator when fused to a heterologous DNA-binding domain such as LexA or Gal4 i. 

1 4 7 (Morgan et a l, 1996). In this study, LexA-Swi6p C762S molecules were assayed 

for its ability to activate transcription of a lexAop-lacZ reporter gene in-vivo and 

compare the activity to the wild-type LexA-Swi6p. This assay was carried out in 

S.cerevisiae strain CTY-10-5d Swi6::HIS3^.
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The quantitative ONPG liquid assay showed the ability of both wild-type and 

mutant LexA fusions to activate transcription, Figure 3.15(a). The level of 

transcriptional activation measured for both molecules is similar. This result suggests 

that the cysteine substitution in the C-terminus of Swi6p has little or no effect on a 

lexAop-lacZ reporter gene. Sedgwick et al (1998) have shown previously that 

transcriptional activation of the lexAop-lacZ reporter is apparent with the loss of up to 

138 residues (LexA-Swi6p E665). In agreement with their study, the results in this 

study further reveal that the role of the single conserved Cys762 is not directly 

involved in reporter gene activation.

3.3.9.3. Swi6p C762S interaction with Swi4p in vivo

The C-terminus of Swi6p interacts with Swi4p and Mbplp in vitro (Andrews 

and Moore, 1992; Primig et a l, 1992; Siegmund and Nasmyth, 1996) and in vivo 

(Sedgwick et a i, 1998). Wild-type residues from 1-772 are able to activate SCB or 

MCB-lacZ reporter gene expression in assays employing swi6 mutant yeast 

(Sedgwick et a i, 1998). Similarly, in this study, the effect of Swi6p C762 mutation 

was tested in swi6 mutant yeast for SCB-LacZ reporter gene expression and compared 

with the transcriptional activation of the wild-type. This assay was carried out in 

BY600, in which the LacZ gene is fused to the chromosomal HO promoter. 

Therefore, detection of p-gal activity, using ONPG assay, reflects the activity of 

Swi6p C762S in the SBF complex at the HO promoter.

Results from Figure 3.15(b) showed that both the wild-type and the mutant 

Swi6p molecules are able to activate transcription from SCB elements to drive 

expression of the SBF-dependent HO-LacZ reporter genes. The difference in level of 

activation between both the wild-type and mutant molecules is marginal. This 

indicates that in vivo both the wild-type and mutant molecules are able to interact with 

Swi4p to form a functional SBF complex.
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Figure 3.15. Quantification of in vivo transcriptional activation for (a) LexAop-LacZ 

reporter gene expression in CTY-10-5d (ASwiô) and (b) Ho-LacZ reporter gene 

expression in BY600 by LexA-Swi6p and LexA-Swi6p C762S gene products. 

Plasmid expressing vector only (pTR27) was used as a negative control. Swi6p 

C762S SW16::TnHlS is a negative control in which the SWI6 gene has an insertion of 

HIS gene.
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3.4. DISCUSSION

Swi6p is a component of the SBF and MBF complexes, which mediate the 

transcription of genes required for passage through START and entry into the S phase 

of the cell-cycle in S.cerevisiae. In order to understand the structural role of the 

heteromerisation domain within Swi6p, the C-terminal region of this protein has been 

purified and analysed biochemically and spectroscopically in hope to obtain 

crystallisable fragments.

C-terminal regions of Swi6p were cloned and expressed in E.coli using 

commercially available plasmids for overexpression and purification. Two non

aggregated fragments (ISkDa and lOkDa) were selected for further investigation. 

These fragments lack the putative leucine zipper region but otherwise contain all of 

the residues shown to be necessary for the interactions of Swi6p with it’s partner 

molecules, Mbplp, and Swi4p (Andrews and Moore, 1992; Primig et a l, 1992; Koch 

et al., 1993; Siegmund and Nasmyth, 1996).

Analysis of the solution behaviour of Swi6-18kDa by gel filtration, 

sedimentation equilibrium, dynamic light scattering and chemical cross-linking 

indicated a propensity for dimérisation that appeared to be concentration dependent. 

These observations were consistent with previous suggestions that the S.pombe Swi6p 

homologue, CdclOp is present in the fission yeast DSC complex as a dimer (Reymond 

and Simanis, 1993). However, further examination of the oligomerisation state of 

both Swi6-18kDa and Swi6-10kDa during the purification procedure indicated that 

the self-association behaviour was likely due to disulphide formation mediated by a 

single cysteine residue, Cys762 common to both fragments. Whilst the notion of 

Swi6p dimérisation is attractive, it seems doubtful that a covalent association is likely 

to be of functional significance in the highly reducing environment of the yeast cell 

cytoplasm in which glutathione is present at a total concentration of 1-lOmM 

(Creighton, 1996). During the later stages of this work, full-length Swi6 protein 

became available and sedimentation equilibrium studies showed, unequivocally, that 

Swi6p is monomeric, at least in isolation (Figure 3,9 (b)). Nevertheless, even the full- 

length molecule was shown to form the same disulphide linked dimer in a manner that 

was highly buffer dependent, albeit to a much lesser degree than the C-terminal 

fragments. In the light of these data, efforts were then directed at reducing the 

covalent disulphide bonds with varying concentrations of DTT and the potent
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reducing agent TCEP. However, complete reduction was only possible under highly 

denaturing conditions underlying the aggressive nature of this disulphide formation. 

It therefore appears that initial formation of the disulphide bond can be largely 

prevented during preparation by the inclusion of 100-300mM DTT, but once formed, 

the covalent linkage is extremely difficult to reduce. In order to completely abrogate 

intermolecular disulphide formation, the Cys762 residue was substituted with serine 

by site-directed mutagenesis. Somewhat surprisingly, mutation of the single cysteine 

residue in both Swi6-18kDa and Swi6-10kDa resulted in these fragments being 

expressed into insoluble fraction (Figure 3.12). Nevertheless, both proteins were 

purified from inclusion bodies and could be refolded in high yield with essentially 

native secondary structural content (see Chapter Four).

Interestingly, Cys762 lies within the stretch of highly homologous residues 

(A663-Q787) that appear to be sufficient for the heteromerisation activity (Siegmund 

and Nasmyth, 1996). Moreover, the C-terminal cysteine is conserved in three 

regulatory factors, Swi6p from two different yeasts and in CdclOp, indicating that this 

residue may play an important structural role consistent with the insoluble expression 

of the mutant Swi6p fragments. Functional studies in vivo using both the wild-type 

and mutant full-length Swi6p constructs showed no effects of the mutation on reporter 

gene activation driven by either heterologous DNA-binding sites or SCB elements. 

Thus, mutation of Cys762 does not interfere with either Swi4p or Mbplp interaction 

in vivo indicating that the mutant proteins could be confidently employed in further 

spectroscopic assays, limited proteolysis experiments, and crystalisation trials. These 

investigations are discussed in Chapter Four.
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Chapter Four
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SPECTROSCOPIC ANALYSIS AND 
PROTEOLYTIC MAPPING OF STRUCTURAL 

DOMAINS WITHIN THE C-TERMINAL REGION 
OF SWI6p

4.1. INTRODUCTION

One of the major functions of the Swi6p C-terminal domain (CTD) is to 

interact with its binding partners Swi4p and Mbplp (Nasmyth and Dirick, 1991; 

Lowndes et al., 1991; Koch and Nasmyth, 1994). However, as yet, no structural 

information exists for this region of Swi6p nor any of the Swi6-Swi4-Mbpl family. 

This chapter describes circular dichroism (CD) analyses of Swi6p in order to 

investigate the secondary structure, and limited proteolysis to identify potential 

structural domains of the C-terminal fragments of Swi6p, respectively.

4.1.1. CD spectroscopy and limited proteolysis

CD spectroscopy is a technique valuable for analysing the secondary structure 

content of proteins in solution. The determination of the secondary structure of a 

protein can provide functional insights (Kelly and Price, 1997), provide information 

for site-directed mutagenesis experiments, and confirmation of the correct folding of 

heterologously expressed proteins. In this chapter, far UV CD has been used to 

determine the secondary structure content of the CTD of Swi6p and the structural
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effects of the C762S mutation. In addition, limited proteolysis has been used to 

produce a structural ’map’ of domains within the CTD of Swi6p.

Limited proteolysis is a powerful tool for probing the higher order structure of 

proteins and provides information on the location of particularly labile motifs within 

the overall fold of the protein (Hubbard, 1998). This technique has been widely 

exploited to probe the accessibility of ’surface’ sites in proteins of unknown structure 

and the identification of domain-linking segments, which are expected to be surface 

exposed and readily cleaved by proteinases. This approach has also been extended to 

the study of near-native partly unfolded states, where it can provide information on 

protein folding pathways (Fontana et a l, 1997).

4.1.2. Swi6p structure: the C-terminal domain

Limited proteolytic fragmentation of a large multi-domain protein may lead to 

an understanding of the structural arrangement of individual domains. The structural 

and functional organisation of Swi6p has been analysed previously by Sedgwick et al 

(1998) (Chapter Three, Section 3.2). The arrangement of structural domains within 

the Swi6p molecule, investigated by limited proteolysis, shows the molecule to be 

divided into three major regions. These include an N-terminal domain, the ankyrin 

repeats in the central region, and the C-terminal region itself.

Analysis of the primary sequence of the CTD of Swi6p reveals the presence of 

a leucine heptad repeat region (Figure 4.1), spanning amino acid residues 585 to 606 

(Sidorova and Breeden, 1993). Although the function of this region in Swi6p is 

unknown, it is not required for Swi4-Swi6 nor Mbpl-Swi6 interactions (Siegmund 

and Nasmyth, 1996). Leucine zippers (LZ(s)) are coiled coils, formed from the 

characteristic heptad repeat {abcdefg\ (McLachlan and Stewart, 1975) in which 

position d is occupied by leucine residues (Figure 4.2). The heptad sequences that 

form the coiled coils consist of two or more helices wound around one another. These 

coiled coils can be found in the muscle protein tropomyosin (Phillips, 1986), in blood 

clots as fibrin, and in hair as keratin (Cohen and Parry, 1990).

As well as structural proteins, coiled coils play an important role in a variety 

of transcriptional activators (Landshultz et al., 1988; Harrison, 1991) that regulate cell 

growth, differentiation and oncogenesis. In these proteins, the LZs have been known
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to form dimérisation and heterodimerisation domains, as seen for example, in the 

assembly of the c-Fos-c-Jun transcription factor (O’Shea et a l, 1992).

The heteromerisation region of Swi6p that interacts with the C-termini of 

Swi4p and Mbplp spans residues 663 to 787 (Siegmund and Nasmyth, 1996). This 

region of 140 amino acid residues also contains residues that are conserved among 

CdclO, Swi4p, Mbplp, Res Ip, and Res2p. Secondary structure prediction of this 

region and the LZ in Swi6p using COILS (Lupas et a l, 1991) shows a high 

probability of a-helices (Figure 4.3). The COILS program compares a protein 

sequence to a database of known parallel two-stranded coiled coils and calculates the 

probability that this sequence will adopt a coiled-coil conformation. The results of 

this prediction in this study agree with the earlier predictions by Sidorova and 

Breeden (1993). Furthermore, COILS analysis on other members of the Swi6-Cdcl0 

family also indicated a high helical propensity within their C-terminal regions (Figure

4.3 (a and b)). Previous secondary structure predictions by Ayte et al (1995) have 

suggested that regions associated with the interaction domains of all the Swi6-Mbpl- 

Swi4 family members contain a-helices. However, as yet, no direct experimental 

measurement of the secondary or tertiary structure of the CTD’s of Swi6p or any of 

the family members has been reported.
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Swi6 501 ASGLRPVDFG AGTSKLQNTN GGDENSKMVS KGDYDGQKNG KAAAIRSQLL 550

KNPPETTSLI NDVQNLLNSI SKDYENETVQ YNEKLEKLHK ELNEQREELA 600

NSREQLANVK QLKDEYSLMQ EQLTNLKAGI EEEEESFREE SKKLGIIADE 650

SSGIDWDSSE YDADEPFKVE FLSDFLEDKL QKNYEGDISK LLEAESKEQI 700

MEQIRNQLPA EKIQSMLPPT VLLKARINAY KRNDKHLTNV LDTISTKQSE 750

LENKFRRVLS LCLKIDENKV DNMLDGLLQA ISSEDPQDID TDEMQDFLKK 800• • • • • • •  • •  • •  # • • • •  #

HAS 803

Figure 4.1. Amino acid sequence of the C-terminal region of Swiop. LZ (coloured 

blue) and the heteromerisation region (coloured green) are shown. Conserved 

residues within the heteromerisation region are indicated with dark circles.

Figure 4.2. Schematic diagram showing the helical wheel with the heptad residue 

repeats indicated. Residues at position a and d  are generally occupied by hydrophobic 

residues (in leucine zippers, position d is occupied by Leu residues) and form an 

interface between two or more helices. The e and g positions are occupied mostly by 

charged residues, and b, c, and/ positions are mostly hydrophilic.
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Figure 4.3. (a) Secondary structure prediction of (a) Swi6p, (b) Mbplp, (c) Swi4p, 

showing the regions of possible coiled-coils using the COILS program (Lupas et ai, 

1991).

142



(d) CdclOp
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Figure 4.3. (b) Similar COILS predictions of (d) CdclOp, (e) Res Ip, and (f) Res2p in 

S.pombe. A high probability of coiled coils is predicted in the C-terminal regions of 

each member of the Swi6/CdclO family.
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4.1.3. Aim

This chapter describes a series of spectroscopic and biochemical experiments 

designed to investigate the secondary and tertiary structure of the C-terminal region of 

Swi6p. CD analyses of the full-length Swi6p molecule and a set of deletion variants 

of the protein containing various combinations of domains are used to interpret the 

CD spectrum of the CTD. An indirect ’subtraction’ method is used to verify the 

accuracy of the secondary structure content measured directly by CD.

CD spectroscopy, limited proteolysis, in combination with N-terminal 

sequencing and mass spectroscopy are used to identify potential structural domains 

within the C-terminal region of the Swi6p molecule. In order to analyse the 

heteromeric interactions of Swi6p and its binding partners, plasmids expressing C- 

terminal regions of Swi4p and Mbplp were constructed and purified for structural 

characterisation and binding studies. These C-terminal fragments contain the major 

region of homology between C-termini of Mbplp and Swi4p and also contain the 

sequences essential for interaction with Swi6p.
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4.2. RESULTS

4.2.1. An overview of the protein fragments

The various constructs expressing the full-length and various truncated 

fragments of Swi6p used for spectroscopic investigation are listed in Table 4.1 and 

shown schematically in Figure 4.4. All constructs were over-expressed with Hise 

affinity tags in E.coli and purified (as described in Chapters Two and Three). Swi6- 

90kDa, Swi6-60kDa, Swi6-40kDa, and Swi6-15kDa were cloned and purified by Drs. 

Ian Taylor and Rachael Foord. The numerical figures indicated in the construct 

names, for example, 90kDa in Swi6-90kDa, are approximate molecular weight 

representations of the construct. Purification and hydrodynamic analyses of Swi6- 

18kDa and Swi6-10.5kDa and their respective mutants have been described in detail 

in Chapter Three.

For the purpose of investigating protein-protein interactions between Swi6p 

and/or Swi4p and Mbplp, plasmids expressing fragments containing the major region 

of homology between the C-termini of Mbplp and Swi4p that are known to contain 

the sequences essential for interaction with Swi6p, were constructed. These 

constructs are detailed in Table 4.1.

Table 4.1. Construct details

Constructs Encompassing residues No. of amino acid residues^ ^
Swi6p
Swi6-90kDa” M1-S803 803
Swi6-60kDa M1-Q537 537
Swi6-40kDa N188-Q537 351
Swi6-15kDa A2-N126 126
Swi6-18kDa D657-S803 148
Swi6-18kDa C762S D657-S803 148
Swi6-10.5kDa L723-S803 82
Swi6-10.5kDa C762S L723-S803 82
M bplp
Mbpl-12kDa N739-A833 96
Mbpl-9.6kDa M759-A833 76
Swi4p
Swi4-9.9kDa N1019-A1093 76
1: includes initial methionine; 2: excludes His^-tag; 3: contains K543A and K544A mutations 
(Sedgwick et fl/., 1998).
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Figure 4.4. Schematic diagram showing all the constructs made and/or analysed in 

this chapter. The N-terminal regions of the proteins are shaded in pink, the central 

ANK repeats are coloured in black, and the C-terminal heteromerisation regions are 

shaded in turquoise spots. Approximate molecular weights, as determined from SDS 

PAGE analyses, are indicated on the right of each construct diagram and the names of 

each construct are based on these molecular weight approximations.
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4.2.2. CD analysis of Swl6p: full-length and the deletion variants

The secondary structure contents of various Swi6p fragments were determined 

using CD in the far UV region (180-250nm). CD is observed when chiral molecules 

absorb left and right circularly polarised light to different extents. The amide 

chromophore of the peptide bond in proteins dominates their CD spectra below 

250nm. In a-helical proteins, a negative band near 222nm is observed due to the 

characteristic hydrogen-bonding environment of this conformation. The intensity of 

this transition is relatively independent of the helical length (Pelton and McLean, 

2000). A second transition at 190nm is split into a negative band near 208nm and a 

positive band near 192nm (Kelly and Price, 1997 and references therein; Pelton and 

McLean, 2000). Both bands are reduced in intensity in short helices. The CD spectra 

of p-sheets display a negative band near 216nm, a positive band between 195 and 

200nm, and a negative band near 175nm. The CD spectrum of the random coil shows 

an intense negative band close to 197nm. a  + p and cx/p proteins generally have 

spectra dominated by the a-helical component and therefore often show bands at 222, 

208, and 190-195nm.

In this section, CD spectra of the full-length Swi6p protein (90kDa); a 60kDa- 

protein construct containing the N-terminal and the central regions; the isolated 

central ankyrin domain (ANK; 40kDa) and the isolated N-terminal domain (NTD; 

15kDa) are compared. For clarity, a schematic diagram representing the Swi6p 

constructs studied in this section is shown in Figure 4.5. Indirect methods for 

determining the secondary structure content of the entire N-terminal region via 

subtraction of CD spectra and computational methods are described. The 

computational methods include the use of software packages, SelconS, Contin/LL and 

CDSSTR, for CD analysis in which each program uses a different alogrithim for 

analysing a given protein CD spectrum. Descriptions of these programs are available 

from Sreerama and Woody (2000) and references therein.

In order to determine whether far UV CD provides a reasonable estimate of 

the secondary structure content of the CTD, the number of helical residues calculated 

from difference CD spectra is compared to the number of helical residues present in 

the X-ray structures, where available (Foord et al., 1999).
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Figure 4.5. Schematic diagram of Swi6p constructs, showing full-length Swi6p and 

its deletion variants. These protein fragments are used for CD analysis in this section.

The CD analyses of Swi6-90kDa, Swi6-60kDa, Swi6-40kDa, and Swi6-15kDa 

were carried out with the help of Drs. Ian Taylor and Steve Martin. Figure 4.6 shows 

the CD spectra of these fragments for direct comparison. The shape and intensity of 

these spectra are typical of proteins containing mixed a/p secondary structure 

consistent with the X-ray structures of the ANK (Chapter Three, Figure 3.3; Foord et 

al., 1999) and the isolated NTD (Chapter Three, Figure 3.2; Taylor et al., unpublished 

data).

Inspection of the full-length Swi6p CD spectrum (Swi6-90kDa) in Figure 4.6 

indicates approximately 29% of the residues are a-helical in conformation (29% a- 

helicity). The spectrum of Swi6-60kDa, which contains the N-terminal and the 

central ANK regions indicates approximately 25% a-helicity while the CD spectrum 

of the isolated ANK (Swi6-40kDa) shows approximately 28% a-helicity. The 

percentage a-helicity for each fragment can be converted into the total content of 

helical residues allowing a direct comparison of the number of a-helical residues in 

each domain. This can be done by multiplying the percentage helicity by the number 

of residues per fragment. These data are summarised in Table 4.2.
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Figure 4.6. Far UV CD spectra of Swi6-90kDa (black), 60kDa(red), 40kDa (green), 

and 15kDa (blue) displayed together for comparison. CD measurements were made 

in 20mM sodium phosphate buffer, pH 7.6 at 0.15mg/ml protein concentrations. 

Delta epsilon per residue (M ’ cm ’) is plotted as a function of wavelength (nm). The 

percentage a-helicity is calculated by multiplying the value of Ae per residue (M ’ cm' 

') at 220nm by 10.
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Table 4.2. Calculation of the number of helical residues of Swi6p and various truncated fragments using a range of methods.

Protein
Construct

Encompassing 
amino acid 
residues

No. of amino
acid
residues

Percentage a- 
heiicity from 
direct CD 
analysis

No. of
helical
residues
calculated
from CD
spectra

No. of helical residues 
calculated from the 
subtraction method

No. of helical 
residues 
calculated 
from
computational
methods

No. of
helical
residues
calculated
from the
crystal
structure

Swi6-90kDa
(full-length)

M1-S803 803 29 233

Swi6-60kDa
(NTD plus ANK)

M1-Q537 556* 25 139 - - -

Swl6-40kDa
(ANK only)

N188-Q537 370* 28 104 108
(Swi6-60kDa - Swi6-15kDa)

116“*

Sw!6-15kDa
(NTD only)

A2-N126 134*’ 24 32 35
(Swi6-60kDa - Swi6-40kDa)

Selcon3 38 
Contin/LL 40 
CDSSTR 48

40'

a, includes N-terminal-His6-tag; b, includes C-terminal-Hisg-tag; c, methods described by Sreerama and Woody (2000) and references therein; d, 

derived from PDB (www.rcsb.orgh e, calculated from DSSP (Kabsch and Saunders, 1983).
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The data from Table 4.2 show that full-length Swi6p (Swi6-90kDa) contains a 

total content of -233 helical residues, in which the N-terminal and the central ANK 

regions (Swi6-60kDa) contribute -139 helical residues. From the spectra (Figure 

4.6), the isolated ANK (Swi6-40kDa) is estimated to contain 104 helical residues, 

which compares well with an estimate of 108 residues, using the subtraction method. 

