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Nuvjeevan Singh Dosanjh
Title: Mapping of the domains involved in B-Myb-partner protein interactions and

characterisation of their structural properties and features

ABSTRACT

B-Myb is a member of the highly conserved Myb family of transcriptional activators,
which is expressed in a wide variety of cell lineages and is essential for cell division.
The transcriptional activity of B-Myb is significantly enhanced in S-phase of the cell
cycle where it is coordinately regulated by post-translational modifications and

interactions with cellular co-factors such as p300 and cyclin D1.

In the work reported here, the minimal sites of interaction between B-Myb and its
partner proteins p300 and cyclin D1 were mapped, and the structural properties and
features of the interacting regions characterised in detail. A transactivation-associated
central region of B-Myb was conclusively shown to bind to a region of p300
corresponding to the TAZ2, zinc ion binding domain. As is common for many
transcriptional activation domains, the B-Myb transactivation region is intrinsically
disordered in isolation but exhibits coupled folding upon binding p300. The specific B-
Myb-p300 complex formed was found to adopt a 1:1 stoichiometry with a measured
dissociation constant of less than ~3.0 X 10® M. An adjacent region of B-Myb
containing part of exon 9a, was also found to interact with the preceeding ZZ region of
p300, but substantially weaker than observed for the B-Myb-TAZ2 interaction. These
findings clearly show that the conserved cysteine/histidine rich region 3 (C/H3) of p300

provides an extensive binding site for B-Myb.

In parallel work, a large central part of B-Myb containing both the transactivation
region and exon 9a was found to show no binding to full-length cyclin D1. Together
with previous work, this suggests that residues in the N-terminal DNA binding domain

of B-Myb are also involved in cyclin D1 binding.

Overall, this work suggests that the inhibition of cooperativity between B-Myb and

p300 by cyclin D1 is not due to competition for a common binding site on B-Myb.
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CHAPTER 1
INTRODUCTION

1.1 Transcription factors in eukaryotic gene regulation

Large regions of the eukaryotic genome reside in a transcriptionally ‘silent’ state due
to the inhibitory constraints imposed by the high-order packing of DNA in chromatin.
Chromatin can be subdivided into two physically and functionally distinct
compartments, heterochromatin and euchromatin. Heterochromatin represents a highly
condensed state of chromatin that results in silenced genomic regions, whereas
euchromatin is less condensed and actively transcribed (Hecht et al., 1995; Ding et al.,
1997; Grunstein, 1998). Recent studies suggest that gene activation requires the
relocation of a gene locus from one nuclear territory to another (Francastel et al., 2001;
Sawado et al., 2001). The nucleosome represents the minimal unit of chromatin and
consists of approximately 146 base pairs of DNA surrounding an octamer of histone
proteins composed of a (H3-H4), heterotetramer and two H2A-H2B dimers. The
restrictive environment of nucleosomal DNA must be modified to allow transcription to
begin at target enhancer and promoter regions. Consequently a major control point in
eukaryotic gene expression is at the level of initiation and requires the coordinated

regulation of multisubunit transcriptional assemblies containing RNA polymerase.

In order for accurate promoter targeting, the core eukaryotic RNA polymerase
requires the assistance of several other proteins and protein complexes that together
form the pre-initiation complex (PIC). The PIC, which contains more than 80
polypeptides, often binds to a conserved DNA sequence motif called the TATA box
situated 20 to 30 nucleotides upstream of the transcription initiation site. TATA-binding
protein (TBP) and several TBP-associated factors (TAF’s) help nucleate the assembly
of the PIC at specific core promoter elements including the TATA box, as well as the
initiator element (Inr) and the downstream promoter element (DPE) elements (Butler
and Kadonaga, 2002). Other components of the PIC termed the general transcription
factors (GTF’s) include TFIIA, TFIIB, TFIID, TFIIE, TFIF, and TFIIH that
collectively function in promoter melting and in the transition from transcription
initiation to elongation (Roeder, 1996; Orphanides and Reinberg, 2002). Several studies
have identified tissue-specific homologes of the PIC including additional members of

TBP and TAF’s (Gross et al., 1998; Losick, 1998) that clearly indicate that PIC
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composition is not invariant when compared amongst different cell-types within an
organism. There are two current theories for the assembly of the PIC at target gene
promoters (Lemon and Tjian, 2000) which include a model where the PIC pre-
assembles before being recruited by gene specific activators or alternatively
transcription factor complexes recruit components of the PIC in a staged-assembly
process. The second model is supported by recent kinetic studies of PIC assembly using
chromatin immunoprecipitation (CHIP) assays, suggesting the process is likely to be

highly regulated (Chen et al., 2002; Dundr et al., 2002).

Although RNA polymerase II and the GTF’s are sufficient to mediate basal
transcription further sequence specific activators are required to mediate high levels of
regulated transcriptional activity. Such sequence specific transcriptional activators bind
to cognate DNA enhancer elements often found up to several kilobases from the core
promoter. Transcriptional activators are usually composed of two essential regions; a
DNA binding domain that recognises specific DNA sequences and one or more
activation domains that aid the assembly of multi-protein transcriptional complexes.
The DNA binding domains commonly fall into groups defined by related motifs such as
the basic helix-loop-helix (HLH) motif, the basic leucine zipper (LZ) motif, the zinc
finger (ZF) motif, and the helix-turn-helix (HTH) motif. Activation domains are often
characterised by motifs rich in glutamine or prolines, or rich in acidic amino acids and
are regulated by post-translational events such as phosphorylation, or by binding

specific ligands that influence the rate of transcriptional initiation.

In order to fully augment transcriptional initiation, enhancer bound activators recruit
co-activator proteins such as the ATP-dependent nucleosome remodelling factors
(NURF’s) SWI/SNF, and histone acetyl transferase (HAT) proteins such as p300/CBP.
Such co-activators are thought to enhance gene activation by several means:

(1) By chromatin targeted events such as the acetylation of core histone proteins within
nucleosomes (by HAT’s) or the removal of restrictive nucleosomal structures on DNA
(by NURF’s)

(2) Recruiting and modulating the activity of other transcription factors by direct

interaction and covalent modifications
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(3) By forming a bridge between enhancer bound transcriptional activators and the
promoter bound PIC. The p300/CBP coactivator contains several conserved domains
that provide both structured scaffolds (TAZ1 and TAZ2 domains) and unstructured
regions (SID domain) for protein interactions. The modular organisation of p300/CBP

allows the potential for assembly of multi-component transcription factor complexes.

Commonly found motifs within co-activator proteins include those responsible for
intrinsic DNA-stimulated ATPase activity (found in the SWI/SNF factors), histone
acetyl transferase activity (HAT) (as found in GCN5, SAGA, ADA, p300/CBP and
TAF proteins) and bromodomains (found in p/CAF, p300/CBP and TAF proteins).
Bromodomains are thought to function by recognising and interacting with acetylated
lysine residues on histone proteins (Dhalluin ez a/l., 1999; Jacobson et al., 2000). Figure
1.1 summarises a current model of the proteins and protein complexes involved in

eukaryotic transcription initiation.

Enhancer DD

Enhanceosome )

Activato

A

HAT

TAFs (HFJ. RNA Pol I
ikO core complex

TBPIJ ’A
MB

TATA INR DPE

Figure 1.1. A schematic representation of the protein and protein complexes that are
required for transcription initiation in eukaryotes (Adapted from Taajtes es al., 2004).
The pre-initiation complex (PIC) is primarily composed of RNA polymerase II and
associated general transcription factors (GTF’s) that together assemble on promoter
elements including the TATA box, the initiator (INR) element and the downstream
promoter element (DPE). The enhanceosome represents a collection of co-activators
such as CBP/p300 and SWI/SNF that function to remodel chromatin structure and

mediate signals between enhancer-bound factors and the transcriptional machinery.
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Although the individual functions of the PIC, transcriptional activators and
coactivators have been well characterised, the order with which these components
operate to initiate gene activation are as yet unclear. In some instances transcription
initiation can be triggered by the DNA-binding activator, followed by the sequential
recruitment of the coactivator protein and pre-initiation complex (PIC) to the promoter
(Featherstone, 2002). The IFN-B promoter is the best understood example of such gene
regulation, where four transcription factors (NF-xb, IRF’s, ATF-2/c-Jun, and HMGIY)
bind cooperatively to enhancer DNA to form an enhanceosome (Merika and Thanos,
2001). The enhanceosome then recruits HATs and the SWI/SNF complex (Agalioti et
al., 2002) which modifies the nucleosomes and allows the binding of TBP and the
assembly of the PIC (Lomvardas and Thanos, 2001). However other modes of gene
activation exist where HAT recruitment and remodelling occur well after PIC assembly
(Soutoglou and Talianidis, 2002) or where chromatin opening does not require HAT
activity or nucleosome remodellers (Cirillo et al., 2002) suggesting the mechanism of

gene activation is not invariant.

B-Myb is an example of a transcriptional activator and is critical to the functioning
of the cell cycle. It belongs to a broader family of Myb transcriptional activators that

share a similar domain organisation but have varied cellular functions.

1.2 The Myb family of transcription factors

The Myb family of eukaryotic transcriptional activators are implicated in the control
of cell growth, differentiation, and cancer (Sala and Watson, 1999). The highly
conserved family consists of three vertebrates members, A-Myb, B-Myb and c-Myb,
each of which are single chain polypeptides of a similar size (751, 704, and 636 amino
acids respectively). The first of the identified vertebrates Myb proteins, c-Myb, is the
cellular progenitor of the v-myb oncogene carried by the chicken retroviruses AMV and
E26 (Roussel et al., 1979; Klempnauer et al., 1982). A Myb and B-Myb were later
discovered after screening human cDNA libraries with a c-Myb probe (Nomura et al.,
1988). Figure 1.2 shows a representation of the functional domains found within the
Myb family.
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B-Myb

204 aa R1 R2 R3 TAD NRD
A-Myb
757 aa] RTR2 R3 TAD NRD
c-Myb
636 AA RI R2R3 TAD NRD

v-Myb

13244 R2 R3 TAD

Key

I DNA binding domain (R1-R3)
| Transactivation region (TAD)
| Conserved region (CR)

| Negative regulatory domain (NRD)

Figure 1.2. A schematic representation ofthefunctional domains within the Myb family
of transcription factors. The Rl, R2 and R3 regions represent the 51-52 amino acid
tandem repeats that make up the highly conserved DNA binding domain. The v-Myb
transcription factor is truncated at both the C-terminus and in the Rl repeat, relative to

its cellular progenitor c-Myb.

Each protein shares a characteristic domain organisation, with an N-terminal DNA
binding domain (DBD) representing the most conserved region. In the region outside
the DBD’s, namely the central transactivation region and the C-terminal regulatory
domain, the proteins are much more divergent. The Myb proteins are functionally
distinct, in part due to their tissue specific patterns of gene expression. The
transactivation potential of each protein varies with respect to cell type, and is

influenced by the presence of interacting cell-type specific co-factors.
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1.3  Functional regions/domains ofthe Mybfamily

1.3.1 DNA binding domain (DBD)

The overall sequence identity among Myb proteins in their DBD’s is 75%, with A-
and c-Myb sharing greater sequence similarity than with B-Myb (Lipsick, 1996;
Rosinski and Atchley, 1998). A multiple sequence alignment of A-, B- and c-Myb

DBD’s is shown in figure 1.3 and illustrates the high degree of amino acid sequence

conservation in this region, with the R1, R2 and R3 repeats indicated.
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human-A -Hyb KLKKLVEQHGT 55
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Figure 1.3. Amino acid sequence conservation of the A-Myb, B-Myb and c-Myb DNA
binding regions. The alignment begins with the N-terminal residue (Methionine) for
each of the Myb sequences, with the corresponding amino acid numbers indicated to the
right of the alignment. The sequences encompassed by the blue, red and green arrows

represent the Rl (residues 23-78), R2 (residues 79-130) and R3 (residues 131-183)
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repeats from the DNA binding domain of B-Myb. The multiple sequence alignment was
produced using CLUSTAL X (Thompson et al., 1997), with the extent of sequence
conservation at each amino acid position indicated by the height of the bar in the
histogram shown below the aligned sequences. The symbols denote the following: (*)
absolutely conserved residue, (:) limited to one of a closely related group of residues
such as Met, Ile, Leu and Val, and (.) preference for one of a weakly related group of
residues. The amino acid residues are coloured on the basis of sequence conservation,
with conserved residues colour coded by type as follows: acidic pink, basic red, polar

green, hydrophobic light blue, His and Tyr dark blue, Pro yellow and Gly orange.

To date, the DBD of Myb remains one of the few regions from this family of
proteins for which the structure has been determined (displayed in figure 1.4 for B-
Myb), and the structural and functional features of the individual domains investigated
in detail (Carr et al., 1996; Mclntosh et al., 1998). The Myb DBD is composed of three
tandem repeats of 51 or 52 amino acids termed R1, R2 and R3 (Sakura et al., 1989;
Weston and Bishop, 1989; Saikumar et al., 1990). The R2 and R3 repeats are essential
for DNA binding (Howe et al., 1990; Saikumar et al., 1990) and specifically recognise a
consensus Myb binding site (MBS) C/TAACNG (Biedenkapp et al., 1988; Howe and
Watson, 1991), while the R1 repeat appears to form non-specific stabilising interactions

with target DNA sequences (Tanikawa et al., 1993; Ogata et al., 1994).

Despite the overall high sequence conservation amongst the R1-R3 repeats, dynamic
differences in conformation exist in the presence and absence of DNA. In the absence of
DNA R1 and R3 repeats are tightly folded in solution (shown in figure 1.4 for B-Myb
R3) with each forming three a-helices (Ogata et al., 1992; Ogata et al., 1995). R2 is
comparatively less ordered in c-Myb (Myrset et al., 1993) and in B-Myb (Jamin e? al.,
1993; Myrset et al., 1993; Carr et al., 1996; Mclntosh et al., 1998). R2 does not adopt a
stable, preformed recognition helix, but generates a helix-turn-helix (HTH) motif when
bound to DNA. It has been proposed that the inherent conformational instability of R2
within the DNA binding region of Myb may be a mechanism of increasing the
specificity of DNA binding by reducing the affinity of the protein for non-specific DNA

sequences (Carr et al., 1996).
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N-terminal

C-terminal

Figure 14. A three-dimensional stereoview representation of the NMR solution
structure derived for the B-Myb R3 repeat from the DNA-binding domain. The three
helices in R3 are highlighted in red with the N- and C-termini and turn regions

highlighted in blue.

Individual Myb proteins were shown to have distinct preferences for sequences flanking
the core binding site (Mizuguchi ef al.,, 1990; Howe and Watson, 1991). In particular B-
Myb binds the MBS with less affinity both in vitro and in vivo then either c-Myb or A-
Myb and has less tolerance to binding site variations (Bergholtz er al, 2001).
Interestingly, full-length B-Myb is incapable of binding the SV40 promoter MBS, yet
C-terminal truncation mutants of B-Myb or B-Myb DBD fused to c-Myb were able to
bind the same sequences (Watson et al., 1993), suggesting the C-terminus of B-Myb is
somehow imposing inhibitory constraints upon the DBD. Variations in Myb DNA
binding specificity may be explained by the reported conformational instability of part
of the DNA-binding motif and the proposed mechanism of DNA binding specificity this
provides (Carr et al., 1996).

It is of interest to note that several Myb-related proteins containing domains
homologous to the Myb DBD (termed the myb-like domain) have been identified in
mammalians, yeast and drosophila (Luscher and Eisenman, 1990). Examples of such
proteins include the yeast Ada-2 protein (Berger et al., 1992), the telomere binding
factors TRF-1 and TRF-2 (Broccoli ef al., 1997; Cooper et al.,, 1997; Konig et al.,
1998), and the cyclin D-interacting myb-like protein, DMP1 (Hirai and Sherr, 1996;
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Inoue and Sherr, 1998; Inoue ef al., 1998). The myb-Wke domain in TRF-1 and TRF-2
appears to mediate the sequence specific DNA binding of these proteins (Broccoli et al.,
1997; Cooper et al., 1997; Konig et al., 1998). The function of the myb-Yike domains in

the other identified proteins is unclear at present.

1.3.2 Transactivation domain (TAD)

The central regions of Myb proteins have long been associated with transactivation
potential (reviewed by Saville and Watson, 1998) yet the precise domain boundaries for
this activity are ill defined. In this region B-Myb and A-Myb share 20% sequence
identity, with no significant homology existing between the transactivation regions of
B-Myb and c-Myb. A multiple sequence alignment, shown in figure 1.5, of A-, B-, and

c-Myb proteins highlights the sequence diversity in this transactivation region.

mouse-A-Myb

human-A -Myb PVQIP

mouse-c-Myb YYHIAE

human-c-Myb YXHIST:

mouseB H%,/b SEEBIAIAATS

human-B-Myb SEFELAAAT
ruler 250.iicnnnnes 2

mouse-A-Myb RKRLPPQ
human-A-Myb -RKRIPS
mouse-c-Myb fILPT
human-c-Myb
mouse-B-Myb
human B Myb

ruler

mouse-A-Myb 369

human-A-Myb 370

mouse-c-Myb HATPSLPAD 401

human-c -Myb HSTPSLP 401

mouse -B-Myb QTSQQQQ 407

human-B-Myb QASHQQ® VLP 404
ruler ... 370

Figure 1.5. Amino acid sequence conservation between the transactivation regions of
A-Myb, B-Myb and c-Myb. A-Myb and c-Myb share greater sequence similarity in this
region than with the other family member B-Myb. The individual Myb residue numbers

are shown to the right of the alignment.

19



A characteristic feature of this region among Myb proteins is a cluster of acidic
amino acids (Aspartic acid (D) and glutamic acid (E)) that are common also in other
transcriptional activators (Hope and Struhl, 1986; Sakura ez al., 1989) For example, of
the amino acids that reside between 205 and 338 in B-Myb, a high proportion of them,
26%, are acidic. The absence of any significant homology in this region of B-Myb with
A-Myb and c-Myb may imply a net negative charge, rather than specific amino acid
sequence appears to be important for transcriptional activation. However, contrary to
this hypothesis, the deletion of 11 amino acids from within the transactivation domain
of c-Myb, which had little effect on the overall charge of this region, abolished its
inherent transactivation function (Weston and Bishop, 1989). A distinguishing feature
of the B-Myb transactivation region which is absent in A- and c-Myb, is the high
number of glutamine amino acids (6) between residues 346 and 360. Such glutamine-
rich regions have been shown to function as transcriptional activators (Courey and

Tjian, 1988) and may similarly contribute to B-Myb transactivation function.

The c-Myb transactivation domain had previously been mapped to a region spanning
52 residues in human c-Myb (aa 275-327) and 85 amino acids (aa 241-325) in mouse c-
Myb (Sakura et al., 1989; Weston and Bishop, 1989; Ibanez and Lipsick, 1990;
Kalkbrenner et al., 1990; Lane et al., 1990). A solution structure of the mouse c-Myb
transactivation domain, in complex with the CREB-binding protein (CBP) KIX domain
(shown in figure 1.6), has recently been solved (Zor et al., 2004). A 25 residue peptide
(residues 291-315) derived from the c-Myb transactivation domain was shown to form a
single a-helix that binds a shallow hydrophobic groove formed by helices in the KIX
domain (Zor et al., 2004). The interaction formed by this short c-Myb peptide retains
binding affinity for KIX similar to that of larger c-Myb peptides (Zor et al., 2002),
emphasising the functional relevance of this minimal interaction. It is of interest to note
that the helix forming sequence deduced for c-Myb (Zor et al., 2004) is almost
completely conserved in A-Myb, suggesting the potential for a similar structural

conformation in the A-Myb transactivation domain.
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Figure 1.6. The three dimensional solution structure derived for the c-Myb:KIX
complex (Zor et al., 2004). The single a-helix of the c-Myb transactivation domain
(only the ordered parts are shown, residues 291-310) is shown in red with the backbone
of the KIX domain (ordered residues 589-665) shown in blue. The KIX domain of CBP
is composed of three interacting helices ai (residues 597-611), ciz (residues 623-640)
and a3 (residues 646-664), and two short 3io helices Gj (residues 591-594) and G2 (617-
621).

In contrast to c-Myb, the transactivation domain of B-Myb is not so well structurally
defined, although multiple mapping studies have all identified similar overlapping
regions. When B-Myb deletion mutants were fused to the Gal4 DNA binding domain a
region comprising residues 272 to 365 was shown to transactivate promoters containing
Gal4 binding sites (Ansieau et al., 1997). The amino acid region identified in this study
is highly conserved among vertebrate species, and overlaps a previously mapped
transactivation region for B-Myb (amino acids 206-372) which was sufficient to
transactivate the human c-myc promoter (Nakagoshi et al., 1993). A further study using
in vitro reporter gene assays localised the minimal B-Myb transactivation region to
within residues 240-371 (Horstmann ef al, 2000), emphasising the functional

importance of this region in conferring transcriptional activity.
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1.3.3 Negative regulatory domain (NRD) and the conserved region (CR)

The transactivation capabilities of all vertebrates Myb proteins are modified by a C-
terminal NRD (Ramsay et al., 1991; Ziebold et al., 1997). As its name suggests the
NRD normally represses Myb activity since deletion of this domain in c-Myb increases
trans-activating and transforming capabilities of the protein (Sakura et al., 1989;
Weston and Bishop, 1989; Hu et al., 1991) and enhances its DNA binding activity
(Ramsay et al., 1991). Similar C-terminal deletions in B-Myb have yielded an increase
in transactivation function on MBS-regulated promoters (Watson et al., 1993; Lane et
al., 1997; Ziebold et al., 1997). 1t is of interest to note that this domain is largely
missing from the avian myeloblastosis and E26 viral encoded v-myb proteins (Roussel

et al., 1979; Klempnauer et al., 1982).

The C-terminal regions of A-Myb, B-Myb and c-Myb share significant sequence
similarity over about half their length, which is localised to two areas corresponding to
residues 459 to 598 (about 45% sequence identity and 60% overall homology) and 667
to 704 (about 35% sequence identity and 55% overall homology) in B-Myb. The first of
these regions of high sequence homology is known as the conserved region (CR), and
has a positive regulatory role in B-Myb (Nakagoshi et al., 1993; Watson et al., 1993;
Lane et al., 1997; Oh and Reddy, 1998), whereas the CR in c-Myb and A-Myb has a
negative role (Takahashi er al., 1995; Oh and Reddy, 1997; Oh and Reddy, 1999).
Figure 1.7 shows a multiple sequence alignment of the C-terminal region in A-, B-, and
c-Myb.

The functional discrepancy between the CR’s of B- and c-Myb may be explained by
the structural differences in this region, namely the presence of a leucine zipper and the
EVES motif found in c-Myb (Kanei-Ishii ez al., 1992; Dash et al., 1996). Disruption of
the leucine zipper (residues 375-403), by mutation of one or more leucines to proline
residues, results in an increase in c-myb transactivation and transforming activity,
implying a negative regulatory role for this motif in c-Myb (Kanei-Ishii et al., 1992). A
recent study identified the B-Myb CR as being critical for transactivation and suggested
the CR is capable of co-factor binding (Tashiro et al., 1995). In addition, the site of a
reported dimerisation of B-Myb has been localised to the CR (Kim et al., 1999).
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Figure 1.7. Amino acid sequence conservation of the A-Myb, B-Myb and c-Myb
conserved region (CR) and negative regulatory domain (NRD). The sequences
encompassed by the blue and red arrows represent the CR (residues 459-598 in B-Myb)
and NRD (residues 667-704 in B-Myb) regions respectively.
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1.4 Myb gene expression

A distinguishing feature among the three vertebrates Myb proteins is their distinct
patterns of expression. c-Myb is predominantly expressed at high levels in immature
haemopoietic cells suggesting a key role for c-Myb in blood cell development (Westin
et al., 1982; Golay et al., 1991; Graf, 1992). Expression of c-Myb is down-regulated
during terminal differentiation of these precursor cells (Gonda et al., 1982; Westin et
al., 1982; Gonda and Metcalf, 1984; Duprey and Boettiger, 1985; Ansieau et al., 1997),
while constitutive expression of c-Myb in erythroleukaemia cells blocks induced
differentiation (Clarke et al., 1988; Todokoro et al., 1988). Mutant mice lacking a
functional c-Myb develop specific failure of fetal liver haemotopoiesis underlining the
importance of c-Myb in maintaining the proliferative state of these cells (Mucenski et
al., 1991). A-Myb expression is manifest in embryonic cells undergoing mitosis, the
developing central nervous system, sperm cell precursors, female breast ductal
epithelium and B-lymphocytes (Trauth et al., 1994). Male mice lacking A-Myb have
impaired spermatogenesis, and as a consequence are infertile, while female A-Myb null

mice have underdeveloped breast tissue after pregnancy (Toscani et al., 1997).

In contrast to the restricted tissue tropism exhibited by c-Myb and A-Myb (Graf,
1992; Trauth et al., 1994), B-Myb is expressed in a wide variety of cell lineages
including epithelial and fibroblast cells (Nomura et al., 1988; Golay et al., 1991; Reiss
et al., 1991). B-Myb is expressed at an earlier stage of mouse embryonic development
then its family members A- and c-Myb, and its expression is limited to proliferating
cells (Sitzmann et al., 1996). Indeed, homozygous B-Myb deficient mice die during the
early stages of murine embryogenesis (E4.5-E6.5), where B-Myb is required for inner
cell mass formation (Tanaka et al., 1999). Furthermore introduction of B-Myb anti-
sense RNA to lymphoid cell lines inhibits their proliferation potential (Arsura et al.,
1992).

Further evidence for a specific role for B-Myb in cell proliferation comes from
studies of B-Myb overexpression in cells. Constitutive B-Myb expression allows
BALB/c 3T3 fibroblasts to grow in low serum conditions (Sala and Calabretta, 1992)
and promotes progression of certain cells into S-phase (Sala et al., 1996; Lane et al.,
1997). Such cells have increased populations in S-phase, when compared to those

expressing B-Myb endogenously. A domain-swap experiment where the B-Myb DNA
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binding domain was fused to a regulatable oestrogen receptor/ engrailed transcriptional
repression module demonstrated B-Myb’s requirement in mouse embryonic cells
(Bessa et al., 2001; Iwai et al., 2001). In this study, the inducible dominant interfering
Myb protein produced caused a G1/S phase transition defect which has been attributed
to the interference of B-Myb, since this is the only member of the family which is

expressed in these cells.

1.5 B-Mpyb: a cell-cycle regulated protein

Although ubiquitously expressed in most cell lineages, B-Myb is not a ‘house-
keeping gene’. Messenger RNA (mRNA) levels of both B-Myb (Golay et al., 1991;
Reiss et al., 1991) and c-Myb (Stern and Smith, 1986; Thompson et al., 1986) are
growth regulated and increase at the GI1/S phase boundary of the cell cycle.
Furthermore, upon mitogenic stimulation of quiescent fibroblasts B-Myb expression
reaches its maximum at S-phase and declines by the next G1 phase of the cell cycle
(Lam et al., 1992; Lam and Watson, 1993). Even in the constant presence of growth
factors, B-Myb strictly conforms to this pattern of expression. In this sense, contrary to
c-Myb whose transcription is determined by mitogenic stimulation, B-Myb is a true cell

cycle regulated protein.

B-Myb mRNA levels were found to be undetectable in murine fibroblasts and human
keratinocytes arrested by serum deprievation (Reiss et al., 1991; Lam et al., 1992; Lam
et al., 1995) and in quiescent human T and B lymphoid cells (Golay et al., 1991). This
study underlines how B-Myb levels are crucial in maintaining check-point control of the
cell cycle. Indeed constitutive B-Myb expression prevents cell-cycle arrest in
interleukin (IL)-6-induced differentiation of M1 myeloid leukaemia cells (Bies et al.,
1996) and was found to bypass a proliferation block induced by p53/p21 Cipl in a
human glioblastoma cell line (Lin et al., 1994). Interestingly in the latter study this
ability did not require B-Myb transcriptional activity. This finding is further supported
in a recent study demonstrating a transcriptionally defective B-Myb mutant is able to

overcome a G1 cell cycle block imposed by p107 (Joaquin et al., 2002).