Here the number of helical residues from the CD spectrum of Swi6-15kDa has been 

subtracted from that of Swi6-60kDa (i.e. Swi6-60kDa heiicai res - Swi6-15kDa helical res ), 

indicated in Table 4.2. The estimates of 104 and 108 helical residues are similar to 

the actual number of helical residues (-116), observed in the crystal structure of the 

isolated ANK, also shown in Table 4.2.

The CD spectrum of the isolated NTD (Swi6-15kDa) indicates substantial a- 

helical structure (Figure 4.6). The estimate of the number of helical residues 

calculated from this spectrum is 32 (Table 4.2). Various other methods were also 

used to estimate the number of helical residues within the N-terminal region. These 

included the subtraction method (Swi6-60kDa heiicai res - Swi6-40kDa heiicai res), and the 

computational methods described by Sreerama and Woody (2000). The subtraction 

method indicates 35 helical residues within the entire -20kDa N-terminal region (i.e. 

residues 1-188), whereas the application of the computational methods, such as 

Selcon3, Contin/LL and CDSSTR on the isolated Swi6-15kDa reveal 38, 40, and 48 

helical residues respectively. The results, shown in Table 4.2, demonstrate that these 

methods give a reasonable estimate of the number of helical residues found in the 

crystal structure of the Swi6-15kDa protein (40 helical residues; Taylor et al., 

unpublished data).

In this way, the total number of helical residues within the entire C-terminus 

of Swi6p can be estimated by subtracting the number of helical residues indicated by 

the CD spectrum of Swi6-60kDa from that of the full-length protein (i.e. Swi6- 

90kDaheiicai res " Swi6-60kDaheiicai res), shown in Table 4.3. The total contents of helical 

residues of Swi6-90kDa and Swi6-60kDa calculated from the direct spectra are 233 

and 139, respectively. Therefore, approximately 94 helical residues remain in the 

-30kDa CTD (Table 4.3).

By way of comparison, the difference in the two spectra (Swi6-90kDa spectrum - 

Swi6-60kDa spectrum) is shown in Figure 4.7. To simplify terminology, the result of the 

subtracted CD spectrum will be referred to as 90 - 60kDa spectrum’- The 90 - 60kDa
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spectrum indicates approximately 38% a-helicity, equivalent to -94 helical residues. 

This value is the same as that determined by the subtraction method, described above 

(Table 4.3).

Table 4.3. Estimate of the number of helical residues in the C-terminal domain from 

the subtraction method and the difference CD spectrum.

Protein Construct No. of amino 
acid 

residues

No. of helical 
residues

No. of helical residues 
calculated from

’90 -60kDa spectrum’ 
representing -260 
residues (Figure 4.7)

Swi6-90kDa 803 233 -

Swi6-60kDa 556 139 -

Swi6-90kDa heiicai res ' Swi6-60kDa heUcal res 247 94 94
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Figure 4.7. The difference CD spectrum, 90 - 60kDa spectrum, indicative of the ~30kDa 

C-terminal region is derived from subtraction of the Swi6-90kDa spectrum from the 

Swi6-60kDa spectrum.
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4.2.3. CD analysis of Swl6p: C-terminal fragments

The far UV CD spectra of Swi6-18kDa, Swi6-10kDa, and their respective 

cysteine mutants (including Swi6-13kDa) are shown in Figure 4.8 and reveal the 

presence of a-helical structure. The CD spectra of the mutant proteins are similar to 

their respective wild-type proteins, indicating that the protein is correctly folded. 

However, a shift in the spectra was observed in each case. The CD spectra of the 

wild-type protein and mutant Swi6-18kDa indicate approximately 30% and 29% a- 

helicity, respectively (Figure 4.9(a)), suggesting a loss of three helical residues by 

mutation of cysteine to serine (cys762 ^  ser or C762S) in the 18kDa protein 

(summarised in Table 4.4). The CD spectra of the smaller C-terminal Swi6p 

fragments (wild-type and mutant Swi6-10.5kDa) indicate 27% and 23% a-helicity, 

respectively (Figure 4.9 (b) and Table 4.4). As with the larger fragment (18kDa), the 

cysteine mutation in Swi6-10.5kDa appears to result in a loss of ~3 a-helical residues. 

In both mutant spectra, there is an observable shift in the helical signal at 222nm, as 

compared with the spectra of wild-type proteins, even though there is only a small 

structural perturbation (Figure 4.9).
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Figure 4.8. CD spectra of the wild-type and mutant Swi6-18kDa, 13kDa, and 

10.5kDa protein fragments. Delta epsilon per residue (M"' cm ') is plotted as a 

function of wavelength (nm). The percentage a-helicity is calculated by multiplying 

the value of Ae per residue (M ' cm ’) at 220nm by 10. The CD data were calculated 

as the CD absorption coefficient per residue ( A e m r w  per residue)-
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Figure 4.9. (a) CD spectra of the wild-type and mutant Swi6-18kDa (C762S)

showing a total of 30% and 29% helical content, respectively, (b) CD spectra of the 

wild-type and mutant Swi6-10.5kDa (C762S) showing a total helical content of 27% 

and 23%, respectively. Delta epsilon per residue (M * cm*') is plotted as a function of 

wavelength (nm). The percentage a-helicity is calculated by multiplying the value of 

As per residue (M '' cm '*) at 220nm by 10 (as described in Chapter Two). The green 

data points denote wild-type protein and red data points denote the respective mutant.
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Table 4.4. Summary of CD data of Swi6p C-terminal fragments.

C-terminal Swi6p 

protein fragments “

No. of amino 

acid residues ^

Percentage a- 

helicity 

(Figure 4.8)

Total content of 

helical residues

Swi6-18kDa 155 30 47

(657-803)

Swi6-18kDa -mutant ^ 155 29 45

(657-803)

Swi6-13kDa -mutant ^ 111 26 29

(701-803)

Swi6-10.5kDa 90 27 24

(723-803)

Swi6-10.5kDa -mutant ^ 90 23 21

(723-803)

a, amino acid length is bracketed; b, mutant denotes C762S; c, residues include (LEH^)

4.2.4. CD analysis of Swl6p: the difference spectrum, ’90 - 60kDa spectrum’, and 

Swi6-18kDa

As previously mentioned in Section 4.2.2, the difference CD spectrum, 90 - 

60kDa spectrum, rcvcals a substantial a-helical structure (Figure 4.7). This difference 

CD spectrum represents the contribution to the CD spectrum from the -260 residues 

of the C-terminal region. A comparison of 90 - 60kDa spectrum (Figure 4.7) with the 

spectrum of the C-terminal fragment, Swi6-18kDa (Figure 4.8), reveals that both 

contain a-helical structure (Figure 4.10). However, the higher a-helicity indicated by 

90 - 60kDa spectrum suggests that a-helical structure is distributed across the entire 

~30kDa CTD and is not merely confined to the Swi6-18kDa extreme C-terminal 

segment spanning residues D657-S803. Therefore, this increase in mean residue 

ellipticity is due to additional helical structure within the 120-residue region N- 

terminal to Swi6-18kDa (i.e. residues spanning K538-D657). According to the 90 -
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60kDa spectrum’ difference spectrum, approximately 94 heiicai residues are presumably 

present within the entire -3 OkDa CTD (Figures 4.7 and 4.10; Table 4.3). In 

comparison, the CD spectrum of Swi6-18kDa indicates the presence of only 47 

helical residues (Table 4.4). Therefore, 47 helical residues appear to be present within 

the region that spans residues K538-D657.

Sw l6-18kD a

Sw l6-90kD a - Sw l6-60kD a

4-

2-

EÜ

<
-2-

-4-

-6-

240 260180 200 220
W avelength

Figure 4.10. Comparison of the difference spectrum (90 - 60kDa spectrum) with the 

spectrum of Swi6-18kD.
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4.2.5. Limited proteolysis of Swi6-18kDa

Limited trypsin and chymotrypsin digestions of Swi6-18kDa resulted in 

production of numerous low molecular weight fragments, Figure 4.11. A calibration 

curve was plotted from the electrophoretic mobility of the standard molecular weight 

markers, in order to provide an initial estimate of the molecular weights of the major 

Swi6p derived peptide fragments (data not shown). Both the trypsin and 

chymotrypsin digestion profiles reveal three to four large peptide fragments of 

sufficient size for further analysis (Figure 4.11 a and b). The tryptic and chymotryptic 

fragments are designated T1-T3 and C1-C5, respectively. Protein samples for 

sequencing were transferred, by electroblotting, directly from a SDS PAGE gel on to 

a Problott (polyvinylidene diflouride (PVDF)) membrane as described in Chapter 

Two. In order to identify these fragments, each was subjected to at least six cycles of 

N-terminal sequencing. The N-terminal sequencing and the molecular weight 

estimates of the peptides from SDS PAGE are summarised in Table 4.5.
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(a) Swi6-18kD tryptic digest (1/1000w/w)
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(b) Swi6-18kD chymotryptic digest (1/500w/w) 
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Figure 4.11. Time course of limited proteolytic digestion of Swi6-18kDa 
(0.97mg/ml), under reducing conditions. lOpl (278 pmole) of digestion sample per 
lane were electrophoresed on SDS 10-16% polyacrylamide gradient Tricine gels, (a) 
Trypsin digestion, enzyme to substrate 1: 1000 w/w. (b) Chymotrypsin digestion, 
enzyme to substrate 1:500 w/w. Lane 1(M1), low molecular weight markers (Sigma); 
lane 2, undigested Swi6-18kDa; lanes 3 to 8 are 0, 5, 10, 15, 20, 25, BOmins digestion 
respectively; lane 9 (M2), low molecular weight Rainbow markers (Pharmacia 
Biotech).
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4.2.6. Identification of Swi6-18kDa proteolytic peptides by electrospray

ionisation mass spectroscopy (ESI-MS).

Following proteolysis and N-terminal sequencing, a combination of reverse 

phase chromatography and ESI-MS mass spectroscopy was employed to resolve the 

ensemble of peptides of similar molecular weights, enabling accurate mass 

determination. In some cases, the data from HPLC/ESI-MS were ambiguous due to 

the elution of more than one fragment in each chromatographic peak (as shown for the 

chymotryptic digest in Figure 4.12). This can be seen in the corresponding fractions 

from SDS PAGE shown in Figures 4.13 and 4.14. Moreover, several overlapping 

peaks were identified to be peptides of similar molecular weights differing by + 1 or 2 

residues at their N or C- termini. In addition, in some cases, the initial methionine of 

N-terminal peptides was absent. The Proteomics server EXP AS Y (Expert Protein 

Analysis System) was used to identify the peptide sequences by matching the 

determined ESI-MS masses of each corresponding band in each gel track. These data 

are summarised in Table 4.5.

A map of the tryptic and chymotryptic cleavage sites was constructed using 

the data in Table 4.5. The map, in Figure 4.15, reveals the presence of two major 

protease-stable fragments within the Swi6-18kDa protein, referred to as fragments A 

and B respectively. The N-terminus of fragment A corresponds to the N-terminus of 

the 18kDa protein (i.e. (M) D657), and fragment B has its N-terminus at residue 

Q748.

Identification of the C-termini for both fragments (A and B) was based upon 

the molecular weight of the fragments derived from mass spectroscopy. Trypsin 

cleaves preferentially on the carboxyl side of arginine and lysine and chymotrypsin 

cleaves the carboxyl side of aromatic residues, tyrosine, tryptophan, and 

phenylalanine and of large hydrophobic residues such as methionine, leucine, 

isoleucine, and valine. Based upon this information, the fragment length and residues 

contained within each fragment were determined. Thus the two fragments (A and B) 

together span the residues (M) D657 to L722, and Q748 to K799, respectively.

Fragment A ((M) D657-L722) is approximately 8kDa as defined by the 

chymotryptic digestion. However, this fragment appears to be further divided into 

two stable sub-regions that are only apparent from the trypsin digestion, (M) D657- 

K682 and N706- K724 (labelled as A’ and A”) (see Figure 4.15). These fragments
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were not resolved in the Tricine gels but were only identified from the HPLC/ESI-MS 

experiments. Both of the stable sub-regions, A’ and A”, are ~3kDa and ~2kDa 

respectively, and are separated by 24 amino acid residues.

Fragment B of the ISkDa protein is approximately 6kDa. However, in the 

absence of DTT or TCEP it migrates at twice its molecular weight on SDS PAGE gels 

since it contains Cys 762. This fragment, as with fragment A, is more susceptible to 

cleavage by trypsin than with chymotrypsin since shorter fragment sizes are observed 

in the trypsin digest (sizes range from 6-9kDa). The chymotrypsin digest reveals only 

one stable region from fragment B, which spans residues K731-H811. This region 

includes the His6-tag and is 9.5kDa in mass. As shown in Figure 4.15, both 

fragments, A and B are joined through a 26-residue protease hypersensitive linker 

region that extends from L722 and Q748.
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Figure 4.12. Chromatographic elution profile of Swi6-18kDa digested with (a) 

trypsin and (b) chymotrypsin. 6 nmole of digested protein was loaded in each HPLC 

column run. Peak fractions for SDS PAGE and mass spectroscopy are indicated.
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Figure 4.13. 10-16% gradient Schâgger gels showing tryptic (1:1000 w/w) peptide 

bands eluted from the HPLC chromatography, shown in Figure 4.12. Eluted peak 

fractions were loaded in 9M urea, 200mM DTT, 50mM Tris pH 8 and incubated for 

20 mins before loading with 3x SDS loading buffer. Low MW markers are shown in 

lanes M l (Sigma) and M2 (Pharmacia Biotech).
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Figure 4.14. 10-16% gradient Schâgger gels showing chymotryptic (1:500 w/w)

peptide bands eluted from the HPLC chromatography, shown in Figure 4.12. Eluted 

peak fractions were loaded in 9M urea, 200mM DTT, 50mM Tris pH 8 and incubated 

for 20 mins before loading with 3x SDS loading buffer. Low MW markers are shown 

in lanes M l (Sigma) and M2 (Pharmacia Biotech).
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Table 4.5. Limited proteolytic products
Elution 

peak from 
Figures 4.13 

and 4.14

M r (est.)
SDS

PAGE(Da)

N-terminal
sequence

Peptide
M r
(Da)

Predicted
peptide

Assigned
fragment

(Figure
4.11)

Assigned 
fragment 
on map 

(Fig.4.15)
TRYPTIC
T35/36 - - 6,169 Q748-K800 - B

T37 - - 6,042 Q748-K799 - B

T38* - - 9,211 N733-H811 - B

T41 - - 8,007 R732-K800 - B

T42/43 6,500 NDKHLT 7,851 N733-K800 T2 B

T44 - - 7,851 N733-K799 - B

T45* - - 7,493 H736-K800 - B

T70 - - 2,121 N706-K724 - A”

T80/T81/
T82

5,100 (M)DSSEY 3,226 (M)D657-K682 T3 A’

rp# 7,800 INAYKR - - T2 -

CHYMOTRYPTIC

C34 - - 7,975 D657-A725 - A

C357
C36VC37*

- - 7,993 (M)D657-L722 - A

C38 - - 7,775 D657-L723 - A

C39740* - - 7,907 (M)D657-L723 - A

C58 - - 9,495 K731-H811 - B

7,970 SLCKID - - Cl B

c" 6,720 KRNDKH - - C2 B

5,290 (M)DSSEY 5,406 - C3 A

4,380 SLCKID 4,299 - C4 B

3,100 KRNDKH 3,483 - C5 B
#, denotes fragments unidentified by ESI-MS; *, denotes a higher Mr band and lower Mr band (±1 
residue) per lane (Figure 4.13 and 4.14) respectively; A’ and A” are sub-regions of fragment A; (M) 
denotes initial cloned methionine.
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Figure 4.15. Map of fragments produced from limited tryptic and chymotryptic 

digests of Swi6-18kDa. Fragments were identified by N-terminal sequencing and 

ESI-MS as detailed in Table 4.5 and are represented as bars. Fragments A’, A ” and B 

are assigned as the minimal proteolytically stable fragments from these digests. * 

indicates the presence of initial methionine residue before position 657. Hisô denotes 

amino acids LEFl^.
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4.2.7. Purification of C-terminal Mbplp and Swi4p fragments

Mbpl-12kDa (739-833) and 9.6kDa (759-833) fusion proteins were expressed 

in the insoluble fraction. Mbpl-12kDa was denatured in 8M urea in the presence of 

5mM imidazole and applied onto Ni-agarose column following refolding against a 

dialysis buffer (lOOmM NaCl, ImM DTT and 20mM Tris pH 7.8) and purification by 

gel filtration on Superdex G-75 HPLC. A single peak was eluted with a retention 

time of 26.7 mins. A purified peak sample of Mbpl-12kDa is shown in Figure 4.16

(a).

As with C-terminal Mbplp fragments GST-tagged and Hise-tagged Swi4- 

9.9kDa (1019-1093) were also expressed in the insoluble fraction. However, Hisg- 

tagged Swi4-9.9kDa was solubilised in 8M urea in presence of 5mM imidazole and 

purified through Ni-agarose column at RT followed by reverse phase chromatography 

on a C3 column. A single peak was eluted and analysed on an analytical high ionic 

strength SDS 16% polyacrylamide gel (Figure 4.16(b)).

4.2.8. CD analysis of Mbplp: a C-terminal fragment

Far UV CD was used to estimate the secondary structure content of the 

refolded Mbpl-12kDa. Purified fractions were dialysed against 5mM sodium 

bicarbonate and lOOmM sodium fluoride. Figure 4.17 shows the measured CD 

spectrum of Mbplp-12kDa revealing approximately 15% a-helicity (-14 residues), 

which was enhanced two-fold in the presence of the helicogenic solvent, 

trifluoroethanol (50% v/v).
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Figure 4.16. High ionic SDS 16-18% polyacrylamide gel showing peak fractions 

from (a) Superdex G-75 HPLC of M bpl-12kDa and (b) Reverse phase C3 column of 

Swi4-9.9kDa.
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Figure 4.17. Preliminary CD profile of M bpl-12kDa (10p.M). Delta epsilon per 

residue (M ' cm ’) is plotted as a function of wavelength (nm) and the spectrum 

indicates approximately 15% a-helical content. Broken lines denote secondary 

structure enhancement by the addition of 50% v/v trifluoroethanol.
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4.3. DISCUSSION

4.3.1. Secondary structure coûtent of Swi6p and the deletion variants of the

protein: direct and indirect approaches

The CD spectra of the full-length Swl6p molecule and the deletion variants of 

the protein, containing individual or pairs of domains all show o/p secondary 

structure, as indicated by the large positive and negative molar ellipticities between 

195 and 205nm (Figure 4.6). However, CD spectra of the ~30kDa CTD could not be 

measured directly because this protein is severely aggregated (Chapter Three, Section 

3.4.1). Therefore, in order to estimate the secondary structure content of the C- 

terminal region different indirect approaches were used. Firstly, the numbers of 

helical residues calculated from individual spectra were subtracted from each other. 

For example, the number of helical residues of Swi6-40kDa was subtracted from that 

of Swi6-60kDa to obtain an estimate of the helical content of the N-terminal region 

(i.e. Swi6-60kDaheiicai res - Swi6-40kDaheiicai res)- Similarly, the number of helical 

residues of Swi6-60kDa were subtracted from that of Swi6-90kDa to obtain an 

estimate helical content of the ~30kDa CTD (i.e. Swi6-90kDaheiicai res - Swi6- 

60kDaheiicai res). Alternatively, the spectra of the individual or pairwise domains were 

subtracted from each other and the secondary structure content was then calculated 

from the resultant difference CD spectrum (i.e. 90-60kDa spectrum)- Thirdly, 

computational methods, as described by Sreerama and Woody (2000) were used to 

estimate the secondary structure content from spectra of the individual domains. 

Finally, where possible, the actual number of a-helical residues was determined 

directly from the available crystal structures, for example, Swi6-15kDa (NTD; Taylor 

et al., unpublished data) and Swi6-40kDa (ANK; Foord et a l, 1999). It should be 

noted that structural changes effect both secondary and tertiary interactions within 

proteins, however, due to lack of tryptophans in the CTD of Swi6p, fluorescence 

studies could not be carried out to further understand the effects of tertiary 

interactions, in this case.

Comparison of the number of helical residues from the indirect approaches for 

the individual NTD and ANK regions against the actual number of helical residues, 

determined from crystal structures, provides a basis for an estimation of the reliability
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of the indirect methods. The indirect methods also appear to provide an accurate 

estimate of the secondary structure content of the individual domains, since their 

values are similar to those calculated from the crystal structures of the isolated 

domains (Table 4.2).

Importantly, the indirect subtraction method also provides an estimate for the 

number of helical residues that connect the individual domains and for which no 

structural data are available. For example, the subtraction of the number of helical 

residues of Swi6-40kDa from that of Swi6-60kDa allows the helical content of a 

~20kDa N-terminal region to be calculated. Alternatively, the helical content of the 

~20kDa N-terminal region can be derived from the difference in the two spectra (i.e. 

Swi6-60kDaspectrum - Swi6-40kDaspectrum), shown in Figure 4.18. Both calculations 

reveal approximately 35 and 39 helical residues in the ~20kDa region, spanning 

residues 1-188. Comparison of the helical content of the larger ~20kDa N-terminal 

region with that observed in the crystal structure of the 15kDa NTD region (residues 

1-126) provides an indication of the secondary structure content within the linker 

region that connects NTD to the ANK, i.e from the last ordered residue in the NTD to 

the first ordered residue in the ANK structure (-126-212). The helical content of the 

15kDa-NTD fragment (32 helical residues) is closely similar to that of the ~20kDa N- 

terminal region (35 or 39 helical residues), showing that there can be little helical 

content in the linker region. However, this calculation assumes that the confirmation 

of the linker region in the ~20kDa region is the same as in the intact protein. A more 

reliable estimate of the number of helical residues (N) in the linker region may 

therefore be obtained by subtracting the number of helical residues in Swi6-15kDa 

plus those in Swi6-40kDa, from those in the pairwise domain, Swi6-60kDa, as shown 

in equation 4.1.

NLinker — Nsw!6-60kDa “ N(Swi6-40kDa + Swi6-15kDa) (Fqn 4.1)

= 139 - (104 + 32)

where N is the number of helical residues.

This result also indicates that there are few, if any, helical residues in the linker 

region, suggesting that residues connecting the 15kDa-NTD and the ANK are mostly 

disordered and, thus, act as a ’flexible’ linker. These findings support those of

171



Sedgwick et al (1998), who identified this region as a protease hypersensitive linker, 

and support a heads on a string’ model, in which the linkers are the threads that link 

the ’structural’beads.

In conclusion, the indirect subtraction methods provide secondary structure 

estimates that are consistent with those numbers of helical residues calculated from 

the crystal structures. This method was, therefore, used to investigate the helical 

content of the C-terminal region (Section 4.3.3).

Swi6-60 - Swi6-40

o 0 -

<

-2 -

-3 -

250210 220 230 240 260190 200

Wavelength (nm)

Figure 4.18. The difference CD spectrum, 60  - 40kDaspectrum, resulting in the 

subtraction of Swi6-40kDaspectruni from Swi6-60kDaspectrum is indicative of the helical 

content in the region that connects 15kDa-NTD to the ANK. Approximately 21% a- 

helicity, equivalent to 39 helical residues, is indicated with the ~20kDa region, 

spanning residues 1-188.
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4.3.2. Secondary structure content of the extreme Swi6p C-terminal fragments

Spectroscopic analysis of the extreme C-terminal fragments, Swi6-18kDa and 

Swi6-10.5kDa reveal substantial a-helical content (Figure 4.8). However, the 

respective mutants of Swi6-18kDa and Swi6-10.5kDa show a pronounced shift in the 

helical signal at 222nm, presumably caused by the cysteine to serine mutation at 

position 762 (Figure 4.9 a, b). It has been previously reported that the substitution of 

cysteine to serine is non-perturbing, due to the exchange of their small sidechains 

(Bass and Falke, 1999). However, in this study spectroscopic analysis of the cysteine 

mutants in Swi6p reveals that replacing the cysteine residue results in a loss of ~3-4 

helical residues (Table 4.4). This loss occurs in both Swi6-18kDa C762S and Swi6- 

10.5kDa C762S, demonstrating that the loss of helical residues does not occur in the 

region N-terminal to the Swi6-10.5kDa fragment. This also confirms that the loss is 

not due to the misfolding of the protein and is directly due to the mutation, which 

seems to cause a localised perturbation around the site of mutation. The single 

cysteine residue (762) that is conserved in Swi6p S.cerevisiae and K.lactis and in 

CdclOp of S.pombe seems to play an important structural role since the mutation of 

this residue also forces the fragment into the insoluble fraction of bacterial extracts.

Interestingly, the decrease in intensity of the negative band near 222nm of the 

Swi6-18kDa, 13kDa and lO.SkDa fragments (Figure 4.8) correlates not only with the 

decrease in structural content but also with the sizes of the protein fragments. For 

example, the 18kDa fragment contains greater helical content than the 13kDa and 

10.5kDa fragments respectively. In fact, comparison of the total a-helical content of 

the 18kDa with the lO.SkDa protein fragments (Table 4.4 and Figure 4.8) reveals that 

the 18kDa protein contains around twice the number of helical residues as the 

lO.SkDa fragment, and therefore, that a-helical structure is present throughout the 

extreme C-terminal region.
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4.3.3. Secondary structure content of the entire Swi6p C-terminal domain

Two different approaches were used to calculate the number of helical 

residues present within the entire C-terminal domain (~30kDa). Firstly, the number 

of helical residues obtained from the direct spectroscopic analyses of full-length 

(Swi6-90kDa) and Swi6-60kDa were subtracted from each other. Secondly, the CD 

spectrum of Swi6-60kDa was subtracted from that of Swi6-90kDa, to generate the 

difference CD spectrum, 90 - 60kDa spectrum (Figure 4.7). Both of these approaches 

reveal the presence of -94 helical residues within the entire C-terminal domain (Table 

4.3). Studies of the extreme C-terminal fragments (18, 13, and 10.5kDa) indicate 

significant a-helical content within this region and confirm the earlier predictions by 

Ayte et al (1995). However, the helical secondary structure within the -30kDa CTD 

is not fully accounted for by that present within the Swi6-18kDa fragment. This may 

be explained in two ways. Firstly, the putative LZ region, located upstream of the 

Swi6-18kDa region is likely to contribute some of the additional helical content with 

a further possible contribution from the regions which connect the ANK to the LZ, 

and the region connecting the LZ to the Swi6-18kDa fragment. Secondly, potential 

tertiary interactions may affect the amount of helicity in the context of the full-length 

protein but which do not occur in the individual C-terminal fragments.

The role of the putative LZ within Swi6p is at present unknown. However, 

recent evidence from yeast Two-hybrid analysis does suggest a possible interaction 

between Swi6-60kDa and the C-terminal region. If the LZ is deleted from the C- 

terminal region, the N-C intramolecular interaction no longer occurs (Figure 4.19; 

Sedgwick et al, personal communication). Therefore, it seems likely that the LZ is 

involved in an intramolecular interaction with some parts of the remainder of the 

Swi6p molecule.
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Figure 4.19. In vivo interaction of Swi6-60kDa with the region of Swi6p containing 

the leucine zipper. The Swi6-60kDa bait protein was tested for interaction with the 

fragments of Swi6p indicated by the solid bars in the yeast Two-hybrid assay. The 

extent of interaction is indicated by the amount of p-galactosidase expressed from a 

LacZ reporter gene for protein-protein interaction (S. Sedgwick, personal 

communication).
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4.3.4. Structural domains within the Swi6p extreme C-terminal region 

identified by limited proteolysis

The combination of proteolytic, N-terminal sequencing, and mass 

spectroscopic studies of the extreme C-terminus of Swi6p have demonstrated that 

Swi6-18kDa contains two proteoiytically resistant 'domains' (A and B), which are 

joined by a hypersensitive linker region consisting of 26 residues (Figure 4.20). 

Fragment A can be divided further into two subdomains (A' and A") by trypsin, 

indicating that one domain (A) is somewhat more labile than the other (B), Figure 

4.20.

The results presented in this study indicate that the Swi6-18kDa construct, 

spanning residues 657 to 803, consists of three structural fragments A (A' and A") and 

B (Figures 4.15 and 4.20). The Swi6-13kDa construct, spanning residues 701-803, 

contains only fragment A" and fragment B, and the Swi6-10.5kDa construct (723- 

803) contains only a single stable 'domain' B. All of the C-terminal Swi6p constructs 

reveal some a-helical content (Figure 4.8) and a-helicity correlates with the fraction 

of the structural domain within each corresponding fragment (Figure 4.21), thereby 

suggesting that a-helical structure is distributed consistently throughout the C- 

terminal region.

Tryptic and Chymotryptic Map of Swl6 - 18kDa (wild type)

(a )  T ryptic  m a p

J J J T  T Y.J JL  J .
He

3 k D  2 k D  6 k D

(b ) C h y m o tr y p tic  m a p

7 .9 k D  9 .5 k D

F r a g m e n t  A F r a g m e n t B

Figure 4.20. Schematic diagram showing the tryptic and the chymotryptic map of 

Swi6-18kDa. Arrows in (a) indicate positions of lysine and arginine. Green and blue 

shading denote regions A and B, respectively.
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4.3.5. COILS analysis

The results from the spectroscopic characterisation of the C-terminal regions 

of Swi6p and Mbplp agree with the results of the COILS program (Figure 4.3). Both 

Swi6p and Mbplp show coiled coils at their C-terminal regions and this trend is also 

shared by the rest of the Swi6/Cdcl0 family (Figure 4.3) of which their secondary and 

tertiary structure remain unknown. In the case of Swi6p, COILS indicates a high 

probability of coiled-coil structure within the C-terminal domain of Swi6p that 

includes the LZ and fragments identified from these studies (A and B), shown in 

Figure 4.21. In particular, the COILS program predicts a substantial amount of 

coiled-coils for the LZ region (100%). Interestingly, our study reveals only -51% 

helicity for the region encompassing residues 538-657 that includes the LZ (residues 

585-606), and -49% helicity for the residues 657-803 encompassed by Swi6-18kDa. 

However, in context of the full-length protein a possible tertiary interaction may 

contribute to the greater helicity than is observed in our CD studies of the isolated 

fragments (Figures 4.21).

The observation of helical regions within the C-terminus of Swi6p makes it 

tempting to surmise that the quaternary interactions within these multiprotein 

complexes are mediated through helical bundle structures. Additional support for this 

idea is provided by the CD analysis of C-terminal Mbplp (Mbpl-12kDa), which also 

reveals an a-helical trend (Figure 4.17) in addition to the predicted coiled-coil 

conformation that is shared between the Swi6/Cdcl0 family members (Figure 4.3). 

Structural associations through helical bundles are common and have been noted 

previously for several oligomeric transcription factors including E.coli lac repressor 

(Lad) (Friedman et al., 1995; reviewed by Mathews and Nichols, 1998) and the GA- 

binding protein (GABP) transcriptional complex (Batchelor et ah, 1997).
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Figure 4.21. (a) Secondary structure prediction of Swi6p CTD using SSpro (Baldi et 
al, 1999). a-helices are represented as tubes and [3-sheets as arrows, (b) Results from 
the COILS program (Lupas et aL, 1991) indicating the probability that the sequence is 
likely to adopt a coiled -coil conformation within the Swi6p CTD that include the 
putative LZ regions and fragments (A and B) identified from this study. Green and 
blue shaded structures are stable domains identified from proteolytic cleavage as 
regions A and B, respectively.
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4.3.6. Future Work

So far, crystallisation trials of several purified C-terminal fragments of Swi6p 

including the mutants have been unsuccessful. Crystallisation of stoichiometric 

complexes of Swi6-Mbpl and/or Swi6-Swi4, will be attempted. It is possible that 

complex formation may result in some induced helical content within the Mbpl/Swi4 

fragments and that these may be more favourable for crystallisation. Induction of 

helical content can be demonstrated by CD measurements through titration of Mbplp 

with Swi6p fragments. Induction of helical content upon complex formation has been 

demonstrated by Tan et al (1993) following complex formation between a partially 

folded peptide derived from the HIV Rev protein and its cognate Rev response 

element (RRE) RNA.

In the case of Swi4p, as expression of residues necessary for Swi6p interaction 

were found to be insoluble, future studies will be focused in constructing various 

lengths of C-terminal Swi4p fragments, which will be sufficiently soluble for 

structural characterisation. Furthermore, binding studies involving Swi4-Swi6 or 

Mbpl-Swi6 will be carried out using ’pull-down’ assays or TTC (isothermal 

calorimetry). Successful TTC experiments should enable Æo values of Swi6p 

heteromerisation with Mbplp and/or Swi4p to be determined.
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Chapter Five
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MUTATIONAL ANALYSIS OF THE DNA- 
BINDING DOMAIN OF MBPlp

5.1. INTRODUCTION

In S.cerevisiae, START-specific transcription involves specific cis-acting 

regulatory DNA sequences known as SCB and MCB elements. These sequences are 

the binding sites for the SBF (Swi6/Swi4) and MBF (Swi6/Mbpl) transcription 

factors. The sequence-specific DNA-binding activity of these proteins has been 

localised to the N-terminal region of the Swi4p and Mbplp subunits (Primig et al., 

1992; Koch et al., 1993; Taylor et al., 1997b).

The structure of a 124-residue fragment from the N-terminus of Mbplp 

(Mbplp (1-124)), which encompasses the DNA-binding domain, has been solved by 

X-ray crystallography (Taylor et al., 1997b; Xu et al., 1997). Analysis of this 

structure suggests a model for the interaction of Mbplp with DNA and this chapter 

describes a series of experiments that examine various aspects of the proposed mode.

5.1.1. DNA recognition by transcription factors

Transcription factors are known to bind to their cognate DNA sequences 

through specific and non-specific interactions. Specific interactions involve contacts 

between the amino acid sidechains and the DNA bases, whereas non-specific 

interactions largely occur through contacts with the DNA phosphate-sugar backbone.
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The structure of the B-form DNA is such that the edges of the nucleotide bases are 

accessible to the protruding amino acid sidechains of the protein. The major groove is 

a better candidate for sequence-specific recognition than the minor groove because 

the major groove is wider and therefore bases are more accessible. Furthermore, the 

pattern of hydrogen-bonds from the edges of the base pairs presented to a protein are 

more specific and discriminatory in the major groove than in the minor groove 

(Figure 5.1 and 5.2; Lilley, 1995).

Some of the specific interactions in the major groove include:

(a) Specific hydrogen-bonds with the exposed edges of base pairs and the phosphates 

along the B-form DNA helix. Amino acid-DNA hydrogen-bonding interactions 

are supported by a variety of amino acid sidechains and both the amino and 

carbonyl groups of the peptide backbone.

(b) Base contacts with purines, which are larger and offer more hydrogen-bonding 

donors/acceptors in the major groove, seem especially important (Pabo and Sauer,

1992).

(c) Amino acid sidechains may sometimes intercalate between two bases. Such 

interactions have been observed in some proteins that bend DNA. For example, 

TBP (TATA-binding protein) inserts two phenylalanine sidechains between the 

first and last base pairs of the TATA box. This generates an 80° bend, unwinds 

the helix, and widens the minor groove (Burley and Roeder, 1996).

(d) The C5-methyl group of thymines and the C5-hydrogen group of cytosine 

participate in van der Waals contacts with the aliphatic amino acids.

(e) Water molecules can serve as a hydrogen-bonding bridge between an amino acid 

and a base pair or phosphate. In some complexes, water molecules are known to 

play an important role in DNA-binding specificity as seen in the trp repressor co

complex structure (Otinowski et a l, 1988). However, in non-specific complexes 

more water molecules are observed at the interface suggesting that they may 

permit the protein to scan along the DNA for the specific binding site (Schwabe, 

1997 and references therein).

The major and minor groove specificity is provided by the sequence-dependent 

projection of chemical groups from the bases (A, C, G, and T). When A and T, or C 

and G hydrogen-bond to form the base pairs connecting the antiparallel strands of the 

DNA, all four bases expose chemical groups that can interact with amino acid
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sidechains or the peptide backbone on the recognition surface of the protein, A larger 

number of potential hydrogen-bond donors and acceptors are accessible in the major 

than in the minor groove. The pattern of hydrogen-bonding by the exposed chemical 

groups accessible in the major groove for each of the four basepairs is unique. These 

are categorised as (1) the H-bond acceptor (Ac), (2) the H-bond donor (Do), (3) van 

der Waals contacts with C5 cytosine (VdW-h) or the methyl group from the C5 of 

thymine (VdW-me). The base pairing of 5 -AT-3’ in the major groove displays the 

arrangement of Ac/Do/Ac/VdW-me, whereas 5 -TA-3’ displays VdW-me/Ac/Do/Ac 

(Figure 5.1). Similarly, a 5 -GC-3’ base pair displays Ac/Ac/Do/VdW-h, whereas a 

5 -CG-3’base pair displays VdW-h/Do/Ac/Ac.

< @ > h ( ac

Major groove (M)

Thymine f - R  >
H —C N—H— isi

N -C

V -N  Adenine

Minor groove (m)

Major groove (M)

1 V3> (Ac
H N—H -'-n

Cytosine
H -C  N -'-'H -n 

/N-C

Major grooves
TA: VdW, Ac, Do, Ac 
AT: Ac, Do, Ac, VdW 
CG; VdW, Do, Ac. Ac 
GC: Ac, Ac, Do, VdW

Minor grooves
TA: Ac, Ac 
AT: Ac, Ac 
CG; Ac, Do, Ac 
GC: Ac. Do, Ac

Guanine

Minor groove (m)

Ac = Acceptor 
Do = Donor

Figure 5.1. Schematic diagram showing bases that are H-bond acceptors and donors 

in the major and minor grooves of the DNA.
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DNA-binding and recognition by proteins is often mediated by a  -helices. The 

a-helix is cylindrical in shape with a diameter of approximately 5Â (excluding 

sidechains), and thus fits into the major groove of B-form DNA, which measures on 

average 11.7Â in width and 8.8Â in depth (Figure 5.2) (Jones et a l, 1999). In 

comparison, the minor groove is narrower in width and is unable to accommodate a- 

helices. Minor groove binding has, however, been observed in complexes where the 

DNA is distorted resulting in the widening of the groove to allow entry of a-helix 

(e.g. TBP, Kim et a l, 1993; Burley, 1994). Although many DNA-binding proteins 

employ a-helices for recognition, proteins such as the prokaryotic Met and Arc 

repressors and the eukaryotic p53 tumour suppressor are known to use (3-sheet 

structures in DNA-binding (Somers and Phillips, 1992; Cho etal., 1994).

On the basis of primary sequence comparisons and three-dimensional structural 

information from X-ray and NMR studies, transcription factors have been classified 

into several families, these include the zinc-finger, basic-leucine zipper, p-ribbon, 

helix-loop-helix and the helix-tum-helix motifs (Table 5.1; Harrison and Aggarwal, 

1990; Pabo and Sauer, 1992; Tan and Richmond, 1998).

Table 5.1. List of different DNA-binding motifs and example structures.

DNA-binding motifs Examples of Proteins PDB* code References

Helix-turn-helix HNF3y-forkhead IHNFX Lai et a/., 1993

Helix-loop-helix Max IAN2 Ferre et al., 1993

Zinc finger Xfin IZNF Lee et at., 1989

Leucine zipper Jun lJUN Junius et al., 1995

p-ribbon Met repressor ICMA Somers & Phillips, 1992
*PDB: Protein Data Bank
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Probably, the best characterised of these classes is the helix-tum-helix (HTH) 

motif (Brennan, 1991, 1993; Pabo and Sauer, 1992; Wintjens and Rooman, 1996). 

This family consists of nearly perpendicular a-helices connected by a turn of three- 

four amino acids (Figure 5.2). In the HTH unit, the most conserved residues include a 

glycine in the turn and several hydrophobic residues within the first helix, oA, which 

help to stabilise the arrangement of the two helices. This motif was first identified in 

the crystal structures of X Cro protein (Anderson et al., 1981), the E.coli catabolite 

activator protein (CAP) (McKay and Steitz, 1981) and the DNA-binding domain of X 

repressor (Pabo and Lewis, 1982). Many other HTH proteins have since been 

identified in both prokaryotic and eukaryotic transcription factors, and a number of 

stmctural variations have been observed. Many DNA-binding proteins contain a-p 

domains, in which several p-strands form antiparallel p-sheet structures packed 

against the helices of the motif. These domains are often referred to as ’winged HTH’ 

domains (Brennan, 1993; Lai et al, 1993), and have been found in the E.coli CAP and 

lex A repressor proteins.

In the HTH motif (Figure 5.2), aA is positioned above the groove so that it 

interacts with the DNA non-specifically by forming hydrogen-bonds between its N- 

terminus and sugar-phosphate backbone, as well as through favourable dipole-charge 

interactions. The second helix is the ’recognition’helix (or aB) and fits into the major 

groove of the DNA. This allows protein sidechains to make both base-specific and 

water-mediated hydrogen-bond contacts (Harrison and Aggarwal, 1990; Brennan,

1992).

Residues outside the HTH unit may also be employed in DNA recognition, 

through base pair-specific and non-specific phosphate-backbone contacts. For 

example, residues in the N-terminal ’arm’ of X repressor have been shown to be 

critical for operator site recognition (Clarke et a l, 1991). In solution, the N-terminal 

arms of the X repressor are flexible but become ordered upon DNA-binding (Pabo and 

Sauer, 1992).

Some proteins for example, Oct-1, POU, and MATa-2 homeodomains, couple 

major and minor groove recognition. These molecules contact the major groove 

through the homeodomain HTH motif and the minor groove with an extended N- 

terminal arm (Wolberger, 1999).
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Although the HTH motif is only one of several known DNA-binding motifs, it 

continues to appear in different functional contexts, of which the prokaryotic 

repressors (Pabo and Sauer, 1992; Burley, 1994) and the homeodomain that regulate 

development in eukaryotes (Tan and Richmond, 1998 and references therein) are just 

examples. The following sections describe the DNA-binding region of Mbplp, which 

contains the HTH motif.

Figure 5.2. Diagram of the DNA-binding helix-tum-helix motif of X,Cro bound to B- 

form DNA. The second helix is called the recognition helix (aB) because it is 

involved in sequence specific recognition of DNA and is shown here sitting in the 

major groove of the DNA. Ca positions of the amino acids are shown as connected 

circles. Diagram adapted from Branden and Tooze, 1999.
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5.1.2. Sequence comparison between the N-terminal DNA-binding regions of

S.cerevisiae Mbplp and its homologues

Mbplp is a sequence-specific DNA-binding protein of 94kDa, consisting of 

833 amino acids, and is closely related to other G1 transcription factors in both 

budding and fission yeast. Overall, it has 30% identity to Swi4p at the amino acid 

level (Koch et al, 1993), but much of the homology is associated with the N-terminal 

DNA recognition domains within which they share 50% identity (Primig et al., 1992). 

A homologue from K. lactis, a related yeast, displays an overall sequence identity of 

51% with Mbplp and 81% identity within the DNA-binding domain (Koch et a i,

1993).

Sequence alignments of the DNA-binding domains of the MBF/SBF family of 

transcription factors reveal clusters of invariant amino acid residues (Figure 5.3). 