1.6 Regulation of B-Myb gene expression
B-Myb expression levels are controlled at the level of transcription initiation, rather

than premature transcription termination (Lam and Watson, 1993). Both mouse and
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human B-Myb promoters are GC rich and lack an obvious TATA box. Consistent with
this type of promoter, there are multiple initiation sites for transcription, spanning 80
nucleotides in the mouse promoter (Lam and Watson, 1993). In addition, there exists an
E2F transcription factor binding site, which is perfectly conserved in both the mouse
and human B-Myb promoters and is critical for cell-cycle regulation of transcription
(Lam and Watson, 1993; Lam et al., 1995). Mutation of the B-Myb promoter E2F

binding site results in constitutively high levels of B-Myb expression.

Together with Retinoblastoma-like (Rb) proteins, pl07 and pl130, E2F forms
transcriptionally repressive complexes responsible for inhibiting activation of genes
essential for entry into and progress through S-phase. In fact the first promoter
identified as a target of such control was that for B-Myb, based on the observation that
E1A and E7 (from adenovirus and HPV virus respectively) enhance activity of B-Myb
promoters by targeting the Rb family of proteins, thus disrupting their binding to E2F
(Lam and Watson, 1993).

In addition to the E2F binding site, an adjacent downstream repression site (DRS) is
required for B-Myb promoter repression (Bennett et al., 1996). DRS site mutations
result in B-Myb promoter de-repression in GO in a similar manner to that seen with
mutations in the E2F site. The DRS is thought to maintain B-Myb gene repression by
specifically recruiting E2F/ p107 and E2F/p130 complexes to the adjacent E2F site.
Thus, the repression of B-Myb expression involves a cooperative interaction between

the E2F complex and another as yet unknown factor binding to the DRS.

The overall picture of B-Myb transcription control is of one regulated by a
repression-derepression mechanism. The B-Myb promoter E2F site is occupied in vivo
in GO/ early G1 when the B-Myb promoter is repressed, but unoccupied at late G1/ S
phase when B-Myb is expressed (Zwicker et al., 1996; Takahashi et al., 2000). B-Myb
transcription de-repression occurs when E1A and E7 proteins bind to the pocket domain
of p107 and p130 (Lam et al., 1994), thus disrupting their interactions with E2F. B-Myb
is also able to mediate such an interaction with the p107 protein, thus offering a possible
mechanism of gene autoregulation (Sala et al., 1996; Joaquin et al., 2002). In the
repressed state core histones on the B-Myb promoter are under-acetylated, where in the

de-repressed state, histones H3 and H4 are specifically targeted for acetylation
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(Takahashi et al., 2000), suggesting chromatin structure plays a fundamental role in this

mechanism also.

Once B-Myb gene expression is complete, the B-Myb transcript is subject to
differential splicing yielding two mRNA species (Kamano et al., 1995). An exon
(referred to as exon 9a) is present in the major fraction of B-Myb mRNA, but is missing
from the minor B-Myb species. Both splicing variants of B-Myb are located in the
nucleus and are expressed in a large number of different cell types at similar levels
(Kamano et al., 1995). Recent studies suggest the shorter isoform appears to inhibit
transactivation mediated by full-length B-Myb, by specifically competing for MBS’s
(Horstmann et al., 2000).

1.7  Regulation of B-Myb activity

1.7.1 Covalent modification

Unlike A-Myb and c-Myb the transcriptional activity of B-Myb is constitutively
suppressed until certain stages of the cell-cycle and so is often referred to as a repressed
transactivator. B-Myb’s inability to activate transcription of its cognate target genes
(Ansieau et al., 1997; Lane et al., 1997; Ziebold et al., 1997) has been attributed to
inhibitory constraints imparted by the C-terminal NRD. In order to release B-Myb from
its constitutively repressed state, post-translational modification in the form of
phosphorylation is required. Several groups have reported a slightly larger migrating
form of B-Myb with an approximate molecular weight of 112 kDa appearing in late
G1/S phase, as compared to the 110 kDa form prevailing in GO/ early G1 (Robinson et
al., 1996; Ziebold et al., 1997). The electrophoretic mobility shift witnessed in G1/S
phase, is indicative of a phosphorylation event, and coincides with the timing of cyclin
A and cyclin E/cdk2 activation in the cell cycle. This connection was verified when B-
Myb was shown to be a substrate for cyclin A and cyclin E/cdk?2 in transfected COS-7,
U-2 OS, and SaOS 2 cells (Sala et al., 1997, Ziebold et al., 1997, Saville and Watson,
1998). Furthermore, cyclin A/cdk2 mediated phosphorylation of B-Myb at late G1 to S
phase results in the substantial enhancement of its transactivation function (Ansieau et

al., 1997; Lane et al., 1997; Sala et al., 1997; Ziebold et al., 1997).

Through a combination of 2D tryptic peptide mapping and point mutagenesis studies,

several important cdk phosphorylation sites (with the consensus Ser/Thr-Pro) were
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identified in B-Myb (Ziebold et al., 1997; Saville and Watson, 1998; Bartsch et al.,
1999; Muller-Tidow et al., 2001). Specifically Threonine’s 443, 447, 490, 497, 524 and
Serine 581 were shown to be in vitro and in vivo cyclin A/ cdk2 substrates (Saville and
Watson, 1998; Bartsch et al., 1999; Muller-Tidow et al., 2001) and point mutations in
these residues result in a significant reduction (40-50%) in B-Myb activity. Further B-
Myb phosphorylation sites have since been identified at the CR and NRD region of B-
Myb that cooperatively increase B-Myb transcriptional activity (Johnson et al., 1999;
Johnson et al., 2002).

The general consensus is that phosphorylation of a number of specific threonine and
serine residues in the C-terminal regulatory region (CR and NRD) counteract the
repressive function of this domain. Interestingly, NRD deleted B-Myb mutants which
have inherently high transcriptional activity cannot be further activated by
phosphorylation (Ansieau et al., 1997; Lane et al., 1997; Ziebold et al., 1997; Bessa et
al., 2001). Several models have been proposed to explain this phenomenon, including
phosphorylation induced structural changes in B-Myb and phosphorylation enhanced
nuclear localisation of B-Myb, neither of which have been fully substantiated (Robinson
et al., 1996). Furthermore there are conflicting reports on the effect of phosphorylation
on B-Myb DNA binding, with claims that such a covalent modification has no effect
(Bessa et al., 2001) and increases in DNA binding reported (Johnson et al., 1999).
Current opinion favours a model whereby phosphorylation enhances the affinity of B-

Myb for a coactivator protein or reduces its affinity for a repressor protein.

Recent studies have shown that B-Myb is subject to acetylation by the transcriptional
coactivator p300 (Johnson et al., 2002; Schubert et al., 2004). A large central region of
p300 (residues 964-1922) was shown to interact with and acetylate a central region of
B-Myb containing residues 207 to 373 (Johnson et al., 2002). In an independent study
Schubert et al. report that phosphorylation of B-Myb by cyclin A/cdk2 stimulates its
acetylation by p300 and that acetylation is required to disclose the full transcriptional
activity of B-Myb. Although there is no evidence that p300 or CBP preferentially
interacts with phophorylated B-Myb (Bessa et al., 2001; Schubert et al., 2004) there is
clearly cooperation of cyclin A with p300 in stimulating full activation of B-Myb.
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1.7.2 Protein-Protein interactions
1.7.2.1 P300/CBP

Since a MBS is not always necessary for B-Myb transcriptional activity (Sala et al.,
1999; Sala and Watson, 1999) it has been argued that B-Myb could also transactivate
target genes via just protein-protein interactions. As with other Myb family members B-
Myb has been shown to bind the p300/CBP family of transcriptional co-activators, an
interaction that results in a significant enhancement of B-Myb dependent transactivation
of genes (Bessa et al., 2001; Johnson et al., 2002; Li and McDonnell, 2002; Schubert et
al., 2004).

p300 and its close relative CBP (cAMP-response element binding (CREB)-binding
protein) are large, single chain polypeptides (human p300 2414 residues and human
CBP 2442 residues), that contain a number of distinct functional regions (shown in
figure 1.8). They both exhibit intrinsic histone acetyl transferase (HAT) activity
(Bannister and Kouzarides, 1996; Ogryzko et al., 1996) and function in the remodeling
of chromatin by the acetylation of core histone tails within nucleosomes. This action
facilitates the recruitment of RNA polymerase II and the basal transcription machinery.
A second role of p300/CBP is as co-activators, which reflects their ability to form links
between the basal transcription machinery and a multitude of transcription factors
involved in cell-cycle control, differentiaton, DNA repair and apoptosis (Janknecht and
Hunter, 1996). These include CREB, c-Myb, C/EBPJ, and recently B-Myb (Chrivia et
al., 1993; Dai et al., 1996; Schubert et al., 2004) and other HAT co-factors such as
pCAF, SRC-1, ACTR, and p/CIP (Yang et al., 1996; Yao et al., 1996; Chen et al.,
1997; Torchia et al., 1997). Many of the proteins recruited by p300 and CBP are
themselves targets for acetylation, including B-Myb (Johnson et al., 2002; Schubert et
al., 2004).
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Figure 1.8. 4 schematic representation of the p300 transcriptional coactivator with a
partial list ofproteins that bind the conserved domains shown. The TAZ1, KIX, Bromo,
C/H2, ZZ and TAZ2 domains are indicated with the derived solution structures for the
77 domain (Ribbon diagram, Legge ef al., 2004) and TAZ2 domain (Stereoview of 20
superimposed structures, De Guzman ef al., 2000) shown below. B-Myb is reported to
interact with the C/H3 region of p300 (containing both the ZZ and TAZ2 domains) and

is highlighted with c-Myb in green.

The presence of a number of highly conserved amino acid sequence motifs within
p300/CBP has led to the identification and characterisation of several protein-binding
regions which are depicted in figure 1.8. In particular, three cysteine/ histidine rich
regions denoted C/H1, C/H2 and C/H3 (Borrow et al., 1996) have been established as

key protein interacting sites. The C/H2 region contains a highly conserved putative
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plant homeodomain type zinc finger (PHD), which forms an integral part of the
enzymatic HAT domain (Kalkhoven et al., 2002). C/H1 and C/H3 (spanning residues
332 to 416 and 1664 to 1806 in human p300 respectively) are distinct Zn?* binding
domains, which contain conserved cysteine and histidine residues essential for Zn** ion
coordination. Other regions of p300 capable of protein interaction include the KIX
domain (spanning residues 566 to 646 in human p300), which binds the phosphorylated
kinase-inducible domain (KID) of the CREB protein (Radhakrishnan et al., 1997) and
the acidic transactivation domains of both c-Myb and A-Myb (Dai et al., 1996;
Oelgeschlager et al., 1996; Facchinetti et al., 1997). The bromodomain (spanning
residues 1054 to 1144 in human p300) mediates the interaction of CBP with acetylated
proteins such as MyoD (Polesskaya et al., 2001).

There is strong evidence that the acidic transactivation region of B-Myb is
responsible for binding CBP/p300, with the interacting region mapped in several
independent studies to residues 197 to 340 (Li and McDonnell, 2002), 207 to 373
(Johnson et al., 2002), and 240 to 371 in B-Myb (Schubert et al., 2004). The latter
study had mapped the B-Myb binding site to within the C/H3 region of p300, a
prevalent protein interaction site (Schubert et al., 2004). The C/H3 region can be sub-
divided into smaller sequence motifs designated the ZZ and TAZ2 regions respectively
(Ponting et al., 1996). The TAZ2 domain along with TAZl (C/H1 region) was
identified on the basis of sequence alignments that revealed three, near perfect Cys-Xy-
Cys-Xs-His-X3-Cys repeats. The solution structure determined recently for the TAZ2
domain from CBP revealed a novel helical fold stabilised by the binding of three Zn**
ions to HCCC motifs (DeGuzman et al., 2000, shown in figure 1.8). The ZZ region
(spanning residues 1664 to 1705 within human p300) is typified by the presence of a
repeated Cys-X,-Cys motif and a so-called Asp-Tyr-Asp-Leu signature sequence. A ZZ
motif apparent in dystrophin and dystrophin related proteins such as utrophin, forms
part of a cysteine-rich region necessary to mediate interactions with the transmembrane
glycoprotein, B-dystroglycan (Suzuki et al., 1994). The solution structure determined
recently for the CBP ZZ domain reveals a folded domain that binds two Zn>* ions; one
Zn** jon is coordinated tetrahedrally via two CXXC motifs and the second is
coordinated tetrahedrally by a third CXXC motif together with a HXH motif (Legge et
al., 2004, shown in figure 1.8).
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1.7.2.2 cyclin D1

In contrast to cyclin A and p300/CBP, cyclin D1 inhibits the function of B-Myb in a
cdk-independent manner by directly interacting with B-Myb (Horstmann et al., 2000;
Schubert et al., 2004). Cyclin D1 inhibits the activity of B-Myb by interfering with the
interaction of B-Myb with p300 (Schubert et al., 2004). This inhibitory interaction is
not accompanied by changes in the phosphorylation state of B-Myb, but does result in
an increased stability of B-Myb in S-phase (Horstmann et al., 2000). The binding of
cyclin D1 to the central region of B-Myb (amino acids 227-508) is thought to result in
an accumulation of inactive B-Myb at the G1/S phase transition, with the degradation of
cyclin D1 marking the point at which B-Myb escapes from its inhibitory constraints.
This theory is supported by studies that show an enhancement of B-Myb transcriptional
activity during the early stages of neural differentiation, which coincides with a reduced

amount of associated cyclin D1 (Cesi et al., 2002).

Cyclin D1 is a 295 amino acid single chain polypeptide consisting of an N-terminal
cyclin_N domain (residues 26-153) and a C-terminal cyclin_C domain (residues 155-
283, depicted in figure 1.9). The cyclin box (spanning residues 56-152 AA) found in the
cyclin_N domain of cyclin D1, is a domain of about 100 amino acids that is conserved
in the different cyclins and is responsible for binding the cell-cycle kinase cdk4 (Noble
et al., 1997), the cell-cycle inhibitor p21wafl (Zwicker et al., 1999), and transcription
coacticator TAF;;250 (Adnane et al., 1999). Cyclins A, B, D and E share approximately
20-30 % sequence identity with each other in the cyclin box region. The cyclin_C
domain of cyclin D1 has been linked with transcriptional co-factor binding and
regulation (Zwijsen et al., 1998). Binding partners include the estrogen receptor (ER)
(Zwijsen et al., 1997), the DMP1 (Cyclin D-interacting myb-like protein) family of
transcription factors (Inoue et al., 1998) and the androgen receptor (Reutens et al.,
2001). Cyclin D1 is divergent to other D-type cyclins in the cyclin_C domain due to the
presence of an acidic region (residues 272-280) and a LLXXXI. motif (residues 254-
259) required for binding the transcriptional coactivator NcoA/SRCla (Zwijsen et al.,
1998). The B-Myb binding site on cyclin D1 has not been localised.
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Figure 1.9. 4 schematic representation of the interacting domains of Cyclin DI. A
partial list of interacting proteins including Retinoblastoma (Rb), Androgen Receptor
(AR) and cyclin DI interacting Myb-like protein 1 (DMP1) are shown alongside their

respective binding sites. Adapted from (Coqueret, 2002).

Although a high resolution structure of cyclin DI is unavailable at present, a crystal
structure of the homologous cyclin A2 protein in isolation and in complex with cdk2
has been solved (Brown et al., 1995; Jeffrey et al., 1995). The two respective studies
have revealed that a cyclin A2 fragment (residues 171-432 in human cyclin A2) is
composed of 12 a-helices arranged in two domains and adopts a similar structured
scaffold both in the absence and presence of its catalytic co-factor cdk2. The First
domain corresponds to the cyclin box which is composed of 5 a-helices, with the C-
terminal domain adopting a similar fold despite negligible sequence identity (13 % with
the cyclin box). An a-helical secondary structure content of 63% was calculated based
on the cyclin A structure solved in isolation (Brown et al, 1995). The authors have
acknowledged that despite a divergence in sequence, cyclin DI and other cyclins may

adopt a similar cyclin Box topology.

1.7.2.3 Other B-Myb interacting proteins
Over the past five years there have been numerous B-Myb co-factors identified, in
addition to p300 and Cyclin DI, that modulate B-Myb activity both positively and
negatively. Recently discovered co-activators of B-Myb include poly (ADP-ribose)
polymerase (PARP) (Cervellera and Sala, 2000), a nuclear protein of 110 kDa found
associated with chromatin, which functions by transferring poly (ADP)-ribose units to

acceptor proteins. PARP interacts with the B-Myb DBD, an association that does not
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require PARP’s Poly ADP ribosylation activity (Cervellera and Sala, 2000). A recent
report identified the TATA box-binding protein (TBP) associated factor, TAF;250 as a
B-Myb associating protein which enhances B-Myb mediated transactivation (Bartusel
and Klempnauer, 2003). TAF;250, the largest subunit of the TFIID complex, is a major
component of the basal transcription machinery and plays a crucial role in modulating
both chromatin structure and associated TAF’s through its intrinsic HAT activity
(Albright and Tjian, 2000; Wassarman and Sauer, 2001). In vivo co-precipitation
studies showed the B-Myb DBD is sufficient for complex formation with TAF;250
(Bartusel and Klempnauer, 2003). However these findings were not corroborated by
protein interaction studies carried out in vitro. Therefore it is not known whether B-Myb
and TAF;250 are direct interaction partners, or whether they associate indirectly

through an intermediate protein.

The nuclear co-repressors N-CoR1/SMRT have recently been implicated as
regulators of B-Myb transcriptional activity (Horlein et al., 1995; Li and McDonnell,
2002). N-CoR1 and SMRT are homologous co-repressors that associate with nuclear
receptors and a whole host of unrelated transcription factors, enabling the direct
repression of the basal transcription of their respective target genes (Asahara et al.,
1999; Bailey et al., 1999). N-CoR1 and SMRT appear to maintain B-Myb in a
transcriptionally inactive state in target cells through interaction with its NRD and by
recruiting histone deacetylases (HDAC’s) (Li and McDonnell, 2002). A truncated B-
Myb lacking the C-terminal NRD was unable to bind N-CoR1 (Li and McDonnell,
2002), and exhibited constitutive transcriptional activity. The minimal requirement for
N-CoR1 binding is B-Myb residues 198-704, which includes the TAD, CR and NRD,

implying the NRD itself does not comprise the complete corepressor binding domain.

To summarise B-Myb activity appears to be co-ordinately regulated by interaction
with co-activators such as p300/CBP, TAF;250, and PARP in conjuction with the
opposing effects of the cyclins A and DI1. The nuclear co-repressors N-CoR1/SMRT
binding to the NRD provide an explanation as to why under most circumstances B-Myb
is unable to activate transcription of its cognate target genes. Phosphorylation and
acetylation of B-Myb leads to the ablation of such repression and induces a marked

increase in B-Myb activity.
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1.7.3 Degradation of B-Myb

An alternative means of regulating B-Myb activity is through the elimination of the
protein through degradation pathways. Indeed many transcription factors are short-lived
and are largely degraded through the ubiquitin-proteasome pathway (Elledge and
Harper, 1998; Desterro et al., 2000). B-Myb has a protein half-life of 2.7 hours which is
significantly reduced to 50 minutes when cyclin A is co-expressed in mammalian cells
(Saville and Watson, 1998; Charrasse et al., 2000). Thus, as well as enhancing B-Myb
activity, phosphorylation induced by cyclin A appears to target B-Myb for
ubiquitination. This model ensures that upon phosphorylatyion B-Myb is only

transiently hyperactivated in S-phase before being directed to the proteasome.

1.8 B-Myb regulated genes

Several genes have been shown to be regulated at the transcription level by B-Myb.
The mode of B-Myb dependent gene transactivation is somewhat varied, being in some
circumstances dependent on DNA binding, and in others clearly affected by post-
translational modification and interaction with potential co-activators or co-repressors.
An example of an MBS-independent regulated gene is the human HSP70 gene (Foos et
al., 1993), which exhibits maximal expression during S-phase coinciding with that for
B-Myb (Lam et al., 1992; Lam et al., 1995). Transactivation of HSP70 appears to be
dependent on the presence of a TATA box, which implies B-Myb regulates its
expression through direct or indirect interactions with the basal transcription machinery
(Foos et al., 1993). Further MBS-independent regulated genes include DNA polymerase
o (Watson et al., 1993), FGF-4 (Johnson et al., 2002), and B-Myb itself (Nakagoshi et
al., 1993). B-Myb synergises with SPI at SPI sites on the B-Myb promoter resulting in
B-Myb expression (Sala et al., 1999). This has led to speculation that B-Myb and SPI
operate in tandem to activate the numerous genes that contain SPI sites at their

promoters.

Genes which are activated by B-Myb (and c-Myb) in an MBS-dependent manner
include c-myc (Nakagoshi et al., 1992) and human cyclin A1 (Muller-Tidow et al.,
2001) which both contain several MBS’s in their respective promoters. Both human
DNA topoisomerase Ila (Brandt et al., 1997) and insulin-like growth factor binding
protein 5 (IGFBP) are subject to B-Myb mediated gene transactivation by a single MBS

site on their promoters. In general, the genes identified as B-Myb targets are intimately
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involved in cell proliferation though two recently identified gene targets apolipoprotein
J/ clusterin (Cervellera et al., 2000; Trougakos and Gonos, 2002) and Bcl-2 (Grassilli et
al., 1999) have prompted speculation that B-Myb may also enhance cell survival. It
must be noted however that the majority of these genes have yet to be substantiated as
targets of B-Myb in vivo. The data relate primarily to studies using transient co-

transfection/ reporter assays rather than promoters of the endogenous genes.

1.9  B-Myb in tumourigenesis

B-Myb is expressed at high levels in a number of tumorigenic cell lines (Nomura et
al., 1988; Raschella e al., 1995) and is thought to maintain the proliferative state of
such cells. Expression levels of B-Myb are down regulated when neuroblastoma cell
lines are differentiating (Raschella et al., 1995). However constitutive expression of a
B-Myb transgene bypasses the differentiation block and promotes the growth and
proliferation of neuroblastoma cells. The finding that B-Myb regulates expression of
apolipoprotein J/ clusterin, further supports the notion that B-Myb confers proliferative
or survival advantage to cancer cells. Apolipoprotein J/ clusterin actively promotes the
survival of neuroblastoma cells exposed to the chemotherapeutic drug doxorubicin
(Cervellera et al., 2000). Interestingly high levels of B-Myb expression are associated
with a poor prognosis for cancer patients, whereas patients with tumours displaying no
B-myb expression have greater long-term survival rates. A recent tissue-wide
expression profiling study of tumour-specific genes showed that B-Myb was

upregulated in cancer patients with short survival time (Amatschek et al., 2004).
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1.10 Aims of the project

To date, the three dimensional structural characterisation of B-Myb has been limited
to its highly conserved DNA binding region (B-Myb residues 79-186) (Carr et al., 1996;
Mclntosh et al., 1998). The central transactivation region has been implicated with the
regulation of B-Myb transcriptional activity through interaction with cellular partner
proteins, and is therefore an attractive target for structural studies. Although much work
has already been done with regards to localising the transactivation domain within B-
Myb, the definitive domain boundaries have yet to be determined. The main objectives
of the project involved: (1) mapping the minimal sites of interaction between B-Myb
and its partner proteins p300 and Cyclin D1 and (2) characterising the structural
properties and features of the identified interacting regions or domains both in isolation

and in complex.

(1) At the commencement of this project there were several reports of a functional
interaction between B-Myb and the cell cycle protein Cyclin D1 (Horstmann et al.,
2000b; Cesi et al., 2002), with the interaction mapped to within residues 227-508 of B-
Myb. Unpublished observations had implicated the same region of B-Myb with
interacting with the E1A binding region of p300 (Karl-Heinz Klempnauer). The E1A
binding region of p300 is a prominent site for protein-protein interactions and contains
the highly conserved ZZ and TAZ2 domains. An array of recombinant B-Myb, p300
and Cyclin D1 proteins were thus generated for use in mapping of the minimal site of
interaction between B-Myb and p300/Cyclin D1. Interaction analyses of purified B-
Myb, p300 and Cyclin D1 polypeptides were conducted using GST pull-down assays
and protease protection assays. Using GST/B-Myb polypeptides as bait, purified p300
and Cyclin D1 polypeptides were systematically assayed for binding in GST pull-down
assays. The minimal sites of interaction were thus mapped through a process of
elimination. Since the formation of a specific protein-protein complex may well reduce
the number of protease sensitive sites on one or both proteins, changes in the limited
trypsin digest profiles of individual GST/B-Myb polypeptides in the absence and
presence of a molar excess of p300 polypeptide were used to monitor the extent of
protease protection. This highly sensitive method allowed the detection of relatively
weak protein interactions that were not reliably detected by GST pull-down assays.
Where possible, protein-protein interactions were monitored by comparing the

wavelength of maximum fluorescence emission (Ayax) of an individual polypeptide with
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that of the final complex. Tryptophan residues serve as useful reporters for detecting
potential interactions in fluorescence binding assays where complex formation would

result in measurable perturbations in fluorescence wavelength.

(2) Biophysical techniques such as intrinsic tryptophan fluorescence spectroscopy
(Jiskoot et al., 1995) and far UV circular dichroism (Sreerama and Woody, 1994,
Sreerama et al., 1999; Sreerama and Woody, 2000) were used to assess the tertiary and
secondary structural properties of individual B-Myb, p300 and cyclin D1 polypeptides.
In particular resistance to chemical and thermal denaturation was monitored by
following changes in circular dichroism (molar CD per residue), or wavelength of
maximum fluorescence emission (Amax) as a function of increasing temperature or
guanidine hydrochloride concentration. The structural stability of identified protein
complexes were similarily assessed using fluorescence based denaturation. The zinc
binding properties of individual p300 polypeptides was assessed by monitoring changes

in their far UV circular dichroism spectra.
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CHAPTER 2
CLONING AND PURIFICATION OF B-MYB, P300 AND CYCLIN D1
PROTEINS

2.1 Introduction and aims

The aims of the work described in this chapter were to produce a range of GST/B-
Myb fusion proteins spanning the central region of B-Myb (227-508) implicated in the
binding of the transcriptional co-activator p300 and the repressor cyclin D1 (Schubert et
al., 2004). Multiple sequence alignments were used to aid the design of B-Myb and
p300 constructs. The panel of GST/B-Myb proteins expressed and purified were to be
used in GST pull-down assays against purified His-tagged p300 and cyclin D1 proteins
in an attempt to map the minimal interacting regions. The E. coli produced B-Myb
fusion proteins contained cleavable GST tags so that any soluble and stably produced B-
Myb protein could be structurally characterised using biophysical techniques such as
intrinsic tryptophan fluoresence and circular dichroism (CD) spectroscopy. The same
biophysical techniques will be applied to study the structural features of stably produced

p300 and cyclin D1 proteins either in isolation or in complex with B-Myb.

2.2 Materials and Methods

2.2.1 B-Myb constructs and cloning strategy

The expression vectors for two regions of murine B-Myb, spanning amino acids 227
to 508 (lacking the B-Myb DNA binding domain and the inhibitory C-terminal region
of B-Myb), and 275 to 376 cloned as N-terminal fusions to glutathione-S-transferase

(GST) were provided by Karl-Heinz Klempnauer’s research group in Germany.

The B-Myb R2R3 DNA binding region, containing repeats 2 and 3 from the DNA
binding motif of chicken B-Myb, had previously been cloned to generate a GST/B-Myb
R2R3 fusion protein expression vector (Smith and Johnson, 1988). Specifically residues
79 to 186, containing close to the minimal B-Myb DNA-binding domain (Foos et al.,
1992) were PCR amplified and cloned into a pGEX-3X vector (Pharmacia). Further
regions of murine B-Myb spanning amino acids 275 to 458, 318 to 458, 318 to 508, 369
to 458, and 369 to 508 were PCR amplified with Pfu DNA polymerase (Promega) using
the pGST/B-Myb 227-508 vector as template, and the following synthesised primers
(Proteins Nucleic Acids and Chemistry Laboratory, PNACL- University of Leicester).
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Forward (275) CGGGATCCAAGCGTGAATACCAGGAGTTC
Forward (318) CGGGATCCGACCCTGATGCTTGGTGCGAC
Forward (369) CGGGATCCCCCAGTGTGACTGAGTACCGC
Reverse (458) AGGGGGCCCCTACTGGGAAGGAGAGAAGGGGAG

Reverse (508) AGGGGGCCCCTATACTTCTGATGATGGATACTT

The BamHI and Smal restriction enzyme recognition sites are underlined in the
forward and reverse primer sequences respectively. The reverse primers included a stop
codon to ensure translation was terminated immediately after B-Myb expression. PCR
reactions were carried out in 50 pul volumes (protocol described by Promega) using a
Techne (Techgene) thermal cycling system. An initial denaturation cycle for 0.5
minutes at 95 °C, was followed by thirty cycles of denaturation (0.5 minutes at 95 °C),
annealing (1 minute at 60 °C), and extension (1.5 minutes at 72 °C). At the end of the
final cycle there was an incubation period of 5 minutes at 72 °C (for the final
extension), after which the temperature was maintained at 4 °C. PCR products were
verified and quantified by 1% (w/v) agarose gel electrophoresis before recovery from

gels using the Geneclean Gel Extraction Kit (Q-Bio).