Interestingly, there is little homology within the N-terminal regions of CdclOp and 

Swi6p, and possibly explains why no DNA-binding activity has been observed for 

these proteins (Primig et al., 1992; Ayte et al., 1995). However, the DNA-binding 

motif found within the Mbpl/Swi4 family is not restricted to START-dependent 

transcription factors. To varying degrees it is present in other S.cerevisiae proteins 

such as, Xbplp, a stress-induced transcriptional repressor of Swi4/Mbpl family (Mai 

and Breeden, 1997), the pseudohyphal protein, Phdlp (Gimeno and Fink, 1994), and 

Sok2p, which represses the transition from unicellular to filamentous growth (Ward et 

al., 1995). Furthermore, the motif is also known to be present in proteins from 

several other eukaryotic organisms. These include: the Aspergillus nidulans stunted 

protein, StuAp (Dutton et al., 1997), Efglp from Candida albicans (Stoldt et al., 

1997), and Asmlp, which has a role in spore maturation in Neurospora crassa 

(Aramayo et al., 1996). The extent of the sequence homology is a likely indication 

that all these proteins bind DNA and moreover that they do so in structurally similar 

ways (Figure 5.3).
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Figure 5.3. Sequence alignment of the DNA-binding domains from S.cerevisiae Mbplp, K.lactis Mbplp, S.cerevisiae Swi4p and S.pombe 

Res Ip and Res2p (Pctl) using ClustalW (Thompson et al., 1994). Residues conserved in all five members of this family are coloured blue. 

Asterisks below the aligned blocks serve to highlight the central region of highest overall homology, which excludes much of the sequence at the 

C-termini.
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5.1.3. Analysis of the DNA-binding domain of Mbplp and Swi4p

The sequences of the DNA-binding domains are highly conserved between the N- 

termini of Swi4p, Mbplp, Res Ip, and Res2p as shown in Figure 5.3. This sequence 

alignment reveals 29 residues that are identical within a conserved core segment, 

comprising ~ 85 residues. Swi4p has an additional 30 residue N-terminal extension 

to the DNA-binding segment which is not found in any of the related proteins and 

which is dispensable for DNA-binding (Primig et a i, 1992; Taylor et al., 2000). 

There is no obvious sequence conservation within a segment immediately beyond the 

conserved core of Swi4p, Mbplp, Res Ip, and Res2p (Figure 5.3). However, it has 

been demonstrated that truncations within the non-conserved region of M bplp and 

Swi4p severely reduce DNA-binding activity (Taylor et al (2000), see below). For 

simplicity, the regions of highest sequence homology in the N-terminus of M bplp (1- 

124), residues 1-100, will be referred to as the ’core’ and the non-conserved 

sequences, residues 101-124, C-terminal to the core will be referred to as the ’tail’.

The DNA-binding properties of Mbplp and Swi4p differ considerably between 

proteins containing only the core homology region compared with those containing 

extra C-terminal sequences. Limited tryptic proteolysis of an extended N-terminal 

domain containing residues 1-151, Mbplp (1-151), and complexes with MCB DNA 

duplexes reveal that the presence of DNA confers protection from digestion at Lysl 16 

and Lysl22 within the ’tail’ region. Furthermore, gel retardation assays by Taylor et 

al (2000) demonstrated that extra tail sequences, encompassed by Mbplp (1-124) are 

needed for full DNA-binding. In summary, -24 tail residues beyond the conserved 

region of Mbplp, are necessary for specific and high affinity binding to its cognate 

sequence (Taylor et a l, 2000).

5.1.4. The X-ray structure of the DNA-hinding domain of Mhpl (1-124)

The crystal structure of an N-terminal 124-residue fragment of Mbplp, Mbplp (1- 

124), has been solved at 2.1Â resolution (Taylor et al., 1997b; Xu et al., 1997). The 

structure, shown in Figure 5.4, contains four a-helices and six p-strands. The p- 

strands form a twisted six-stranded anti-parallel P-sheet (Pl-p6) that is packed against
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two pairs of a-helices (aA-aD). In particular, two P-strands (P5-P6) in combination 

with 2 a-helices (aA and aB) define a structure that is characteristic of the winged 

HTH motif. This motif is found in many DNA-binding proteins including hepatocyte 

nuclear factor 3-y (HNF3y) (Clark et al., 1993; Lai et al., 1993), E.coli CAP (Schultz 

et al., 1991), biotin repressor, Bir A (Wilson et al., 1992), the globular domain of 

histone H5 (GH5) and HI (Ramakrishnan et a l, 1993; Cerf et al., 1994), and ETS 

domains (Kodandapani etal., 1996).

The structure in Figure 5.4 is representative of residues 3-102 of Mbplp (1-124). The 

remaining 22 C-terminal tail residues that are absolutely required for DNA-binding, 

and the Hise affinity tag are, nevertheless, disordered in the crystal stmcture.
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Figure 5.4. The crystal structure of the DNA-binding domain of Mbplp 

(Taylor et al., 1997b) generated from the MOLSCRIPT program 

(Kraulis, 1991). The HTH motif and the strands 5 and 6 are shown in 

red. The a-helices (A-D) and P-strands (pi-p6) are labelled. PDB code 

IMBl.
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5.1.5. DNA-binding by wHTH proteins

Structural comparisons of the DNA-binding domain of Mbplp to that of the 

wHTH protein HNF3y reveal that, apart from the HTH unit, both proteins share a 

strikingly similar p-hairpin structure known as ’wing 1’ (Figure 5.5). Wing 1 (W l) of 

HNF3y is formed by p2, p3 and the interacting loop, which is analogous to the Mbplp 

loop region between p5 and p6. W 1 interacts with the DNA phosphate backbone in 

the co-crystal complex of HNF3y (Clark et al., 1993). In addition, a second ’wing’ 

structure of HNF3y (W2) emerges from the C-terminus of the p hairpin and meanders 

across the surface of the helices towards the N-terminus of the first a-helix (oA) and 

the C-terminus of aC. W2 makes a phosphate contact and is considered to be 

important in DNA-binding since the deletion of W2 abolishes DNA-binding in a 

related fork head protein, HNF-3a (Lai et al., 1990).

The presence of a similar W2-like structure in Mbplp (1-124) has not been 

confirmed structurally. However, recent NMR analyses show significant chemical 

shift differences in the recognition helix, W l, and the non-conserved ’tail’ region that 

extends beyond aD, implying the presence of a W2-like structure within M bplp (1- 

124) (Taylor et al., 2000).
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Figure 5.5. Topology of the DNA-binding domain of Mbplp and HNF-3y.
The secondary structures are indicated by rectangles (helices) and arrows (P-strands). 
The majority of the conserved amino acids are located in the region p3, HTH, and p5-6.



5.1.6. The DNA-binding surface of Mbplp

The electrostatic surface of the DNA-binding domain of Mbplp is illustrated 

in Figure 5.6. This reveals a significant region of positive charge, which strongly 

suggests an involvement in DNA-binding. For Mbplp, this basic surface is associated 

with the inner and outer faces of oB, strands 5, 6, and otA. The charged or polar 

amino acid residues from the HTH and the (3 hairpin map on to this basic surface of 

the molecule. Coincidentally, this electrostatic surface contains the most highly 

conserved residues within the Mbpl/Swi4 family (Figures 5.3 and 5.6; Taylor et al., 

1997b).

The putative recognition helix, oB, contains the conserved residues: Lys47, 

Lys49 (Gin in Res2p and Arg in Res Ip), Arg50, Thr51, Arg52 (Lys in Swi4p), Glu55, 

and Lys56 (Arg in Res2p) (as shown in Figure 5.3). Glu55 is conserved in the 

Mbp/Swi4 family and moreover, is conspicuous on the electrostatic surface of Mbplp 

(1-124) (shown as a red ’patch’ in Figure 5.6). Mutation of a corresponding glutamate 

residue in Res Ip (Glu56^Lys or E56K) appears to be functionally important, since it 

can rescue the temperature sensitivity of a cdclO mutant and the resl null allele 

(Caligiuri and Beach, 1993; Ayte et al., 1995). The temperature sensitivity of a cdclO 

mutant is suppressed by the E56K mutation in Res Ip, which appears to partially 

restore DSCl complex formation between these proteins and paradoxically, renders 

Res Ip E56K transcriptional activation independent of CdclOp. In addition, the C- 

terminal region of Res Ip E56K, which contains the dimérisation interface with 

CdclOp, is dispensable for the function of the mutant protein (Caligiuri and Beach,

1993).
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Figure 5.6. (a) Ribbons diagram of Mbplp (1-124) generated using RIBBONS 

program (Carson, 1997). (b) Electrostatic potential surface of Mbplp calculated 

and displayed using the program GRASP (Nicholls et al., 1993). The surface is 

colour-coded: blue for positive, white for neutral, and red for negative. The 

region of strongest positive electrostatic potential corresponds to a cleft formed 

between helix B, the solvent exposed face of helix A and P-stands 5 and 6 (Wl). 

Glu55 is indicated.
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5.1.7. Aim

A combination of structural, biochemical, and sequence homology data 

provides a basis for modelling Mbplp (1-124) onto B-form DNA such that: (1) helix 

aB of the presumed HTH motif is situated in the major groove of the DNA (Taylor et 

al., 1997b; McIntosh et a l, 2000), (2) Wl is positioned such that it contacts the minor 

groove or the DNA phosphate backbone as indicated by both NMR studies and 

similarity to W l of HNF3y (Clarke et a l, 1993), and (3) a short segment in the centre 

of the C-terminal ’tail’ region is folded back onto the N-terminal p-strand (p i) of the 

core, as indicated by ’^N relaxation experiments and NOE’s between Alai 14 and 

residues in the first P-sheet of the protein (McIntosh et al., 2000). Sequence analysis 

shows that residues C-terminal to the HTH unit (tail) are non-conserved and are 

disordered in the crystal structure (Taylor et a l, 1997b; Xu et a l, 1997). However, 

deletion analyses and proteolysis protection experiments show that these residues 

(101-124) are required for full DNA-binding activity (Taylor et a l, 2000). The aim 

of this study is to test some of these functional predictions through site-directed 

mutagenesis of distinct amino acids residues located in two regions, the recognition 

helix within the HTH motif and the non-conserved residues within the C-terminal tail 

region (Figure 5.7).
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Figure 5.7. X-ray structure of Mbplp (1-124) modelled onto B-form 

DNA (a). Positions of mutated residues are shown in (b). The tail is 

modelled such that it interacts with the first ^-strand as suggested from 

the 15N relaxation studies by McIntosh et al (2000).
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5.2. RESULTS

The Mbplp (l-124)-pET expression plasmid expressing residues 1-124 with a 

C-terminal hexa-His tag was used as a template for site-directed mutagenesis of a 

total of twelve different residues, as listed on Table 5.2. Each of the mutations were 

confirmed by DNA sequencing. All of the mutant proteins were expressed in E.coli 

and purified in the same manner as the wild-type Mbplp (1-124). These mutants had 

identical retention time on analytical gel filtration (G-75) as the wild-type M bplp (1- 

124) and were used in DNA-binding assays, as described in Chapter Two (Section 

2.6).

In order to probe the roles of specific amino acid residues within the 

recognition helix (aB) of the HTH unit and the non-conserved ’tail’ region (W2), 

DNA-binding experiments and analyses were targeted to five mutations within these 

regions (typed in boldface in Table 5.2). Two specific mutations that include Lysl 16 

and Lys 122 were chosen from the non-conserved ’tail’region.

Table 5.2. List of Mbplp (1-124) mutants.

Location of mutations within Mbplp 

(1-124)

Position of amino acid substitution

aA K41A;

aB K47A; K49A; R50A; T51A; R52A;

E55A; E55K; K56A; H63Q

W2 K116A; K122A;

K116A/K122A

aA: first helix in the HTH unit; aB: recognition helix; W2: non-conserved region (tail).
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The purified mutant proteins were analysed by SDS PAGE and electrospray 

ionisation-mass spectrometry (ESI-MS). Figure 5.8 shows a SDS PAGE of the 

fractions from each purification step used for the Mbplp double mutant 

K116A/K122A. Spectra of the wild-type and the K116A/K122A mutant protein are 

shown (Figure 5.9). Table 5.3 shows the correct molecular mass for each mutant and 

confirms the mutation in each case. The mass spectrograms also revealed the absence 

of the N-terminal methionine in all the mutant proteins analysed in this study (Table 

5.3). This feature is also shared with the wild-type Mbplp (1-124) (Taylor and 

Smerdon, 1997a) and indicates that the initial methionine is processed during protein 

expression.

Table 5.3. Molecular mass determined from mass spectroscopy for wild-type Mbplp 

and the mutant proteins studied.

Mbplp(l-124)
mutants

Expected 
molecular mass 

(with N-terminal Met) 
(Daltons)®

Expected 
molecular mass 

(no N-terminal Met) 
(Daltons) ®

Observed 
molecular mass 

(Daltons)**

Wild-type 15565.64 15434.44 15433.26
E55A 15507.60 15376.40 15375.17
E55K 15564.69 15433.49 15432.54
H63Q 15556.63 15425.43 15426.55
K116A 15508.55 15377.35 15377.54
K122A 15508.55 15377.35 15375.36
K116A/K122A 15451.46 15320.26 15320.77

a, values obtained from EditSeq, DNA Star; b, values obtained from ESI-MS.
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Figure 5.8. 16% SDS PAGE gel showing the overexpression and purification stages 

of recombinant M bplp (124; K116A/K122A) mutant from E.coli. Lane 1 : Low 

molecular weight markers (Pharmacia Biotech); Lane 2: Total cell protein before 

induction; Lane3: Total cell protein 4 hours after induction; Lane4: Sample of the 

soluble fraction after sonication; Lane 5: sample of soluble fraction after 

ultracentrifugation; Lane 6: sample of pooled K116A/K122A mutant fraction from the 

S-sepharose column; Lane 7: sample of pooled K116A/K122A mutant fraction from 

the Ni-gradient chromatography column; Lane 8: sample of the pooled

K116A/K122A mutant fraction from the Superdex-75 Gel filtration column.
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Figure 5.9. Mass spectrograms of the wild-type Mbplp (1-124) (top) and one of the 

mutant proteins, double mutant (K116A/K122A), are shown (bottom).
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5.2.1. The DNA-binding activity of Mbplp (1-124)

The DNA-binding activity of Mbplp (1-124) was investigated using gel 

retardation assays, in order to determine both the stoichiometry and affinity for the 

specific interaction with MCB elements. Protein-DNA titrations of Mbplp (1-124) 

against 21mer oligonucleotides (MCB21) are shown in Figure 5.10. This 21 bp 

oligonucleotide duplex was used in all the gel retardation assays. This duplex 

contains a single MCB element, as shown below, and is derived from the S.cerevisiae 

TMPl promoter.

MCB21 duplex: 5’-GCAGGTGACGCGTAAGCTTGG-3’

3’-GGTCCACTGCGCATTCGAACC-5’

To ensure accurate mixing of single strands in equimolar proportions, molar 

extinction coefficient values were calculated for each ’forward’ and ’reverse’ 

oligonucleotide. This was done by summing the contribution from the individual 

nucleotides derived from equation 2.4 (Section 2.6.1) and subtracted by the 

hyperchromicity values calculated from equation 2.5 (Section 2.6.1). The 

concentration of each oligonucleotide was estimated from the absorbance values at 

260nm, taking into account the dilution factor and the experimentally determined 

molar extinction coefficient (e). The molar extinction coefficient values and the 

concentration of the duplex were determined as for the single strands. The extinction 

coefficient values from experimental and calculated data are displayed in Table 5.4.

Table 5.4. Extinction coefficient values for the MCB 21 oligonucleotides.

MCB21
Oligonucleotide

Calculated 8 2 6 0 n m Hyperchromicity
(%)

Experimental e260nm

Forward strand 224200 20.1 179100

Reverse strand 195700 19.4 157800

MCB21 duplex 419900 27.3 305300
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Gel retardation titration experiments on the wild-type Mbplp (1-124) were 

carried out at both low ’ (~1)J,M duplex) and high’ (~10)iM duplex) concentrations of 

^^P-labelled DNA (MCB21) from which both apparent association equilibrium (^ a) 

constants and stoichiometry could be determined respectively.

Experiments carried out at lower DNA and protein concentrations are shown 

in Figure 5.10 (a). An apparent association equilibrium constant (K a)  of 2.6 ±0.7x10^ 

was calculated, which is similar to the value of 4.0 +1.6x10^ M'^ measured by 

Taylor et al (2000).

The high’ binding site concentration titration of MCB with M bplp (1-124) is 

shown in Figures 5.10 (b). The gel retardation assay reveals that the saturation of 

binding occurs when the concentrations of protein and duplex are equal. This 

demonstrates that the stoichiometry of Mbplp (1-124) to MCB elements is 1:1, i.e. 

one protein molecule per DNA-binding site. A 1:1 stoichiometry was also observed 

for the interaction of Mbplp (1-124) with a shorter MCB (12bp) containing duplex in 

solution binding experiments monitored by NMR and CD spectroscopy (Taylor et 

a i, 2000; McIntosh et al, 2000).
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Figure 5.10. Gel retardation titration assays of the DNA-binding domain of wild-type 

M bplp (1-124) with MCB21 at (a) 1.1 p,M and (b) 10.9)iM. The protein 

concentration (pM) is indicated above each track.
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5.2.2. Analysis of mutants in the recognition helix of Mbplp (1-124)

The biological activity of the conserved glutamate (Glu55) within the 

proposed recognition helix ocB in Mbplp (1-124) was analysed. This glutamate was 

mutated to two different amino acids, alanine and lysine (E55A and E55K), 

respectively. Apparent association equilibrium constants were measured using low ’ 

concentrations of the MCB binding site by gel retardation assays, for both mutants 

(Table 5.5). The E55K mutation demonstrates a small but reproducibly increased 

affinity for its cognate DNA compared with E55A or wild-type (Figure 5.12 (a) and 

(b); Table 5.5). The stoichiometries for E55K and E55A to the 21mer MCB are both 

1:1 (Figure 5.11). A higher molecular weight band was observed beyond the 

stoichiometric point with ’high’ concentrations of E55K, suggestive of non-specific 

binding of a second protein molecule to the 21mer DNA.

A conserved histidine residue at position 63, situated in the loop region 

adjacent to the recognition helix (between oB and |35; Figure 5.3 and 5.5), was also 

examined. His63 is part of a region that exhibits significant chemical shift changes 

when the Mbplp (1-124) molecule binds to DNA (Taylor et al., 2000). In addition, 

the same region also showed slow conformational exchange dynamics that quenches 

upon DNA-binding (McIntosh et al., 2000). In order to verify the role of His63 in 

stabilising or positioning the recognition helix in DNA-binding, this residue was 

mutated to glutamine (H63Q) by site-directed mutagenesis. Repeated gel retardation 

studies on H63Q showed similar apparent association equilibrium constant to the 

wild-type (Figure 5.13 and Table 5.5).
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Table 5.5. Summary of DNA-binding data for M bplp (1-124) and the mutations 

within and adjacent to the recognition helix of the HTH motif.

Protein Ka (M ' r Ka m ut/ Ka wt'’ Ac (nM )'

M bplp (1-124) 2.6 ±0.7 X 10'’ - 385

E55A 3.0± l.3  X 10*’ 1.2 333

E55K 4.8 ±2.5 X 10'’ 1.9 208

H63Q 2.5 ±1.2 X 10'’ 0.96 457

a; Apparent association constants determ ined by titration for the sp ec ific  interaction o f  M b p l (1 -1 2 4 )  
and other mutants with M CB binding site. Errors are standard deviation taken from  at least five  
independent experim ents, b: ratio o f  mutant d issociation  from M CB relative to w ild-type protein, c: 
Apparent d issociation  constants calculated from the em pirical form ula (A'a =  1 /^ d)-

[E55K]|dM

2.0 5.0 7.0 9.0 10.9 11.9 12.9

5 ' -GCAGGTGACGCGTAAGCTTGG-'3

3 ' -CGTCCACTGCGCATTCGAACC-'5

[MCB] = 10idM

Figure 5.11. Analysis of DNA-binding properties of the M bplp (1-124) mutant 

E55K at lOpM MCB concentration. Non-specific binding sites are present beyond 

the stoichiometric point.
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(a)

(b)

[E55A]nM

0.42 0.84 1.05 1.34 1.59 1.76 2.02

5 ' -GCAGGTGACGCGTAAGCTTGG-'3
3 ' -CGTCCACTGCGCATTCGAACC-'5

[MCB] = 1.4|iM

[E55K]pM 
-►

0.34 0.5 0.67 1.01 1.18 1.34 1.43

5 ' - GCAGGTGACGCGTAAGCTTGG- '3
3 ' - CGTCCACTGCGCATTCGAACC- ' 5

[MCB] = 1.0|iM

Figure 5.12. Gel-retardation titration assays of M bplp (1-124) mutations in aB. 

Panel (a) and (b) show titrations of E55A and E55K with MCB21 concentration at 

1.4pM and IpM respectively. The protein concentration (fiM) at each point in the 

titration is indicated above each track.
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[Mbp(124)]|iM

0.4 0.9 1.3 1.7 2.2 2.6 3.0

5 ' -G C A G G TG A C G C G T A A G C T T G G -' 3

3 ' -C G T C C A C T G C G C A T T C G A A C C -' 5

[MCB] = 1.8|liM

[H36Q]|nM

0.4 0.9 1.3 1.8 2.2 2.6 3.1

5 ' -G C A G G TG A C G C G T A A G C T T G G -' 3

3 ' - CGTCCACTGCGCATTCGAACC- ' 5

[MCB] = 1 .8|aM

Figure 5.13. Gel-retardation titration assays of the wild-type M bplp (1-124) (top) 

and the mutant H63Q (bottom) are shown, with MCB21 concentration at 1.8|liM. The 

protein concentration (pM) at each point in the titration is indicated above each track.
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5.2.3. Mutagenesis of the non-conserved region of Mbplp (1-124)

In order to identify residues in the disordered, non-conserved tail (W2) that 

may be involved in DNA-binding, alanine substitutions were introduced individually 

for basic residues, Lysl 16 and Lysl22, and together as a double mutation 

(K116A/K122A). Both, Lysl 16 and Lysl22 were selected for substitution because 

proteolytic digestion of the N-terminus of Mbplp (1-151) complexed with MCB 

conferred protection at these sites (Taylor et al., 2000). Furthermore, lysine 

sidechains are positively charged and therefore able to contact the phosphate- 

backbone of the DNA. The analyses included analytical gel filtration and ES-MS 

prior to gel retardation assays (Table 5.3). Gel retardation assays were used to 

investigate the DNA-binding activities of the alanine-substituted variants. Protein- 

DNA titrations of the W2 mutants: K116A, K122A, and K116A/K122A against 

MCB21 oligonucleotides were carried out at low’ (<1.5pM) concentrations of binding 

sites. The gel retardation titration experiments performed using the W2 mutants are 

shown in Figures 5.14 and 5.15. For each mutant assay, a control assay was carried 

out using wild-type Mbplp (1-124) under similar conditions. From these data, the 

apparent association equilibrium constants were determined for each W2 mutant, as 

summarised in Table 5.6. The gel retardation assays of all the three mutants within 

the non-conserved tail region reveal significant reduction in the apparent affinities for 

the MCB21 oligonucleotide duplex with respect to the wild-type protein. The 

smallest effect observed was a ~2 fold reduction in Kjs, for K122A compared with a 

more significant ~7 fold reduction for the K116A mutation (Figure 5.14 and Table 

5.6). Furthermore, in combination (K116A/K122A; Figure 5.15), the two lesions 

result in a ~ 13-fold reduction in (Table 5.6). In fact, the DNA-binding activity by 

the K116A/K122A double mutation resembles that of the core N-terminal region of 

Mbplp (1-110) (Taylor et al., 2000) and demonstrates the functional importance of 

these basic residues within the tail region of Mbplp.
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Table 5.6. Summary of DNA-binding data for Mbplp (1-124) and the alanine - 

substituted variants in the disordered region analysed in this study. An average of 

five gel retardation assays was investigated per mutation.