Purified PCR products were ‘blunt-end’ ligated into the Perfectly Blunt® vector, pT7
Blue-3 (Novagen), primarily for archiving and subsequent sub-cloning. In a standard
ligation reaction approximately 0.05 pmole of PCR insert was incubated with 0.02
pmole of blunt vector giving a molar ratio of insert to vector of 2.5:1. The ligation
mixture was used to transform Novablue™ competent cells, which were then screened
for successful transformation on LB agar plates (Sambrook et al., 1989) containing 150
pg/ml ampicillin. Plasmid DNA was prepared from subsequent positive transformants
and successful ligation of insert verified by EcoRI digestion (EcoR1 sites flank the
blunt cloning site in pT7blue-3). The orientation of cloned insert was assessed by Bam
H1 restriction digests of plasmid DNA. Since a Bam HI site is present on both the
pT7Blue-3 vector and the insert, the size of the Bam HI generated restriction fragment
will reveal the relative orientation of the cloned insert within the pT7Blue-3 vector. The
restriction digests were visualised on a 1% (w/v) agarose gel, and the presence of insert
confirmed. The sequence integrity of successfully ligated pT7Blue-3 plasmids was

verified by DNA sequencing (PNACL).
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Due to the poor efficiency of Sma I digestion of pT7Blue-3 ligated B-Myb inserts,
sub-cloning into pGEX-6P2 was completed using Bam HI[-Xho I digested inserts rather
than BamHI-Smal as originally intended (This change had no effect on either B-Myb
sequence integrity or length). pT7Blue-3 ligated B-Myb inserts to be cloned between
the Bam HI and Xho I sites of pGEX-6P2 (highlighted in Figure 2.1) were restriction
enzyme digested with Bam HI and Xho I (Promega) together, in 20 pi reaction volumes
at 37 °C for 4 hours. Samples of pGEX-6P2 were digested in a similar manner.
Restriction enzyme digested B-Myb inserts and vector were purified and recovered
from 1% (w/v) agarose gels using the Geneclean Gel Extraction Kit (Q-Bio). Purified
insert and vector were quantified by 1% (w/v) agarose gel electrophoresis by

comparison to a known quantity of 500 bp marker present in the 100 bp ladder

(Promega).
pGEX-6P-2
PreScission Protease
ILeu Glu Val Leu Phe GIn*Gly Prol Ala Ala Ser
CIG GAA GIT CTG TTC CAG GGG CCC GCC GCA TCG

BamH 1 Not I

Figure 2.1. Multiple cloning site for pGEX-6P2 (Pharmacia). The B-Myb inserts were
cloned between the BamHI! and Xho! site allowing expression of N-terminally fused

GST/B-Myb proteins. The Bam H] and Xhol restriction sites are highlighted.

The ligation of B-Myb insert into pGEX-6P2 was conducted with a 3:1 ratio of insert
to vector in a 10 pi reaction. Prior to the addition of T4 DNA ligase (Promega), the
ligation reaction mix was heated to 42 °C for 5 minutes before being placed on ice for 5
minutes. Ligation reactions were incubated at 16 °C overnight, and then used to
transform competent £. coli DH5a cells. Successful transformants were screened by
growth on plates of LB agar containing 150 pg/ml ampicillin. Plasmid DNA was
prepared from positive transformants, and the presence of insert confirmed after
viewing Bam HI/Xhol restriction digests of the plasmid on a 1 % (w/v) agarose gel. The
sequence integrity of ligated insert and the flanking regions of the expression vector

were verified by DNA sequencing (PNACL).
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2.2.2 p300 constructs and cloning strategy

Three regions of human p300 spanning amino acids 1603-1725 (containing the ZZ
domain), 1603-1839 (containing the ZZ and the TAZ2 domains), and 1726-1839
(containing the TAZ2 domain) were PCR amplified with Pfu Polymerase (Promega)
using an expression vector containing the human p300 coding sequence as the template.
The template vector for human p300 (pCMV-p300CHA) containing nucleotides 1134-
8329 of the published sequence (Eckner et al., 1994) was provided by David Heery.
Prior to PCR amplification of the desired sequences, the pCMV-p300CHA template
vector was linearised and insert containing the human p300 coding sequence isolated by
double restriction digestion with Not I and Hind I1l. Subsequent amplification from the
isolated linear template as compared to the circular vector template resulted in greater
PCR efficiency (Data not shown). The following primers were synthesised (PNACL)
for use in the PCR of p300 sequences.

Forward (1603) GGAATTCCATATGGGCCCTGCTGCCAACTCCCTG
Forward (1726) GGAATTCCATATGAGCCCAGGCGATTCTCGCCGC
Reverse (1725) CGCGGATCCCTACTGGGTGGCTGCAGCCTGCTG

Reverse (1839) CGCGGATCCCTAACCAGTCCGCTGCATGCTGGC

The Nde I and BamH] restriction enzyme recognition sites are underlined in the
forward and reverse primer sequences respectively. The reverse primers included a stop
codon to ensure translation was terminated immediately after p300 expression. PCR
reactions were carried out in 50 pl volumes using a thermal cycling sequence similar to
that previously described for B-Myb amplification with the exception that an extension
time of 2 minutes (at 72 °C) was allowed for p300 1603-1839 rather than the 1.5
minutes administered for the other two p300 sequences. PCR products were verified and
quantified by 1% (w/v) agarose gel electrophoresis before recovery from gels using the

Geneclean Gel Extraction Kit (Q-Bio).
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A pET28a-based vector, expressing residues 1603-1725 and 1603-1839 from human
p300 with an N-terminal hexa-histidine tag, was produced by direct sub-cloning of the
appropriate PCR amplified DNA into the Ndel and BamHI sites of pET28a (Figure 2.2).
The ligation of p300 insert into pET28a was completed with a similar protocol to that
described for B-Myb and pGEX-6P2. Successful transformants were screened by
growth on plates of LB agar containing 40 pg/ml Kanamycin. Plasmid DNA was
prepared from positive transformants, and the presence of insert confirmed after
viewing Ndel/BamHI restriction digests of the plasmid on a 1 % (w/v) agarose gel. The

integrity of the ligated expression vector was confirmed by DNA sequencing (PNACL).

The p300 1726-1839 PCR product was first ‘blunt-end’ cloned into a pCR®-Blunt II-
TOPO® vector (Invitrogen) and the ligation mix used to transform One Shot®
Competent Cells as described in the manufacturers guidelines. Successful transformants
were screened by growth on plates of LB agar containing 50 pg/ml Kanamycin. The
integrity of the ligated insert in the intermediate pCR®-Blunt II-TOPO® vector was
confirmed by DNA sequencing (PNACL). A subsequent Ndel/ BamHI double
restriction digest isolated the fragment of interest which was then sub-cloned into the
corresponding sites in pET28a. Again successful transformants were screened by
growth on plates of LB agar containing 40 pg/ml Kanamycin, and plasmid integrity
confirmed by DNA sequencing (PNACL).
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pET-28a-c(+) cloning/expression region

Figure 2.2. Multiple cloning site for pET28a (Novagen). The p300 inserts were cloned
between the Ndel and BamHI site allowing expression of N-terminally fused hexa-

histidine tagged p300 proteins. The Ndel and BamHI restriction sites are highlighted.

2.2.3 Cyclin D1 constructs and cloning strategy

Full-length human cyclin D1 was PCR amplified with Pfu Polymerase from an Xhol
linearised pGEX-6P2-cyclin DI template vector (a kind gift from Karl-Heinz
Klempnauer). Prior linearization of the template vector containing the human cyclin DI
coding region significantly improved PCR efficiency (Data not shown). The following
primers were synthesised (PNACL) for use in the PCR of the 885 bp human cyclin DI

sequence.

Forward (1) ggaattccatatgatggaacaccagctcctgtge

Reverse(sss)cgcggatccctagatgtccacgtcccgcacgtc

The Nde I and BamHI restriction enzyme recognition sites are underlined in the
forward and reverse primer sequences respectively. The reverse primer included a stop
codon to ensure translation was terminated immediately after cyclin D1 expression.
PCR reactions were carried out in 50 pi volumes (protocol described by Promega) using
a techne (techgene) thermal cycling system. An initial denaturation cycle for 1.5
minutes at 95 °C, was followed by thirty cycles of denaturation (0.5 minutes at 95 °C),
annealing (1 minute at 60 °C), and extension (2 minutes at 72 °C). At the end of the

final cycle there was an incubation period of 5 minutes at 72 °C (for the final
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extension), after which the temperature was maintained at 4 °C. PCR products were
verified and quantified by 1% (w/v) agarose gel electrophoresis as described previously

before recovery from gels using the Geneclean Gel Extraction Kit (Q-Bio).

The full-length human cyclin D1 PCR product was first ‘blunt-end’ cloned into a
pCR®-Blunt I-TOPO® vector (as described previously for p300 1726-1839), before
sub-cloning the Nde I/ Bam HI excised insert into the corresponding sites in pET28a
(figure 2.2). Successful transformants were screened by growth on plates of LB agar
containing 40 pg/ml Kanamycin, and plasmid integrity confirmed by DNA sequencing

(PNACL).

2.2.4 Agarose gel electrophoresis

Cloning progress was continuously monitored by electrophoresis using a 1% agarose
gel run in TAE buffer at a constant 100 V for 45 minutes. Typically 1 pl of PCR
product was combined with 9 ul of de-ionised H,O and 2 pl of 6x Blue/Orange Loading
dye (Promega) for agarose gel analysis. Staining of the gels with 0.5 pg/ ml ethidium
bromide allowed the DNA to be visualised under ultraviolet light, and allowed
quantitation of PCR products by comparison of band intensities with that of the 500 bp
marker from the 100 bp ladder (Promega). In addition a A DNA/ Hind III Marker
(Promega) was used to reference plasmid DNA. Accurate DNA yields were estimated
(after DNA was extracted from gel slices) with a Cary spectrophotometer using a 0.5
cm pathlength cell. A double stranded (ds) DNA with an absorbance of 1.0 at 260 nm
corresponds to 50 pg/ ml of DNA (Sambrook e? al., 1989).

2.2.5 SDS PAGE gel electrophoresis

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS PAGE) analysis
was used to monitor progress of protein expression and purity of eluted samples.
Typically 20 pl of protein sample was supplemented with 10 pl Dithiothreitol (DTT)
(50 mM) and 10 pl of 4x NuPAGE® LDS sample buffer (Invitrogen). Samples were
then heated for 10 minutes at 70 °C and allowed to cool prior to gel loading. For
timecourse expression trials the equivalent of 125 pl of original culture was taken from
cell extracts to be loaded in each lane for electrophoresis. Adjustments to volumes

loaded were also made, on the basis of the ODgg of the cultures at the time samples
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were taken. The gel loadings equate to approximately 5-10 pg of protein per well.
Prepared samples were loaded onto NU-PAGE?® 4-12% Bis-Tris precast gels and run in
MES SDS running buffer (Invitrogen, composition 1M MES, IM Tris Base, 69.3 mM
SDS, 5 mM EDTA) at a constant current of 250 mA for approximately thirty five
minutes. Typically wide range® or broad range® molecular markers (Sigma) were
loaded in each gel for protein size reference. Upon completion of electrophoresis, the
gels were stained with Coomassie Brilliant Blue stain (2.5g/1 in 45 % v/v methanol, 10
% vlv acetic acid) to visualise proteins, and then destained in a solution containing 10%

(v/v) methanol and 5% (v/v) acetic acid solution.

2.2.6 Electrospray mass spectroscopy sample preparation

Electrospray mass spectrometry (ESMS) was performed on a micromass platform2
instrument at the Protein and Nucleic Acid Chemistry Laboratory (PNACL), University
of Leicester. Protein samples required desalting prior to analysis and so were first
dialysed against 2 litre volumes of de-ionised water before being flash-frozen in liquid
N,. Freeze dried samples were then re-dissolved in 50 pl of 0.3% (v/v) formic acid,

50% (v/v) acetonitrile to give a final protein concentration of between 1-5Smg/ml.

2.2.7 N-terminal sequencing
Using a 467 N-terminal sequencer, between 1-5 mg/ml of protein sample was applied

onto a prosorb membrane (applied bioscience) for N-terminal sequencing (PNACL).

2.2.8 GST/ B-Myb protein expression trials

The pGST/ B-Myb constructs were transformed into E. coli BL21 (DE3) cells and
typically grown in 50 ml LB medium containing 100 pg/ml ampicillin. The expression
of the GST fusion proteins was induced at mid-log phase (corresponding to an
absorbance at 600 nm of 0.6-0.7) by the addition of isopropyl-B-D-
thiogalactopyranosde (IPTG) to a final concentration of 0.45 mM. Prior to induction, a
sample of whole cells was removed from each culture for SDS PAGE analysis. Post-
induction samples were removed, typically after 1, 2, 3 and 4 hours. The cells were then
harvested by centrifugation at 7800 g for 15 minutes (4 °C). The cell pellets obtained
were resuspended and lysed with Bug-buster HT (Novagen) to which was added 0.5
mM EDTA and 100 pM phenylmethylsulfonylfluoride (PMSF) to inhibit protease
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activity. After an incubation period of 20 minutes at room temperature, a whole cell
lysate sample was removed for SDS PAGE gel analysis before the cell lysates were
centrifuged at 12100 g for 15 minutes at 4 "C. A lysate supernatant sample was removed

for SDS PAGE gel analysis.

2.2.9 Expression and Purification of GST/ B-Myb fusion proteins

As described above GST/ B-Myb constructs were transformed into E. coli BL21
(DE3) cells (typically 400 mls for large scale expression) and grown in LB medium
containing 100 pg/ml ampicillin. Typically cell cultures were grown to four hours post-
induction with 0.45 mM IPTG before being harvested by centrifugation at 7800 g for 15
minutes (4 °C). The cell pellets obtained were resuspended and lysed with Bug-buster
HT (Novagen) to which was added 05 mM EDTA and 100 pM
phenylmethylsulfonylfluoride (PMSF) to inhibit protease activity. Cell lysates were
centrifuged at 12100 g for 15 minutes at 4 °C and the soluble fractions containing the
GST fusion proteins were dialysed into a 20 mM Tris and 100 mM sodium chloride pH
7.0 column running buffer for purification by affinity chromatography. Purification of
the proteins was carried out using a pre-equilibrated 10 ml glutathione agarose (Sigma)
column using an AKTA FPLC system. Dialysate containing the protein of interest was
loaded onto the column, after which unbound protein was removed by washing with 3
column volumes of column running buffer. GST fusion proteins were eluted by the
application of 10 mM reduced glutathione in a 20 mM Tris, 100 mM sodium chloride
buffer at pH 7.0.

B-Myb 275-376 was produced after PreScission Protease (Pharmacia) mediated
cleavage of the GST/B-Myb 275-376 fusion protein. Elution fractions containing the
GST-B-Myb (275-376) fusion protein were pooled and dialysed against PreScission
Protease cleavage buffer, 50 mM Tris-HCI, 150 mM sodium chloride, 1 mM EDTA, 1
mM DTT, at pH 7.0. To the retrieved dialysate was added PreScission Protease (10U
per mg of fusion protein), and the mixture incubated for 5 hours at 4 °C to allow
cleavage of the PreScission Protease-specific linkage between the glutathione S-
transferase and B-Myb 275-376. After the cleavage step, the mixture was loaded onto a
10 ml glutathione agarose (Sigma) column, and B-Myb 275-376 collected in the flow-
through. The GST and PreScission Protease remain bound to the resin making this a

clean and efficient purification step.
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GST/B-MybR2R3 was transformed into E. coli BL21 (DE3) cells, induced and
grown as described above. Cells were resuspended in about 10 volumes of 10 mM Tris,
50 mM sodium chloride, 1 mM EDTA, 1 mM DTT buffer at pH 8.5 and incubated on
ice in the presence of lysozyme (4.4 mg/g of cell pellet). The pH was maintained at 8.5
by the addition of 1M NaOH. Cells were typically lysed after about 40 minutes, after
which Triton X-100 was added to 0.5 % and magnesium chloride to 5 mM, followed by
a few ug’s of DNase. Once the viscosity of the mixture had returned to normal, the
insoluble cell debris was removed by centrifugation at 12100 g for 15 minutes at 4 °C.
The soluble material was then dialysed against a 20 mM Tris and 100 mM sodium
chloride column running buffer at pH 7.0 for purification by glutathione agarose affinity
chromatography using the FPLC protocol described above. Purified GST/ B-Myb R2R3
was pooled and dialysed into a 25 mM sodium phosphate, 100 mM sodium chloride, 0.1
mM EDTA, and 0.5 mM DTT buffer at pH 6.5. The final step in the purification
procedure involved loading the dialysed solution onto a 10 ml previously equilibrated
CM-Sepharose column and washing with several column volumes to remove
contaminating nucleotides. GST/B-Myb R2R3 was eluted by applying a step gradient of
sodium chloride from 100 to 500 mM.

In order to prevent possible oxidation of the free SH groups present on the protein all

the solutions used in the purification were thoroughly degassed.

2.2.10 His-tagged p300 protein expression trials

The p300 1603-1725 construct was transformed into E. coli BL21 (DE3) competent
cells and typically grown in 50 ml LB containing 40 pg/ml kanamycin. The expression
of the His-tagged protein was induced in mid-log phase (corresponding to an
absorbance at 600 nm of 0.6-0.7) by the addition of isopropyl-B-D-
thiogalactopyranosde (IPTG) to a final concentration of 0.45 mM. Cells were
subsequently grown supplemented with 0.25 mM ZnCl, at both 37 °C and 20 °C (Note:
culture flasks were incubated at the desired temperature for 30 minutes prior to
induction with IPTG) for the duration of 4 hours with samples removed for SDS PAGE

analysis as described previously for GST/B-Myb expression trials.
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The p300 1603-1839 construct was transformed into several strains of E. coli
including BL21 (DE3), BL21 pLys S, and two strains of BL21-CodonPlus® competent
cells (Stratagene), BL21-CodonPlus® (DE3) RIL and BL21-CodonPlus® (DE3) RP.
BL21-CodonPlus® (DE3) RIL cells contain extra copies of the argU, ileY and leuW
tRNA genes, which specifically recognise the arginine codons AGA and AGG, the
isoleucine codon AUA, and the leucine codon CUA, respectively. BL21-CodonPlus®
(DE3) RP cells contain extra copies of the argU and proL genes. These genes encode
tRNA’s that recognise the arginine codons AGA and AGG and the proline codon CCC,
respectively. The transformation of BL21-CodonPlus® competent cell strains were
completed as directed in the manufacturers guidelines (Stratagene). Transformed cells
were typically grown in 50 ml LB containing 40 pg/ml kanamycin to maintain the
pET28a expression plasmid, with the addition of 50 pg/ml chloramphenicol to maintain
the pACYC plasmid in the BL21-CodonPlus® competent cell strain. The effect of the
addition of 1 pg/ml chloramphenicol on p300 1603-1839 expression in BL21 (DE3)
cells was also monitored. His-tagged p300 1603-1839 was induced and expressed as
previously described for p300 1603-1725 at both 37 °C and 20 °C temperatures.

The His-tagged p300 1726-1839 construct was transformed into both E. coli BL21
(DE3) and BL21-CodonPlus® (DE3) RP strains and grown at 37 °C and 20 °C as

previously described.

2.2.11 Expression and Inclusion body preparation of His-tagged p300 fusion
proteins

E. coli cells transformed with the pET28a-based expression vectors for p300 1603-
1725, 1726-1839, and 1603-1839 were grown in LB medium containing 40 pug/ ml
kanamycin with or without 50 pg/ ml chloramphenicol and grown to 4 hours post
induction with 0.45 mM IPTG in mid-log phase. The cells were harvested by
centrifugation at 7800 g for 15 minutes (4 °C). Cell pellets were lysed with Bug-buster
HT to which was added one EDTA-free protease inhibitor cocktail tablet (Roche) and
100 pM phenylmethylsulfonylfluoride (PMSF) to inhibit protease activity. The
insoluble fraction of the cell lysate containing p300 as inclusion bodies was recovered
by centrifugation (12100 g for 15 minutes at 4 °C). The inclusion bodies were then
washed four times in a 50 mM Tris, 0.5% (v/v) Triton X-100 buffer adjusted to pH 8.0,

with inclusion bodies recovered with centrifugation at 10000 rpm for 10 minutes at 4 °C
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between subsequent washes. Washed inclusion bodies were finally solubilised in a 6 M
guanidine hydrochloride, 20 mM Tris and 100 mM sodium chloride denaturant buffer at

pH 8.0, to give a final p300 concentration of about 0.6 mg/ml.

2.2.12 Refolding and Purification of p300 1603-1725

The p300 protein was refolded by an Immobilised Metal Affinity Chromatography
(IMAC) procedure whilst reversibly bound to a Ni-NTA affinity column as follows:
The solubilised p300 1603-1725 inclusion bodies were loaded onto a 10 ml Ni-NTA
superflow (Pharmacia) column pre-equilibrated with denaturant buffer and unbound
protein removed after washing with three column volumes of the same buffer. The
denaturant was then washed off the column by the application of five column volumes
of refolding buffer (20 mM Tris, 100 mM sodium chloride, pH 8.0). Soluble His-tagged
p300 was eluted after applying a linear gradient of imidazole from 0 to 300 mM, in a 20
mM Tris and 100 mM sodium chloride buffer at pH 8.0. Fractions containing His-
tagged p300 1603-1725 were pooled, dialysed against a 20 mM Tris and 100 mM
sodium chloride buffer at pH 7.0, and then incubated with Thrombin (Pharmacia, 10 U
per mg of protein) for 16 hours at room temperature to remove the N-terminal His-tag.
An SDS PAGE gel containing pre- and post- thrombin cleavage samples was run to
verify correct and efficient digestion. The cleaved His-tag and thrombin were separated
from the p300 1603-1725 protein by a second Ni-NTA affinity chromatography step,
with bound p300 1603-1725 eluting at an imidazole concentration of about 75 mM, and
the cleaved His-tag eluting at 200-300 mM imidazole concentration. The protein was
finally dialysed into a filtered and degassed 20 mM Bis-tris, 100 mM sodium chloride,
20 mM Dithithreitol (DTT) buffer containing 0.5 mM ZnCl, at pH 7.0. Zn**-free protein
was produced by dialysing protein against a 20 mM Bis-tris, 100 mM sodium chloride,
20 mM Dithithreitol (DTT) buffer at pH 7.0 (i.e. omitting the ZnCl,). The purified
protein was found to be over 95 % pure by SDS PAGE.

2.2.13 Refolding and Purification of p300 1603-1839

Isolated and washed p300 1603-1839 bacterial inclusion bodies were subject to a
range of refolding and purification strategies. Refolding by dialysis, IMAC-based
chromatography, and ‘drop-wise’ dilutions were all attempted. Furthermore, variations
in buffer types, protein concentration, pH, reducing agent and detergent content were all

investigated often in combination. The best refolding strategy required the prior
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purification of His-tagged p300 from bacterial inclusion bodies by Ni-NTA affinity
chromatography under denaturing conditions, before refolding by dialysis as detailed

below:-

(A) Purification of p300 from bacterial inclusion bodies.

P300 1603-1839 protein inclusion bodies were ‘purified’ under denaturing conditions
after applying the following protocol. Inclusion bodies were dissolved in 6M guanidine-
hydrochloride, 20 mM Tris, and 100 mM sodium chloride at pH 8.0 (denaturant buffer),
and centrifuged as previously described and loaded onto a 10 ml Ni-NTA superflow
(Pharmacia) column pre-equilibrated with denaturant buffer. Unbound protein was
removed after washing with three column volumes of the same denaturant buffer. P300
1603-1839 protein was then eluted under denaturing conditions after applying a linear
gradient of imidazole from 0 to 300 mM, in a 6M Guanidine-Hydrochloride, 20 mM
Tris and 100 mM sodium chloride buffer at pH 8.0. Elution Fractions containing
purified p300 1603-1839 were pooled, and a Bradford assay performed to estimate

protein concentration

(B) Refolding by dialysis

Purified p300 1603-1839 protein dissolved in 6M Guanidine-Hydrochloride, 20 mM
Tris, and 100 mM Sodium Chloride at pH 7.0 was centrifuged and filtered to rid any
insoluble matter. The protein concentration was then adjusted to approximately 200 pg/
ml, incubated with 10 mM DTT for 30 minutes at room temperature before overnight
dialysis twice against 2 litres of 20 mM Tris, 100 mM Sodium Chloride, 20 mM DTT,
0.5 mM ZnCl,, pH 7.0 Overnight dialysates were retrieved and insoluble material
separated by centrifugation at 4500 g for 15 minutes. Samples from the soluble material

was analysed for the presence of p300 1603-1839 protein by SDS PAGE.

2.2.14 Refolding and Purification of p300 1726-1839

His-tagged p300 1726-1839 inclusion bodies were washed and isolated as described
in section 2.2.12 and purified under denaturing conditions as described for p300 1603-
1839. Purified inclusion bodies were then adjusted to a protein concentration of
approximately 200 pg/ ml, incubated with 10 mM BME for 30 minutes at room
temperature before overnight dialysis against the following filtered and degassed

refolding buffers:
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- 2 litres of a 20 mM Bis-tris, 100 mM sodium chloride, 10 mM BME, and 0.5 mM
ZnCl, buffer at pH 7.0
- 2X 2 litres of a 20 mM Bis-tris and 100 mM sodium chloride buffer at pH 6.5

The overnight dialysate was centrifuged and filtered to rid insoluble matter, and a
Bradford assay performed once more to estimate His-tagged p300 1726-1839 protein
concentration and recovery from refolding. The His-tag was removed and p300 1726-
1839 purified as previously described for p300 1603-1725 (see 2.2.12). Purified p300
1726-1839 fractions were pooled and the protein finally dialysed into a filtered and
degassed 20 mM Bis-tris, 100 mM sodium chloride buffer at pH 6.5.

2.2.15 His-tagged cyclin DI protein expression trials

The His-tagged cyclin D1 construct was transformed into E. coli BL21 (DE3)
competent cells and grown in 50 ml LB containing 40 pg/ml kanamycin. The expression
of the His-tagged protein was induced in mid-log phase (corresponding to an
absorbance at 600 nm of 0.6-0.7) by the addition of isopropyl-B-D-
thiogalactopyranosde (IPTG) to a final concentration of 0.45 mM. Cells were
subsequently grown at both 37 °C and 20 °C (Note: culture flasks were incubated at the
desired temperature for 30 minutes prior to induction with IPTG) for the duration of 4
hours with samples removed for SDS PAGE analysis as described previously for
GST/B-Myb and p300 expression trials.

2.2.16 Expression and Inclusion body preparation of His-tagged cyclin D1

E. coli transformed with the pET28a-based expression vector for human cyclin D1
was grown in LB medium containing 40 pg/ ml kanamycin for 4 hours after induction
with IPTG. The cells were harvested by centrifugation at 7800 g for 15 minutes (4 °C).
Cell pellets were lysed with Bug-buster HT to which was added 0.5 mM EDTA and 100
puM phenylmethylsulfonylfluoride (PMSF) to inhibit protease activity. The insoluble
fraction of the cell lysate containing His-tagged cyclin D1 as inclusion bodies, was
recovered by centrifugation (12100 g for 15 minutes at 4 °C). The inclusion bodies were
then enriched by washing four times in a 50 mM Tris, 0.5% (v/v) Triton X-100, 10 mM
EDTA buffer adjusted to pH 8.0, with inclusion bodies recovered with centrifugation at
10000 rpm for 10 minutes at 4 °C between subsequent washes. Washed inclusion bodies

were finally solubilised in a 6 M guanidine hydrochloride containing 20 mM Tris and
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100 mM sodium chloride denaturant buffer at pH 8.0 to give a final cyclin D1

concentration of typically between 0.5-1 mg/ml.

2.2.17 Refolding and Purification of His-tagged cyclin D1
His-tagged cyclin D1 bacterial inclusion bodies were readily refolded by one of two
methods through either (1) purifying His-tagged cyclin D1 under denaturing conditions
(IMAC) and refolding by dialysis, or by (2) directly refolding by an ‘on-column’ IMAC
approach as previously described for His-tagged p300 1603-1725.

(1) Inclusion bodies solubilised in 6 M guanidine hydrochloride containing 20 mM
Tris and 100 mM sodium chloride at pH 8.0 were centrifuged and filtered as previously
described and loaded onto a 10 ml Ni-NTA superflow (Pharmacia) column pre-
equilibrated with denaturant buffer. Unbound protein was removed after washing with
three column volumes of the same denaturant buffer. His-tagged protein was then
purified under denaturing conditions after applying a linear gradient of imidazole from
0 to 300 mM, in a 6M Guanidine-Hydrochloride, 20 mM Tris and 100 mM sodium
chloride buffer at pH 8.0. Elution Fractions containing purified His-tagged cyclin D1
were pooled, and a Bradford assay performed to estimate protein concentration. Purified
protein inclusion bodies were then adjusted to a protein concentration of approximately
200 pg/ ml, and dialysed extensively 3 times against 2 litres of a 25 mM NaH,PO,, 100
mM sodium chloride, ImM DTT, ImM EDTA buffer at pH 8.0.

(2) The His-tagged cyclin D1 protein was refolded by an Immobilised Metal Affinity
Chromatography (IMAC) procedure whilst reversibly bound to a Ni-NTA affinity
column as follows: The solubilised His-tagged cyclin D1 inclusion bodies were loaded
onto a 10 ml Ni-NTA superflow (Pharmacia) column pre-equilibrated with denaturant
buffer and unbound protein removed after washing with three column volumes of the
same buffer. The denaturant was then washed off the column by the application of five
column volumes of refolding buffer (20 mM Tris, 100 mM sodium chloride, pH 8.0).
Soluble His-tagged cyclin D1 was eluted after applying a linear gradient of imidazole
from O to 300 mM, in a 20 mM Tris and 100 mM sodium chloride buffer at pH 8.0.
Fractions containing His-tagged cyclin D1 were identified by viewing samples on SDS

PAGE and were subsequently pooled and dialysed extensively two times against 2 litres
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of 25 mM NaH,PQ,, 100 mM sodium chloride, 1mM DTT, imM EDTA buffer at pH
8.0.

2.3 Results

2.3.1 B-Myb construct design

At the time of experimental design a central region of B-Myb (residues 227 to 508)
had been shown to interact with cyclin D1 (Horstmann et al., 2000b) and preliminary
unpublished data implicated the same region of B-Myb with binding the C/H3
(cysteine/histidine rich region 3) region of p300, specifically residues 1515 to 1998
(Karl-Heinz Klempnauer’s research group in Munster, Germany). The GST/B-Myb
constructs spanning residues 227-508, 275-376 were kind gifts from Karl-Heinz
Klempnauer. A further five GST/B-Myb constructs (275 to 458, 318 to 458, 318 to 508,
369 to 458, and 369 to 508) spanning the 227-508 residue region were designed
primarily based on regions of sequence homology break-points which are often
indicative of potential domain boundaries (alignment data not shown). The B-Myb 318-
458 construct was specifically designed because it spans the exon 9a region of B-Myb
which is absent in an alternatively spliced, inactive B-Myb isoform (Horstmann et al.,

2000a).

2.3.2 PCR amplification and cloning of murine B-Myb sequences
Successful amplification of B-Myb sequences was confirmed after visualising the
products obtained from PCR reactions on an agarose gel shown in figure 2.3. The gel

clearly shows an abundance of amplified B-Myb DNA of the expected size.
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Figure 2.3. An ethidium bromide stained 1 % (v/v) agarose gel viewed under UV light
displaying the products of B-Myb PCR amplification. Lanes 1 and 7 contain
XDNAJHind 111 marker (Promega) and 100 bp DNA ladder (Promega) respectively.
Lanes 2 to 7 contain PCR products for B-Myb 275-458 (569 bp), B-Myb 318-458 (440
bp), B-Myb 318-508 (590 bp), B-Myb 369-458 (287 bp), and B-Myb 369-508 (437 bp)

respectively.

Ligation of B-Myb PCR products with pT7Blue-3 were confirmed after agarose gel
analysis of single EcoR/ and Bam H! restriction digests of plasmid DNA prepared from
successful ligase mix transformants (Displayed for B-Myb 275-458 PCR product in
figure 2.4). The presence of insert sized fragments after EcoR!/ restriction digests of
plasmid DNA firstly identified successful ligation of B-Myb PCR product, due to the
existence of EcoRI restriction sites flanking the blunt cloning site in pT7Blue-3.
Secondly, Bam HI restriction digests both in the cloned B-Myb inserts and the pT7Blue-
3 vector ensured that the relative orientation of cloned insert could be deciphered based
on the size of the BamHI1 digested insert. For reference purposes a sample of PCR
product control was included on agarose gels. The sequence integrity and orientation of

the PCR product was further verified after DNA sequencing.
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Figure 2.4. A 1% (w/v) agarose gel showing single EcoRl and BamHI digests of B-
Myb 275-458 ligated pT7Blue-3 plasmid DNA. EcoRI restriction digests were used to
demonstrate the presence of insert, while Bam HI restriction digests indicated the
orientation of ligated insert. Successfully ligated plasmids containing EcoR/ excised
inserts of the expected size are highlighted by arrows in lanes 3, 6, 12, 15, and 18.
BamHI excised inserts are highlighted by arrows in lanes 4, 7, and 16. The remaining
lanes contain; (1) XDNAJHind II] marker (Promega). (2, 5, 8, 11, 14, 17) Undigested
pT7Blue-3 vector. (9, 10) False positive transformants that lack ligated insert. (13, 19)
Successfully ligated plasmids that lack insert sized fragment after Bam HI digestion.
(20) PCR product of B-Myb (275-458) as reference control. (21) 100 bp ladder
(Promega). Analysis of the remaining B-Myb ligated pT7Blue-3 plasmids was similarly

conducted.

Dual restricted (Bam HIlIXho 1) B-Myb inserts derived from pT7blue-3 were
subsequently ligated between the same restriction sites found within the pGEX-6P2
vector. Ligation progress was once again monitored by agarose gel electrophoresis of
restricted plasmid DNA isolated from successful transformants (Displayed for pGEX-
6P2 ligated B-Myb 275-458 and B-Myb 318-458 in figure 2.5). The sequence integrity

of cloned B-Myb inserts was verified after DNA sequencing.
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21226 bp

5148 bp Vector
DNA

1375 bp

831 bp

Figure 2.5. 4 1% (w/v) agarose gel showing Bam HI/Xho I dual digests of B-Myb 275-
458 and B-Myb 318-458 ligated pGEX-6P2 plasmid DNA. Successfully ligated
plasmids containing B-Myb 275-458 excised inserts of the expected size are highlighted
by arrows in lanes 4, 5, 6, 7, 9 and 11. B-Myb 318-458 containing plasmids are evident
by insert sized fragments produced in lanes 14 and 15. The remaining lanes contain; (1)
XDNAJHind III marker (Promega), (2, 3, 8 10, 12, 13, 16-20) False positive
transformants that lack ligated insert, (20) 100 bp ladder (Promega). Analysis of the

remaining B-Myb ligated pGEX-6P2 plasmids was similarly conducted.

2.3.3 p300 construct design

At the time of construct design a C/H3 containing region of p300 (residues 1515-
1998) was implicated with binding a central region of B-Myb (residues 227 to 508)
(Unpublished observations, Karl-Heinz Klempnauer). The C/H3 region, which contains
the ZZ motif and TAZ2 domain, is a well documented protein interaction site associated
with binding a multitude of transcription factors including E1 A (Eckner et al., 1994),
GATA-1 (Blobel ef al., 1998), and E2F (Trouche et al., 1996), to name but a few. Three
pP300 constructs were therefore designed spanning the ZZ motif (residues 1603-1725),
the TAZ2 domain (residues 1726-1839) and a construct spanning both the ZZ and
TAZ?2 regions (1603-1839), in an attempt to define the site of interaction with B-Myb
further. Construct boundaries were aided by analysing break-points in sequence
homology using a multiple sequence alignment of p300 and CBP proteins (shown in
figure 2.6). The amino acid boundaries for the TAZ2 domain (1726-1812) in human
p300 were already known from the published structured (DeGuzman et al., 2000) and

were used to aid construct design also.
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Figure 2.6. Multiple sequence alignment ofp300/CBP sequences (residues 1515-1998
in human p300) spanning the C/H3 region used to aid the design ofp300 constructs.
The sequence enclosed by the blue and red arrows represents the p300 1603-1725 and
p300 1726-1839 constructs respectively. A third construct spanning both of these
regions was also designed (p300 1603-1839). The conserved ZZ motif (Ponting et al,

1996) is shown in the sequence enclosed by the blue box (residues 1662 to 1713 in
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human p300) with the TAZ2 domain (DeGuzman ef a/,, 2000) shown in the sequence
enclosed by the red box (residues 1726-1812 in human p300).

2.3.4 PCR amplification and cloning ofhuman p300 sequences
Amplification of p300 sequences was confirmed after visualising the products
obtained from PCR reactions on the agarose gels shown in figure 2.7. The gel clearly

shows an abundance of amplified p300 DNA of the expected size for each of the

fragments.
Gel 1 Gel 2
1 2 3 1 2 3 4 5
]
_ 1000bp | H H | 1000bp
— 700bp B H K — 700bp
— 500bp
% ;— 500bp — 300bp
Eu® 1 400bp
— 3()0bp .

Figure 2.7. Ethidium bromide stained 1 % (v/v) agarose gel viewed under UV light
displaying the products of p300 PCR amplification. In gel 1, lane 1 contains PCR
product for p300 1603-1725 (366 bp), lane 2 contains PCR product for p300 1603-1839
(708 bp). In gel 2 lanes 1 and 2 contain p300 1726-1839 (339 bp) PCR products while
lanes 3 and 4 are products of a PCR reaction not pertinent to this project. Lane 3 in gel 1

and lane 5 in gel 2 contains 100 bp marker.

Ligations of p300 1603-1725 and p300 1603-1839 PCR products with pET28a
vector were confirmed after agarose gel analysis of Nde/ and Bam H! dual restriction
digests of plasmid DN A prepared from successful ligase mix transformants (figure 2.8A
and 2.8B). A single Pst [ restriction digest of pET28a ligated p300 1603-1839 was also
run to verify ligation, due to the presence of two Ps¢ [ sites in the insert that are absent
in the pET28a vector. Successful ligation of the p300 1726-1839 PCR product with the

TOPO cloning vector was confirmed after viewing single EcoR! restriction digests of
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isolated plasmid DNA (EcoR/ sites flank the blunt cloning site in the pCR®-Blunt II-
Topo® vector, figure 2.8C). Dual restricted (Ndel/Bam HI) p300 1726-1839 inserts
derived from the ligated TOPO vector were subsequently ligated between the same
restriction sites found within pET28a. Ligation progress was once again monitored by
agarose gel electrophoresis of restricted plasmid DNA (Nde I/Bam HI) isolated from
successful transformants (figure 2.8D). The sequence integrity of both pCR®-Blunt II-
TOPO® ligated and pET28a ligated vectors for all cloned p300 inserts were verified
after DNA sequencing (PNACL).

B
1 23 456 7 89 123 45 6 7 8 9
pET28a
% 1000bp
700bp
- 500bp
- 300bp
C D
1 2 3 4 5 6 7 8 1234567891011121314 15
21226 bp-
5148 bp- — PET28a
1375 bp-
- 1000bp
831 bp-

Figure 2.8. 1% (w/v) agarose gels showing restriction digests ofp300 ligated pET28a
plasmid DNA. (A) An ethidium bromide stained 1 % (v/v) agarose gel viewed under UV
light displaying Ndel/Bam HI dual digests of p300 1603-1725 ligated pET28a plasmid
DNA. Successfully ligated plasmids containing p300 1603-1725 excised inserts of the

expected size are highlighted by arrows in lanes 1 to 6 and lane 8. Lane 7 contains a
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false positive transformant that lacks ligated insert. Lane 8 is the 100 bp ladder
(Promega). (B) A 1 % (v/v) agarose gel confirming the ligation of p300 1603-1839 with
pET28a. The successfully ligated pET28a vector containing the Ndel/ BamHI excised
p300 1603-1839 insert of the expected size (708 bp) is highlighted by the arrow in lane
3. Lane 4 contains the PCR product of p300 1726-1839 as a reference control and
double digested (Ndel/ Bam H1) pET28a is shown in lane 2. Uncut pET28a and p300
1603-1839 ligated pET28a are shown in lanes 5 and 7 respectively. Single Pst I digests
of pET28a and p300 1603-1839 ligated pET28a are shown in lanes 6 and 8 respectively,
with the Pst I derived insert highlighted by the arrow in lane 8. The remaining lanes
contain; (1) ADNA/Hind 1I1I marker (Promega) and (9) 100 bp DNA ladder (Promega).
(C) A 1% (v/v) agarose gel displaying single EcoR1 digests of p300 1726-1839 ligated
pCR®-Blunt II-TOPO® plasmid DNA isolated from positive ligation transformants.
Successfully ligated plasmids containing p300 1726-1839 excised inserts of the
expected size (339 bp) are highlighted by arrows from lanes 2 to 7. The remaining lanes
contain; (1) ADNA/Hind 11l marker (Promega) and (8) 100 bp DNA ladder (Promega).
(D) A 1% (v/v) agarose gel displaying Ndel/ Bam HI dual digests of p300 1726-1839
ligated pET28a plasmid DNA. Successfully ligated plasmids containing p300 1726-
1839 excised inserts are highlighted by arrows in lanes 3, 5, 6, 7, 8, 9, 11, 13 and 14.
Lanes 2, 6, 10 and 12 contain false positive transformants that lack ligated insert. The
remaining lanes contain; (1) ADNA/Hind 1II marker (Promega) and (15) 100 bp DNA
ladder (Promega).

2.3.5 PCR amplification and cloning of human cyclin D1

The PCR amplification of human cyclin D1 was confirmed after visualising the
product obtained on the agarose gels shown in figure 2.9A. The gel clearly shows the
presence of amplified cyclin D1 DNA of the expected size (885 bp). Successful ligation
of the cyclin D1 PCR product with the TOPO cloning vector was confirmed after
viewing single EcoRI (EcoR1 sites flank the blunt cloning site in the pCR®-Blunt II-
TOPO® vector) restriction digests of isolated plasmid DNA (figure 2.9B). Dual
restricted (Ndel/Bam H1I) cyclin D1 inserts derived from the ligated TOPO vector were
subsequently ligated between the same restriction sites found within pET28a. Ligation
progress was once again monitored by agarose gel analysis of restricted plasmid DNA

isolated from successful transformants (figure 2.9C). The sequence integrity of both
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pCR®-Blunt II-TOPO® ligated and pET28a ligated vectors for all cloned p300 inserts

were verified after DNA sequencing (PNACL).

{ : _TOPO
vector
{ il
-1000 bp
-500 bp
300 bp-
1 2 3 4 5 6 7 8 9 10 11 12
pET28a
1000 bp
500 bp
300 bp

Figure 2.9. 1% (w/v) agarose gels detailing the cloning of cyclin D1 into pET28a
plasmid DNA. (A) An ethidium bromide stained 1 % (v/v) agarose gel viewed under UV
light displaying the product of cyclin D1 PCR amplification (lane 2). Lane 1 contains
100 bp marker. Single EcoR!/ digests of cyclin D1 ligated pCR®-Blunt II-TOPO®
plasmid DNA isolated from positive ligation transformants are displayed on the agarose
gel in (B). Successfully ligated plasmids containing cyclin D1 excised {EcoRI) inserts
of the expected size (885 bp) are highlighted by arrows from lanes 3 to 6. Lanes 2 and 7
contain false positive transformants that lack ligated cyclin D1 insert. The remaining
lanes contain; (1) XDNA/Hind III marker (Promega) and (8) 100 bp DNA ladder
(Promega). (C) A 1% (v/v) agarose gel displaying Ndel/Bam HI dual digests of cyclin
D1 ligated pET28a plasmid DNA. Successfully ligated plasmids containing cyclin D1

excised inserts of the expected size are highlighted by arrows in lanes 2, 3, 5-9, and 11.
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Lanes 4, 10 and 12 contain false positive transformants that lack ligated insert. Lane 1

contains 100 bp marker.

2.3.6 GST-tagged B-Myb Protein Expression trials

Expression trials for the GST/B-Myb proteins generated in £E. col/i BL21 (DE3) cells
revealed that they were all readily expressed with maximal production occurring
between 3 to 5 hours post-induction. An induced protein product was detected in the
whole cell post induction fractions for most of the GST fusion proteins but was not
clearly visible for GST fused B-Myb 227-508 and B-Myb 369-508 proteins. Analysis of
lysate supernatant samples revealed all the proteins were soluble. Again the presence of
soluble protein for GST fused B-Myb 227-508 and B-Myb 369-508 was not altogether
clear in this fraction but was later confirmed during purification. Figure 2.10 shows a
representative expression trial observed for GST/B-Myb 275-376. The presence of
expressed GST/B-Myb 275-376 can be clearly seen in whole cells (figure 2.10, gel 1)
taken during the timecourse experiment, and is also evident in the lysate supernatant

(figure 2.10, gel 2).

kDa kDa

Gel 1 Gel 2
Figure 2.10. SDS PAGE gels showing GST-tagged B-Myb 275-376 protein readily
expressed in an E.coli-based expression system as a soluble product. Gel 1 is
representative of timecourse studies conducted for all the GST/B-Myb fusions.
Expression of GST tagged B-Myb 275-376 is evident (indicated by the arrow) in the
samples taken 1 to 5 hours post-induction from lanes 3 to 7 respectively. In gel 2,
expression of GST-tagged B-Myb 275-376 is once again apparent in the post-induction

sample in lane 3 and is also present in both the whole cell lysate and lysate supernatant
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fractions in lanes 4 and 5 respectively. The remaining lanes in both gels are; lane 1,

wide range molecular marker (Sigma), lane 2, pre-induction whole cell samples.

2.3.7 GST-tagged B-Myb Expression and Purification

The GST-tagged B-Myb proteins, depicted in the schematic in figure 2.11, were
expressed in E. coli and purified from lysate supernatant fractions by a single step
affinity chromatography procedure using a glutathione-agarose (Sigma) column. A
representative elution profile attained for a glutathione-agarose affinity purification
procedure is shown for GST/B-Myb 275-376 in figure 2.12. FPLC elution profiles

attained for the other GST/B-Myb proteins all have very similar traces.

Exon 9a
704

|:|R1 R2 R* TAD NRD
B-Mvb

227-508

275-458

318-458
318-508

369-458
369-508

275-376

Figure 2.11. A4 schematic representation of the B-Myb constructs used in this study.
GST fusions were created N-terminus to the constructs. Various regions of functional
importance are highlighted in red (DNA binding domain), yellow (transactivation
associated region), blue (conserved region) and green (negative regulatory domain). The

Exon 9a region of the protein is also highlighted by the double-headed arrow.
Progress of GST/B-Myb protein expression and affinity based purification was

continually monitored by viewing SDS PAGE gels from samples retained at different

points in the expression and purification procedure (figure 2.13). The purification of
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GST/B-Myb R2R3 required an additional purification step using a CM-sepharose ion
exchange column to rid associated DNA. Typical yields obtained for GST/B-Myb

proteins were in the 5-10 mg/1 range

Ouiage« mam\<X)l [_UV/ ufctupu ronajQOl  1_Inactions - gluuiut iiwnvuOl 1 Inject

Column flow-
through peak

GST/B-Myb elution
peak

0 20 40 50 100 120 140 100 ml

Volume (ml)

Figure 2.12. A typical affinity purification elution profile attained for GST/B-Myb
fusion proteins from a glutathione agarose column performed on an Akta FPLC. The
plot shows the collection of flow-through in fraction XI, washing of unbound material
in fractions X2, X3, and X4 with base buffer (20 mM Tris, 100 mM NaCl, pH 7.0), and

elution of bound GST fusion protein with a 10 mM glutathione buffer.

A characteristic feature of some of the final purified GST/B-Myb proteins is that they
appear as a ladder on SDS PAGE, most notably GST tagged B-Myb 227 to 508, with
the highest molecular weight species corresponding to that expected for the full-length
protein (not in all cases). The mixture of products presumably reflects proteolysis in E.
coli cells, leading to C-terminal truncations of GST/B-Myb fused proteins. Attempts at
expressing the GST tagged B-Myb 227-508 protein at lower temperatures (20 °C) to
prevent proteolysis had limited success, with a slightly greater proportion of full-length

protein produced but with overall yields falling by 66 % (data not shown).
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Figure 2.13. Coomassie stained SDS-PAGE gels detailing the expression and
purification of GST fused B-Myb proteins. Gels 1-8 refer to (1) GST/B-Myb 275-458,
(2) GST/B-Myb 318-458, (3) GST/B-Myb 318-508, (4) GST/B-Myb 369-458, (5)
GST/B-Myb 369-508, (6) GST/B-Myb 275-376, (7) GST/B-Myb R2R3, and (8)
GST/B-Myb 227-508 purification respectively. For each gel lane 1 represents a wide
range molecular weight marker. For gels 1-6 Lanes 2 and 3 show un-induced and 3
hours post-induction whole cells, with whole cell lysates and lysate supernatants shown
in lanes 4 and 5 respectively. Wash fractions collected during FPLC purification are
shown in lanes 6, 7, and 8 with consecutive elution fractions occupying successive lanes
from lanes 8 to 11. For gel 7 lanes 3, 4 and 5 show un-induced, 1 and 3 hours post-
induction whole cells, with whole cell lysates and lysate supernatants shown in lanes 5
and 6 respectively. Wash fractions are shown in lanes 7 and 8, with elution fractions
from lanes 9 to 11. For gel 8, lanes 2 and 3 show whole cell lysates and lysate
supernatants, with elution fractions occupying lanes 5 to 7. The full-length GST/B-Myb

protein species are highlighted with an arrow in each gel.

2.3.8 PreScission Protease cleavage and removal of GST tagfrom B-Myb 275-376

In order to isolate and purify the B-Myb transactivation region (B-Myb 275-376) the
GST fusion protein was enzymatically cleaved at the PreScission Protease linker site.
Upon overnight digestion (at 4 °C) of the fusion protein with PreScission Protease, B-
Myb 275-376 was purified through a further glutathione agarose based affinity
chromatography procedure. This ensured the efficient removal of both the cleaved GST

tag and the GST tagged PreScission protease (purification detailed in figure 2.14).
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Figure 2.14. Purification of B-Myb 275-376. (A) An SDS PAGE detailing the progress
of PreScission Protease mediated cleavage of GST/B-Myb 275-376 over 0 hr (lane 3), 1
hr (lane 4), 2 hr (lane 5), 3 hr (lane 6) and 16 hr (lane 7). Lane 1 shows a wide range
molecular weight marker, and lane 2 contains undigested GST/B-Myb 275-376.
Highlighted by the arrow in lane 3 is GST, where in lane 4 B-Myb 275-376 is indicated.
(B) The purification of B-Myb 275-376 was monitored by SDS PAGE with lane 2
representing the column load, lanes 5 to 8 displaying the column flow-through which
contains the B-Myb 275-376 protein of interest and lanes 9 and 10 containing eluted
GST. The column flow-through containing B-Myb 275-376 is highlighted in the elution

profile attained from the FPLC purification of B-Myb 275-376 from its GST tag using
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glutathione agarose based affinity chromatography (C). The plot shows the collection of
flow-through in fraction X1, and washing of unbound material in fractions X2, X3, and
X4 with base buffer (20 mM Tris, 100 mM NaCl, pH 7.0). The second peak represents
the elution of GST and PreScission Protease after the implementation of a step

containing 10 mM reduced glutathione.

Typical yields of purified B-Myb 275-376 were approximately 4 mg per litre of
bacterial culture as determined by UV/ visible spectroscopy measured at 280 nm using a
calculated extinction coefficient (15520 M™'.cm™) based on the number of Tryptophan
and Tyrosine residues in the protein (Pace et al., 1995). Both N-terminal sequencing
and electrospray mass spectrometry (EMS) confirmed the purified B-Myb 275-376
protein was free of contaminants and recorded a mass of 12089.14+ 1.17 Da which

corresponds closely to the expected 12090.2 Da mass

2.3.9 Removal of contaminating DNA from GST/B-Myb R2R3

The purification of GST/B-Myb R2R3 was found to contain a significant amount of
associated DNA which is unsurprising for a DNA binding domain. In order to remove
contaminating nucleotides from the glutathione agarose purified GST/B-Myb R2R3
protein, a final purification step using a CM-Sepharose column was employed. GST/B-
Myb R2R3 was purified by applying a step gradient from 100 to 500 mM sodium
chloride with the protein eluting at both 100 and 200 mM sodium chloride concentration
steps. A combination of SDS PAGE analysis and UV/visible spectroscopy confirmed
the successful purification of nucleotide free GST/ B-Myb R2R3 protein (figure 2.15).
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Figure 2.15. The purification of nucleotide-free GST/B-Myb R2R3. (A) The FPLC
profile of the CM-Sepharose based purification procedure is displayed with highlighted
regions including (1) Flow-through containing nucleotide contaminant, (2) and (3)
GST/B-Myb R2R3 containing peaks eluting at 100 and 200 mM sodium chloride
concentrations respectively. (B) UV/Visible spectroscopic scans taken from
corresponding elution peaks (i.e. 1, 2 and 3) confirming the separation of nucleotide
DNA absorbing at 260 nm from protein absorbing at 280 nm. (C) SDS PAGE analysis
of fractions taken from the FPLC purification with lanes 3 to S taken from the
nucleotide containing flow-through peak (1), lanes 6 to 10 representing the 100 mM
sodium chloride protein elution peak (2) and lanes 11 to 14 corresponding to the 200
mM sodium chloride protein elution peak (3). Lane 1 contains wide range molecular

marker (Sigma).

2.3.10 His-taggedp300 Protein Expression trials
2.3.10.1 His-taggedp300 1603-1725 expression trials

Expression trials of His-tagged p300 1603-1725 generated in £. coli BL21 (DE3)
cells revealed the protein was readily expressed at 37 °C with maximal production
occurring between 3 to 5 hours post-induction. Induced His-tagged p300 1603-1725
protein was clearly detected in whole cell post induction samples, and formed bacterial
inclusion bodies in the insoluble fraction, as determined when viewing lysate
supernatant samples on SDS PAGE (figure 2.16). Expression trials at the lower
temperature of 25 °C failed to convert the expression of insoluble His-tagged p300

1603-1725 protein to a soluble form (Data not shown).
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His-tagged p300 1603-1725 (-16 kDa)

Figure 2.16. SDS PAGE gel showing His-tagged p300 1603-1725 readily expressed in
an E.coli-based expression system as an insoluble protein. Expression of His-tagged
p300 1603-1725 is evident (indicated by the arrow) in the samples taken 1 to 5 hours
post-induction from lanes 2 to 6 respectively. Lane 7 shows the isolated supernatant
fraction from lysed cells clearly demonstrating the absence of soluble His-tagged p300

1603-1725 protein. Lane 1 contains a sample from un-induced cells.