Protein Ka (M-‘)* Ka wt /  Ka mut* Kjy (nM)'

Mbplp (1-124) 2.6+0.7 X 10* - 385

K116A 0.4 ±0.08 X 10* 7 2500

K122A 1.3 ±0.4 X 10* 2 769

K116A/K122A 0.2 ±0.04 X 10* 13 5000

a: Apparent association constants determined by titration for the specific interaction of Mbplp (1-124) 

and other mutants with MCB binding site. Errors are standard deviation taken from at least five 

independent experiments.

b: ratio for wild-type binding to MCB relative to the mutant protein.

c: Apparent dissociation constants calculated from the empirical formula (Âa = 1/^d)-
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(a)

(b)

[K116A]nM 
-►

0.5 0.8 1.0 1.3 1.5 1.8 2.0

5 ' -GCAGGTGACGCGTAAGCTTGG-'3

3 ' -CGTCCACTGCGCATTCGAACC-'5

[M C B]= 1.3|iiM

[K122A]]uM

0.49 0.74 0.98 1.23 1.47 1.72 1.96

#N#

5 ' -GCAGGTGACGCGTAAGCTTGG-'3  

3 ' - CGTCCACTGCGCATTCGAACC- ' 5

[MCB] =

Figure 5.14. Gel retardation titration assays of M bplp (1-124) mutations in the non- 

conserved region. Panels (a) and (b) show titrations of mutants K116A and K122A 

with MCB21 concentrations at 1.3p.M and 1.39pM, respectively. The protein 

concentration at each point in the titration is indicated above each track.
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[K116A/K122A]iliM

0.4 0.7 1.0 1.2 1.5 1.8 2.0

5 ' -GCAGGTGACGCGTAAGCTTGG-'3

3 ' -CGTCCACTGCGCATTCGAACC-'5

[MCB] = 1.5|iiM

Figure 5.15. Gel retardation titration assay of the M bplp (1-124) double mutant, 

K116A/K122A at 1.5pM MCB21 concentration. The protein concentration is 

indicated above each track.
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5.3. DISCUSSION

5.3.1. Mbplp (1-124) and the mutant proteins bind to MCB elements as

monomers

Gel retardation experiments in this study as well as studies by others (Koch et 

a l, 1993; Taylor et a l, 1997b; 2000) have demonstrated that Mbplp (1-124) binds 

MCB elements as monomers. Consistent with this analysis, gel retardation 

experiments with the mutant proteins reported in this study are also able to form 

stoichiometric complexes. Similar findings have also been demonstrated for the N- 

terminal domain of Swi4p, which has been shown to bind SCB elements as monomers 

(Taylor et a l, 2000). Given the high degree of sequence similarity within the DNA- 

binding domains of the Swi4/Mbpl family, it is likely that all the family members 

bind as monomers, contrary to the proposal by Zhu et al (1997) that S.pombe Res2p 

binds to MCB elements as dimers.

5.3.2. Mutations of GIu55 within the recognition helix and His63 within the loop

(aB to P5)

A mutation of a conserved Glu56 residue in Res Ip (B56K) has previously 

been shown to restore CdclO-mediated DNA-binding activity in extracts from cdclO 

mutants (Caliguiri and Beach, 1993; Ayte et a l, 1995). This suggests that this 

particular mutation in Res Ip may increase the DNA-binding affinity for DNA in vivo, 

thus enabling transcription activation without the need for CdclOp (Xu et a l, 1997). 

Therefore, the role of the corresponding residue (Glu55) of Mbplp was investigated. 

This residue is located in the recognition helix (oB) of the HTH motif. A ’null’ 

alanine substitution and a ’charge swap’ lysine mutation were constructed and their 

DNA-binding activity examined.

The substitution of Glu55 to alanine (E55A) resulted in no apparent loss of 

DNA-binding, and quantitative analysis revealed that the apparent association 

equilibrium constants are similar to those observed with the wild-type Mbplp (1-124) 

(Table 5.5). Since glutamate sidechains are hydrogen-bond acceptors at physiological 

pH, they are able to form hydrogen-bonds with cytosine and adenine. In replacing 

Glu55 with alanine, a loss of a base contact and the loss of unfavourable electrostatic
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interactions with the phosphate backbone is likely. However, the loss of contacts may 

be compensated for by new hydrophobic or van der Waals contacts that may result 

from alanine sidechain-DNA interactions and this may explain why there is no 

significant difference in the DNA-binding activity in comparison to the wild-type 

protein.

In substituting Glu55 to lysine (E55K), only a two-fold increase in binding 

affinity to MCB was observed (Figure 5.12; Table 5.5). This small but reproducible 

increase was unexpected since the binding affinity of the corresponding Glu^Lys 

mutation (E56K) in Res Ip in vivo has been suggested to be greatly enhanced (Caliguri 

and Beach, 1993; Xu et al., 1997). Interestingly, these suggestions were made 

without any detailed in-vitro DNA-binding analyses. Nevertheless, the small effect of 

lysine substitution can be interpreted as follows. Lysine is likely to interact 

favourably with the phosphate backbone making a non-specific contact (Pabo and 

Sauer, 1992). Alternatively, replacement with lysine may merely substitute rather 

than lose a base contact. In order to allow direct comparisons between the biological 

activities of Mbplp (E55K) and Res Ip (E56K) in vivo, comparable DNA-binding 

analyses of Reslp/MCB interactions need to be demonstrated together with 

transcriptional activation by both proteins/mutants using the yeast One-hybrid system. 

The mutational studies reported here indicate that the binding of E55K to the MCB21 

DNA may have altered the specificity as evidenced by the higher molecular weight 

bands observed in titrations at high' E55K concentrations beyond the stoichiometric 

point on gel retardation assays (Figure 5.11). In order to further analyse the 

specificity of the E55K protein-DNA interactions, competition experiments need to be 

carried out with non-specific DNA as described for the wild-type M bplp protein 

(Taylor et a i, 2000).

The DNA-binding surface is associated with a positive electrostatic potential, 

ideal for association with the negatively charged phosphodiester backbone of DNA 

(Figure 5.6). A conspicuous negative patch is generated by the conserved glutamate 

(Glu55; Figure 5.6). The precise function of this acidic residue remains unclear from 

this study but its conservation indicates some important function. Clearly, 

replacement of Glu55 with lysine would add to the cluster of basic residues to be 

associated with the DNA-binding interface. This is observed in the case of the fungal 

developmental regulators, StuAp, Sok2p, and Phdlp, which have significant sequence

214



similarity to Mbp/Swi4 family, but which display a basic instead of an acidic residue 

at the corresponding Glu55 position in the Mbpl family.

The conserved His63 residue is located in the loop region connecting oB to p5 

(Figure 5.4). relaxation experiments described by McIntosh et al (2000) have 

shown that His63 is included in a region, which exhibits collectively slow dynamics 

that are quenched upon DNA-binding. Therefore, although His63 is unlikely to 

contact DNA directly, it is likely to play a significant role in stabilising and 

positioning the flexible W 1 region or the presumed recognition helix, ocB. The results 

from gel retardation assays show that the substitution of His63 with glutamine 

(H63Q) retains full DNA-binding activity (Figure 5.13; Table 5.5). This is surprising 

because although substitution of His63 with glutamine would preserve much of the 

size and overall hydrogen-bonding potential of histidine, it is unlikely to make the 

same contacts as histidine (see Figure 5.16). Nevertheless, no changes in DNA- 

binding activity were observed as compared to the wild-type protein. It seems that the 

glutamine substituent may make alternative contacts with the surrounding residues, 

for example. Ne to Glu61c=o, (Figure 5.16). Substitution of His63 with asparagine 

might be expected to preserve the backbone contact discussed above (see Figure 

5.16(b)) and in this case, no significant effect on DNA-binding activity would be 

expected. Nevertheless, to further investigate the role of His63, it would be 

interesting to determine the dynamics of the loop region containing either H63Q, 

H63N, or null H63A mutations, both free and DNA-bound, using ^^N relaxation 

experiments.
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Gin His

o

Asn
Figure 5.16. (a) Structural representation of the His63 loeal environment 
as shown using RIBBONS (Carson, 1997). (b) Schematic diagram of the 
His63 substitutent(s) glutamine and possible asparagine. Potential con
tacts by Gln]vj£ and Asn^^ô are highlighted.

2 1 6



5.3.3. Non-conserved C-terminal tail residues are crucial for full DNA-binding

Gel retardation assays of the non-conserved tail mutants clearly show 

decreases in DNA binding affinity. Substitution of Lysl22 to alanine (K122A) results 

in a -2-fold reduction in Kp, compared to the wild-type. A greater decrease of -7-fold 

reduction in DNA-binding activity was observed for the Lysl 16 to alanine (K116A) 

mutant, Table 5.6. In combination, the double mutation (K116A/K122A) revealed a 

significant loss in binding activity with up to a -13-fold reduction in (Figure 5.15). 

The double mutation of Lysl 16 and Lysl22 (K116A/K122A) within the ’tail’ region 

of Mbplp is sufficient to reduce the apparent affinity almost to that observed for the 

truncated M bplp (1-110) protein (Taylor et al., 2000). The results demonstrate the 

functional importance of the basic non-conserved residues within the tail region, and 

their importance in full DNA-binding activity to the MCB element by Mbplp. These 

results further agree with the proteolytic experiments (Taylor et al., 2000), which 

demonstrate that lysine and arginine residues outside the core domain are protected 

from digestion by trypsin in the presence of the MCBs.

The importance of the non-conserved tail region is also observed for Swi4p. 

Data from DNA-binding experiments by Taylor et al (2000) suggest that the 

minimum Swi4p fragment required for enhanced DNA-binding activity in vitro, 

comparable to Mbplp (1-124), extends from residues 32 to around 173. Thus, Swi4p 

also requires the non-conserved residues C-terminal to the core domain (155) for 

specific, high affinity DNA-binding activity.

5.3.4. A model for DNA-binding

The X-ray structure of the N-terminal fragment of Mbplp (1-124) (Taylor et 

al., 1997b; Xu et al., 1997) suggested a partial model for the interaction of the protein 

with its substrate DNA. The structural similarity, in particular, to HNF3y allowed 

preliminary modelling of the DNA-bound Mbplp structure since the X-ray structure 

of HNF3y in complex with its cognate DNA sequence has been solved (Clark et al., 

1993). The proposed model (Figure 5.7) suggests that the HTH unit is flanked by two 

’wing’-like structures (W1 and W2). The recognition helix, otB, is embedded into the 

major groove providing the principal contact surface. Helix aA  is positioned with the
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positive N-terminal end of its helix dipole pointing toward the phosphodiester 

backbone, which is a common feature in the HTH class of proteins (Brennan, 1991). 

W1 is formed from residues connecting (35 and (36, and W2 is formed from the non- 

conserved residues that are C-terminal to the DNA-binding core. This proposed 

model (Figure 5.7) is consistent with the mutational analyses of at least the non- 

conserved C-terminal extension (W2) provided in this study. It has been previously 

suggested that W2 region has been replaced by helices, aC and ocD, in M bplp (Xu et 

al., 1997). However, results from this study clearly demonstrate that this is unlikely 

since two basic residues within W2 have been identified to be directly involved in 

DNA interaction. Thus, W2 makes DNA contacts to stabilise the remaining DNA- 

binding domain and is crucial for full biological activity. Extensions to the DNA- 

binding domain that are required for full biological activity have been described for 

DNA-binding proteins, HNF3 family, X repressor, GH5, HI, etc (Jin et a l, 1999; 

Gajiwala and Burley, 2000). The fact that the C-terminal tail residues are required for 

DNA-binding and appear disordered in the Mbplp crystal structure (Taylor et a l, 

1997b) suggests that these tail residues become ordered in the presence of their DNA 

target, a notion supported by NMR studies (McIntosh et al., 2000). Protein-DNA 

interaction is a highly dynamic process. Many DNA-binding proteins and their 

cognate DNA sites undergo conformational changes when they form protein-DNA 

complexes. For example, the W2 region of the DNA-free Genesis protein is 

disordered (Marsden et al., 1998), however, in the Genesis-DNA complex, this region 

is induced into a helical structure as judged by NOE data and relaxation parameters 

(Jin et al., 1999).

5.3.5. Future Work

Mutations of Mbplp carried out in this study need to be examined for their 

functional roles in vivo. The yeast One/Two-hybrid systems can be used to determine 

the transcriptional activation activity of the mutants as described for Swi6p in Chapter 

Three (Section 3.4.9). More importantly, the functional role of Mbplp E55K needs to 

be assessed in vivo, to determine whether the E55K mutant can supress a swi6 null 

mutation, as seen for the Res Ip E56K mutation in extracts from cdclO null mutants.
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Alanine-scanning mutagenesis may be the ideal method to identify specific 

residues in the recognition helix and W1 that are likely to make DNA contacts. 

Although some of the mutations within these regions have been constructed and 

purified, their DNA-binding activities have not been characterised due to time 

limitations.

Future work needs be directed towards co-crystallising the wild-type and the 

mutant proteins with the MCB elements. Although E55K has shown only a two-fold 

increase in DNA-binding affinity in comparison to the wild-type, it may be 

nevertheless advantageous in crystallisation.

As yet, it has not been determined whether bending of DNA by Mbplp plays a 

role in biological activation. However, binding of HNF3y to its cognate DNA induces 

a 13° bend in the major groove (Clark et al., 1993). Therefore, it will be interesting to 

determine whether Mbplp bends its cognate DNA site upon binding, or, indeed, if the 

DNA itself is pre-bent through interactions with other factors, for example, TBP 

(TATA-binding protein), HMG (high mobility group) proteins, TFIIB (transcription 

factor IIB), etc. For this analysis, gel retardation assays may be used, which can 

provide information on the position, magnitude, and direction of the bend (Crothers et 

al., 1992; Carey and Smale, 2000). DNA bending can function in several ways to 

enhance transcription. For example, bending of the DNA by proteins may bring 

distantly bound transcription factors closer together by facilitating DNA-looping or it 

could mediate the interaction between transcription factors and the general 

transcription machinery.
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Chapter Six
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GENERAL CONCLUSION

6.1. SBF AND MBF: MODULAR TRANSCRIPTION FACTORS

This research project has focused on a family of modular transcription factors 

that are gene(s) specific and are involved in the yeast cell-cycle regulation at the Gl-S 

transition. Transcription factors often have a modular structure in which distinct 

regions of the protein may mediate DNA-binding, oligomerisation, interaction with 

other proteins, transcriptional activation or repression, ligand binding and response to 

intracellular signals such as phosphorylation and acétylation. For example, the yeast 

factor, GCN4 and the glucocorticoid receptor each contain two distinct regions which 

mediate DNA-binding and transcriptional activation activities (Hope and Struhl, 

1986; Hollenberg and Evans, 1988). In the yeast cell-cycle transcription factors, SBF 

(Swi4/Swi6) and MBF (Mbpl/Swi6), the DNA-binding and transcriptional activation 

domains are actually located on different proteins in the biologically active complex. 

In each complex, DNA-binding is provided by the N-terminal domains of Swi4p or 

Mbplp and transcriptional activation is dependent upon complex formation with 

Swi6p (Koch et al., 1993; Sidorova and Breeden, 1993; Siegmund and Nasmyth, 

1996; Figure 1.9).

The overall structural and functional organisation of Swi6p was under 

examination at the start of this project (Sedgwick et a l, 1998). Swi6p was shown to 

be a highly modular molecule in which the N- and C-terminal limits of several 

proteolytically defined domains correspond to regions required for transcriptional 

activation and transcriptional attenuation (Figure 3.1; Sedgwick et a l, 1998). An N- 

terminal domain is dispensable for Swi6p activity in vivo but is related to the DNA-
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binding domains of the closely related Swi4p and Mbplp partners. Two tightly 

associated regions within the central domain contain the TAR region and the ankyrin 

repeats that are required for transcriptional activation and transcriptional antagonism, 

respectively. The structures of the N-terminal and the central domains have now been 

solved by X-ray crystallography (Taylor et al., unpublished results; Foord et al.,

1999). In spite of the importance of the C-terminal regions of Swi6p, Swi4p and 

Mbplp in mediating SBF and MBF, they had not been structurally characterised at the 

outset of this project.

6.2. THE C-TERMINAL DOMAIN OF SWI6p

6.2.1. Studies on the C-terminal fragments: Swi6-18kDa and Swi6-10.5kDa

Solubly expressed fragments of the C-terminal region of Swi6p (ISkDa and 

lO.SkDa), self-associate through a covalent dimérisation mediated by a single 

conserved cysteine residue, Cys762. Quantitative abrogation of this dimérisation was 

only possible by mutating this residue to serine. The propensity of the single cysteine 

residue to induce dimérisation suggests that this residue is exposed in the context of 

the isolated C-terminal fragments compared with the full-length protein which 

behaves as a monomer in solution (Section 3.3.6).

The results obtained from spectroscopic studies indicate that the ~30kDa C- 

terminal domain contains significant a-helicity (38%). In particular, the smaller C- 

terminal fragment, Swi6-18kDa, that contains region of the extreme C-terminus, 

contains approximately half the a-helical content of the 30kDa C-terminal domain. 

Furthermore, the 10.5kDa fragment (Swi6-10.5kDa) contains proportionally less a- 

helicity suggesting that helical content is distributed throughout the entire C-terminal 

domain. Spectroscopic studies on the C762S mutant fragments indicated a small but 

consistent loss of 3-4 helical residues, suggesting a probable localised effect around 

the site of mutation. Nevertheless, the mutation has no detectable effect on 

transcriptional activation by Swi6p, or interactions with Swi4p in vivo.

Limited proteolysis studies within Swi6-18kDa revealed that this region of 

Swi6p contains two proteolytically stable fragments of -8kDa and ~6kDa (Fragment
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A and B; Chapter Four, Figure 4.20). Results from this investigation also showed that 

fragment A is more labile than fragment B since two further proteolytically stable 

sub-regions, A’ and A” are observed only from the tryptic digestion. Although many 

potential chymotryptic sites are present in the linker between A’ and A”, there are no 

cleavages in this region by chymotrypsin for reasons that remain unclear. Studies by 

Siegmund and Nasmyth (1996) have shown that Swi6p residues 657-803 are 

necessary and sufficient for Swi4p interaction and that Swi6p lacking residues 759- 

803 fails to bind the C-terminus of Swi4p. These residues (759-end) largely 

correspond to fragment B (Figure 4.15) indicating that heteromerisation requires 

helical structure within the extreme C-terminus but also within regions N-terminal to 

it that also contains significant helical secondary structure.

Overall, the secondary structure information and proteolysis data of the Swi6p 

C-terminal fragment(s) have provided insight into the domain organisation within this 

region of the molecule. CD spectra of 18, 13, and 10.5kDa fragments have identified 

a-helical secondary structure within fragments A’, A” and B. Furthermore, the helical 

nature of the heteromerisation module of Swi6p, fragments A” and B, in addition to 

the observation of significant a-helical content within the extreme C-terminal region 

of Mbplp (Chapter Four, Section 4.2.8), suggests that the quaternary interactions 

within these multiprotein complexes are mediated through helical bundle structures. 

In view of the high sequence homology, the same is probably true for the related 

proteins in S.pombe. Coiled-coil motifs/domains fulfil a variety of functions, forming 

molecular stalks (influenza hemagglutinin) and levers (myosin), providing a scaffold 

for regulatory complexes (tropomyosin), and mediating combinatorial associations 

between transcription factors by selective heterodimerisation (Lupas, 1996 and 

references therein).

The putative LZ motif is present only in Swi6p and CdclOp. Its structural role 

is unknown, and its significance, if any, for the activities of the non-DNA-binding 

components of SBF/MBF and DSCl remain obscure. In the isolated full-length 

protein, fragments A and B may interact with the putative LZ or an intervening region 

to form the binding surface for Swi4 (SBF) or Mbplp (MBF). The observation that 

cross-linking of Cys762 is considerably reduced in full-length Swi6p compared to the 

isolated C-terminal fragments is consistent with this idea. In addition, the LZ may 

play a role in an inter-domain interaction with the N-terminal domain or ANK repeat
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region, as indicated by the yeast Two-hybrid experiments (Chapter Four, Figure 4.19; 

Steve Sedgwick, personal communication). This notion is supported by 

hydrodynamic data which indicate that full-length Swi6p is not significantly more 

elongated than Swi6-60kDa in solution (Taylor et al., unpublished data).