2.3.10.2 His-tagged p300 1603-1839 expression trials

Expression trials of His-tagged p300 1603-1839 were conducted in several E. coli
cell types including BL21 (DE3), BL21 (DE3) p(Lys) S, BL21-CodonPlus® (DE3) RIL
and BL21-CodonPlus® (DE3) RP grown at both 37 °C and 20 °C. When BL21 (DE3)
cells harbouring His-tagged p300 1603-1839 were grown at 37 °C, there was very little
evidence of induction or expression of the protein when viewing SDS PAGE gels of
expression trial samples (figure 2.17A). Upon growth at 20 °C, there was a very small
level of induction and expression of His-tagged p300 1603-1939 detected in whole cell
samples when viewed by SDS PAGE (figure 2.17B). Furthermore the protein appeared
insoluble when comparing the whole cell lysate and supernatant samples from the
growth trial. A similar observation was noted with expression trials of His-tagged p300
1603-1839 in BL21 (DE3) p(Lys) S cells. There was no visible improvement in the
level of expression in this cell-type compared to that seen in BL21 (DE3) at either 37 °C

or 20 °C temperatures (Data not shown).
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Figure 2.17. Timecourse expression trials experimentsfor His-tagged p300 1603-1839.
(A) An SDS PAGE gel displaying samples taken from a His-tagged p300 1603-1839
protein expression trial in BL21 (DE3) cells grown at 37 °C. Whole cell samples taken
from 1 to 5 hours post-induction are shown in lanes 3 to 7 respectively with lane 2
showing un-induced cells. An isolated whole cell lysate sample is shown in lane 8, with
lane 1 displaying the Wide range molecular marker (Sigma).(B) An SDS PAGE gel
displaying samples taken from a His-tagged p300 1603-1839 protein expression trial in
BL21 (DE3) cells grown at 20 °C. Whole cell samples removed at 1,2, 4, and 6 hours
post-induction are displayed in lanes 3 to 6 respectively with induction of the protein of
interest highlighted by the arrows in lanes 4 and 5. Lane 1 shows un-induced cells. A
sample from the whole cell lysate and lysate supernatant fractions are exhibited in lanes

7 and 8 respectively, with lane 1 displaying Wide range molecular marker (Sigma).

Expression trials from both BL21-CodonPlus® (DE3) RIL and BL21-CodonPlus®
(DE3) RP transformed cells exhibit clear induction and expression of the His-tagged
p300 1603-1839 protein when grown at both 37 °C and 20 °C. The SDS PAGE gels in
figure 2.18A show protein expression between 1 and 6 hours post-induction in both cell
types grown at 37 °C. Furthermore analyses of whole cell lysate and lysate supernatant
samples from both cell types reveal the presence of His-tagged p300 1603-1839 protein
in bacterial inclusion bodies in the insoluble fraction (figure 2.18B). Comparison of
whole cell lysate and lysate supernatant samples from BL21 (DE3), BL21-CodonPlus®

(DE3) RIL and BL21-CodonPlus® (DE3) RP cultures grown at 20 °C show there is no
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visible improvement in soluble yields of His-tagged p300 1603-1839 (Figure 2.18C) at

this temperature.
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Figure 2.18. Timecourse expression trial experiments of His-tagged p300 1603-1839
(A) An SDS PAGE gel displaying samples taken from a His-tagged p300 1603-1839
protein expression trial in BL21-CodonPlus® (DE3) RIL and BL21-CodonPlus® (DE3)
RP cells grown at 37 °C. Lanes 2 and 7 represent un-induced whole cell samples for
BL21-CodonPlus® (DE3) RIL and BL21-CodonPlus® (DE3) RP cells respectively.
Lanes 3 to 6 and 8 to 11 represent 1, 2, 4, and 6 hour post-induction samples for BL21-
CodonPlus® (DE3) RIL and BL21-CodonPlus® (DE3) RP transformed cells
respectively. The induction of His-tagged p300 1603-1839 protein expression is
highlighted by the arrows in lanes 3 and 8. Lane 1 contains Wide range molecular

marker (Sigma). (B) Lanes 1 and 2 represent whole cell lysate and lysate supernatant
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samples for His tagged p300 1603-1839 protein expressed in BL21-CodonPlus® (DE3)
RIL cells at 37 °C. Similarily lanes 3 and 4 represent whole cell lysate and lysate
supernatant samples for His-tagged p300 1603-1839 protein expressed in BL21-
CodonPlus® (DE3) RP cells at 37 °C. His-tagged p300 1603-1839 protein visible in the
whole cell lysate samples is highlighted by the arrows in lanes 1 and 3 demonstrating
the protein is largely insoluble. (C) An SDS PAGE gel displaying whole cell lysate and
lysate supernatant samples from His-tagged p300 1603-1839 protein expressed in BL21
(DE3) (lanes 2 and 3), BL21-CodonPlus® (DE3) RIL cells (lanes 4 and 5), and BL21-
CodonPlus® (DE3) RP (lanes 6 and 7) at 20 °C. His-tagged p300 1603-1839 protein
visible in the whole cell lysate samples is highlighted by the arrows in lanes 2, 4 and 6.
There is no improvement in the amount of soluble protein at the lower temperature.

Lane 1 contains Wide range molecular marker (Sigma).

2.3.10.3 His-tagged p300 1726-1839 expression trials

Expression trials of His-tagged p300 1726-1839 were conducted in BL21 (DE3) and
BL21-CodonPlus® (DE3) RP transformed cells grown at 37 °C. In both instances
expression of His-tagged p300 1726-1839 was clearly evident in post-induction samples
between 1 and 4 hours (Figure 2.19). However the level of expression observed in BL21
(DE3) is slightly less than that seen in BL21-CodonPlus® (DE3) RP cells and the
proteins appears to be proteolysed. His-tagged p300 1726-1839 protein generated in
both expression trials were judged to be insoluble when comparing whole cell lysate

and lysate supernatant samples by SDS PAGE.
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Figure 2.19. SDS PAGE gels displaying samples taken from a His-tagged p300 1726-
1839 protein expression trial in BL21 (DE3) (A) and BL21-CodonPlus® (DE3) RP cells
(B) grown at 37 °C. Lanes 3 to 6 for each gel represents 1 to 4 hour post-induction
samples taken from each trial with His-tagged p300 1726-1839 expression highlighted
by the arrows. Un-induced protein samples are shown in lane 2, with whole cell lysate
and lysate supernatant samples exhibited in lanes 7 and 8 respectively. Lane 1 contains

Wide range molecular marker (Sigma).

2.3.11 His-tagged cyclin D1 expression trials

Expression trials of His-tagged cyclin D1 were conducted in E. coli BL21 (DE3) and
BL21-CodonPlus® (DE3) RP cells grown at both 37 °C and 25 °C (figure 2.20).
Induction and expression of the His-tagged protein was clearly evident when viewing
SDS PAGE gels of post-induction samples from each cell type at both temperatures.
The absence of soluble His-tagged cyclin D1 in the lysate supernatant samples from
each cell type indicates the protein forms insoluble inclusion bodies. Growth at the

lower 25 °C temperature failed to promote the production of soluble protein in both cell

types.
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Figure 2.20. Coomassie stained SDS PAGE gels showing the results of the His-tagged
cyclin DJ expression trials. In Gel 1, lanes 3 to 6 contain 1 to 4 hour post-induction
whole cell samples respectively taken from E. coli BL21 (DE3) transformed cells grown
at 37 °C. There is clearly induction of a -32 kDa protein when comparing expression
with that seen in un-induced whole cells in lane 2. Lane 1 contains wide range
molecular marker. Lanes 11 and 12 from gel 1 and lanes 2 and 3 from gel 2 again show
the expression of His-tagged cyclin D1 in 1 to 4 hour post-induction whole cell samples
taken from E. coli BL21 (DE3) transformed cells grown at 25 °C. Lanes 4 and 5 from
gel 2 contain the corresponding whole cell lysate and lysate supernatant samples
indicating no significant improvement in the solubility of the protein at this temperature.
A representative expression trial of His-tagged cyclin D1 expressed in BL21-
CodonPlus® (DE3) RP cells at 37 °C is displayed in gel 2. Specifically, lanes 8 to 11

contain 1 to 4 hour post-induction whole cell samples respectively, with lane 7
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corresponding to un-induced cells. Lane 12 of gel 2 and lane 2 of gel 3 correspond to
whole cell lysate and lysate supernatant samples. Finally in gel 3 is shown an expression
trial of His-tagged cyclin D1 expressed in BL21-CodonPlus® (DE3) RP cells at the
lower 25 °C temperature. Lanes 4 to 7 contain 1 to 4 hour post-induction whole cell
samples respectively, with lane 3 containing un-induced cells. Whole cell lysate and
lysate supernatant samples for the growth trial are displayed in lanes 8 and 9. The

arrows highlight induced His-tagged cyclin D1 protein.

2.3.12 P300 Protein Expression and Purification
The His-tagged proteins designed and used in this study are depicted in the schematic

in figure 2.21.
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Figure 2.21. A schematic representation ofthe p300 constructs used in this study. (A)
A depiction of full length p300 is shown, with various functional regions highlighted
including the three cysteine/histidine rich regions (termed C/HI1, C/H2 and C/H3) as
well as the TAZ, KIX, Bromo, PHD, HAT and ZZ domains. (B) N-terminal His-tagged

fusions containing the ZZ and TAZ2 regions shown were created.
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2.3.12.1 p300 1603-1725 Expression and Purification
The expression of His-tagged p300 1603-1725 in E. coli BL21 (DE3) cells resulted
in the production of insoluble inclusion bodies which were subject to an inclusion body

wash preparation shown in figure 2.22.

1 2 3 4 5 67 89 10

Final washed p300
1603-1725 inclusion
bodies

Figure 2.22. An SDS PAGE gel displaying the expression and inclusion body
preparation of insoluble His-tagged p300 1603-1725. Lane 1, Wide range molecular
marker (Sigma); Lane 2, Un-induced whole BL21 (DE3) cells; Lane 3, Whole cells four
hours post-induction with IPTG; Lane 4, Whole cell lysate; Lane 5, Cell lysate
supernatant sample; Lanes 6-9, consecutive inclusion body wash fractions. Lane 10
contains a sample taken from the final washed inclusion bodies containing enriched

p300 1603-1725 protein.

The washed inclusion bodies were readily solubilised in 6 M guanidine
hydrochloride, and the His-tagged p300 1603-1725 efficiently refolded (100 %) whilst
reversibily bound to the Ni2+=NTA affinity column in an IMAC procedure (Figure
2.23A). An SDS PAGE gel of samples removed from the elution gradient revealed the
presence of refolded and purified His-tagged p300 1603-1725, which was subsequently

pooled and dialysed (Figure 2.23B).
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Figure 2.23. Purification and refolding of His-tagged p300 1603-1725 (A) A typical
FPLC profile attained for the Ni 2+ column based IMAC refolding of His-tagged p300
1603-1725. The flow-through and buffer exchange peaks are highlighted. Elution peaks
corresponding to high molecular weight contaminants and refolded protein are also
highlighted. (B) An SDS PAGE gel displaying FPLC elution fractions taken from the
His-tagged p300 1603-1725 refolding experiment. Lanes 2 to 5 show samples removed
from the first of the elution peaks, where lanes 6 to 10 represent refolded His-tagged
p300 1603-1725 taken from the second broad elution peak. Lane 1 contains broad range

molecular marker (Sigma).
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After thrombin treatment to remove the His-tag and subsequent purification by a
second IMAC procedure (figure 2.24A), yields of about 12 mg/1 were attained. An
interesting feature of p300 1603-1725 is its ability to tightly bind to Ni-NTA resin after
removal of its His-tag, with at least 75 mM imidazole required to elute the protein.
Although not clearly visible in the elution profile or SDS PAGE gel in figure 2.24, the
His-tag generally elutes at an imidazole concentration between 250 to 300 mM. SDS
PAGE analysis of column purified p300 1603-1725 revealed it to be a predominantly

single species with a molecular weight of about 14 kDa (Figure 2.24B).
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Figure 2.24. Removal of His-tag and purification ofp300 1603-1725 (A) A typical
FPLC profile attained for the Ni 2+ affinity purification of p300 1603-1725. The flow-
through and p300 1603-1725 elution peaks are highlighted (B) An SDS PAGE gel
displaying the His-tag removal and purification of p300 1603-1725. His-tagged p300
1603-1725 prior to thrombin cleavage is displayed in lane 2. The FPLC load containing
thrombin digested p300 1603-1725 is shown in lane 3, with the His-tag component
highlighted by the arrow. Lanes 5 to 10 represent elution fractions corresponding to
eluted p300 1603-1725, taken from the imidazole gradient peak in the FPLC profile.

Lane 1 contains Wide range molecular marker.

MALDI mass spectrometry analysis confirmed that the protein had a similar mass
(14487 Da) to the expected mass of 14478.2 Da. The molecular weight determined was
limited due to the difficulty in dissolving and preparing the protein with the MALDI
Sinapinic Acid matrix. Unfortunately the poor solubility of the protein precluded the
possibility of determining the mass by Electrspray Mass Spectroscopy. The protein is
very rich in cysteine residues (8) and at high concentrations in the absence of a reducing
agent such as DTT the protein has a propensity to form multimers through the formation
of intermolecular disulphide bonds. However, comparison of reducing and non-reducing
SDS PAGE gels revealed that the monomeric form of p300 (1603-1725) is stable in pH
7.0 buffers containing DTT.
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2.3.12.2 p300 1603-1839 Expression and Purification
Due to the poor expression of His-tagged p300 (1603-1839) in BL21 (DE3) and the
comparatively good expression in BL21-CodonPlus® (DE3) RIL cells the latter cell
strain was used for expression and purification purposes. The expression of His-tagged
p300 (1603-1839) in BL21-CodonPlus® (DE3) RIL cells resulted in the production of
insoluble inclusion bodies which were subject to an inclusion body wash preparation

shown in figure 2.25.
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Figure 2.25. An SDS PAGE gel displaying the expression and inclusion body
preparation ofinsoluble His-tagged p300 (1603-1839). Lane 1, Wide range molecular
marker (Sigma); Lane 2, Un-induced whole BL21-CodonPlus® (DE3) RIL cells; Lanes
2 and 3 show post-induction whole cells after 2 and 4 hours respectively. Lane 5, Whole
cell lysate; Lane 6, Cell lysate supernatant sample; Lanes 7-9, consecutive inclusion
body wash fractions. Lane 10 contains a sample taken from the final washed His-tagged

p300 (1603-1839) inclusion bodies.

The Ni 2+ affinity IMAC-based refolding procedure failed to yield soluble protein,
resulting in the accumulation of precipitated protein on the Ni-NTA resin. Furthermore
refolding of ‘non-purified’ His-tagged p300 1603-1839 inclusion bodies by dialysis
under varying pH’s, reducing conditions and detergents was largely unsuccessful with
very little or no return of soluble protein (data not shown). The greatest success with
His-tagged p300 1603-1839 refolding was achieved with prior purification of inclusion
bodies under denaturing conditions, followed by dialysis to remove denaturant. Thus,

the washed His-tagged p300 1603-1839 inclusion bodies were solubilised in 6 M
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guanidine hydrochloride, and purified to homogeneity under denaturing conditions
using a Ni ** affinity chromatography procedure (figure 2.26A). The purification of His-
tagged p300 1726-1839 in 6M guanidine hydrochloride precludes the use of SDS PAGE
to directly analyse samples removed from the elution gradient. However prior treatment
of Guanidinium hydrochloride containing samples with TCA (as directed by Novagen)
removed the denaturant, and subsequent SDS PAGE analysis revealed the first of the
elution peaks in figure 2.26A contained high molecular weight contaminant and the
second small and broad peak contains purified His-tagged p300 (1603-1839) (data not
shown). This was consistent with Previous His-tagged p300 FPLC purification profiles
under native conditions (such as those for His-tagged p300 1603-1725) which had
indicated a broad elution peak for the protein at an imidazole concentration between 150
and 200 mM. Fractions containing purified His-tagged p300 1603-1839 were then
pooled and refolded against a 20 mM Bis-tris, 100 mM sodium chloride, 20 mM DTT,
0.5 mM ZnCl, buffer at pH 7.0. The final refolded and soluble His-tagged p300 1603-
1839 protein is shown in the SDS PAGE gel in figure 2.26B.

Unfortunately the purified His-tagged p300 1603-1839 protein had a propensity to
form aggregates and precipitate over time. This was particularly apparent when
concentrating the sample, precluding the structural characterisation of the protein.
Therefore the protein was stored at low concentrations (0.1 mg/ml) to prevent protein

aggregation and precipitation forming.
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Figure 2.26. The purification and refolding of His-tagged p300 1603-1839 from
bacterial inclusion bodies.(A) A typical FPLC profile attained for the Ni 2+ affinity
purification of His-tagged p300 1603-1839 under denaturing conditions. The flow-
through, contaminant and His-tagged p300 1603-1839 elution peaks are highlighted. (B)
An SDS PAGE gel of samples taken from the refolding of His-tagged p300 1603-1839
by dialysis. Lane 2 is an aliquot of precipitated matter retrieved from the
refolding/dialysis clearly showing an abundance of insoluble His-tagged p300 1603-

1839. In lane 3 is displayed the soluble material retrieved from the refolding/dialysis
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experiment indicating the presence of a small amount of soluble His-tagged p300 1603-

1839

2.3.12.3 p300 1726-1839 Expression and Purification
The expression of His-tagged p300 1726-1839 was most favourable in the BL21-
CodonPlus® (DE3) cells. The protein was produced as insoluble inclusion bodies which

were subject to an inclusion body wash preparation shown in figure 2.27.
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Figure 2.27. An SDS PAGE gel displaying the expression and inclusion body
preparation of insoluble His-tagged p300 1726-1839. Lane 1, Wide range molecular
marker (sigma); Lane 2, Un-induced whole BL21-CodonPlus® (DE3) RP cells; Lane 3,
Whole cells four hours post-induction with IPTG showing expression of His-tagged
p300 1726-1839; Lane 4, Whole cell lysate; Lane 5, Cell lysate supernatant sample;
Lanes 6-9, consecutive inclusion body wash fractions. Lane 10 contains a sample taken

from the final washed His-tagged p300 (1726-1839) inclusion bodies.

The Ni 2+ affinity IMAC refolding procedure used to successfully refold and purify
His-tagged p300 1603-1725 failed to yield soluble protein when the same strategy was
applied to His-tagged p300 1726-1839 (Data not shown). The washed His-tagged p300
1726-1839 inclusion bodies were thus solubilised in 6 M guanidine hydrochloride, and
purified to homogeneity under denaturing conditions using a Ni 2+ affinity
chromatography procedure (figure 2.28). The relatively small His-tagged p300 1726-
1839 protein elution peak in the FPLC profile can be attributed to an absence of

Tryptophan residues in the protein. The protein does however contain a single Tyrosine
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residue which makes a small contribution to the proteins absorbance (1209 cirf’/M)

when monitored at 280 nm.
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Figure 2.28. A typical FPLC profile attainedfor the N i2+ affinity purification of His-
tagged p300 1726-1839 under denaturing conditions. The flow-through, contaminant
and His-tagged p300 1726-1839 elution peaks are highlighted.

Elution fractions containing His-tagged p300 1726-1839 protein were pooled and
refolded by removal of the denaturant by several dialysis steps under reducing
conditions in the presence of Zn2+. A sample of the final refolded protein is shown in
lane 2 of the SDS PAGE gel in figure 2.29. Upon overnight thrombin digestion to
remove the N-terminal His-tag a further Ni 2+ affinity purification procedure was
implemented to purify the p300 1726-1839 protein. Protein yields of approximately 10

to 15 mg/1 were attained.
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Figure 2.29. An SDS PAGE gel depicting the thrombin cleavage of His-tagged p300
1726-1839. In lane 2, a sample of the refolded His-tagged p300 1726-1839 protein is
displayed prior to thrombin digestion. Lane 3 contains His-tagged p300 1726-1839
protein concentrated to approximately 1 mg/ml. A sample removed from the overnight
thrombin digest reveals the successful cleavage of the N-terminal His-tag from the p300
1726-1839 protein highlighted in lane 4. A small amount of dimer and trimer species of

p300 1726-1839 are also highlighted.

As with p300 1603-1725, in the absence of its His-tag, p300 1726-1839 retains its
capacity to bind tightly to Ni-NTA resin with at least 75 mM imidazole required to elute
the protein. SDS PAGE gel analysis from samples removed from the FPLC purification
clearly demonstrate the successful separation of the cleaved his-tag from the purified
p300 1726-1839 protein (figure 2.30). The p300 (1726-1839) protein is revealed to be

largely a single species with a molecular weight of about 13 kDa (Figure 2.30b).
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Figure 2.30. His-tag removal and purification ofp300 1726-1839 (A) A typical FPLC
profile attained for the Ni 2+ affinity purification of p300 1726-1839 under native
conditions. The flow-through, high molecular weight contaminants and p300 1726-1839
elution peaks are all highlighted. (B) An SDS PAGE gel detailing the His-tag removal
and purification of p300 1726-1839. The thrombin digested column load is shown in
lane 2 comprising the p300 1726-1839 protein and the cleaved His-tag. Lanes 3 and 4
contain samples removed from the column flow-through, which unsurprisingly contains

little or no visible protein. Lanes 5 to 10 and 12 to 14 represent samples removed from
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consecutive imidazole elution fractions taken from the small and broad peak highlighted
in the in the FPLC profile. There is clearly an abundance of p300 1726-1839 protein
apparent in these fractions with some dimeric protein also visible. The cleaved His-tag
is clearly visible in lane 15, from a sample corresponding to an imidazole elution
concentration of 250-300 mM. Lane 1 and 11 contain broad range molecular marker

(Sigma).

2.3.13 Expression and Purification ofHis-tagged cyclin DI
As demonstrated in the timecourse growth trials, the expression of His-tagged cyclin
D1 in BL21 (DE3) results in the production of insoluble inclusion bodies. Isolated His-

tagged cyclin D1 inclusion bodies were enriched by washing (figure 2.31).

1 23 4 5 6 7 8 9 10

m

kDa

His-tagged cyclin D1

36—W ~ M1 " washed inclusion bodies

i o
==

Figure 2.31. An SDS PAGE gel displaying the expression and inclusion body
preparation of insoluble His-tagged cyclin DI. Lane 1, Wide range molecular marker
(Sigma); Lane 2, Un-induced whole BL21 (DE3) cells; Lane 3, Whole cells four hours
post-induction with IPTG clearly showing expression of His-tagged cyclin DI; Lane 4,
Whole cell lysate; Lane 5, Cell lysate supernatant sample; Lanes 6-9, consecutive
inclusion body wash fractions. Lane 10 contains a sample taken from the final washed

and enriched His-tagged cyclin D1 inclusion bodies.

The washed His-tagged cyclin D1 inclusion bodies were successfully purified and
refolded by one of two methods-
€)) Inclusion bodies solubilised in 6 M guanidine hydrochloride were purified

homogeneity under denaturing conditions using a Ni 2+ affinity chromatography
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procedure (figure 2.32). Eluted His-tagged cyclin DI protein was pooled and
successfully refolded at a concentration of 0.2 mg/ml against 3 dialysis buffer changes
of 25 mM NaH2P 04, 100 mM sodium chloride, 1 mM EDTA and 1 mM DTT buffer at
pH 8.0. The refolding step is of very high efficiency with between 90-95 % recovery of
refolded protein achieved. From a starting culture volume of 1 litre, approximately 35 to
40 mgs of His-tagged cyclin D1 was successfully purified and refolded using this
protocol. The final refolded protein is shown in figure 2.33B (lane 12), demonstrating

the high sample purity and refolding efficiency observed for this protein preparation.

aAL
500

Inclusion body

Column flow-
His-tagged cyclin
/DI elution

Contaminants
Pooled
fractions
20 60 80 100 120 140 ml

Volume (ml)
Figure 2.32. A representative FPLC elution profile attained for the Ni 2+ affinity
purification of His-tagged cyclin D1 under denaturing conditions. The flow-through
peak comprising mostly contaminating protein and DNA is highlighted. Further protein
contaminates elute at an imidazole concentration of about 80 mM with His-tagged

cyclin DI eluting at 150 mM.

() Alternatively the washed His-tagged cyclin DI inclusion bodies solubilised in 6
M guanidine hydrochloride, were refolded whilst reversibily bound to the Ni 2+ affinity
column in an IMAC procedure (Figure 2.33A). An SDS PAGE gel of samples removed
from the elution gradient revealed the presence of refolded and purified His-tagged
cyclin D1 (Figure 2.33B), which was subsequently pooled and dialysed against 3 buffer
changes of 25 mM NaH2P 04, 100 mM NaCl, 1 mM EDTA and 1 mM DTT buffer at pH

8.0. Typically there is a His-tagged cyclin D1 protein recovery approaching 60 %
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suggesting a loss of protein, possibly as a result of precipitation on the Ni 2+ NTA
affinity resin during the refolding process. Therefore from a starting culture volume of 1
litre, the expected purified and refolded His-tagged cyclin D1 yield is approximately 20
to 25 mgs.
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Figure 2.33. The refolding and purification of His-tagged cyclin DI by IMAC on-
column refolding. (A) A typical FPLC elution profile attained for the Ni 2+ affinity
purification and refolding of His-tagged cyclin D1. The flow-through peak comprising
mostly contaminating protein and DNA is highlighted. Further protein contaminates

elute at an imidazole concentration of about 80 mM with His-tagged cyclin DI
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comprising a broad elution peak between 120 mM and 150 mM imidazole
concentrations. (B) An SDS PAGE detailing the ‘on-column’ refolding and purification
of His-tagged cyclin D1 from washed inclusion bodies solubilised in 6 M guanidine-
HCI. Lanes 5 to 11 contain purified and refolded His-tagged cyclin D1 found within
consecutive imidazole elution fractions. Lanes 2 to 4 show samples removed from the
first imidazole elution peak which appears to containing mainly high molecular weight
contaminants. Lane 12 contains His-tagged cyclin D1 protein refolded by dialysis after

prior purification under denaturing conditions.

2.4 Discussion

The results presented here clearly demonstrate it is possible to clone and effectively
purify soluble B-Myb polypeptides as fusions to glutathione S-transferase (GST) in
sufficient quantities for use in biochemical studies and characterisation. A common
feature observed amongst the E. coli-expressed B-Myb fusions is the high level of
proteolysis, resulting in the purification of C-terminally truncated GST/B-Myb
polypeptides. The exceptions to this include the GST/B-Myb 275-376, GST/B-Myb
318-458 and GST/B-Myb R2R3 fusion proteins, where the proteolysis observed was
minimal in comparison. Most cleavage appeared to be occurring in the E. coli cells
during growth as observed in SDS PAGE gels of post-induction cell samples. The
GST/B-Myb proteins proved highly susceptible to further proteolysis upon cell lysis and
purification despite the use of EDTA and PMSF to inhibit proteases. The excessive
level of proteolysis observed for most of the GST/B-Myb proteins precluded the full
purification and investigation of the B-Myb polypeptides with their GST tags removed.

Since protease sensitive regions are often associated with flexible, non-ordered
regions of proteins this would suggest that the central region of B-Myb (amino acids
227 to 508) is inherently unstructured due to the high levels of proteolysis occuring. The
amount of full-length protein species purified for each GST/B-Myb fusion was deemed
sufficient for use in protein-protein interaction studies since E. coli-expressed and
purified GST/B-Myb 227-508 protein (in a proteolysed state) was successfully used in
pull-down assays to demonstrate binding to cyclin D1 (Horstmann et al., 2000) and

p300 (Schubert et al., 2004) highlighting the validity of using such proteins.
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In contrast to B-Myb, recombinant p300 expression resulted in the formation of
insoluble inclusion bodies, and in some cases required specific E. coli strains for
successful expression. The presence of ten rare codons (3 Proline CCC, 4 Argenine
AGG/AGA, and 3 Leucine CUA) within the p300 residues 1603 to 1839 explains the
comparatively poor level of expression observed for p300 1603-1839 protein in BL21
(DE3) cells as compared to the BL21 (DE3) codon plus cells. Decreasing growth
temperature appeared not to improve soluble yields for any of the p300 polypeptides. It
is of interest to note that several GST/p300 fusion proteins spanning similar regions of
the p300 sequence were also found to be insoluble (data not reported) highlighting the
propensity of this C/H3 region to form inclusion bodies upon expression in E. coli. The
solution structure of the CBP TAZ2 domain (amino acids 1764-1850) was solved using
a protein that was refolded from inclusion bodies (DeGuzman et al., 2000) though the
authors fail to elaborate on the precise refolding procedure and conditions used. The
CBP ZZ domain (amino acids 1700-1751) solution structure was determined from
soluble protein (with cells grown at 15 °C) and thus bypassed the need for refolding
(Legge et al., 2004).

In this study, the IMAC-based refolding procedure was only successful for His-
tagged p300 1603-1725, providing an efficient way of attaining soluble protein with
good yields. Both His-tagged p300 1603-1839 and His-tagged p300 1726-1839 proteins
failed to refold by this method and precipitated on the Ni-NTA resin during the
chromatography procedure despite varying pH and buffer conditions. It was however
possible to refold both His-tagged p300 1726-1839 and p300 1603-1839 proteins by
dialysis under reducing conditions with excess Zn ** although the yields of soluble His-

tagged p300 1603-1839 protein attained were extremely poor.

Upon purification and refolding, both His-tagged p300 1603-1725 and p300 1726-
1839 proteins appeared more prone to precipitation and aggregation than their tag-less
variants. A possible explanation for this phenomenon is that the hexa-histidine tag, a
potent metal binding sequence, may have saturated free Zn’* and may have prevented
the correct coordination of Zn>*. p300 1603-1725 was maintained in a reduced form
with excess DTT and remained stable for periods of up to 15 days at 4 °C though was
prone to aggregation (particularly in the absence of reducing agent) and formed visible

fibre-like precipitates beyond this period. Over time it is highly probable that the protein
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would have oxidised and the cysteine residues in p300 1603-1725 not involved in Zn**
ion coordination would form disulphide bonds, promoting the assembly of multimeric
protein species. In fact such dimer, trimer and high order multimeric protein species
have been observed on non-reducing SDS PAGE gels of p300 1603-1725 (data not

shown).

Interestingly p300 1603-1725 forms flat crystal-like matrices during concentration in
a filtration device. As a result it was often difficult to achieve concentrations of p300
1603-1725 beyond 2.0 mg/ml. The resultant crystals failed to diffract in an X-ray beam
thus precluding the detailed crystallographic study of the polypeptide. Crystals suited to
X-ray crystallography studies are composed of tightly packed and highly coordinated
unit cells which grow over an extended period from days to often months. The fast
nature of p300 1603-1725 crystal formation during centrifugation does therefore not
lend itself to the production of suitable crystals for X-ray diffraction. Crystal trials using
purified p300 1603-1725 protein at approximately 2 mg/ml concentration were set up at
4 °C and 20 °C but failed to produce crystals under the growth conditions used (Data
not reported). The low protein concentration used in the crystal trials may have been a
limitation in this study, with typically 10 mg/ml required for crystal formation.
Furthermore, over time protein oxidation would promote both inter- and intramolecular
disulphide exchange and thus may contribute to protein aggregation which would

seriously hamper crystal formation.

In contrast to p300 1603-1725, the p300 1726-1839 protein was stable to
concentrations in excess of 2 mg/ml and did not require the presence of excess reducing
agent in the final buffer to maintain stability. However over extended periods the
protein formed small amounts of precipitate in a concentration dependent manner. The
His-tagged cyclin D1 protein was stable to concentrations of approximately 2-3 mg/ml
in 25 mM NaH,POy, 100 mM sodium chloride buffer at pH 8.0.

To summarise, the B-Myb, p300 and cyclin D1 proteins/polypeptides produced in this

study were effectively purified in sufficient quantities for use in protein-protein

interaction studies and biophysical characteriasation.
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CHAPTER 3
STRUCTURAL CHARACTERISATION OF PURIFIED B-MYB, P300 AND
CYCLIN D1 POLYPEPTIDES

3.1 Introduction and aims

In order to further investigate the reported interactions of a central region of B-Myb
with p300 and cyclin D1 (Horstmann et al., 2000b; Schubert et al., 2004), a series of
GST/B-Myb fusions and His-tagged p300 and cyclin D1 polypeptides were expressed
and purified (see chapter 2). This chapter reports the structural characterisation of the
purified polypeptides using biophysical techniques such as intrinsic tryptophan
fluorescence and far UV circular dichroism spectroscopy. Of the GST/B-Myb fusion
polypeptides purified only GST/B-Myb 275-376 was free of excessive proteolysis and

was thus amenable to GST-tag cleavage and structural characterisation.

3.2 Materials and Methods

3.2.1 Fluorescence spectroscopy

A Perkin Elmer LS50 Biluminescence spectrometer was used to acquire intrinsic
tryptophan fluorescence spectra of p300, B-Myb, and cyclin D1 proteins. The spectra
were recorded at 25 °C with excitation at 280 nm and fluorescence monitored from 300
to 450 nm. Spectra were acquired using a scan rate of 150 nm per minute, with 10
accumulations averaged to give the final spectra. Typically, the spectra were acquired
with 1.0 to 3.0 pM protein samples using a 1 cm path length quartz fluorescence

cuvette.

3.2.2 Circular dichroism (CD) spectroscopy

The secondary structures of isolated domains/regions from purified B-Myb, p300 and
cyclin D1 proteins were determined by analysing far UV CD spectra acquired on a
Jasco 715 spectrometer. Where possible the concentrations of proteins were adjusted to
give an absorbance at 280 nm of typically about 1.0 for a path length of 1 cm. CD
spectra were recorded from 180 to 250 nm at a scan rate of 20 nm per minute, with
each spectrum representing the average of 10 accumulations. Data were acquired at 25

°C with either 0.1 mm or 2 mm path length cells. Estimates of secondary structure
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composition were calculated from buffer corrected spectra using the CDPro package

(Sreerama and Woody, 2000).

3.2.3 Chemical denaturation of p300 and cyclin DI polypeptides

Intrinsic tryptophan fluorescence and far UV CD techniques were used to probe the
conformational stability of the p300 1603-1725 and His-tagged cyclin D1 polypeptides
in the presence of guanidine hydrochloride. Fluorescence experiments with p300 1603-
1725 were conducted with a series of 3 uM samples in a 20 mM Bis-tris, 100 mM
sodium chloride, 0.5 mM DTT, and 0.5 mM ZnCl, buffer at pH 7.0, containing between
0 and 6 M guanidine hydrochloride, increasing with 0.5 M equivalents of denaturant.
Fluorescence experiments with His-tagged cyclin D1 were similarly conducted with a
series of 1 pM samples in a 25 mM NaH,;PO,, 100 mM sodium chloride buffer at pH
8.0 containing increasing equivalents (0.5 M) of denaturant. CD experiments with p300
1603-1725 were conducted with a series of 70 uM samples in a 20 mM Bis-tris, 100
mM sodium chloride, 20 mM DTT, and 0.5 mM ZnCl, buffer at pH 7.0, containing
between 0 and 6 M guanidine hydrochloride, increasing with 0.5 M equivalents of
denaturant. All samples were incubated with denaturant for 30 minutes before spectra

were recorded at 25 °C using a 0.1 mm pathlength cell.

3.2.4 Temperature denaturation studies of p300 1726-1839

Far UV CD was employed to monitor possible changes in p300 1726-1839 secondary
structure upon increasing sample temperature. CD experiments were collected with 8
uM samples in a 20 mM Bis-tris, 100 mM sodium chloride buffer at pH 6.5. CD spectra
were recorded over the temperature range 5 to 85 °C at 10 °C intervals using a 2 mm
pathlength cell with the temperature rising incrementally at 1 °C/ min. An additional
spectrum was recorded after the sample temperature had returned back from 85 °C to 5
°C. Changes in the maximum negative peak value at 222 nm were recorded as a

function of increasing temperature.

3.2.5 Zn®* binding properties of p300 polypeptides

Changes in the maximum negative intensity of the CD spectrum of p300 1603-1725,
monitored at 212 nm, were used to characterise Zn>* binding upon addition of ZnCl,.
The p300 1603-1725 polypeptide was purified and refolded in the absence of ZnCl, in

order to study the apo-protein form. CD spectra were collected for a series of samples
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containing 70 pM p300 1603-1725 with increasing molar equivalents of ZnCl, (0.5, 1,
1.5, 2,2.5, 5 and 10). Samples prepared in a 20 mM Bis-tris, 100 mM sodium chloride,
and 20 mM DTT buffer at pH 7.0 were incubated overnight at 4 °‘C before the

acquisition of CD data.

The dissociation constant (Kg) for Zn** binding was estimated by fitting the
following equation to the changes in CD intensity at 212 nm, which assumes a simple
equilibrium between the peptide with a single bound Zn** and the free species (He et

al., 1991)

Ag}?‘” [P+L+Kd ~{P+L+k,} —4PL)”2]

ACD =

In the equation, P and L represent the concentrations of p300 (1603-1725) and Zn**
respectively, ACD and ACD,, are the changes in CD intensity at the ligand concentration
L and saturating ligand concentration respectively, and Ky is the dissociation constant of

the protein-ligand complex.

CD experiments with p300 1726-1839 were conducted with 64 uM samples in a 20
mM Bis-tris, 100 mM sodium chloride buffer at pH 6.5 in the absence and presence of
saturating Zn** (0.5 mM ZnCly) and EDTA (5 mM) concentrations. Samples were
incubated overnight at 4 °C before the acquisition of CD data.

3.2.6 Secondary structure predictions of B-Myb and p300 polypeptides

Secondary structure predictions for B-Myb 275-376, p300 1603-1725, and p300
1726-1839 regions were obtained through use of the Jpred2 package (Cuff et al., 1998).
Predictions were obtained by either inputting the query protein sequence alone or as part
of an optimised user created protein alignment with homologous proteins. Protein
alignments were created using ClustalW (available at the European Bioinformatics

Institute website, www.ebi.ac.uk).
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3.3 Results

3.3.1 Structural characterisation ofB-Myb 275-376

3.3.1.1 Secondary structure prediction

Predictions of secondary structural content obtained for B-Myb 275-376 using the
Jpred2 package is shown for an optimised alignment (using ClustalW) of Human,
Mouse, Chicken and Xenopus B-Myb proteins (figure 3.1 A). This region of B-Myb
exhibits some sequence conservation amongst the four genera with 53 % sequence
homology (defined as the sum of sequence identity and similarity). The prediction
estimates very little secondary structure (7 %) for this region, comprising of a single a-

helix spanning the amino acids VVEAANL (residues 293 to 299) in murine B-Myb.

Jpred2 prediction

10 30 40 50
mur ineB“Kyb275-376/1-104 KBEYMEFSIPET.|LP AARLLIPAV&S3L3EALDLIEI 3PDAWCDLSKFDLPE
humanB-Kyb275-373/1-104 KREDQ”"&SPPET.|L P AA*LLIP AVCS3LSEALDLIEI DPDAWCDL |k FDLPE
chickenB-Hyb270-357/1-104 .. .VPEBAI AsV.A| P AAITYLCPT3VP ALNE ALDH IE ] DPD&WCDLE ijFDLFE
xenopusB -Kyb256-33V 1104 .G5NSE3A| AIVD| APE FLVPGS... .DIHEI 3PEAWCEL83FDL&E

Qtial ifcy/1-104

Jpred2 prediction
60 70 80 90 100
imirin«B-Hyb275-376/1-104 |p| rEG11lIv|. IpVQPQTSQQQQEEALQs|qQ AAI P(
humanB-Hyb275-373/1-104 EP1AEDBIim' MIUOLQA3HQQQ. .. VLPPRQPSALUP!
chicktnB-Hyb270-357/1-104 EPJAGSH SINIPVR.............. QTP3KPTPSLP1
xenopiaS5B-Hyb256-33V1-104 § .[TV5DVG. .P| Hucooorrrvrrrceercrcee AAVTDKPQ1

Quiliby/1-104
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c¢-Myb NMR structure
Jpred2 prediction

10 20 30

imirineA~Hyb253-343/1-105 QPFUDED .PD X ELELLLK AE Eu .RHRfiPPl........ p<
humaxvA-Hyb254-344/1-105 QPFIDED.PD X (ELEHLLK AE EU .Ell;IPSQ........ P«
xenopusA-Hyb253-342/1-105 QPFUDADDPE tIKELELLLK AEHEU .PJKPVPI TIO3E
humanC -Kyb281-378/1-105 PHYNDED -PE X tELELLLHffTE EL Q GIOK3
bovineC-Kyb281-378/1-105 PHYNDED PE X IIKELELLLK TEBEL GQ
murineC-Kyb281-378/1-105 PHYNDED PE (IKELELLLH TE EL \& GH
ch.ickenC-Kyb281-379/1-105 PHYNDED .PE (IKELELLLK TEHEL TAHW&T]H".|
chickenA-Hyb328-420/1-105 MDET QGT 3U| PSKYL AUEANAUI.3SL TIPE rAETLELIE 3BPLAWSDI

Qualiby/1-105

Jpred2 prediction

murine A-Hyb253-343/1-105 DI'»I3N. .. TLHHLEE ENQ.TV3
humanA-Hyb254-344/1-105 DBNM3H. EUQ.PV3
xenopusA-Hyb253-342/1-105 MSN. . .TMjtHLEE'j HE IP . QSUEH
humanC-Kyb281-378/1-105 DH P.PHGDSAPU CLGEHH. 3Tp | LPADPG3LPEE3 CKIvH
bovineC-Hyb281-378/1-105 DH PPHGD3APU CLEEHH.3TP1LPADPG3LPEE3 CHIFH
wurine C-Kyb281-378/1-105 P.PHGB3APU CLGEtd.ATPILPADPG3LPEE3 CHIUH
chickenC-Kyb281-379/1-105 DHfPTSGI'NAPU CLGEI ICTP1PPUD1&CLPEESi CHIUH
chickenA-Hyb328-420/1-105 DL EAU ASPUP3>APLPXHF!.IijiKEP.AAEc|nr.iluHL_

Qualifcy/1~105

Figure 3.1 (4) Jpred2 secondary structure prediction obtainedfor B-Myb 275-376 and
(B) the transactivation regions of c- and A-Myb. Homologous regions of B-Myb from
Human, Mouse, Chicken and Xenopus were aligned using ClustalW before applying the
Jpred2 prediction. The consensus prediction reveals a small amount of a-helical (tube)
secondary structure (7 %) for the B-Myb 275-376 region (shown in A). Comparatively,
the homologous region of c- and A-Myb is predicted to adopt both a-helical (22 %) and
P-sheet (arrow) (6 %) secondary structures as shown in B. The NMR derived structure

of a short c-Myb polypeptide is also shown for comparison (Zor et al., 2004).

For comparison with B-Myb, a Jpred2 secondary structure prediction for a similar
region of A-Myb and c-Myb is shown alongside the structure derived for a short c-Myb
polypeptide in complex with the CBP KIX domain (Zor ef al., 2004) (see figure 3.IB).
B-Myb shares very little sequence homology with the corresponding transactivation

regions from A-Myb and c-Myb. Conversely A-Myb and c-Myb share significant
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sequence conservation in this region (51 % sequence homology). The prediction
revealed a total secondary structure content of 28 % for this region comprised of a
single a-helix (22 %), and a single stretch of B-sheet (6 %). The position of the
predicted a-helix for c- and A-Myb overlaps that derived from the solution structure of
the c¢c-Myb transactivation domain and a similar region estimated for B-Myb.
Interestingly the small B-sheet region predicted for c- and A-Myb, is completely absent
from the predicted B-Myb secondary structure. Although caution must be observed
when predicting structural motifs based on primary amino acid sequences alone,
inherent sequence homology differences and the Jpred2 secondary structure predictions
suggest that the B-Myb transactivation region is likely to differ somewhat from that of
c- and A-Myb. This hypothesis is supported by the differing functional roles of each of
the Myb proteins as well as the differing co-factor proteins to which the respective

transactivation regions bind

3.3.1.2 Biophysical characterisation of B-Myb 275-376: secondary and tertiary
structural analysis

The far UV CD spectrum obtained for B-Myb 275-376 shown in figure 3.2A is
typical of that observed for a protein with little or no secondary structure, characterised
by the large negative peak at 200 nm. The CDPro (Sreerama and Woody, 2000) analysis
of secondary structure confirmed this, estimating a secondary structure content of 9 %
a-helices, 24 % B-sheet, 17 % turns, and 50 % with no regular structure. The
fluorescence emission spectrum recorded for B-Myb 275-376, used to characterise
tertiary structure, is shown in figure 3.2B. B-Myb 275-376 contains two tryptophan
residues (W293 and W323) that contribute to a fluorescence maximum of 355 nm,
indicative of tryptophan residues fully exposed to the aqueous solvent, as expected for

an unfolded random coil polypeptide.
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Figure 3.2. (4) Representative CD and (B) Intrinsic fluorescence emission spectra
obtained at 25 °Cfor B-Myb 275-376 in a 20 mM Tris, 100 mM sodium chloride buffer
atpH 7.0. The CD spectral features are suggestive of a random coil polypeptide with no
evidence of a folded structure. The tryptophans of B-Myb 275-376 appear to be fully
exposed to the aqueous solvent as indicated by the 355 nm maximum emission

wavelength.
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3.3.2 Structural characterisation ofp300 1603-1725
3.3.2.1 Secondary structure prediction
Estimates of secondary structural content obtained for the p300 1603-1725
polypeptide using the Jpred2 package is shown in figure 3.3. For comparison the
secondary structure derived from the NMR structure of the murine CBP ZZ (Legge et
al., 2004) domain is highlighted also.

. . r CH3 i
r CHIi r CH2i EIA
JTAzZl | (kix 1 1Bromo | [rill) | HAT 77 TAZ2
332 416 566 646 1054 1144 1662 1714 1806 2414
B 1603 1651

hP300 1603-1725 GPAANSLPPIVDPDPLIPCDLMDGRDAFLTLARDKHLEFSSLRRAQWST
hCBP 1640-1762 .GPVINTLPPIVDPDPLLSCDLMDGRDAFLTLARDKHWEFSSLRRSKWST
mCBP 1641-1763 .GPVISTQPPIVDPDPLLSCDLMDGRDAFLTLARDKHWEFSSLRRSKWST
xCBP 1640-1753 .GPAANSLPPIVEPDPLIPCDLMDGRDAFLTIARDKHLEFSSLRRAKWST
dCBP 2268-2389 .AQSAASLAPIQDPDPLLTCDLMDGRDAFLTLARDKHFEFSSLRRAQFST
¢CBP 1430-1547 QNEPAVLAKPISDPDGLMQSDMMDGRDTFLTKAREEHWEFSSLRRAKYST

JPred2estimate <=>

1652 1713

hP300 1603-1725 MCMLVELHTQ SQDRFVYTCNECKHHVETRWHCTVCEDYDLCITCYNTKNHDHKMEKLGLGLD
hCBP 1640-1762 LCMLVELHTQ GQDRFVYTCNECKHHVETRWHCTVCEDYDLCINCYNTKSHAHKMVKWGLGLD
mCBP 1641-1763 LCMLVELHTQ GQDRFVYTCNECKHHVETRWHCTVCEDYDLCINCYNTKSHTHKMVKWGLGLD
XCBP 1640-1753 MCMLVELHTQ SQDRFVYTCNECKHHVETRYHCTVCEDYDLCITCYNTNTHEHKMEKLGLGLG
dCBP 2268-2389 LSMLYELHNQ GQDKFVYTCNHCKTAVETRYHCTVCDDFDLCIVCKEKVGHQHKMEKLGEDID
¢CBP 1430-1547 LCLAYSLHET DSKGMEYTCNKCSS..PAVWHCQSCDDFDLCDGCKPTTQHPHEMEKIKSLIG

JPred2estimate
NMR structure

1714 1725

hP300 1603-1725 DESNNQQAAATQ.
hCBP 1640-1762 DEGSSQGEPQSK.
mCBP 1641-1763 DEGSSQGEPQSK.
XCBP 1640-1753 DESNNQQAAATQ.
dCBP 2268-2389 DGSALADHRQANP
¢CBP 1430-1547 GGEAGDSAAGGT.

JPred2estimate

Figure 3.3 (4) Schematic representation ofthe domain structure ofp300 with the major
functional regions characterised to date indicated (B) A multiple sequence alignment of
p300/CBP sequences with predicted (Jpred2) and determined (Legge et al., 2004)

secondary structural elements. The 52 residue ZZ domain construct corresponding to
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residues 1700-1751 of murine CBP used for determining the NMR structure (Legge et
al., 2004) is grouped with homologous p300 and CBP sequences in the blue box.
Conserved cysteine (red) and histidine (green) residues are highlighted, with those
involved as Zn** coordination ligands highlighted with black (Zn1-CCCC) and green
triangles (Zn2-CCHH). The arrows (-strands) and blocks (a-helices) shown below the
sequence alignment indicate the positions of predicted (Jpred2, in yellow) and
determined (Legge et al., 2004, in red) secondary structural elements. The polypeptide
sequences shown correspond to p300 and CBP from Homo sapiens, h; Mus musculus,
m; Xenopus laevis, x; Drosophila melanogaster, d; and Caenorhabditis elegans, c.
Protein accession numbers are as follows: hP300 [Q09472], hCBP [Q92793], mCBP
[AAL875231], xCBP [AAH44677], dCBP [AAB53050], cCBP [P34545].

Secondary structure predictions for p300 1603-1725 obtained from the Jpred2
package used input consisting of an optimised alignment of ZZ motif sequences from
several p300, CBP, dystrophin and dystrophin related proteins. p300 1603-1725 was
predicted to contain six relatively short stretches of B sheet, constituting 24 % of the
polypeptide, linked by loops, but no helical regions (figure 3.3B). The Jpred2 estimates
of B sheet secondary structure content did not compare favourably with that derived
from the solution structure and failed to predict a short helical region (residues 1693 to

1699 in human p300) within the ZZ domain.

3.3.2.2 Biophysical characterisation of p300 1603-1725: secondary and tertiary
structural analysis

A representative far UV CD spectrum obtained for p300 1603-1725 is displayed in
figure 3.4A. Analysis of the p300 1603-1725 CD spectrum using the CDPro package
(Sreerama and Woody, 2000) estimated significant B-sheet content (30 %) and some
helical secondary structure (17 %). An additional 19 % of its structure is composed of
turns with 34 % attributed to unordered regions of the polypeptide. Figure 3.4B displays
a representative intrinsic tryptophan fluorescence spectrum obtained for p300 1603-
1725 which contains two tryptophan residues (Y1653 and Y1685). The fluorescence
emission maximum of 342 nm indicates that one or both of the tryptophan residues are

at least partially shielded from the aqueous solution, indicative of folding of the domain.
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Figure 3.4. (4) Circular dichroism and (B) Intrinsic fluorescence emission spectra
obtainedfor p300 1603-1725 at 25 °C. CD spectra were recorded for a 70 pM sample in
a 20 mM Bis-tris, 100 mM sodium chloride, 20 mM DTT, 0.5 mM ZnC”" buffer at pH
7.0. Fluorescence spectra were recorded for a 3 pM sample in a 20 mM Bis-tris, 100
mM sodium chloride, 0.5 mM DTT, 0.5 mM ZnCh buffer at pH 7.0. The CD spectral

features indicate the presence of p-sheet secondary structure. The tryptophans of p300
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1603-1725 contribute to a fluorescence emission maximum of 342 nm suggesting that at

least one of the tryptophansis shielded from the solvent.

3.3.2.3 Chemical denaturation ofp300 1603-1725

Intrinsic tryptophan fluorescence and CD studies were used to assess the effects of
increasing guanidine hydrochloride concentrations on p300 1603-1725 structure. The
p300 1603-1725 polypeptide contains two tryptophan residues (W1653 and W1685)
which serve as useful reporters in monitoring structural transitions upon guanidine
hydrochloride induced protein denaturation (figure 3.5A). The result shows that, when
monitoring changes in the wavelength of maximum intrinsic tryptophan fluorescence,
p300 1603-1725 does not appear to follow a cooperative sigmoidal unfolding curve.
There is no evidence of structural resistance to even small amounts of denaturant
suggesting the polypeptide lacks any stable tertiary structure. Similarly, when following
p300 1603-1725 denaturation by far UV CD (monitoring secondary structural changes
at wavelengths 220 nm and 212 nm) there is no evidence of cooperative unfolding

(figure 3.5B).
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Figure 3.5 (4) Representative plots showing the effects of increasing concentrations of
guanidine-hydrochloride on the structure of p300 1603-1725 monitored by intrinsic
tryptophan fluorescence and (B) far UV circular dichroism. A plot of the changes in
fluorescence wavelength is shown for a 3 pM sample incubated with guanidine
hydrochloride in a 20 mM Bis-tris, 100 mM sodium chloride, 0.5 mM DTT, 0.5 mM
ZnCh, pH 7.0 buffer at 25 °C. CD Data was plotted as the change in Molar CD per
residue intensity at the maximum negative wavelengths 212 nm and 220 nm for a 70
pM sample incubated with guanidine hydrochloride in a 20 mM Bis-tris, 100 mM
sodium chloride, 20 mM DTT, 0.5 mM ZnCl2, pH 7.0 buffer at 25 °C. Together the
results strongly suggest that p300 1603-1725 lacks stable tertiary structure due to the

lack of resistance to chemical denaturant observed in these experiments.

3.3.2.4 Zinc ion binding properties ofp 300 1603-1725
The addition of Zn2t+ to solutions of p300 1603-1725 (purified in the absence of
ZnCl2) results in small but significant changes in the protein’s far UV CD spectrum,
which showed a maximum change at 212 nm and were used to determine the affinity of
Zn2+binding. Figure 3.6 illustrates the changes in CD intensity observed at 212 nm with

the addition of up to 10 molar equivalents of Zn2+
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Figure 3.6 Far UV circular dichroism study of the zinc binding properties ofp300

1603-1725.(A) Typical spectra obtained for p300 1603-1725 alone and in the presence

of increasing molar equivalents of Zn2+(B) Plot of the change in CD intensity at 212 nm
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induced by the titration of p300 1603-1725 with Zn**. The data is consistent with a

simple ligand binding function of the form:

AC.

ACD = 2113“ [P+L+Kd —({P+L+Kd}2—4PL)”2]

with the curve shown obtained with a dissociation constant (Kg) of 70 uM, and

maximum change in CD intensity (ACD) of 0.75.

The p300 1603-1725 polypeptide used in this study was specifically refolded in the
absence of ZnCl; to promote the purification of the apoprotein form of the ZZ domain.
The CD spectrum suggests the polypeptide contains some secondary structure (CDPro
estimated: 20% helix, 27% -sheet, 22% turns and 31% with no regular structure)
similar to that observed for protein refolded in the presence of ZnCl, (figure 3.4A; 17%
helix, 30% B-sheet, 19% turns and 34% with no regular structure). Upon addition of
molar equivalents of ZnCl, there are small but reproducible shifts in the CD spectra
resulting in a loss of CD intensity. A perfectly reasonable fit to the data was obtained by
assuming a single Zn>* binding site on p300 1603-1725, with an apparent dissociation

constant of about 70 uM.

3.3.3 Structural characterisation of p300 1603-1839

Unfortunately poor solubility and instability of refolded His-tagged p300 1603-1839
precluded an extensive structural study of the polypeptide. However preliminary far UV
circular dichroism spectra of refolded and concentrated His-tagged p300 1603-1839
suggested some a-helical secondary structure (data not shown). The a-helical secondary
structure revealed by circular dichroism is consistent with the major secondary
structural component of the TAZ2 domain found within this construct (DeGuzman et
al., 2000)

3.3.4 Structural characterisation of p300 1726-1839
3.3.4.1 Secondary structure prediction
The p300 1726-1839 construct used in this study to probe interactions with B-Myb
incorporates the TAZ2 domain, as determined by DeGuzman et al., in 2000, sharing the
same N-terminal amino acid domain boundary but with an additional 27 residues at the
C-terminus. Estimates of secondary structural content obtained for the p300 1726-1839

sequence using the Jpred2 package is shown in figure 3.7. For comparison secondary
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structure features derived from the NMR solution structure of murine CBP TAZ2 (De

Guzman ef al., 2000) are highlighted.