Although the Swi6p, Swi4p and Mbplp proteins are closely related to their 

fission yeast counterparts CdclOp, Res Ip and Res2p, it is becoming increasing clear 

that these two sets of proteins are regulated in different ways. Res Ip and Res2p have 

been shown to interact with CdclOp through their C-termini to form the MBF/DSC 

complex (Zhu et al., 1997). Furthermore, this complex in S.pombe is predominantly 

heterotrimeric (Res 1 p-Res2p-Cdc 1 Op) throughout the cell-cycle and apparently, all 

three are required for the action of cell-cycle-dependent regulatory mechanisms 

(Whitehall et al., 1999). In S.cerevisiae, it remains to be demonstrated whether Swi6p 

forms similar heterotrimeric complex with Swi4p and Mbplp, at any point in the cell- 

cycle. Hydrodynamic studies on the full-length Swi6p (Chapter Three, Section 3.3.6), 

indicate that the protein is monomeric in solution. Furthermore, studies by Baetz and 

Andrews (1999) indicate that Swi4p is monomeric and it seems likely, therefore, that 

the SBF complex is heterodimeric. There are, at present, no data to indicate the 

oligomeric state of Mbplp, and the stoichiometry of Swi6p and Mbplp within MBF 

remains unclear.

6.3. THE ROLE OF INTRA- AND INTER-MOLECULAR 

INTERACTIONS IN SBF/MBF REGULATION

In light of the results presented in this study and others, it is becoming 

increasingly clear that SBF and MBF complexes use an intricate network on intra- 

and intermolecular protein-protein interactions to regulate the cell-cycle in yeast. As 

summarised above, interactions between helical structures, both within C-terminus of 

Swi6p and more N-terminal regions/domains appear to play important structural and 

functional roles in Swi6p activity. In addition, intramolecular interactions have been 

shown to be important in regulation of Swi6p transcriptional activation activity in vivo 

(Sedgwick et a l, 1998).
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Baetz and Andrews (1999) have proposed a model of Swi4p auto-regulation in 

which DNA-binding activity is inhibited through interaction of the N-terminal DNA- 

binding domain with some portion of the C-terminal region. In the absence of Swi6p, 

this interaction physically prevents the DNA-binding domain from interacting with 

SCB elements by forming a ’closed’ structure. However, in the presence of Swi6p, the 

C-terminus of Swi4p interacts with the C-terminus of Swi6p allowing the Swi4p 

DNA-binding domain to bind DNA and form an active SBF complex. It seems likely 

that a similar possibility exists for an N- and C- terminal intramolecular mechanism to 

function in the full-length Mbplp since there is evidence that MCB-specific 

complexes are not formed in cells lacking Swi6p (Dirick et ah, 1992; Koch et al., 

1993). The regions/surfaces involved in the N-/C-terminal Swi4p interactions have 

yet to be defined. However, it is tempting to surmise that interactions of the C- 

terminus with the basic ’wing 2’ extension to the DNA-binding domain may be 

involved given the dramatic effects on DNA-binding affinity of mutations in or 

deletions of this region (Chapter Five, Sections 5.2.3 and 5.3.3, and Taylor et al.,

2000). In addition, the small effects on in vitro DNA-binding by the E55K mutation 

(Section 5.3.2) may point to a role for this residue in regulatory interactions with the 

C-terminus rather than in MCB/SCB binding per se.

Conformational switching is likely to be a common mechanism for regulation 

of the activities of SBF and MBF during the budding yeast cell-cycle. Furthermore, it 

may play a role in regulation of the activities of the Swi4p homologue, Res2p in 

S.pombe (Zhu et al., 1997). Similar mechanisms appear to operate in regulation of the 

activities of higher eukaryotic transcription factors such the Ets family members, Ets- 

1, GABPa and PEA3 (Bassuk and Leiden, 1997; Greenall et al., 2001) underlining 

the general significance of intra-molecular interactions in the regulation of gene 

expression.

6.3.1. Other regulatory factors/mechanisms

Conformational switching of the Swi6/Swi4/Mbpl transcription factors and 

resulting transcriptional activation must be assisted by post-translational 

modifications such as phosphorylation or binding to other regulatory proteins. It is 

known that Swi6p and Swi4p are phosphoproteins in vivo (Amon et al., 1993;
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Sidorova et al., 1995). The phosphorylation of Seri60 in Swi6p within a ’S/T-P-X-K’ 

consensus for a CDK substrate (Koch et al., 1996) correlates with cytoplasmic 

localisation during S, G2, and M phases. Although Cdc28p-dependent 

phosphorylation of this site remains to be demonstrated, it is clear that Swi6p 

phosphorylation is effected by several other kinases including Rad53p and Hrr25p, 

which function in the response to DNA damage, and the protein kinase C homologue, 

PKCl, which activates the Slt2p MAP kinase cascade (Sidorova and Breeden, 1997; 

Ho et a l, 1997; Madden et al., 1997). In this way, cell-cycle progression is intimately 

linked to the integration of a variety of growth factors stimuli, stress signals, and 

checkpoint responses. Dephosphorylation of phospho-Serl60 occurs in G1 and 

correlates with Swi6p nuclear localisation (Sidorova et al., 1995). Since, Swi4p is 

confined to the nucleus throughout the cell-cycle (Baetz and Andrews, 1999), it is 

reasonable to assume that Swi6p can only interact with Swi4p following nuclear 

localisation of Swi6p. No phosphorylation sites on Swi4p have been mapped. 

However, based on a consensus Cdc28p phosphorylation site in the C-terminal region 

of Swi4p, it has been suggested that phosphorylation of Swi4p by Clb-Cdc28p may 

alter the affinity of the Swi4-Swi6 interaction or the stability of the Swi4p auto

inhibition (Baetz and Andrews, 1999).

A number of reports have identified potential Swi6p-interacting proteins that 

may act as co-regulators. Stblp, a subunit of the Sin3p/Rpd3p histone deacetylase 

complex, binds to Swi6p ankyrin repeats in vitro, and may activate gene expression 

by interacting with Swi6p during G1 (Ho et al., 1999). In addition, Sds3p, also a 

member of the Sin3p complex, and the histone-like TBP-associated factor TAF17, 

which is also a subunit of the SAGA (Spt-Ada-Gcn5-acetltransferase) histone 

acetyl ase complex, are both synthetic lethal with Swi6p (Vannier et al., 2001; 

Macpherson et al., 2000). These data have assumed greater significance in the light 

of the recently established role of SBF in the recruitment of SAGA as part of an 

ordered series of events required for the activation of HO gene expression in vivo 

(Cosma et al., 1999; Macpherson et al., 2000; Yu et al., 2000).

Swi6p, its complexes, and their regulation are model systems for study of 

many aspects of eukaryotic transcriptional regulation and cell-cycle control. 

Although the roles of these large, multiprotein complexes are gradually being 

unravelled, it is clear that only a combination of biochemical, biophysical and cell-
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biological studies will enable their complex array of inter- and intramolecular 

interactions, and mechanism of action to be fully understood.
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APPENDIX

A. PROTEIN SEQUENCES

A.I. SWI6p

Gene Name: YLR182W PIDN:AAB67460.1
1 M ALEEW RY L G PH N E IPL T L TRDSETGHFL LK H FLPILQ Q YH DTG NINET N P D S F P T D E E

6 1 RNKLLAHYGI AVNTDDRGEL W IELEKCLQL LNMLNLFGLF Q D A FEFEEPE TDQ DEEDPSH

1 2 1 SK LPENK TK S E N S K D N IS SK RINNLQDM SL DSDAHRELGS PL K K L K ID T S V ID A E S D S T P

1 8 1 NTARGKPNDD INKG PSG DNE NNGTDDNDRT A G P IIT F T H D L T S D F L S S P L K IM K A L PSPV

2 4 1 VNDNEQKMKL EAFLQ RLLFP E IQ EM PTSLN N D SSN R N SEG GSSNQQQQHV SF D SL L Q E V N

3 0 1 DAFPNTQLNL NIPVDEH G NT PLHW LTSIAN LELVKHLVKH GSNRLYGDNM GESCLVKAVK

3 6 1 SVNNYDSG TF EALLDYLYPC LILE DSM NRT I L H H I I I T S G MTGCSAAAKY YLDILM GW IV

4 2 1 KKQNRPIQSG TNEKESKPND K NG ERK DSIL EN LD LK W IIA NMLNAQDSNG D T C L N IA A R L

4 8 1 G N IS IV D A L L D Y G A DPFIAN KSGLRPVDFG AGTSKLQNTN GGDENSKMVS KGDYDGQKNG

5 4 1 K AK KIRSQ LL K N P P E T T S L I ND VQ NLLNSI SKDYENETVQ YNEKLEKLHK ELNEQREELA

6 0 1 NSREQLANVK QLKDEYSLMQ EQLTNLKAGI E E E E E SFR E E SK K L G IIA D E SS G ID W D SSE

6 6 1 YDADEPFKVE FLSDFLEDK L QKNYEGDISK L L E A E SK E Q I M EQIRNQLPA E K IQ SM L PPT

7 2 1 VLLK AR INA Y KRNDKHLTNV L D T IST K Q SE LENKFRRVLS LCLK IDENK V DNMLDGLLQA

7 8 1 IS S E D P Q D ID TDEMQDFLKK HAS
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A.2. M BPlp

Gene Name: YDL056W PIDN: CAA98618.1
1 M SNQ IY SAR Y SG VD VYEFIH STGSIM KRKK DDWVNATHIL KAANFAKAKR T R IL E K E V L K

6 1 ETHEKVQGGF GKYQGTWVPL NIAK QLAEKF SVYDQLKPLF DFTQ TDG SAS PPPAPKHHHA

1 2 1 SK VDRKKAIR SA ST SA IM E T KRNNKKAEEN Q FQ SSK IL G N PTAAPRKRGR PVG STRG SRR

1 8 1 KLGVNLQRSQ SDM G FPRPAI P N S S IS T T Q L PSIR ST M G PQ SP T L G IL E E E RHDSRQQQPQ

2 4 1 Q NNSAQ FK EI DLED G LSSD V EPSQQLQQVF NQNTGFVPQQ Q SSL IQ T Q Q T E SM A T SV SSS

3 0 1 P S L P T S P G D F A D SN PFE E R F P G G G T S P IIS M IPR Y PV T SR PQ T SD IN D K V NKYLSKLVDY

3 6 1 FISN E M K SN K SLPQ VLLH PP P H SA P Y ID A P ID PE L H T A FH WACSMGNLPI AEALYEAGTS

4 2 1 IR ST N SQ G Q T PLM RSSLFHN SY T R R T F P R I FQLLHETVFD ID S Q S Q T V IH H IV K R K ST T P

4 8 1 SA V Y Y L D W L SK IK D F SPQ Y R IE L L L N T Q D KNGDTALHIA SK N G D W F F N TLVKMGALTT

5 4 1 ISN K E G L T A N EIMNQQYEQM MIQNGTNQHV N S SN T D L N IH V N T N N IE T K N DVNSM VIM SP

6 0 1 V S P S D Y IT Y P S Q IA T N IS R N IPN W N SM K Q M ASIYNDLHE Q HDNEIK SLQ K T L K SISK T K

6 6 1 IQ V SL K T L E V LKESSKDENG EAQ TND DFEI LSRLQEQNTK KLRKRLIRYK RLIKQ K LEYR

7 2 1 Q TV LLN K LIE DETQATTNNT VEKDNNTLER LELAQELTML QLQRKNKLSS LVKKFEDNAK

7 8 1 IH K Y R R IIR E GTEM NIEEVD S S L D V IL Q T L lANNNKNKGA E Q IIT IS N A N SHA

A 3. SWI4p

Gene Name: Y E R lllC  PIDN: AAC03209.1
1 M PFD V L ISN Q KDNTNHQNIT P IS K S V L L A P H S N H P V IE IA TYSETDVYEC Y IR G F E T K IV

6 1 MRRTKDDWIN IT Q V F K IA Q F SK TK RTK ILE KESNDMQHEK VQGGYGRFQG TW IPLD SA K F

1 2 1 L V N K Y E IID P W N S IL T F Q F DPN N PPPK R S K N SIL R K T SP G T K IT S P S S Y NKTPRKKNSS

1 8 1 SS T SA T T T A A NKKGKKNASI N Q PNPSPLQ N LVFQTPQQFQ VNSSM NIM NN NDNHTTMNFN

2 4 1 N D TRH NLIN N IS N N S N Q S T I IQ Q Q K SIH E N SFNNNYSATQ K P L Q F F P IP T NLQNKNVALN

3 0 1 N PN N N D SN SY S H N ID N V IN S SNNNNNGNNN N L IIV P D G P M QSQQQQQHHH EYLTNNFNHS

3 6 1 M M DSITNGNS KKRRKKLNQS NEQQFYNQQE KIQRHFKLMK QPLLWQSFQN PNDHHNEYCD

4 2 1 SNGSNNNNNT V A S N G S S IE V FSSNENDNSM NM SSRSM TPF SAGNTSSQNK LENKMTDQEY

4 8 1 K Q T IL T IL S S ERSSDVDQAL LATLYPAPKN F N IN F E ID D Q GHTPLHWATA M ANIPLIKM L

5 4 1 ITLNANALQC NK LG FNCITK SIFY N N C Y K E N A F D E I I S I L K IC L IT P D V N G R L P FH Y L IE

6 0 1 LSVNKSKNPM I I K S Y M D S I I LSLGQQDYNL LKICLNYQDN IG N T P L H L SA LNLNFEVYNR

6 6 1 L V Y L G A ST D I L N L D N E SPA S IMNKFNTPAG GSNSRNNNTK ADRKLARNLP QKNYYQQQQQ

7 2 1 QQQPQNNVKI P K IIK T Q H P D K EDST ADVN I AK TDSEVNES QYLHSNQPNS TNMNTIMEDL

7 8 1 S N IN S F V T S S V IK D IK S T P S K IL E N S P IL Y R R R S Q S IS D E KEKAKDNENQ VEKKKDPLNS

8 4 1 VK TAM PSLES P SSL L P IQ M S PLGK YSKPLS QQINKLNTKV SSLQ RIM G EE IK N L D N E W E

9 0 1 T E S S IS N N K K R L IT IA H Q IE DAFDSVSNK T P IN S IS D L Q S R IK E T S SK L N SE K Q N F IQ SL

9 6 1 EKSQALKLAT IVQDEESK VD M NTNSSSH PE K Q E D E E PIPK S T S E T S S P K N TKADAKFSNT

1021V Q E S Y D V N E T L R L A T E L T IL QFKRRMTTLK IS E A K S K IN S SVKLDKYRNL I G I T I E N I D S

1 0 8 1 K L D D IE K D L R ANA
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Characterization o f the DNA-Binding Domains from the Yeast Cell-Cycle 
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a b st r a c t : The minimal DNA-binding domains of the Saccharomyces cerevisiae transcription factors 
Mbpl and Swi4 have been identified and their DNA binding properties have been investigated by a 
combination of methods. An ~100 residue region of sequence homology at the N-termini of Mbpl and 
Swi4 is necessary but not sufficient for full DNA binding activity. Unexpectedly, nonconserved residues 
C-terminal to the core domain are essential for DNA binding. Proteolysis of Mbpl and Swi4 D N A - 
protein complexes has revealed the extent of these sequences, and C-terminally extended molecules with 
substantially enhanced DNA binding activity compared to the core domains alone have been produced. 
The extended Mbpl and Swi4 proteins bind to their cognate sites with similar affinity {K\ ~  (1—4) x 
10  ̂ M“ ‘] and with a 1:1 stoichiometry. However, alanine substitution of two lysine residues (116 and 
122) within the C-terminal extension (tail) of Mbpl considerably reduces the apparent affinity for an 
MCB {Mlul cell-cycle box) containing oligonucleotide. Both Mbpl and Swi4 are specific for their cognate 
sites with respect to nonspecific DNA but exhibit similar affinities for the SCB (Swi4/Swi6 cell-cycle 
box) and MCB consensus elements. Circular dichroism and 'H NMR spectroscopy reveal that complex 
formation results in substantial perturbations of base stacking interactions upon DNA binding. These are 
localized to a central 5'-d(C-A/G-CG)-3' region common to both MCB and SCB sequences consistent 
with the observed pattern of specificity. Changes in the backbone amide proton and nitrogen chemical 
shifts upon DNA binding have enabled us to experimentally define a DNA-binding surface on the core 
N-terminal domain of Mbpl that is associated with a putative winged helix—turn—helix motif. Furthermore, 
significant chemical shift differences occur within the C-terminal tail of Mbpl, supporting the notion of 
two structurally distinct DNA-binding regions within these proteins.

Transcription in eukaryotes is a complex process that must 
be tightly controlled. This regulation is often achieved 
through interactions between combinatorial arrays of tran
scription factors that respond to variations in chromatin 
structure and chemical modification. Transcriptional com
plexes may be found on specific DNA sequences within the 
promoter or at distal sites that are often located at a 
considerable distance from it (for reviews see refs 1 and 2). 
Proteins that make up many of the complexes involved in 
these processes are often modular, multidomain molecules. 
These domains may be variously required for detection of 
extranuclear signals, targeted enzymatic activity, sequence- 
specific DNA binding, or mediation of interactions with other 
coregulatory proteins. Interplay between these protein com
plexes is essential for the execution of a successful and 
correctly timed transcriptional initiation program.

MBF' {Mlul cell-cycle box binding factor) and SBF (Swi4/ 
Swi6 cell-cycle box binding factor) are two large protein 
complexes involved in transcriptional regulation in the

* To whom correspondence should be addressed: Telephone +-T44 
181 959 3666, ext 2533; FAX +4-44 1819138569; E-mail s-smerdo@ 
darwin.nimr.mrc.ac.uk.

t Division of Protein Structure.
* Division of Molecular Structure.

budding yeast Saccharomyces cerevisiae. These proteins bind 
to short DNA sequences distal to target promoters and 
regulate the transcription of many genes during the G l—S 
transition of the cell cycle. MBF and SBF each contain the 
Swi6 protein (5) and one of two distinct DNA binding 
proteins, Swi4 in SBF {4, 5) or Mbpl in MBF (6). SBF 
complexes bind to sequences known as SCBs (Swi4/Swi6- 
dependent cell-cycle box). These are often present in multiple 
copies and have the consensus sequence 5'-d(CACGAAA) 
(7). Similarly, genes encoding proteins required for DNA 
replication are regulated by binding of MBF to sequences 
called MCBs {Mlu-l cell-cycle box) that have the similar 
consensus sequence 5'-d(ACGCGTNA) (8). In the fission 
yeast Schizosaccharomyces pombe, similar complexes of the 
Cdc 10 protein with Res 1/Set 1 or Res2/Pctl bind to MCB 
sequences and regulate transcription at Start or direct 
movement into premeiotic S-phase (9).

Swi6, Swi4, and Mbpl together with Cdc 10, Resl, and 
Res2 form a closely related family of transcription factors 
that share several regions of sequence homology. Structural

‘ Abbreviations: MCB, Mlul cell-cycle box; SCB, Swi4/Swi6 cell- 
cycle box; MBF, Mlul cell cycle box binding factor; SBF, Swi4/Swi6 
cell cycle box binding factor; wHTH, winged helix—turn—helix; 
HNF3y, hepatocyte nuclear factor 3y; CD circular dichroism.

10.l021/bi992212i CCC: $19.00 Published 2000 by the American Chemical Society 
Published on Web 03/11/2000
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binding heteromensation 

 S*i4 (1Z3.8kDa)

Mbpl (93.9kDa) 

Rest (72.4kOa) 

Res2 (73,/kDa)

Swl 4  Sc 1 M P f 0 U L 1 S N Q K D N 11 N H Q N T P 1 S K S V L L A P H S N H P V 1 E 1 A I  ■ HE I 0 | | v | | C y 1 A G E E I  K 1 V
M bpl sc 1 M S N Q 1 Y S A R B Q c  V o l | v l 1 H S T G S 1
M bpl K l M S S N Q 1 V S A K BQ g V d| | y I 1 H P T G S 1

» Sp 1 M y N D Q 1 H K1 T B■  c  V E 1 T 1 N G E P I
H»»2 Sp 1 M A P A S S A V H V A V 1 Q g V E 1I I | c F 1 K G V S V

Sw i« sc 
Kfcpl Sc 
M bpl K l  
H « » l_ g p
R#«a sp

N D M Q

D F D

S wi 4_Sc 131 ■  v N K Y E 1 1 D P V V N S 1 L T F Q F 0 P N N P P P K R S K N S 1 L R K T S P G T K 1 T S P S S Y N K T P R K K N S S
M bpl Sc I S E K F S V Y D 0  L K P l  F 0 F T Q T D G S A S P P P A P K H H H A S K V D R K K A 1 R
M bpl K l 17 ■  A E K F E V L D E L K P I F D F T Q Q E G S A S P P Q A P K H H H A S R S 0 S T R K K A T K
E e a l S p »? gA H E Y N V F D L 1 Q P L I E Y S G s A F M P M S T F T P Q S N . . .  R K P T E A
»««a_Sp 81 ■  a T K Y K V D G 1 M S P I  L S L D 1 D E G K A 1 A P K X K Q T K Q K K P S V R G R R G R K P S S L

3 w l4 _ 8 c 181 S S T S A T T T A A N K K G K K N A S 1 N Q
M b p lS c 1 )1 S A 5 T S A 1 M E T K R N N K K A c E N Q
K b p l_ K l 1 )4 S A S V P S G K V S E K A S s Q Q 0
M a l  Sp 138 Y R R N S P V X K S F S R P s H S L
K aa2_Sp 1 )8 S S S T L H S V N E K 0 P N S 5 1 s P T 1

FiG URt  1: (a) Schematic representation of the extent and distribution of the major regions of sequence homology between Swi4, Mbpl, 
Resl, and Res2 (ANK =  ankyrin repeats), (b) Structure of Mbpl(124) detennined by X-ray crystallography (27; PDB accession code 
IM Bl) shown as a ribbon representation with helices depicted as cylinders. The secondary structural elements are labeled as described 
previously. The helix-tum -helix motif (aA and B and associated /7-loop, strands 5 and 6; w l) are colored red. (c) Sequence alignment 
of the N-terminal regions from Saccharomyces cerevisiae  (Sc) Mbpl, Swi4 with related proteins from Schizosaccharomyces pomhe (Sp) 
and Kluyveromyces lactis (Kl). Regions of sequence identity are highlighted in blue and the secondary structural elements are highlighted. 
The alignment extends into the C-terminal region, where sequence conservation is undetectable. The alignment in this region has been 
manually edited largely to overlap basic residues that are highlighted in gray.

domains in Swi6 have been defined in vitro by limited 
proteolytic mapping and flinctionality ascribed to individual 
domains in vivo by the use o f  deletion analysis coupled with 
transcriptional activation assays (10). With this information 
and sequence homology, three functional regions within these 
m olecules can be defined (Figure la). Conserved sequences 
at the C-termini encom pass a putative helical domain that 
has been shown to mediate protein—protein interactions 
required for the formation o f  heteromeric com plexes (II,  
12). A central domain contains five copies o f  the ankyrin 
repeat motif, originally predicted from sequence comparisons 
(13,14) and now confirmed by X-ray crystallographic studies 
o f  Swi6 (75). The ankyrin repeats and associated structures 
appear to be involved in interactions with B-type cyclins, 
cyclin—CDK com plexes, and other coregulatory m olecules 
(12, 16 -18).

The DNA-binding activities o f  SBF and MBF reside 
within the N-terminal regions o f  Sw i4 and Mbpl (6, 19). 
The X-ray structure o f  an N-terminal 124 residue fragment 
o f  Mbpl (20, 21) (Figure lb) has revealed a topological 
relationship to the winged h e lix -tu m -h e lix  (wHTH) family

o f  DNA-binding proteins. Alignment o f  the structure o f  the 
M bpl DNA binding domain with that o f  the archetypal 
wHTFl protein HNF3y (22) strongly suggests that helix B 
is the major sequence recognition element through base- 
specific interactions in the major groove. The N-terminal 
regions o f  Sw i4 and Mbpl are highly hom ologous to those 
o f  Resl and Res2 from S. pombe (Figure Ic). Hom ologous 
segm ents have also been identified in several other tran
scriptional regulators indicating that this m otif may be 
com m only used in other species. It is therefore likely that 
the same fold will be present in all o f  these m olecules and 
that they all utilize a common mode o f  DNA recognition.

The sequence and structural similarities between these 
transcription factors provide an opportunity to examine the 
molecular basis o f  nucleic acid interaction and sequence 
recognition in a closely related group o f  DNA-binding 
proteins. Although structural information and some bio
chemical data are available, the affinities o f  the D N A -  
protein interactions, the extent o f  the minimal DNA-binding 
domain, and the exact nature o f  the cross-competition  
between MCB and SCB elem ents remain unclear. Here we
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report a series of biochemical and spectroscopic studies that 
directly address these questions. Our data indicate that Mbpl, 
Swi4, and related transcription factors appear to utilize an 
unusual mode of DNA binding. A highly conserved domain 
provides sequence specificity while nonconserved sequences 
located C-terminal to this region appear to contribute to the 
overall DNA affinity, most likely through structural effects 
on the core domain and/or nonspecific electrostatic interac
tions with the DNA.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. The coding regions 
corresponding to N-terminal fragments derived from Mbpl 
and Swi4 were produced by PCR amplification from plasmid 
templates containing the fill 1-length Mbpl and Swi4 genes. 
Fragments were expressed in the Escherichia coli strain 
BL21(DE3) as C-terminal hexahistidine fusions from the T7 
expression vector pET22b (Novagen). The various proteins 
were purified from clarified crude cell extracts by ion- 
exchange, immobilized metal-ion affinity, and gel-filtration 
chromatography.

The purity and monodispersity of preparations were 
analyzed by SDS—PAGE, photon correlation spectroscopy, 
and analytical size-exclusion chromatography. Protein con
centrations were determined from the absorbance at 280 nm 
with molar extinction coefficients derived by summing the 
contributions from tyrosine and tryptophan residues: Mbpl- 
(110), Mbpl(124), Mbp 1(151), and Swi4( 165), 17 900 M"' 
cm"', and Swi4(202) and Swi4(32—173), 19 200 M“‘ cm"'.

Preparation o f Oligonucleotide Duplexes. In total, three 
synthetic DNA duplexes, MCB 1, SCB 1, and MCB12T, were 
used in DNA binding experiments. Duplexes were prepared 
from HPLC-purified oligonucleotides (Oswel DNA services. 
University of Southampton, U.K.):

MCB I

5'-CCGCTGCAGGTGACGCGTAAGCTTGGC-3'

3'-GGCGACGTCCACTGCGCATTCGAACCG-5'

SCB)

5'-CCGAAGCTTGAAGTACACGAAATTCGGATATCGGC-3'

3'-GGCTTCGAACTTCATGTGCTTTAAGCCTATAGCCG-5'

MCB12T

5'-TTTGACGCGTCAA-3'

3'-AACTGCGCAGTTT-5'

To ensure accurate mixing of single strands in equimolar 
proportions, molar extinction coefficients were determined 
for each oligonucleotide. This was done by summing the 
contribution from the individual nucleotides, taking into 
account the hyperchromicity observed following digestion 
by snake venom phosphodiesterase 1 {23). Duplexes were 
then prepared by mixing complementary strands in equimolar 
proportions, except the self-complementary MCB12T. In all 
cases annealing reactions were then heated to 95 °C for 5 
min and cooled slowly to 4 °C over 4 h. Duplex DNAs were 
purified by gel-filtration chromatography on Superose-12 HR 
(12/30) (Pharmacia) and molar extinction coefficients were 
determined as for the single strands. The values derived for 
the three duplexes (M"' cm"') were €26o,mcbi =  374 000, 
f26o,scBi =  478 100, and f260.MCBi2T — 193 300.

Gel-Retardation Assays. Typically ~1 nmol of a duplex 
was end-labeled with [y-^^P]ATP and T4 polynucleotide 
kinase with standard protocols. The labeled DNA was 
purified from unincorporated ATP on a NICK spin column 
(Pharmacia) and then ethanol-precipitated. Labeled DNA was 
resuspended in a solution of unlabeled duplex such that the 
concentration was between 100 and 200 /^M. The concentra
tion was then determined accurately from the absorbance at 
260 nm. DNA binding reactions for both titration and 
competition experiments were carried out in a binding buffer 
containing 10% glycerol, 5 mM MgClz, 1 mM DTT, and 40 
mM Tris-HCl pH 8.0. In titration experiments, increasing 
amounts of protein were incubated with a fixed concentration 
of either MCBl or SCBl labeled DNA. In competition 
experiments Mbpl(124) or Swi4(32—173) was added to an 
equimolar amount of either labeled MCBl or SCBl in the 
presence of increasing amounts of unlabeled competitor 
DNA. The free and bound components of the equilibria were 
resolved by electrophoresis at 14 mA constant current for 
45 min on 8% native TAE gels (40 mM Tris—acetate and 1 
mM EDTA, pH 8.5). The labeled components were visual
ized either by autoradiography or by phosphorimaging.

Limited Proteolysis. In proteolysis experiments, Mbpl- 
(151) and Swi4(202) were buffer-exchanged into digestion 
buffer (20 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, and 
3 mM DTT, pH 7.8) using NAP5 columns (Pharmacia). 
Proteolytic digestion with trypsin (Boehringer Mannheim, 
sequencing grade) was carried out at an enzyme-to-protein 
ratio of either 1:250 or 1:500 (w/w) and at a protein con
centration between 0.6 and 1.2 mg/mL. Where appropriate, 
either MCBl or SCBl was added at a 1.2-fold molar excess. 
Products of time courses of digestion were separated by elec
trophoresis on SDS— 18% polyacrylamide gels and visualized 
by staining with Coomassie brilliant blue. To analyze the 
proteolytic products by mass spectrometry, digestion products 
were purified either by ion exchange on Mono S or by 
reverse-phase chromatography on Zorbax 300SB-C3. Peptide 
molecular weights were determined with a modified 130A 
HPLC (Perkin-Elmer) coupled on-line to a Platform elec
trospray mass spectrometer (Micromass, U.K.). Reverse- 
phase chromatography of purified peptides was performed 
on a 0.25 mm x 100 mm PEEK column packed in-house 
with Poros Rll (PerSeptive Biosystems) medium. Peptides 
were eluted at a flow rate of 10 ^L/min over a 10 min, 
0—100% buffer B linear gradient (buffer A =  0.12% formic 
acid, 90% water, and 10% acetonitrile; buffer B =  0.10% 
formic acid, 15% water, and 85% acetonitrile) with UV 
monitoring at A =  214 nm. The low flow rate was achieved 
by incorporating a Valeo tee, coupled to a microbore dummy 
column, just prior to the Rheodyne injection valve. The mass 
spectrometer was calibrated with myoglobin as a standard.

Site-Directed Mutagenesis. The Mbp 1 ( 124)-pET22b ex
pression plasmid was used as a template for mutagenesis of 
Mbp 1(124). Three Lys —* Ala substitutions (Kl 16A, K122A, 
and Kl 16A/K122A) were generated with a QuikChange site- 
directed mutagenesis kit (Stratagene), following the manu
facturer’s instructions. Base changes were identified by DNA 
sequencing and later confirmed by ESl-MS analysis of the 
purified mutant proteins.

Circular Dichroism Spectroscopy. Circular dichroism (CD) 
spectroscopy was used to analyze the binding of Mbp 1(124) 
to the MCB12T duplex. Near UV CD spectra (330—230 nm)
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were recorded in 1 cm cells at 15 °C in 40 mM NaHaPOV 
Na2HP04 and 100 mM NaCl, pH 7.6, using a Jasco J600 
spectropolarimeter purged with nitrogen gas. Titrations were 
carried out with a fixed concentration of MCBl 2T (4.68 /^M) 
and varying protein concentrations from 0 to 14.4 //M. The 
contribution of the protein and buffer background to each 
spectrum was subtracted. Subsequent inspection of spectra 
revealed a large signal change at around 270 nm that was 
used to construct binding curves. The protein contribution 
to the overall signal at 270 nm amounts to ~15% at a molar 
excess (proteintDNA) of 3:1.

NMR Spectroscopy. Protein and DNA samples were 
prepared for NMR spectroscopy as previously described {24). 
'H and 'H—'̂ N NMR spectra were recorded at 11.75 or 14.1 
T on Varian UnityPlus or Unity spectrometers, respectively. 
^'P NMR spectra were recorded at 9.4 T on a Bruker AM400 
spectrometer. All spectra were recorded at 15 °C.

Quantita tion o f Binding Data. Data from titration experi
ments were analyzed with a general binding expression, eq
1. This expression relates the association constant to the 
fraction of bound DNA sites 6 (6 = [PD]/[Dt], where [PD] 
is the concentration of protein-DNA complex) in terms of 
the total concentrations of DNA binding sites [Dt] and protein 
[Pt] (25). For CD titrations, rearrangement of eq 1 to give 
eq 2 allows and [Dt] to be determined by nonlinear fitting 
of a plot of 6 versus [Dt].

Æ, =  ^/(l -  61)([Pt] -  e[Dt]) (1)

0 =  [(A :,[P t]+ X JD t]-h l)-

{(Æ,[Pt]+Æ,[Dt] +  1)' -  (4Æ/[Dt][Pt])}"']/2Æ,[Dt]
(2)

In quantitative gel retardation titration experiments, free and 
bound band intensities were measured by phosphorimaging 
(Molecular Dynamics). For these data, binding constants 
were derived directly from the simplification of eq 1 at the 
stoichiometric point (i.e. [Pt] =  [Dt]):

Æ, =  W[Dt](l -<9)' (3)

In competition experiments, association constants for com
petitor sites (Æcomp) were derived by direct nonlinear fitting 
of experimental data to an expression relating the total 
concentration of competitor sites ([Ct]) to the fraction of 
specific sites bound (0) in terms of the total concentrations 
of protein and specific DNA sites ([Pt] and [Dt]), and the 
binding constant for specific sites (^a):

[Ct] =  ([Pt] -  0[Dt])(l +  {l/A:,[Dt](l -  6)}) X
d+ iC 3[D t](l-0)/^^,p0[D t]) (4)

RESULTS

Determination o f the Minimal DNA-Binding Domains o f 
Mbpl and Swi4. To analyze the DNA binding properties of 
N-terminal fragments from Mbpl and Swi4, quantitative gel 
retardation assays were employed together with proteolytic 
protection analysis. Initially four N-terminal fragments were 
overexpressed and purified from Escherichia coli. Two

comprise only the core homology region [residues 1 — 110 
from Mbpl, Mbpl(llO), and residues 1-165 from Swi4, 
Swi4(165)] and two include additional C-terminal sequences 
(residues 1 — 151 from Mbpl; Mbpl(151), and 1—202 from 
Swi4, Swi4(202)]. The sequence of these constructs, along 
with an alignment of the homologous regions, is shown in 
Figure Ic. Two oligonucleotide duplexes, MCBl and SCBl, 
were prepared for use in the various DNA-binding experi
ments. MCBl is a 27 bp fragment containing a single MCB 
element derived from the S. cerevisiae TMPl promoter, and 
SCBl is a 35 bp fragment containing a single SCB element 
derived from the CLN2 promoter.

The gel retardation titration experiments performed using 
these Mbpl - and Swi4-derived fragments are shown in Figure
2. All of the titration experiments were carried out under 
similar conditions (~10 /iM duplex). They clearly demon
strate considerable differences in the DNA-binding properties 
of proteins containing only the core homology region 
compared with those containing extra C-terminal sequences. 
The ability to bind stoichiometrically to either the MCB or 
SCB recognition sequence, as judged by the ratio of free to 
bound duplex at a 1:1 molar ratio of protein:DNA, is only 
apparent for the Mbpl(151) and Swi4(202) proteins. Under 
very similar conditions, Mbpl(llO) and Swi4(165) do not 
form a distinct retarded complex and there remains a large 
fraction of unbound DNA at the stoichiometric point of the 
titration. Deletion of the hexahistidine tag or replacing it at 
the N-terminus has no effect on the DNA-binding activity 
of any fragment that we have examined (data not shown). 
All four proteins show similar behavior in dynamic light 
scattering and analytical gel-filtration experiments, and all 
have the correct molecular mass as determined by electro
spray ionization mass spectrometry (ESl-MS). Thus, ag
gregation, chemical modification, and dénaturation are not 
responsible for the differential binding properties and the 
observed enhancement of DNA binding activity can be 
confidently attributed to the presence of the additional 
C-terminal sequences.

Limited proteolytic digestion has often proved an invalu
able tool for the analysis of DNA-protein interactions (26, 
27). In this study, we compared the susceptibility to tryptic 
digestion of both free Mbp 1(151) and Swi4(202) with their 
respective MCBl and SCBl DNA complexes. The time 
dependence of these tryptic digestions, analyzed by SDS— 
PAGE, are shown in Figure 3. In the absence of DNA Mbpl- 
(151) is rapidly cleaved to a stable core fragment that is then 
slowly degraded to smaller peptides. Digestion of the 
protein-DNA complex under the same conditions reveals a 
similar digestion pattern with the exception that the initially 
produced core fragment is not further degraded during the 
remainder of the digestion time course. This implies that the 
DNA protects the core protein fragment. Swi4(202) and its 
complex with the SCBl duplex exhibit similar patterns of 
digestion to those observed for Mbp 1(151). Isolated Swi4- 
(202) is rapidly cleaved to generate a stable fragment that is 
subsequently slowly degraded. However, in this case species 
of intermediate molecular mass between that of the full- 
length protein and the core fragment are generated (T* in 
Figure 3b). These fragments are not as stable as the final 
core fragment but they persist only in the presence of DNA 
and only at later time points.
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FIGURE 2: Gei-retardation titration assays o f core homology and extended DNA binding domains from Mbpl and Swi4. Panels a and b 
show titrations of Mbpl( 110) and Mbpl( 151 ) with MCBl at 10.9 and 11.8 /<M. Panels c and d show titrations of Sw i4( 165) and Swi4(202) 
with SCBl at 10.3 and 10.5 /vM. The protein concentration (micromolar) at each point in the titration is indicated above each track.

(a)
t (mins)

(b) t (mins)
+MCB1 +SCB1

M O  5 20 60 5 20 60 M O  5 20 60 5 20 60

6 7 -  
4 3 -  
3 0 -  

20.1 -

14 4 -

94^
6 7 -
4 3 -

3 0 -

20 . 1 -

1 4 .4 -

F i g u r e  3 :  Time courses of limited tryptic digestion analyzed by SDS—PAGE. The time of digestion is indicated above each track. The 
products o f digestion of Mbpl(151) and the Mbpl( 151 )—MCBl complex [1:250 (w/w) trypsin:protein] are shown in panel a. The products 
of digestion Swi4(202) and the Swi4(202)-SCB1 complex [1:500 (w/w) trypsin:protein) are shown in panel b. The intermediate species 
stabilized in the complex are indicated by T *.

A more detailed analysis o f  the digestion products o f  both 
free and cotnplexed Mbp 1(151) using ESl-M S allowed the 
exact sites o f  proteolytic cleavage to be mapped. Analysis 
o f  the products o f  digestion o f  M bpl(151) revealed that 
cleavage only occurs within the C-terminal nonconserved  
region and that all products contain the natural N-terminus. 
The major species produced by digestion o f  free protein was 
found to contain six different polypeptides resulting from 
cleavages at Lys 116, Lys 122, Arg 125, Lys 126, Lys 127, 
and Arg 130. In contrast, analysis o f  the digestion products 
o f  the D N A -protein  com plex revealed only three fragments 
corresponding to cleavages at Arg 125, Lys 126, and Lys 
127. The presence o f  the DN A duplex therefore confers 
protection from proteolytic digestion at Lys 116 and Lys 122. 
An equivalent analysis o f  the products o f  digestion o f  Swi4- 
(202) also reveals differences between free protein and Swi4- 
(202)—SCB com plex. In this case, unlike M bpl, digestion 
o f  Sw i4 also occurs at the N-terminus at Lys 24 together 
with cleavages within the C-terminal region at Arg 156 and 
Lys 157. ESl-M S analysis o f  the T* intermediates from an 
early time point in a Sw i4 (202)-S C B 1 digestion allowed

identification o f  a protected peptide corresponding to residues 
Ser 2 5 —Lys 177. Based on the preliminary DN A binding 
data, the proteolysis results, and sequence alignments, three 
new constructs were prepared: Mbp 1(124), which encom 
passes all o f  the protected region, and two Sw i4 fragments, 
Sw i4 (3 2 -1 7 8 ) and Sw i4(32-173). S w i4 (3 2 -1 7 8 ) and Swi4- 
(3 2 —173) behave identically in terms o f  their DNA-binding  
activity and have all 30 o f  the nonconserved N-terminal 
residues o f  Swi4 deleted (see Figure Ic). Gel-retardation 
analysis shows that removal o f  this region does not affect 
the DNA-binding activity o f  any Swi4 fragment that we have 
examined (data not shown).

In Vitro DNA-Bincling Characteristics o f  N-Terminal 
Domains from M bpl and Swi4. Gel-Retardation .4.96my: 
Affinity and Stoichiometiy. The DNA-binding specificity and 
affinity o f  Mbpl (124) and Sw i4(32—173) were investigated 
by a combination o f  gel-retardation titration and competition 
experiments. The former allows the stoichiometry and affinity 
for the specific interaction with MCB or SCB elem ents to 
be detennined, whereas competition experiments allow the 
specificity o f  the interaction to be investigated. They can be
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FIGURE 4: Gel-retardation titration assays of proteolytically defined DNA binding domains from Mbpl and Swi4. Panels a and b show 
titrations of Mbpl{ 124) with MCBl at 11.8 and 1.1 //M. Panels c and d show titrations of Swi4(32—173) with SCBl at 13.2 and 1.3 wM. 
The protein concentration (micromolar) is indicated above each track.

used to derive apparent binding constants for both noncog
nate sites and nonspecific DNA, and therefore define the 
selectivity o f  the proteins for DNA sequences (211).

Protein/DNA titrations o f  Mbp 1( 124) and S w i4 (3 2 -1 7 3 )  
against MCB and SCB oligonucleotides are shown in Figure 
4. These were carried out at both “high” (~10/<M ) and “low” 
(~ 1  //M ) concentrations o f  binding sites, from which both 
the stoichiometry and apparent association equilibrium  
constants, respectively, can be accurately determined. The 
high binding site concentration titration o f  M CBl with 
Mbpl (124) and that o f  SC Bl with Sw i4(32—173) are shown 
in Figure 4, panels a and c. In both cases, saturation o f  
binding occurs when the concentrations o f  protein and duplex 
are equal, clearly demonstrating that the stoichiometry for 
both o f  these interactions is one protein molecule per binding 
site. Furthermore, a 1:1 stoichiometry was also observed for 
the interaction o f  Mbp 1(124) with a short 12 bp MCB- 
containing duplex (M CB12T) in solution binding experi
ments monitored by 'H NMR and CD spectroscopy (see  
below). Experiments carried out at lower DNA and protein 
concentration are shown in Figure 4b,d. From these data, 
association constants o f  (4 .0  ±  1.6) x  10  ̂ M“ ‘ and (1.2 ±  
0.3) X 10  ̂ M~' were calculated for the Mbp 1( 124)—M CBl 
and S w i4 ( 3 2 - 173)—SCB 1 interactions, respectively (Table 
1 ). Thus, both proteins have similar affinities for their cognate 
DNA sites.