CHI CH2 CH3
. . r n
r 1 r 1 - E1A —
[VAZI | | Kix | |Bromo | jpHI) | HAT | zZZJ TAZ2 |
1 332 416 566 646 1054 1144 1664 1726 1812 2414
I
J
B
1726 ' " . f—® % 1766

hP300 1726-1839 SPGDSRRLSIQRCIQSLVHACQCRNANCSLPSCQKMKRWQ
hCBP 1763-1776 SPQESRRVSIQRCIQSLVHACQCRNANCSLPSCQKMKRWQ
mCBP 1764-1877 SPQESRRLSIQRCIQSLVHACQCRNANCSLPSCQKMKRWQ
dCBP 2390-2503 NPQEARKQSIQRCIQS LAHACQCRDANCRLPSCQKMKLWQ
cCBP 1548-1660 AAGGTRYESIQRCIASLVHACQCRDANCRRMS CHKMKRWQ

JPred2estimate €
NMR structure

al a

1767 1812 1839

hP300 1726-1839 HTKGCKRKTNGGCPICKQLIALCCYHAKHCQENKCPVPFCLNIKQK LRQQQLQHRLQQAQMLRRRMASMQRTG
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Figure 3.7 (A) A schematic representation of the domain structure of p300 with the
current characterised major functional regions indicated. (B) A multiple sequence
alignment of the TAZ2 containing regions of CBP and p300 with Jpred2 and NMR
derived secondary structural elements highlighted. Homologous p300 and CBP TAZ2
domain sequences are grouped in the blue box. Conserved cysteine (red) and histidine
(green) residues are highlighted, with those involved in Zn2t+ coordination shown with
black (Znl), red (Zn2) and yellow (Zn3) triangles. The solid coloured blocks (a-helices)
shown below the sequence alignment indicate the positions of predicted (JPred2, in
yellow) and determined (DeGuzman et al., 2000, in red) secondary structural elements.
The protein sequences shown correspond to p300 and CBP from Homo sapiens, h; Mus

musculus, my Drosophila melanogaster, d; and Caenorhabditis elegans, c.

Secondary structure predictions obtained using the Jpred2 package were derived

from a PSI-Blast created alignment with the input consisting of a single human p300
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1726-1839 sequence. The Jpred2 estimates of a-helical secondary structure content and
position are nearly identical to that derived from the solution structure (DeGuzman et
al., 2000). Furthermore, it reveals that the additional C-terminal residues 1813 to 1839
(in human p300) are predicted to be largely a-helical. Interestingly the last of the a-
helices (a4), as designated in the CBP TAZ2 structure (DeGuzman et al., 2000), is
predicted to extend further, before preceding the start of another a-helical stretch
between residues 1821-1835. However, it must be noted that these results are based

solely on sequence based estimations rather than structural data.

3.3.4.2 Biophysical characterisation ofp300 1726-1839: secondary and tertiary
structural analysis

The far UV CD spectrum obtained for p300 1726-1839 shown in figure 3.8 is typical
of a protein with significant a-helical secondary structure typified by the large negative
peaks at 208 nm and 222 nm. The CDPro estimated secondary structure composition for
p300 1726-1839 confirms a largely a-helical content of 52 % with [3-sheet 6 %, turns 19
% and unordered regions making up 23 %. The absence of tryptophan residues in p300
1726-1839 precludes the assessment of the proteins tertiary structure by intrinsic

tryptophan fluorescence.

9.5
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Figure 3.8 4 typicalfar UV CD spectrum obtainedfor p300 1726-1839 recorded at 25

°C. CD spectra were recorded for a 64 pM sample in a 20 mM Bis-tris, 100 mM sodium
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chloride buffer at pH 6.5. The CD spectral features indicate the polypeptide adopts a

predominantly a-helical secondary structure.

3.3.4.3 Effects of thermal variation onp300 1726-1839
Changes in the polypeptides far UV CD spectrum were used to assess the effects of
increasing temperature on p300 1726-1839 structural stability. The far UV CD spectra
attained for p300 1726-1839 during thermal denaturation studies are shown in figure
3.9A, with the molar CD per residue values at the major negative 222 nm peak plotted

as a function of increasing temperature from 5 to 85 °C (figure 3.9B)

Wavelength (nm)
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Figure 3.9. Far UV circular dichroism analysis of p300 1726-1839 thermal
denaturation. (A) Individual CD spectra obtained for p300 1726-1839 at 5 °C, 15 °C 25
°C, 35 °C , 45 °C, 55 °C, 65 °C, 75 °C and 85 °C temperatures are shown compiled. (B)
A plot of the changes in Molar CD per residue assessed at 222 nm between 5 and 85 °C
in 1°C increments. CD data was recorded with an 8§ pM sample of p300 1726-1839 in a
20 mM Bis-tris, 100 mM sodium chloride, buffer at pH 6.5. The data indicates that,
with increasing temperature, p300 1726-1839 exhibits a gradual linear denaturation with

no obvious signs of cooperative unfolding between 5 °C and 85 °C.

The p300 1726-1839 polypeptide shows little resistance to temperature increases
with a linear denaturation profde, indicating the absence of stable tertiary structure. A
characteristic feature observed during the thermal study of p300 1726-1839 is the
reversible nature of the melting curve observed upon cooling the sample back to 5 °C
from 85 °C (Data not shown). Furthermore the protein appears to exhibit greatest
structural content at the lowest temperature of 5 °C (CDPro calculated: 63 % helix, 6 %
p-sheet, 14% turns and 17% with no regular structure) than at any other temperature, a

feature synonymous with inherent structural instability.
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3.3.4.4 Zn2+ion binding properties ofp300 1726-1839
The far UV CD spectrum of Zn2t refolded p300 1726-1839 shows that the major
secondary structure is helical (figure 3.8) with thermal denaturation studies suggesting
the tertiary structure of the polypeptide is not stable (figure 3.9). Potential
conformational changes to p300 1726-1839 structure upon adding further Zn2+ and
excess EDTA was therefore assessed by far UV CD (figure 3.10).

taz alone
taz with 0.5 mM Zinc
— taz with 5 mM EDTA

190 210 220 230 250

Wavelength (nm)

Figure 3.10. Far UV circular dichroism spectra demonstrating the effects of zinc and
EDTA on the structure ofp300 1726-1839. The addition of excess ZnCU (0.5 mM) has
very little effect on the observed p300 1726-1839 secondary structure. Incubation of the
polypeptide with 5 mM EDTA however clearly perturbs the spectrum with a loss of
intensity observed at 222 nm and shift of the negative peak from 208 nm to 206 nm.
Data were recorded with a 64 pM sample of p300 1726-1839 in a 20 mM Bis-tris, 100

mM sodium chloride buffer at pH 6.5.
The addition of Zn2+to solutions of p300 1726-1839 failed to significantly affect the
polypeptides far UV CD spectrum. The spectrum in figure 3.10 displays the relatively

small shift observed upon the addition of excess ZnC”* with no significant change in
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resultant secondary structure (CDPro calculated: 51 % helix, 7 % B-sheet, 22 % turns
and 20 % with no regular structure). Conversely the addition of saturating
concentrations of EDTA (5 mM) had a noticeable effect on the p300 1726-1839 CD
spectrum with a loss of intensity at the negative peak at 222 nm accompanied by a shift
in the negative peak at 208 nm to 206 nm (i.e. to a more random coil conformation).
This correlated with a 6 % reduction in helical secondary structure from 52 % to 46 %
(CDPro calculated: 46 % helix, 11 % B-sheet, 17 % turns and 25 % with no regular

structure).

3.3.5 Structural characterisation of His-tagged cyclin D1

3.3.5.1 Biophysical characterisation of His-tagged cyclin DI: secondary and
tertiary structure analysis

The far UV CD spectrum obtained for His-tagged cyclin D1 shown in figure 3.11A is
typical of that observed for a protein with considerable a-helical secondary structure
exemplified by the negative peaks observed at 208 nm and 222 nm. The CDPro estimate
of secondary structure revealed an a-helical content of 61 %, with 10.5 % B-sheet, 16.5
% turns and 12.1 % contributing to unordered regions. A typical fluorescence emission
spectrum recorded for His-tagged cyclin D1 is shown in figure 3.11B. The two
tryptophan residues (W63 and W150) in His-tagged cyclin D1 contribute to a
fluorescence maximum of 341 nm. This suggests that one or both of the tryptophan
residues are found in a shielded conformation, suggestive of a folded or partially folded

protein.
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Figure 3.11 (A) Circular dichroism and (B) Intrinsic fluorescence emission spectra
obtainedfor His-tagged cyclin DI at 25 °C. CD spectra were recorded for a sample in a
25 mM Na*PCU, 100 mM sodium chloride buffer at pH 8.0. Fluorescence spectra were
recorded for a 3 pM sample in the same buffer. The CD spectral features indicate the
presence of a-helical secondary structure. The fluorescence emission maximum of 341

nm suggests the tryptophans adopt a partially buried conformation.
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3.3.5.2

Chemical denaturation ofHis-tagged cyclin D1

Figure 3.12 displays the effect of increasing guanidine hydrochloride on the

wavelength of maximum intrinsic tryptophan fluorescence observed for His-tagged

cyclin D1. The His-tagged cyclin D1 protein contains two tryptophan residues (W63

and W150) which serve as useful reporters for monitoring conformational changes

during fluorescence studies. The results clearly indicate that His-tagged cyclin DI

follows a co-operative denaturation profile typical of a folded protein (Pace and

Creighton, 1986; Williamson et al.,, 1996) with a mid-point of unfolding at a guanidine

hydrochloride concentration approaching 3.75 M.
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Figure 3.12. Intrinsic tryptophan fluorescence studies demonstrating the effect of
guanidine hydrochloride on His-tagged cyclin D1 (3 pM) conformational stability. (A)
Individual spectra are shown compiled with a visible shift in the maximum fluorescence
emission to a longer wavelength upon increasing denaturant concentrations, indicative
of protein unfolding. (B) Plots of maximum emission wavelength (top) and fluorescence
intensity (bottom), as a function of increasing denaturant concentration. Both illustrate

the co-operative, sigmoidal nature of His-tagged cyclin D1 unfolding.
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3.4  Discussion

3.4.1 B-Myb 275-376: An intrinsically disordered polypeptide

The biophysical study of B-Myb 275-376 reported in section 3.3.1.2 conclusively
demonstrates that the polypeptide adopts an unfolded random coil conformation. Both
circular dichroism and intrinsic tryptophan fluorescence experiments indicate the
absence of any regular secondary or tertiary structure. This is in contrast to residues
295-309 of c-Myb which populates a partially helical conformation (25-30 %) in
isolation (Zor et al., 2002) which then forms an extended stabilised helix (the helix
boundaries are shown in figure 3.1B) in complex with the KIX domain of CBP (Zor et
al., 2004). The B-Myb 275-376 region contains a high proportion of polar and charged
amino acids (Glutamine 10 %, Serine 16 %, Proline 9 %) as compared to hydrophobic
residues (Phenylalanine 2 %, Tryptophan 2 %, Valine 5 %), features synonymous with
low sequence complexity and intrinsic disorder (Garner et al., 1998; Uversky et al.,
2000). The presence of such glutamine-rich and proline-rich activation domains within
transcriptional regulatory proteins has long been recognised (Courey and Tjian, 1988;
Mitchell and Tjian, 1989). The transactivation-associated region of B-Myb therefore
most likely represents an intrinsically unstructured segment that folds upon binding to
its biological target. Such a mechanism of coupled protein folding and binding has
recently been recognised for its importance in transcriptional regulation and
translational control (Wright and Dyson, 1999; Iakoucheva et al., 2002; Tompa, 2002;
Iakoucheva et al., 2004). The Jpred2 secondary structure prediction for the B-Myb 275-
376 region (reported in section 3.3.1.1) revealed the potential for a small o-helical
region that overlaps a homologous a-helical forming sequence of c-Myb (Zor et al.,

2004), which may serve to mediate such coupled protein folding.

3.4.2 Structural characterisation of p300 1603-1725 and comparison with the CBP
ZZ domain

During the course of this research project, the solution structure of the ZZ domain

from murine CBP was determined and published by Legge et al., 2004. The 52 residue

ZZ domain spanning amino acids 1700-1751 in murine CBP (the equivalent amino

acids are 1661-1713 in human p300) was found to consist of two twisted antiparallel -

sheets and a short a-helix that together co-ordinately bound two zinc ions. Thus, the

human p300 1603-1725 construct used in the work presented here differs from that of
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the published murine CBP ZZ domain by including an additional 58 amino acids at the

N-terminus and 12 residues at the C-terminus.

Tertiary structural analysis of p300 1603-1725 using intrinsic tryptophan
fluorescence, indicated the polypeptide was at least partially folded from the
observation that one or both tryptophans (Y1653 and Y1685) reside in a solvent
shielded environment (Amax = 342 nm) described in section 3.3.2.2. Analysis of the far
UV CD spectrum obtained for p300 1603-1725 indicates a predominantly B-sheet
containing polypeptide (17% helix, 30% B-sheet, 19% turns and 34% with no regular
structure). The circular dichroism derived secondary structure content for p300 1603-
1725 cannot be directly compared with that determined from the CBP ZZ domain
solution structure (Appoximately 15 % helix, and 35 % [-sheet) since the p300
construct is larger at both the N- and C-termini. However, assuming that the regions
outside the ZZ domain (as designated by Legge et al., 2004) were disordered, an o-
helical and B-sheet content of 7 % and 15 % respectively would be expected for the
p300 1603-1725 polypeptide. This is not consistent with the observed CD data, where
both the a-helical and B-sheet content of p300 1603-1725 is more than double this. This
suggests that the regions outside the designated ZZ domain, i.e. residues 1603 to 1660
and residues 1714 to 1725 in human p300, may contain additional secondary structural
elements. This evaluation is supported by the Jpred2 prediction, which suggests the
potential for further B-sheet elements between residues 1603 to 1660 (shown in figure

3.3).

The chemical denaturation of p300 1603-1725 appears to follow a gradual linear
unfolding profile as indicated by far UV circular dichroism and intrinsic tryptophan
fluorescence studies described in section 3.3.2.3. Typically, a folded protein with
globular tertiary structure follows a cooperative unfolding transition upon denaturation
(Pace and Creighton, 1986; Williamson et al., 1996), as seen for His-tagged cyclin D1
(figure 3.14). Conversely proteins with no stable tertiary structure or which reside in a
molten globule state (proteins with native-like secondary structure but disordered
tertiary structure) exhibit very little resistance to denaturant and unfold rapidly
(Renshaw et al., 2002). Thus the p300 1603-1725 denaturation profile fails to adhere to

either of these protein unfolding models. A possible explanation for the observed
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phenomena is that the unfolding profiles represent p300 1603-1725 dis-aggregation and
bear little reflection on its true unfolding. Solvent exposed tryptophan residues in an
unfolded/ denatured protein typically have a maximum fluorescence emission
wavelength of around 355 nm as observed for B-Myb 275-376. Yet in the presence of 6
molar guanidine-hydrochloride the tryptophan residues in the p300 1603-1725
polypeptide contribute to a maximum fluorescence emission wavelength of around 349
nm. Since fluorescence spectroscopy gives information on the environment of the
aromatic rings this suggests that, in high concentrations of denaturant, the tryptophan
residues in p300 1603-1725 remain partially solvent shielded, a possible outcome of
polypeptide aggregation. There were no visible signs of aggregation or precipitation
during the fluorescence based unfolding experiment although the low concentrations of
protein used (3 M) would have made this difficult to observe. However it was noted
that p300 1603-1725 precipitation was encountered during the circular dichroism based
unfolding studies. When samples of p300 1603-1725 were incubated with denaturant
overnight before data acquisition there was visible precipitation. This problem was
largely overcome by incubating the samples with denaturant for a shorter period (30

minutes) before data acquisition.

The murine CBP ZZ domain is reported to be a folded domain that binds two Zn**
jons; one Zn** ion is coordinated tetrahedrally via two CXXC motifs and the second is
coordinated tetrahedrally by a third CXXC motif together with a HXH motif (Legge et
al., 2004). Treatment of the ZZ domain with EDTA resulted in loss of the folded
structure, according to CD and NMR analysis, indicating the protein fold is induced by
Zn** binding (Legge er al., 2004). The observation in this study that p300 1603-1725,
purified in the absence of Zn**, has considerable secondary structure differs to that
reported for the CBP ZZ domain. The addition of saturating concentrations of EDTA to
p300 1603-1725 did not significantly alter its far UV CD spectrum or perturb its
fluorescence wavelength emission (Data not shown) and thus failed to unfold the
protein. This may be explained by the structural contribution of additional residues
within the p300 1603-1725 polypeptide namely, amino acids 1603 to 1660 and 1714 to
1725, which were absent in the CBP ZZ domain. The additional residues account for 57
% of the polypeptide and if structured independently of Zn** would contribute

significantly to the observed circular dichroism and fluorescence spectra. The Jpred2
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secondary structure prediction strongly suggests the potential for B-sheet elements
between 1600-1660.

The calculated affinity of the p300 1603-1725 polypeptide for Zn>* (Kq~7 X 10”° M)
is much lower than that reported for several other classes of zinc finger domains found
in eukaryotic transcription factors such as those typified by TFIIIA and the steroid
hormone receptors (Kd ~ 1 x 10® M) (Dudev and Lim, 2003). The affinity for Zn*
binding was not reported for the CBP ZZ domain by Legge et al., 2004. It is possible
that the weak Zn** binding observed for p300 1603-1725 is as a result of a non-specific
association with its N-terminal region. During the preparation of Zn**-free p300 1603-
1725 it is possible that the ZZ domain (residues 1661-1713 in human p300) had bound
Ni?* during the Ni** affinity refolding and purification procedure. Indeed it was noted
that the p300 1603-1725 polypeptide, in the absence of its N-terminal His-tag, still
maintained the capacity to bind the Ni-NTA resin (section 2.3.10.1). Although the
purified p300 1603-1725 polypeptide was dialysed extensively against metal-free buffer
it is conceivable that Ni** may have remained bound to the ZZ domain, and that the
observed weak Zn?* binding is occurring non-specifically to conserved cysteine and
histidine residues found within the N-terminal region (residues 1603 to 1660). In this
region there are two conserved cysteines (residues 1621 and 1653) and two conserved
histidines (residues 1638 and 1659) with the potential to act as Zn** coordination

ligands.

Although there are differences in the ZZ domain amino acid content between human
p300 and murine CBP, there are no changes in the highly conserved cysteine and
histidine residues that constitute the characterised zinc binding ligands in CBP (Legge
et al., 2004) and any substitutions in other residues are conservative in nature. Therefore
the structural properties observed for the ZZ domain containing p300 1603-1725
polypeptide are most likely a result of the substantial number of additional residues and

the refolding and purification strategy used.

3.4.3 Structural characterisation of p300 1726-1839 and comparison with the CBP
TAZ2 domain
Far UV CD analysis of the p300 1726-1839 polypeptide (figure 3.8) revealed a

predominantly a-helical secondary structure (52 %). By comparison the a-helical
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composition of the murine CBP TAZ2 domain 1764-1850 (residues 1726-1812 in
human p300) determined from the solution structure makes up approximately 67% of
the protein (DeGuzman et al., in 2000). If the assumption was made that the Glutamine-
rich region between residues 1813-1839 in human p300 (and the corresponding CBP
region 1851-1877) was largely unstructured, then the a-helical content of p300 1726-
1839 would be expected to reach approximately 50 %, which compares favourably with
the CD estimate. The Jpred2 prediction for the p300 1726-1839 polypeptide compares
favourably with the determined CBP TAZ2 secondary structure (figure 3.7) and
suggests the 1813-1839 region forms additional o-helical secondary structure.
Therefore, based on the Jpred2 prediction for this region, an a-helical content of 68 %
would be expected for the p300 1726-1839 polypeptide, suggesting that circular
dichroism underestimates its a-helical content or alternatively the refolded p300 1726-
1839 polypeptide lacks the full complement of a-helical secondary structure. All of
these assumptions are based on the premise that the TAZ2 domain of p300 adopts a

similar fold and structure to that reported for CBP.

The p300 1726-1839 polypeptide exhibits a non-cooperative, reversible thermal
denaturation profile (figure 3.9), features that were similarly observed for the TAZ1
domain of p300 (Dial et al., 2003). The highly homologous TAZ1 domain from p300
was reported, unexpectedly, to exhibit a non-cooperative, reversible melting curve
characteristic of molten globule proteins. The Zn** bound TAZ1 domain only assumed a
folded structure upon complex formation with the C-terminal transactivation domain
from HIF-1a (Dial et al., 2003). The authors thus concluded that TAZ1 represents a
partially structured Zn** bound domain that co-folds upon binding its transcription
factor ligands. This finding is in stark contrast to a recent publication that argues the
Zn** bound TAZ1 domain (from both CBP and p300), as with the Zn>* bound TAZ2
domain, presents a stable structured scaffold for protein binding (De Guzman et al.,
2005). De Guzman et al., attribute the molten globule characteristics previously
reported for the TAZ1 domain (Dial et al., 2003) to protein misfolding caused by the
use of excess Zn”* during refolding. The TAZ1 domain in the presence of stoichiometric
concentrations of Zn** was shown, by CD and NMR, to adopt a well-defined structure
in solution (De Guzman et al., 2005). However at higher Zn®* concentrations there was
a visible loss of helicity as measured by CD and a loss of dispersion with line

broadening resulting in 2D NMR spectra similar to that observed by Dial et al.
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The thermal melting properties described for Zn** bound p300 1726-1839 therefore
suggests the polypeptide resides in a molten globule conformation most likely due to the
misfolding of the protein. Although the p300 1726-1839 polypeptide was refolded in the
presence of high concentrations of Zn®* (0.5 mM ZnCl,), excess Zn>* was removed by
dialysis prior to structural characterisation (section 2.2.14). Small differences in the
sequence composition of the TAZ2 domain between murine CBP and human p300 are
unlikely to significantly affect the structural stability of the Zn®* bindin g module and are
thus equally unlikely to be attributable to the structural behaviour observed for p300
1726-1839. The effect of the additional C-terminal residues 1813-1839 upon p300
TAZ?2 stability is difficult to interpret but is unlikely to be structurally detrimental. This
region does not contain any further conserved cysteine or histidine residues which may
act to compete for Zn** binding and thus alter correct Zn** ion coordination.
Furthermore the region is predicted to be structured with some a-helical content (Jpred2

analysis, figure 3.7).

Although the addition of EDTA had visibly perturbed the p300 1726-1839 circular
dichroism spectrum (figure 3.10), the level of remaining structure is not consistent with
the Zn**-free CD spectrum obtained for the CBP TAZ2 domain (DeGuzman et al.,
2000). Here the authors report that the Zn**-free apoprotein form of CBP TAZ2
assumes a random coil conformation (characterised by a large negative 200 nm peak, as
observed for B-Myb 275-376) that cooperatively folds into a compact globular structure
upon binding to three equivalents of Zn** (DeGuzman et al., 2000). Clearly the
chelation of Zn** through the addition of excess EDTA does not substantially affect
p300 1726-1839 structure, with only a small reduction in helical content observed (a 6%
reduction from 52 % to 46 %). The remaining helical structure may partly be explained
by the additional C-terminal 27 residues 1813-1839, not present on the CBP TAZ2
domain reported by DeGuzman et al, which are predicted to be largely a-helical by

Jpred2 analysis (figure 3.7).

3.4.4 Structural characterisation of His-tagged cyclin DI and comparison with
cyclin A.
The biophysical studies reported in section 3.3.5 clearly demonstrate the purified

His-tagged cyclin D1 protein adopts a stable tertiary fold with considerable a-helical
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secondary structure. His-tagged cyclin D1 follows a cooperative unfolding transition
typical of a folded protein (Pace and Creighton, 1986; Williamson et al., 1996) with a
mid-point of unfolding at a guanidine hydrochloride concentration approaching 3.75 M.
It is of interest to note that both tryptophan residues (W63 and W150) are found within
the conserved cyclin_N domain of cyclin D1. Thus the fluorescence derived unfolding
curve more than likely represents the denaturation of the globular fold formed by the
cyclin_N domain, with some possible contribution from the cyclin_C domain, unfolding

(particularly at W150 found at the interface between cyclin_N and cyclin_C domains).

The cyclin D1 a-helical content derived from the CD calculation (61 %) can be directly
compared with the cyclin A determined structure (Brown et al., 1995; Jeffrey et al.,
1995) despite the inherent differences in protein size and sequence. The cyclin A
fragment (residues 171-432) used to deduce the crystal structure spans the conserved
cyclin_N (cyclin box) and cyclin_C domains found commonly in cyclin proteins
including cyclin D1. The N-terminal 170 residues absent in the fragment do not have
significant homology in other cyclins and are absent from cyclins D and E (Hadwiger ez
al., 1989; figure 3.13A). Figure 3.13B displays a multiple sequence alignment of D-type
cyclins together with cyclins A1 and A2 demonstrating the high degree of sequence
homology apparent in both the cyclin_N and cyclin_C domains. The 61 % a-helical
secondary structure content determined for His-tagged cyclin D1 compares favourably
with the 63 % a-helical content of the cyclin A2 polypeptide (determined for a fragment
containing residues 171-432 of human cyclin A2, Brown et al., 1995) suggesting it may

adopt a similar structure.
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Figure 3.13. Multiple sequence alignment of D-type cyclins with cyclins Al and A2
from Homo sapiens, Mus musculus, and Xenopus laevis. (A) A schematic representation
of the domain structure of cyclin A2 and cyclin DI1. (B) The alignment illustrates the
high degree of sequence homology that exists between the two respective cyclin types,
particularly at the N-terminal cyclin_ N domain. Helical regions determined from the
crystal structure of cyclin Al (Brown ef al.,, 1995) are shown as cylinders above the
alignment with those found within the cyclin_N domain shaded in green and those in
the cyclin_C domain shaded in red. CGD refers to the D-type cyclins 1-3; CGA1 and

CGA2 refer to cyclin A1 and A2 proteins respectively.
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CHAPTER 4. PROTEIN-PROTEIN INTERACTION STUDIES

4.1 Introduction

4.1.1 Mapping of B-Myb and p300/cyclin D1 interactions to date and aims

Recent studies report a physiologically relevant and functionally significant
interaction between B-Myb and the transcriptional co-activator p300 (Johnson et al.,
2002; Schubert et al., 2004). Both in vitro and in vivo experiments indicate the E1A
binding region of p300, containing the ZZ and TAZ2 zinc binding domains, is primarily
responsible for interacting with a central region (amino acids 227 to 508) of B-Myb
(Schubert et al., 2004). The same central region of B-Myb is responsible for binding to
the cell cycle protein cyclin D1 (Horstmann et al., 2000; Schubert et al., 2004). The
p300 1603-1725, p300 1726-1839, and p300 1603-1839 recombinant polypeptides
generated in this study were therefore used to assess the importance of the ZZ and
TAZ2 domains in binding B-Myb through use of GST/B-Myb pull-down assays.
Similar GST pull-down assays using the array of purified GST/B-Myb proteins were
conducted to map the cyclin D1 binding site within B-Myb.

4.2 Materials and Methods
4.2.1 Batch-type pull-down binding assays

In a typical batch-type assay 100 pg of GST/B-Myb 275-376 or GST/B-Myb 227-
508 was mixed with 50 pul of glutathione-agarose and incubated with constant agitation
for 1 hour at room temperature to promote binding. After incubation the agarose beads
were washed three times with a 20 mM Tris, 100 mM sodium chloride, 10 mM DTT,
and 0.5 mM ZnCl;, buffer at pH 7.0 to remove any unbound GST fusion protein.
Approximately 50 pg of p300 1603-1725 was then mixed with the GST/B-Myb fusion
protein loaded beads and further incubated with constant agitation for 1 hour at room
temperature. The beads were then washed three times with wash buffer after which any
bound proteins were eluted from the beads with buffer containing 10 mM reduced
glutathione or after treatment with Lithium dodecyl sulfate (LDS) sample buffer
(Invitrogen) and analysed by SDS PAGE.
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4.2.2 Column-based pull-down binding assays

In a typical pull-down binding assay 500 pg of purified GST/B-Myb protein was
mixed and incubated with 0.5 mls of pre-equilibrated S-linked glutathione agarose
(Sigma) at room temperature for 30 minutes, in order to promote binding of the fusion
protein with the resin. Approximately 60-80% of GST/B-Myb protein binds the resin
under these conditions. For interaction analysis with p300 proteins the glutathione
agarose resin was pre-equilibrated and washed with a 20 mM Tris, 100 mM sodium
chloride, 10 mM DTT, and 0.5 mM ZnCl, buffer at pH 7.0. Interaction Studies with the
His-tagged cyclin D1 protein were conducted with a 20 mM Tris and 100 mM sodium
chloride, equilibration/wash buffer at pH 8.0. Upon resin equilibration and GST/B-Myb
protein incubation the resin was poured into a 5 ml column and then washed with five
column volumes of the wash buffer. Approximately 400 pg of purified p300/cyclin D1
polypeptide was then loaded onto the column and any unbound protein removed by
washing once more with five column volumes of buffer. Proteins and protein complexes
still bound to the resin were finally eluted from the column in the equilibration/wash
buffer containing 10 mM reduced glutathione, and the composition of the protein
fractions analysed by SDS-PAGE gels (Invitrogen) stained with either coomassie or

silverstain.