Gel-Retardation Assays of Site-Directed Mutants. To probe 
the roles o f  the protected lysine residues in the C-terminal 
region o f  M bpl, three site-directed mutant proteins were 
constructed: Kl 16A, K122A, and the double mutant Kl 16A/ 
K122A. In all three m olecules, the apparent affinities for 
the M CBl oligonucleotide duplex were reduced with respect 
to the wild-type protein. The smallest effect observed was a 
~ 3 -fo ld  reduction in K-̂  for K122A compared with a more 
significant ~  10-fold reduction for the K116A mutation 
(Figure 5a). In combination, these two lesions result in a

Table 1: Summary of DNA-Binding Data for Mbpl(124) and 
Swi4(32-173)

protein
A a“

(M-')
h.camp'
(M-')

Aa/ A n;
(M-

Aa/
Ans‘-

Mbpl(124) (4.0 ±  1.6) X 10'’ 7.3x10^ 5.5 1.0 x KF 400
Swi4(32-173) (1.2 ±0 .3) X 10" 2.1 X 10' 5.7 8 .4 x 1 0 ' 140

" Association constants determined by titration for the specific 
interaction of Mbp I (124) with MCB binding site and Swi4(32—173) 
with an SCB binding site. Errors are standard deviation taken from at 
least three independent experiments. " Association constants derived 
from competition experiments, for Mbpl( 124) with an SCB site and 
Swi4(32-173) with an MCB site. ‘ Specificity ratio for site prefer
ences: for Mbpl( 124) the ratio of MCB:SCB binding, and for 
Sw i4(32-173) the ratio of SCB:MCB binding. ‘'Association constants 
for Mbpl(124) and Swi4(32-173) with nonspecific DNA, derived from 
competition experiments. Specificity ratio for specific binding relative 
to nonspecific DNA: for Mbpl( 124) the ratio of MCB:NS-DN,'\, and 
for Swi4(32-173) the ratio of SCB:NS-DNA.

m olecule that resembles M b p l(llO ) in its DNA-binding 
activity (compare Figure 5b with Figure 2a), unequivocally 
demonstrating the functional importance o f  these basic 
residues within the tail region o f  M bpl.

Gel-Retardation Competition Assays: Binding Specificity. 
To analyze the specificity o f  the prote in -D N A  interactions, 
two kinds o f  competition experiments were carried out. First, 
w e estimated the degree o f  nonspecific binding to sonicated 
E. coli DNA with an average length o f  ~  200 bp. Second, 
we quantified the cross-competition between Mbpl and Swi4 
with their respective cognate sites. Sonicated E. coli DNA  
can be considered to be a series o f  equivalent but overlapping 
binding sites one base pair apart (29). As the average length 
o f  the nonspecific DNA is much greater than a MCB or SCB 
binding site, the concentration o f  nonspecific sites is equal 
to the concentration o f  base pairs. The competition experi
ments used to analyze the specificity o f  M bpl( 124) and 
S w i4 (3 2 -1 7 3 )  are shown in Figure 6, and results are
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F i g u r c  5 :  Analysis of the DNA-binding properties o f Mbp 1(124) mutants by gel-retardation titration assay, (a) titration of 1.3 ,«M MCBl 
with Kl 16A; (b) titration of 1 . 5  //M MCBl with Kl 16A/K122A. The protein concentration (micromolar) is indicated above each track.
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P i G U R t  6 :  Gel-retardation competition experiments with MCBl (11.6 and 1 2 . 0 /<M, panels a and b) or SCBl ( 12.9 and 13.2 /vM, panels 
c and d). On all gels track 1 is free DNA and track 2 is an equimolar mixture of duplex with either Mbpl( 124) in panels a and b or 
Swi4(32—173) in panels c and d. The concentration of unlabeled competitor DNA added is indicated above each track, which in panel a 
is SCBl, in panel c is MCBl, and in panels b and d is sonicated E. coli DNA.

summarized in Table 1. A striking feature o f  these data is 
the effectiveness with which SCB elements compete with 
MCB elem ents for M bpl( 124) binding. Similarly, MCB 
elements compete strongly with the SCB duplex for Swi4- 
(3 2 -1 7 3 )  binding, in both cases there was only about a 
6-fold discrimination between MCB and SCB elements. 
Nevertheless, both proteins are able to discriminate against 
nonspecific competitor DNA by a factor o f  > 100.

Circular-Dichroism Titrations. The near-UV absorption 
band (300—240 nm) o f  nucleic acids has appreciable CD, 
which is dominated by helical stacking interactions between 
bases {30). The absorbance and CD o f  proteins in this region 
is generally much weaker than DNA. Therefore, near-UV  
CD spectroscopy allow s selective monitoring o f  the DNA  
component o f  a nucleoprotein com plex. Often, the CD o f  
short DNA duplexes containing protein recognition sites is 
perturbed by the addition o f  a specific DNA binding protein 
(23, 37, 32). Spectral changes arising from local alterations 
in DNA conformation upon protein binding can be used to 
derive the association constant and stoichiometry for the 
D N A -protein  interaction (33, 34).

The CD spectrum o f  the short oligonucleotide duplex 
MCB 12T and that o f  MCB 12T in complex with Mbp 1 {124) 
are shown in Figure 7a. The free M CB12T duplex DNA

spectrum is typical o f  oligonucleotides in the B-form but 
changes significantly upon formation o f  the D N A -protein  
com plex. There are small differences in the spectral intensity 
o f  both the positive and negative lobes and a large red shift 
( ~ 6  nm) o f  the whole spectrum. We have exploited the large 
differences in CD between the free and bound forms o f  
M CB12T at 270 nm for titration experiments. A plot o f  the 
fraction o f  bound DNA, derived from the change in CD at 
270 nm, against the total protein concentration is shown in 
Figure 7b. Data were best fit to a stoichiometry o f  one protein 
per duplex and an equilibrium binding constant o f  (3.7 ±
0.3) X 10  ̂ M~'. The latter value is in close agreement with  
that determined by gel-retardation assay for Mbp 1(124) and 
M C B l (Table 1) and indicates that, notwithstanding the 
nonequilibrium limitations o f  gel-retardation assays, absolute 
binding constants measured in this way are reliable for this 
system.

NMR Spectroscopy o f  the M hpl{124)—MCB Interaction. 
The changes in the CD spectrum o f  M CB12T suggest that a 
significant alteration in DN A structure occurs upon binding 
to M bpl( 124). Unfortunately, although such changes in 
nucleic acid CD are common, they are not easily interpretable 
in terms o f  the roll, twist, propeller twist, or tilt parameters 
used to describe DNA structure. Instead, we have used NMR
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F i g u r e  7 :  (a) Near-UV CD spectra o f MCBl 2T, free (4.68 /tM, 
dashed line) and in complex with Mbp 1(124) (solid line). Data are 
expressed in Ae per nucleotide, (b) Binding curve generated from 
a titration o f 4.68 fiM MCB12T with M bpl(124). Data were 
corrected for protein and solvent contribution and plotted as 0 
(fraction o f MCB12T sites saturated) versus total M bpl(124) 
concentration. The curve is the line o f best fit to these data.

spectroscopy to further investigate structural changes in the 
DNA.

The proton resonances of free MCB12T have been 
previously assigned (24). In agreement with the CD data, 
the NMR spectrum is typical of an oligonucleotide with a 
B-form structure. To examine the effect of protein binding, 
MCB12T was titrated with increasing concentrations of 
Mbpl (124) and binding was monitored as a function of the 
changes in chemical shift of the DNA imino protons (Figure 
8a). The self-complementary free DNA shows only six NH 
resonances (the terminal T2N3 proton is broadened by 
exchange with solvent). On addition of Mbpl the imino 
proton resonances of the free DNA remain sharp and 
unshifted, and a new set of broader, shifted resonances appear 
(cf. 0.33:1 molar ratio in Figure 8a). The appearance of two 
sets of peaks indicates that the binding and dissociation are 
slow on the chemical shift time scale (<250 Hz). At a ratio 
of 1:1, the free DNA peaks have essentially disappeared, 
revealing at least seven different resonances that are sub
stantially broader (> 2-fold) than those of the fiee DNA. This 
both confirms the 1:1 stoichiometry and indicates that the 
dyad symmetry of the DNA has been broken by the 
formation of asymmetric contacts in the 1:1 complex. The 
movement of the peaks for the imino protons 4—10 but not

0 . 3 3 : 1

0:1

13.0 12.014.0
chemical shift /ppm

(b)

Mbpl-DNA complex

Free DNA

T  1—
- 16.4

T  1—
- 18.0

T
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F i g u r e  8 :  (a) Titration o f  MCBl 2T with M bpl(124) monitored 
by the 'H NMR spectrum o f  MCB12T, imino region. Spectra are 
arranged such that the concentration o f Mbp 1(124) increases from 
the bottom to the top o f the figure. The ratio o f protein to DNA is 
indicated, (b) '̂P NMR spectra o f MCB12T (lower) and M bpl- 
(124)—MCB12T complex (upper).

3 indicates binding in the G-rich portion of the duplex. This 
may involve changes in the conformation of the DNA itself 
since the imino protons are unlikely to make direct contact 
with protein side chains. Further indication of binding and 
possible conformational changes in the DNA are shown by 
^'P NMR spectra (Figure 8b). The free DNA spectrum is 
typical for duplex DNA, with a shift dispersion of <0.6 ppm. 
The spectrum of the 1:1 protein—DNA complex exhibits 
significant line-broadening as a result of the increase in 
molecular size. In addition, there are four peaks upfield and 
two peaks downfield of the main group. The appearance of 
both upfield- and downfield-shifted ^'P NMR peaks in 
DNA-protein and DNA—ligand complexes has been ob
served in a number of systems (35—37). It has been 
suggested that these shifts are associated with changes in



DNA B inding by M bpl and Swi4 Biochemistry, Vol. 39, No. 14, 2000 3951

( a )  0 . 5 -  

0 . 4 -  

0 . 3 -
A O N H (PP i^)

0  2 -

I
1 .  I l  I I 1 1

. . J . Î  J U . .  . 1 .  I J I I L [ I I I  I I I  i l

0-J
4  12 20  28 36  44 52 60  68 76  84  92  100 108 116 124

Residue Number

(b )

AÔN(ppm)

2 . 5 -  

2 -

1 .5 -  

1 -

0 . 5 -

oJ

i j i  i i i i i i L  I I .
r r r ' r i T ^  I M m r n i T i i r i

12 20 28  36  44  52  60  68 76

Residue Number
84 92 100 108 116 124

F i g u r e  9: Changes in backbone chemical .shifts between free and bound Mbpl(124). The magnitudes of the differences in the amide 
proton (a) and backbone nitrogen (b) are plotted against sequence number. Gaps in the histogram indicate the positions of prolines and 
other backbone resonances that have not been assigned. The solid line represents the mean chemical shift di(Terence, and the dotted lines 
are 1 and 2 standard deviations from the mean.

backbone torsion angles such as the B, to Bn conformation 
transition {3K) and other conformations (39, 40).

Chemical Shift Mapping o f  the Protein—DNA Complex. 
An essentially complete backbone assignment o f  M bpl(124) 
and a MbpK 124)—M CB12T prote in -D N A  com plex has 
been obtained from heteronuclear 'H, '-̂ C, and '^N double 
and triple resonance experiments (24). Changes in the 
observed backbone amide nitrogen and proton chemical shifts 
o f  M bpl( 124) upon formation o f  a com plex with MCB12T  
are plotted in Figure 9; no significant changes in either the 
C a  or H a are observed (data not shown). As the C a  and 
H a chemical shift is generally more sensitive to alterations 
in secondary structure (41, 42), this indicates that the 
differences that arise in the amide nitrogen and proton are 
likely to be a result o f  small perturbations in local side chain/ 
main chain conformation rather than large changes in protein 
secondary structure upon DNA binding.

The analysis o f  chemical shift changes can be used to map 
the position o f  ligand-, protein-, and DNA-binding surfaces 
on proteins (43—47). In this case, the overall changes in 
chemical shifts are not large but are comparable with those 
seen with other DNA-binding proteins upon complex fonua- 
tion (46, 47). As mentioned previously, we and others have 
proposed that an a^/f? wHTH m otif which is associated with 
regions o f  positive electrostatic potential, is a likely interac
tion surface for DNA in these proteins (20, 21; Figure 1 Oa,b). 
Here we show that almost all o f  the significant chemical 
shift differences that occur upon DN A binding by Mbpl fall 
within two clusters o f  residues (Figure 9). The first consists 
o f  residues 5 0 - 7 4  from a B , fS ,  and fib. Together these 
residues form part o f  the proposed recognition motif. The 
pattern o f  the most significant chemical shift differences for

residues within the core domain structure can be mapped 
onto the molecular surface o f  the molecule (Figure 10c). This 
defines a ridge along the surface o f  the protein that 
corresponds to one face o f  a B  and the loop preceding fi5 
that is, itself, flanked by regions o f  positive electrostatic 
potential (Figure 10a,b). These basic surfaces are associated 
with conserved lysine and arginine residues that presumably 
interact with the phosphate backbone. These contacts position 
the recognition helix such that side chains on the intervening 
ridge may then penetrate the major groove and form base- 
specific contacts with the DNA bases. The second region 
that exhibits large shift changes encompasses residues 1 2 0 -  
122 within the C-terminal tail. This region o f  the protein is 
disordered in the crystal structures (21) and appears to be 
much more dynamic than the core o f  the protein in solution 
(McIntosh et al., unpublished data). The large shift differ
ences in this region o f  the protein are, again, consistent with 
its importance for full DNA-binding activity.

DISCUSSION

Full DNA Binding Requires a Nonconserved C-Terminal 
Region. The gel retardation experiments demonstrate sub
stantial differences in DNA-binding activity between proteins 
containing only the core domain and those that include the 
extra C-terminal sequences. The extended domains show a 
significant enhancement in binding compared with the core 
domains and are able to forni stoichiometric com plexes. The 
notion that sequences C-terminal to the core hom ology  
domain are required for full specific DNA binding to MCBs 
and SCBs is further supported by the results o f  our 
proteolysis experiments. These demonstrate that lysine and 
arginine residues within a ~ 2 5  amino acid region outside
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F i g u r e  10: (a) Structure of the DNA-binding domain of Mbpl, shown as a worm representation. The putative wHTH motif is highlighted 
in red. (b) Electrostatic potential surface with positive potential colored blue and negative red with neutral in white, contoured at ilO AT  
The view is the same as in panel a. (c) Chemical shift differences (>2a) o f  Mbpl(124) between the free and DNA-bound molecule mapped 
onto the molecular surface, (d) Comparison of sequence homology with chemical shift differences. The most significant shift changes in 
the proteia/DNA complex are associated almost exclusively with absolutely conserved residues. These are predominantly associated with 
the face of the proposed recognition helix B. Lys 60 is an exception and its substitution for aspartate in Swi4 likely removes a phosphate 
backbone contact.

the core hom ology domain o f  both Sw i4 and Mbpl are 
protected from digestion by trypsin in the presence o f  their 
cognate DN A sequences. Mutagenesis o f  Lys 116 and Lys 
120 within the tail o f  Mbpl is sufficient to reduce the 
apparent affinity almost to that observed for the truncated 
M b p l(llO ) protein. Previous studies have shown that an 
N-terminal 138-residue fragment o f  Sw i4, which includes 
all o f  the core sequence, is not sufficient for binding to SCB  
elements within the CLN2 promoter (19). A fragment 
extending to residue 155 does exhibit DNA binding activity 
in vitro, but we have now demonstrated that specific, high- 
affmity DN A binding requires even larger Swi4 fragments 
still. Specifically, our data now suggest that the minimum  
Swi4 fragment that exhibits DNA-binding activity compa
rable to that o f  M bpl(124) extends from residue 32 to 
around 173.

Affinity and Specificity o f  DNA Binding. We have mea
sured the in vitro DNA binding parameters o f  proteolytically 
defined domains derived from the N-termini o f  Swi4 and 
M bpl. M bpl(124) binds to MCB elem ents with an affinity 
o f  around 4 .0  x 10  ̂M “ '. The interaction o f  Sw i4(32—173) 
with a single SCB is slightly weaker with a Âa o f  1.2 x  10  ̂
M"'. Thus, the M bpl—MCB and the Sw i4—SCB interactions 
occur with similar affinities. Although our experiments have 
been carried out with isolated N-terminal domains, we are 
confident that the data presented accurately describe the 
essential DNA-binding activities o f  Sw i4 and Mbpl in the 
context o f  the SBF and MBF com plexes for two reasons.

First, N-terminal fragments o f  Swi4 produce chemical 
footprints (19) that are identical to those observed in vivo  
for SBF binding to the CLN2 promoter (4H) and an SC B — 
LacZ reporter gene (49). Second, the extent o f  the MBF 
footprint ( i )  is similar to that observed for Sw i4 fragments 
(19) and the SBF com plex itse lf (48).

It has been previously suggested that N-tenninal fragments 
o f  the related Res2 protein bind to MCB elem ents as dimers 
(50). However, our titration experiments unequivocally 
demonstrate that the N-terminal domains o f  Sw i4 and Mbpl 
bind to MCB and SCB sequences with a stoichiometry o f  
one protein m olecule per recognition site. Furthermore, the 
rotational correlation time measured for M bpl( 124) in '^N 
relaxation experiments recorded at millimolar concentrations 
(McIntosh et al., unpublished results) are consistent only with 
the protein being monomeric, both free and bound to DNA. 
Given the degree o f  sequence conservation within this family 
o f  proteins, it is likely that this will be true for all members. 
SBF/MBF-reguIated promoters may contain multiple copies 
o f  SCB/M CB elem ents and som e evidence o f  cooperative 
interactions between MBF com plexes bound to repeated 
MCBs in the TMPI promoter region has been presented ( i ) .  
However, studies o f  regulatory DNA sequences associated 
with cell-cycle-regulated genes in S. cereinsiae indicate that 
<30%  o f  those that possess an MCB sequence contain more 
than one copy (57). We have now shown that both Mbpl 
and Sw i4 are, in fact, able to interact tightly and specifically  
with single SCB and MCB sequences in vitro.
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Cross-competition of SCBs and MCBs has been noted 
previously (3, 19) but never quantified. Our competition 
experiments demonstrate that both Mbpl(124) and Swi4- 
(32—173) are able to bind specifically to their respective 
MCB and SCB sequences and discriminate by at least 100- 
fold in favor of their specific sites versus nonspecific DNA. 
However, discrimination between SCB and MCB elements 
by either protein is rather weak. In fact, neither protein 
exhibits greater than a 5—6-fold preference for its presumed 
cognate site. It has been shown previously that mutations of 
the 5'-(CGCG)-3' core tetranucleotide sequence within the 
MCB consensus are the most deleterious for Mbpl-directed 
regulation of the TMPl promoter in vivo (8). Consistent with 
these data, our NMR titrations show that significant pertur
bations of DNA structure occur within the central 5'- 
(CGCG)-3' region of the MCB element upon protein binding. 
Thus, the major, and perhaps the only, determinant of binding 
specificity is a CNqCG element common to both MCB and 
SCB sequences. It should be noted, however, that significant 
effects on SBF/SCB interactions have been reported follow
ing mutation of other consensus bases outside the C^/cCG 
core (52). The similarity in DNA-binding site sequence is 
mirrored in the similarities in amino acid sequences of Mbp 1 
and Swi4. Mapping of residues that are identical in all 
members of this family shows that conserved sequences 
either make up the hydrophobic core of the six-stranded 
^-barrel or cluster on the wHTH region (21). Of the 
residues associated with the presumed DNA-binding motif, 
only a subset show significant chemical shift differences in 
the DNA complex, and all of these are conserved with the 
exception of Lys 60 (Figure 1 Oc,d). This residue is located 
in a region of rather variable sequence between aB and /S5 
of wing 1. In Mbpl, Lys 60 contributes to the overall positive 
electrostatic potential of the domain. However, an aspartic 
acid occupies the equivalent position in Swi4, suggesting 
that this residue plays only a minor role in DNA binding by 
Mbpl and may contribute to the ~3-fold higher affinity of 
Mbpl compared to Swi4.

Overall, our observations are entirely consistent with the 
modest discrimination between SCB and MCB elements 
exhibited by either Swi4 or Mbpl in vivo. Studies of 
regulation of CLNl gene expression have indicated that 
transcriptional activation is brought about by SBF complexes 
binding not to SCB elements but to promoter-distal MCB- 
like sequences (53, 54). Therefore, the range of promoter 
specificities observed for SBF and MBF in vivo is likely to 
be a result of interactions with other accessory proteins, 
variations in chromatin structure, and/or other regulatory 
effects. For example, interactions between Clb2/Cdc28 and 
SBF appear to disrupt binding to the CLN2 promoter in G2 
(72, 48). Furthermore, several suppressors of mutant Swi6 
alleles appear to be transcription factors or architectural 
DNA-binding proteins (55). Finally, many of the remainder 
of the SWI family of proteins, originally discovered as 
mutations defective in HO expression (7), are now known 
to be subunits of the SWI/SNF chromatin remodeling 
complex (56).

A Model o f DNA Binding. There are numerous examples 
of DNA-binding proteins that contain extensions to a core 
domain that are essential for full biological activity. Sequence 
variations between basic C-terminal regions of otherwise 
closely related proteins of the GATA family have been

shown to result in structurally distinct modes of protein- 
DNA interaction with concomitant changes in binding 
activity (57). Similarly, the wHTH protein HNF3y possesses 
a basic C-terminal tail, wing 2, that stabilizes the DNA 
complex through phosphate backbone and nonspecific, 
minor-groove interactions (22). The Swi4/Mbpl family of 
wHTH proteins all possess a conserved core domain contain
ing an Œ2̂ 2 motif that is structurally similar to the wing 1 
and HTH elements observed in HNF3y (20, 21). It has been 
suggested that the wing 2 region of HNF3y-related molecules 
has been lost in Mbpl and replaced by aC and D (20). In 
contrast, the data presented here unequivocally demonstrate 
a role for residues within the Mbpl/Swi4 tail regions and 
reveal important, and previously unsuspected, functional 
similarities between the wing 2 regions of these and other 
wHTH molecules. However, several important and unusual 
features are also apparent. First, in other wHTH molecules 
that use N- or C-terminal extensions in their DNA interac
tions, these regions tend to be conserved within a family. In 
marked contrast, the sequences of the tail regions of the 
Mbpl/Swi4 family are substantially different (Figure Ic). 
Second, '^N relaxation and NOE data indicate that the Mbpl/ 
Swi4/Resl/Res2 wing 2 regions may play a structural role 
in these molecules through interactions of tail residues with 
the core of the protein (McIntosh et al., unpublished data). 
The NMR chemical shift data presented here reveal changes 
upon DNA binding that occur both in and around the 
recognition helix and within the C-terminal region. Thus, 
the nonconserved tail appears to be responsible for enhancing 
the DNA-binding activity > 50-fold through a combination 
of intramolecular protein—protein and intermolecular protein- 
DNA interactions.
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