4.2.3 Western detection of His-tagged cyclin D1 in pull-down assays against GST/B-
Myb proteins.

In order to detect trace amounts of potential co-eluted His-tagged cyclin D1 during
GST pull-down assays against GST/B-Myb proteins a monoclonal antibody directed
towards the hexa-histidine sequence tag (Novagen) was used in a western blotting
protocol. Pull-down assays involving His-tagged cyclin D1 with GST/B-Myb 227-508
and GST/B-Myb 318-508 were conducted as previously described in section 4.2.2 and
loaded onto an SDS PAGE gel alongside Perfect Protein™ Western Marker (Novagen).
The western transfer procedure was followed as directed in the ‘NOVEX® western
transfer apparatus instructions’ (Invitrogen) using a NOVEX® XCell Il Blot Module
and a pre-prepared Tris-Glycine transfer buffer (composed of 12 mM Tris base, 96 mM
Glycine, 20% Methanol, 0.04% (w/v) SDS). Protein was transferred to a pre-cut
Hybond-P PVDF Membrane (Amersham Biosciences) by electrophoresis for 1hour and

45 minutes at a setting of 25 volts.
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The efficient transfer of protein was verified after viewing Ponceau Red (Sigma)
stained membrane. The PVDF transferred membrane was then washed twice for 10
minutes each time with 15 ml of 1 X TBS (Appendix A.1 for buffer composition) and
incubated overnight in Blocking solution containing BSA (5% w/v Milk, 1% w/v BSA
in TBS). Blocking solution was removed and the membrane washed twice for 10
minutes each time with 20 ml of 1 X TBSTT (Appendix A.1 for buffer composition)
before being washed for a further 10 minutes with 15 ml of 1 X TBS. The membrane
was then incubated for 1 hour with His-Tag Monoclonal Antibody (Novagen) diluted
1:4000 in blocking solution (without added BSA). Unbound antibody was removed
after washing the membrane twice for 10 minutes each time with 20 ml 1 X TBSTT,
and with 15 ml of 1 X TBS for 15 minutes. The membrane was then incubated for 1
hour with 8 ml of goat (antimouse) IgG HRP conjugate secondary antibody (Novagen)
diluted 1:5000 in blocking solution (without added BSA). Any unbound secondary
antibody was removed from the membrane with five washes for 10 minutes each time
with 20 ml of 1 X TBSTT. An ECL Plus Western blotting reagent (Amersham) was
applied to the membrane (0.1 ml/cm®) and incubated for 5 minutes, before being
drained. The membrane was then placed in Saran Wrap, and exposed to photographic

film and developed.

4.2.4 Protease protection assays

Trypsin digest experiments were typically carried out using samples of 10 pM
GST/B-Myb protein in 20 mM Tris, 100 mM sodium chloride buffer at pH 7.0, which
were incubated with approximately 30 pM p300 1603-1725 or with B-Myb 275-376 as
a negative control for 1 hour at room temperature to allow complex formation.
Additional control experiments were included where the GST fusion and p300 proteins
were equilibrated alone. After equilibration, trypsin (Roche) was added to the protein
samples at a ratio of 1:4000 (w/w) and the digest allowed to proceed for 2 hours at room
temperature, with samples removed after 0, 30, 60, 90 and 120 minutes and placed in 50
mM DTT and 1 X LDS for reaction termination and analysis by SDS-PAGE.

4.2.5 Monitoring protein-protein interactions by Intrinsic Tryptophan Fluorescence
Interactions between p300 1726-1839 and B-Myb 275-376 were followed by
acquiring fluorescence emission spectra for a series of samples containing 3 pM B-Myb

275-376 and increasing concentrations of p300 1726-1839 from O to 15 uM. The protein
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samples were prepared in a 20 mM Tris, 100 mM sodium chloride buffer at pH 6.5 and
incubated for 1 hour at room temperature before data acquisition. The same parameters

were used as described in section 2.2.19.

4.2.6 Chemical denaturation of the B-Myb275-376°p300 1726-1839 complex
Intrinsic tryptophan fluorescence was used to probe the conformational stability of the
B-Myb275-376°p300 1726-1839 complex. Fluorescence experiments were conducted
with a series of 1 M samples of 1:1 B-Myb 275-376+p300 1726-1839 complex in a 20
mM Bis-tris, 100 mM sodium chloride buffer at pH 6.5, containing between 0 and 6 M
guanidine hydrochloride, increasing with 0.5 M equivalents of denaturant up to 3 M
guanidine hydrochloride, and 1M equivalents between 3 M to 6 M guanidine
hydrochloride concentrations. All samples were incubated with denaturant overnight at

4 °C before data acquisition at 20 °C in a 1 cm pathlength fluorescence cuvette.

4.3 Results

4.3.1 Interactions between p300 1603-1725 and B-Myb

4.3.1.1 Batch-wise assays

The results of SDS-PAGE analysis of typical batch-type pull down assays using
GST/B-Myb 227-508 and GST/B-Myb 275-376 fusion proteins bound to glutathione-
agarose resin as bait are shown in figures 4.1A and 4.1B. The data clearly indicate that
p300 1603-1725 is not retained by beads with the shorter GST/B-Myb 275-376 fusion
bound, but specifically binds to beads containing bound GST/B-Myb 227-508 fusion
protein. A greater amount of GST/B-Myb protein is eluted from the resin when treated
with LDS sample buffer than compared with elution from 10 mM reduced glutathione
(observed when comparing lanes 4 and 5, and lanes 8 and 9 from each gel). It is very
difficult to visualise co-eluted p300 1603-1725 when the complex is eluted using a 10
mM reduced glutathione buffer particularly due to the limits of detection imposed by
coomassie staining the gels. Directly treating the GST/B-Myb bound beads with LDS
sample buffer and heating gives a clear distinction in p300 1603-1725 binding to
GST/B-Myb 227-508 rather than GST/B-Myb 275-376. Furthermore, increasing the
GST/B-Myb 227-508 bait levels from 25 pg to 120 pg is accompanied by an increase in
the amount of p300 1603-1725 retained by the beads, as expected if the two proteins
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form a complex. The p300 1603-1725 protein alone was previously shown not to bind
to glutathione agarose (data not shown), which clearly suggests that p300 1603-1725
binds specifically and relatively tightly to full length B-Myb 227-508 as the proteolytic
products of the GST/B-Myb fusion protein are clearly smaller than GST/B-Myb 275-

376 (which shows no evidence of binding to p300 1603-1725).

120 mg 120 mg

Figure 4.1. SDS PAGE gel analysis of batch-type GST fusion pull-down assays using
(A) GST/B-Myb 275-376 and (B) GST-B-Myb 227-508 as the baitfor p300 1603-1725.
Lanes 2 and 6 on both gels corresponds to a sample of the 50 mg of p300 1603-1725
used in assays with about 25 mg and 120 mg of GST/B-Myb fusion proteins loaded onto
the beads. Lanes 4 and 8 on both gels show proteins eluted after beads were treated with
a 10 mM reduced glutathione buffer. Lanes 5 and 9 on both gels shows the proteins
associated with the glutathione-agarose after treatment with LDS sample buffer and
heating. Lanes 3 and 7 in both gels represents a sample removed from the final wash
fraction prior to elution. Lane 1 in each of the gels contains BenchMark™ Prestained
Protein Ladder (Sigma). Clearly GST/B-Myb 227-508 mediates the retention of p300

1603-1725 whereas there is no evidence for an association with GST/B-Myb 275-376.

4.3.1.2 Column-based pull-down assays
Column-based pull down assays using GST/B-Myb 227-508 and GST/B-Myb 275-
376 proteins confirmed the binding of p300 1603-1725 by GST/B-Myb 227-508 seen in

the batch-wise approach. The silver-stained SDS-PAGE gels shown in figure 4.2 (A)
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Gel 1 and Gel 2 illustrate typical results obtained from column-based pull down assays.
The p300 1603-1725 protein is clearly specifically co-eluted with GST/B-Myb 227-508
but fails to bind to the shorter GST/B-Myb 275-376 fusion protein. The very small
amounts of p300 1603-1725 detected in the eluted GST/B-Myb 275-376 fractions
clearly correspond to background levels seen in the final wash and show no correlation
with the quantities of eluted B-Myb fusion protein, which would be indicative of
binding. Column based pull down assays completed with the other GST/B-Myb fusions
however failed to show evidence of significant binding to p300 1603-1725 with any
reproducibility. As with the binding assay for GST/B-Myb 275-376, the amount of co-
eluted p300 1603-1725 observed in the experiments is not significantly greater than the
background levels seen in the final wash with the possible exception of the assay
conducted with GST/B-Myb 318-458 and GST/B-Myb 318-508 (Gel 3 and 4). A
schematic representation of the GST/B-Myb fusions used in this study is shown in

figure 4.2 (B).

Gel 1

123 45 6 7 8 9

GST/B-Myb (227-508)
Full-length (59 kDa)

GST (26 kDa)

p300 1603-1725 (14 kDa)

GST/B-Myb 227-508 vs p300
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Gel 3
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Gel 4

GST/B-Myb (318-458)
Full-length (41 kDa)

GST (26 kDa)

p300 1603-1725 (14 kDa)

GST/B-Myb 318-458 vs p300
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Exon 9a
R1 R2 R* TAD NRD
B-Mvb
227-508 Gel 1
275-376 Gel 2
318-508 Gel 3
318-458 Gel 4
369-458 | Gel 5
369-508 | Gel 6
275-458 Gel 7

Figure 4.2. Silver-stained SDS PAGE gel analysis oftypical p300 1603-1725 pull down
assays using GST-tagged B-Myb bait proteins (A) GST pull-down assays are shown for
Gel 1-GST/B-Myb 227-508, Gel 2-GST/B-Myb 275-376, Gel 3-GST/B-Myb 318-508,
Gel 4-GST/B-Myb 318-458, Gel 5-GST/B-Myb 369-458, Gel 6-GST/B-Myb 369-508,
and Gel 7-GST/B-Myb 275-458. In Gel 1 both lanes 2 and 3 represent GST/B-Myb
227-508 column flow-through, lane 4 shows the final wash before applying p300 1603-
1725 to the column and lane 5 shows a sample taken from the flow-through. Lane 6
represents a sample of the final wash before elution in lanes 7 to 9, where co-eluted
p300 1603-1725 is highlighted by the vertical arrows. In Gel 2, lane 2 contains GST/B-
Myb 275-376 column flow-through but is obscured somewhat from the marker in lane
1. Lane 3 shows the final wash before applying p300 1603-1725 to the column and lane
4 shows a sample taken from the flow-through. Lane 5 represents a sample of the final
wash before elution in lanes 6 to 9. In Gels 3 to 7, lane 2 shows the p300 1603-1725
load, lane 3 shows the p300 1603-1725 flow-through and lane 4 shows the final wash.
Lanes 5 to 9 correspond to samples taken from consecutive fractions during elution of
bound proteins by glutathione. Lane 10 shows a sample of GST/B-Myb at the
concentration used in the assay. Lane 1 for each of the gels represents Wide range/
Broad range Molecular marker (Sigma). Dimer and trimer p300 1603-1725 species are

highlighted with white stars. (B) A schematic representation of the GST/B-Myb fusions
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used in this study with the corresponding gel numbers relating to the GST pull-down

assays labelled in (A) are indicated.

4.3.1.3 Protease protection assays

Since the formation of a specific protein-protein complex may well reduce the
number of protease sensitive sites on one or both proteins, trypsin was used to monitor
the extent of protease protection of GST/B-Myb and p300 1603-1725 on forming a
complex. In a series of experiments the patterns of limited trypsin digestion of GST/B-
Myb proteins were compared in both the presence and absence of a molar excess of
p300 1603-1725. Figure 4.3 shows the results of SDS PAGE analysis of the limited
trypsin digests. A comparison of the SDS PAGE gels shown for experiments with
GST/B-Myb 227-508 (figure 4.3A (i and ii)), clearly indicates that GST/B-Myb 227-
508 is protected from trypsin digestion in the presence of p300 1603-1725. This
protection from trypsin digestion is manifest by the reduced rate of cleavage of the full-
length GST/B-Myb 227-508 species highlighted by the red stars. In contrast, when p300
1603-1725 is replaced by B-Myb 275-376 (figures 4.3B), no protection is observed,
underlining the specificity of the interaction between B-Myb 227-508 and p300 1603-
1725.

Similarly a degree of protease protection is observed for assays conducted with GST/B-
Myb 318-458, 318-508 and 369-458 proteins when comparing SDS PAGE gels in the
absence and presence of a molar excess of p300 1603-1725 (shown in figures 4.3C, D
and E respectively). In each case the rate of cleavage of the full-length (or slightly
smaller) GST/B-Myb fusion is noticeably reduced in the presence of p300 1603-1725
(highlighted by the red stars). By contrast little or no protection is observed for GST/B-
Myb R2R3 and GST/B-Myb 275-376 proteins when digested with trypsin in the
presence of p300 1603-1725 suggesting these regions of B-Myb do not interact with
p300 1603-1725. GST/B-Myb 275-376 is composed of two major protein species; the
full-length GST/B-Myb fusion, and a proteolysed GST component. During the digest
experiment the fusion protein does not give rise to any further proteolytic fragments, but
the GST protein component accumulates. In the presence of p300 1603-1725 there is no
evident changes in this pattern of digest suggesting that there is little or no interaction
between B-Myb 275-376 and p300 1603-1725. The same conclusion can be drawn from
the digest experiment involving GST/B-Myb R2R3 in figure 4.3G where there is little
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evidence of protease protection. The accumulation of a low molecular weight GST/B-

Myb R2R3 proteolytic fragment (highlighted in figure 4.3G) during trypsin digestion is

unaffected in the presence of p300 1603-1725.
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Figure 4.3. SDS PAGE gels of trypsin mediated protease protection assays involving
GST/B-Myb proteins and p300 1603-1725. SDS PAGE gel analysis of trypsin digestion
of GST/B-Myb 227-508 alone A(i) and in the presence of p300 1603-1725 A(ii) clearly
indicates specific protection of full-length GST/B-Myb 227-508 by p300 1603-1725.

The red stars highlight full-length or near full-length species of the GST/B-Myb protein.
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When the assay is repeated with p300 1603-1725 substituted by B-Myb 275-376 there is
no indication of protease protection suggesting the interaction is specific for p300 1603-
1725 (shown in B(i) and B(i)). The SDS PAGE gels in (C), (D) and (E) show
comparisons of trypsin digest experiments conducted with GST/B-Myb 318-458, 318-
508, and 369-458 proteins in the absence and presence of p300 1603-1725. In each case
there is evidence that, in the presence of p300 1603-1725, there is protection of full-
length or near full-length GST/B-Myb species from digestion. The SDS PAGE gels in
(F) and (G) show assays conducted with GST/B-Myb 275-376 and GST/B-Myb R2R3
respectively where there is little evidence of protease protection. The digest in (H)
shows the cleavage of p300 1603-1725 alone, which gives rise to a slightly smaller C-
terminally truncated proteolytic fragment that is also present in the digests with the
GST/B-Myb proteins. A schematic representation of the GST/B-Myb fusions used in
this study is displayed in (I) with the interacting GST/B-Myb fusions indicated.

4.3.2 Interactions between His-tagged p300 1603-1839 and B-Myb

Pull-down assays involving His-tagged p300 1603-1839 were hampered by the poor
quantities of soluble polypeptide attained after refolding. Soluble His-tagged p300
1603-1839 was short lived due to its propensity to precipitate and form aggregates.
However a limited number of experiments using soluble refolded His-tagged p300
1603-1839 were completed and are displayed in figure 4.4 for pull-down assays with
GST/B-Myb 227-508 (figure 4.4A), GST/B-Myb 318-458 (Figure 4.4B) and GST/B-
Myb 275-376 proteins (figure 4.4C). His-tagged p300 1603-1839 is clearly specifically
co-eluted with GST/B-Myb 275-376 (This is more apparent in the black and white
image of the gel, figure 4.4C(ii)). Although specific co-elution of His-tagged p300
1603-1839 is not clearly observed with GST/B-Myb 227-508, a decrease in the p300
flow-through (figure 4.4A, lane 5) suggests that the proteins may be interacting. There
is no clear indication of an interaction with GST/B-Myb 318-458 for the assay

displayed in figure 4.4B.
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Figure 4.4. SDS PAGE gel analysis of GST pull-down assays involving His-tagged
p300 1603-1839 with GST-tagged B-Myb 227-508 (A), B-Myb 318-458 (B) and B-Myb
275-376 (C) bait proteins. (A) Lane 2 contains a sample from the GST/B-Myb 227-508
column flow-through, and lane 3 represents a subsequent wash fraction (to rid unbound
GST fusion protein). Lane 4 contains a sample of the His-tagged p300 1603-1839
column load, with a sample from the column flow-through shown in lane 5.
Consecutive elution fractions are shown from lanes 6 to 9. Lane 1 contains Wide range
molecular marker (Sigma). For the SDS PAGE gels in (B) and (C) lane 2 contains a

sample of His-tagged p300 1603-1839 column load, with a sample from the column
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flow-through shown in lane 3. Lane 4 in (B) contains a sample taken from the final
wash before elution. Consecutive elution fractions are shown from lanes 5 to 8 in (B)
and from lanes 4 to 8 in (C) with co-eluted His-tagged p300 1603-1839 protein clearly
highlighted by the arrows in (C). Lane 9 in both gels contains a sample of the GST/B-
Myb protein used as bait in the assay, with lane 1 containing Wide range molecular
marker (Sigma). The pull-down assay between GST/B-Myb 275-376 and His-tagged
p300 1603-1839 is also shown as a black and white image (C(2)) in order to emphasise
the presence of a distinct His-tagged p300 1603-1839 band found in the elution fraction

which is not clearly visible in the colour image (C(1)).

4.3.3 Interactions between p300 1726-1839 and B-Myb
4.3.3.1 Column GST pull-down assays using His-tagged p300 1726-1839

The coomassie and silver-stained SDS-PAGE gels shown in figure 4.5A, display
results of column GST pull-down assays using refolded His-tagged p300 1726-1839
against GST/B-Myb 275-376 (Gel 1), GST/B-Myb 318-458 (Gel 2) GST/B-Myb 318-
508 (Gel 3), GST/B-Myb 369-458 (Gel 4), GST/B-Myb 227-508 (Gel 5), GST/B-Myb
275-458 (Gel 6), and GST/B-Myb 369-508 (Gel 7) proteins. There is strong evidence
for the specific interaction of His-tagged p300 1726-1839 with GST/B-Myb 275-376 as
suggested by the correlating co-elution of both proteins observed in the elution fractions
of Gel 1. The adjacent regions of B-Myb including amino acids 318-458 (Gel 2) and
318-508 (Gel 3) also appear to interact with His-tagged p300 1726-1839 but to a
seemingly lesser extent than that observed for GST/B-Myb 275-376. The GST/B-Myb
369-458 fusion protein failed to show evidence of binding suggesting that this region

does not provide the required interaction surface for p300 1726-1839 (Gel 4).

Further assays were visualised by silver-staining SDS PAGE gels for greater
detection sensitivity of potentially co-eluted protein. Both GST/B-Myb 227-508 and
GST/B-Myb 275-458 fusions exhibit binding to His-tagged p300 1726-1839 as shown
in the silver-stained gels (Gels 5 and 6 respectively). The GST/B-Myb 369-508 fusion
however showed no evidence of binding (Gel 7). A lack of binding was also confirmed
for GST/B-Myb 369-458 by silver-staining (Data not shown). From the differential
binding affinities exhibited by each of the GST/B-Myb fusions, it can be deduced that
the B-Myb region from amino acids 227 to 369 provides the prihcipal binding site for
p300 1726-1839 (summarised in figure 4.5B).
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Figure 4.5. SDS PAGE gel analysis of typical His-tagged p300 1726-1839 pull down
assays using GST-tagged B-Myb bait proteins. (A) GST pull-down assays are shown for
Gel 1- GST/B-Myb (275-376), Gel 2- GST/B-Myb (318-458), Gel 3- GST/B-Myb (318-
508), Gel 4- GST/B-Myb (369-458), Gel 5- GST/B-Myb (227-508), Gel 6- GST/B-Myb
(275-458), and Gel 7- GST/B-Myb (369-508) fusions. In each SDS PAGE gel lane 2
contains a sample of the His-tagged p300 1726-1839 load protein used in the assay with
lane 3 containing the column flow-through. The majority of the protein appears to be
monomeric with a small amount of dimer and trimer species present, highligchted by the
black stars in lane 2 of each gel. Lane 4 in each gel represents a sample taken from the
final wash fraction prior to elution, with lanes 5 to 9 displaying consecutive column
elution fractions. Co-elution of His-tagged p300 1726-1839 is clearly observed for the
pull-down assays conducted with GST/B-Myb (275-376) (Gel 1), GST/B-Myb (318-
458) (Gel 2) GST/B-Myb (318-508) (Gel 3), GST/B-Myb (227-508) (Gel 5), and
GST/B-Myb (275-458) (Gel 6) fusions and is highlighted by the vertical arrows in the
elution lanes. Lane 10 in each gel shows a sample of the GST/B-Myb fusion used in the
assay. Lane 1 in each gel contains broad range molecular marker (Sigma). (B) A
schematic representation of the GST/B-Myb fusions used in this study with the

interacting GST/B-Myb fusions indicated.

152



4.3.3.2 Column GST-Pull down assay using p300 1726-1839 without the His-tag

Upon removal of the N-terminal His-tag from the p300 1726-1839 polypeptide a
GST pull-down assay against GST/B-Myb 275-376 was repeated in order to
demonstrate that binding was not merely an artefact of a non-specific association
through the hexa-histidine tag. GST/B-Myb 275-376 was chosen based on the results of
previous pull down assays (section 4.3.3.1, figure 4.5A) that demonstrated a specific
and high affinity interaction with His-tagged p300 1726-1839. A silver-stained SDS
PAGE gel of fractions removed from the pull-down assay shown in figure 4.6 clearly

demonstrates evidence of an interaction between the two respective proteins.

4 5 6 7 8 910

GST/B-Myb 275-376
(37 kDa)

GST (26 kDa)

TTTTT p300 1726-1839 (13 kDa)

Figure 4.6. SDS PAGE gel analysis of a GST pull-down assay using p300 1726-1839
protein (without the His-tag) against GST/B-Myb (275-376) bait protein. Lane 2
contains a sample of the p300 1726-1839 load protein with lane 3 showing a sample
from the resultant column flow-through. Lane 4 represents a sample taken from the final
wash fraction prior to elution with lanes 5 to 9 displaying consecutive column elution
fractions. Co-eluted p300 1726-1839 protein is clearly observed in the elution fractions
highlighted by the vertical arrows from lanes 5 to 9. Lane 10 shows a sample of the
GST/B-Myb 275-376 fusion protein used in the assay. Lane 1 contains broad range

molecular marker (Sigma).

4.33.3 Monitoring p300 1726-1839/B-Myb 275-376 complex formation by
intrinsic tryptophan fluorescence.
The described GST pull-down assays clearly demonstrate that the central region of

B-Myb, particularly amino acids 275 to 376, form a complex with the TAZ2 domain
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containing region of p300, spanning amino acids 1726 to 1839. The GST/B-Myb 275-
376 fusion is one of the few B-Myb deletion mutants purified in this study that does not
undergo significant proteolysis. Furthermore, the GST tag is efficiently removed to
yield a soluble polypeptide with random coil characteristics, as determined by the
intrinsic tryptophan fluorescence studies reported in section 3.2.1.2. The absence of
tryptophan residues in p300 1726-1839 precludes the direct assessment of its tertiary
structure by intrinsic tryptophan fluorescence but does however provide a useful means
of studying its complex formation with B-Myb 275-376 (which contains two tryptophan
residues). If the two respective proteins do interact, a measurable perturbation in the
fluorescence wavelength maxima for B-Myb 275-376 may be observed upon binding.
Thus the tryptophan residues in B-Myb 275-376 (W293 and W323) serve as a useful
reporter for any potential interaction with p300 1726-1839. The results of the

fluorescence based binding assay are shown in figure 4.7.
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Figure 4.7. Intrinsic tryptophan fluorescence study of B-Myb 275-376 and p300 1726-
1839 complex formationf S3) Individual fluorescence spectra representing the titration
of B-Myb 275-376 with molar equivalents of p300 1726-1839 are shown compiled. (B)
A titration plot displaying a general shift in the wavelength maxima to a shorter

wavelength upon increasing molar additions of p300 1726-1839.

The Fluorescence spectra compiled in figure 4.7A demonstrates a clear shift in the
wavelength maxima observed for B-Myb 275-376 from 353 nm to 347 nm, upon
titrating molar equivalents of p300 1726-1839. The 6 nm blue shift to a shorter
wavelength indicates that one or both tryptophans in B-Myb 275-376 have moved to a
less solvent exposed environment consistent with the formation of a folded complex
with p300 1726-1839. The titration curve in figure 4.7B, derived from plotting the
change in wavelength maxima at differing molar equivalents of titrated p300 1726-
1839, indicates that complex association between B-Myb 275-376 and p300 1726-1839

assumes a 1:1 stoichiometry.

The dissociation constant (K<j) for the observed interaction can be defined as the
affinity between B-Myb 275-376 (P) and p300 1726-1839 (A) for the binding reaction

equilibrium as:
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K, = [PIA]
[PeA]

The nature of the binding observed for the fluorescence titration assay shown in
figure 4.7 suggests that, at any given concentration of p300 1726-1839, the majority of
B-Myb 275-376 is in complex with p300 1726-1839. Assuming the occupancy of B-
Myb 275-376 (P) and p300 1726-1839 (A) association reaches 90 % at equilibrium, the
calculated K4 for the interaction corresponds to ~ 3.0 X 108 M.

4.3.3.4 Structural characterisation of the B-Myb 275-376°p300 1726-1839
complex: Chemical denaturation of the B-Myb 275-376°p300 1726-1839
complex

Intrinsic tryptophan fluorescence studies (discussed in section 4.3.3.3) were used to
demonstrate the formation of a specific and high affinity complex between B-Myb 275-
376 and p300 1726-1839. The structural stability of the complex was assessed by
monitoring the maximum emission wavelength of the complex in response to increasing
guanidine hydrochloride concentrations (shown in figure 4.8). The data clearly indicate
that the B-Myb 275-376¢p300 1726-1839 complex shows little resistance to denaturant
exhibiting a non co-operative unfolding curve. The maximum emission wavelength
observed for the complex is red shifted to a longer wavelength upon denaturant titration,
with a 0.75 M Guanidine Hydrochloride approximate midpoint in unfolding. The fully
denatured complex assumes a maximum emission wavelength of 355 nm, which is
similar to that observed for B-Myb 275-376 in isolation (figure 3.2), indicating the
polypeptide’s tryptophan residues (W293 and W323) are solvent exposed in a random
coil conformation. This type of behaviour suggests the complex rapidly dissociates and
is unlikely to have assumed a stable tertiary fold. Typically, complex dissociation and
unfolding occur together in a cooperative manner for a folded protein complex with

defined tertiary structure.
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Figure 4.8. Guanidine hydrochloride induced denaturation curvefor the 1:1 B-Myb
275-376*p300 1726-1839 complex (3 pM). The stability of the protein complex was
assessed by monitoring shifts in the maximum emission wavelength as a function of
increasing denaturant concentration. The lack of resistance to even small amounts of

denaturant suggests the complex lacks stable tertiary structure.

4.3.4 Interactions between His-tagged cyclin D1 and B-Myb

SDS PAGE gels displaying the results of GST pull-down assays between His-tagged
cyclin D1 and various GST/B-Myb fusions as bait protein bound to glutathione agarose
are shown in figure 4.8. There is little evidence for an interaction with the selected
GST/B-Myb fusion proteins used in this study. The absence of co-eluted His-tagged
cyclin D1 observed in all of the assays, coupled with an abundance of protein in the

column flow-through (lane 3 of each gel) is indicative of a lack of binding.
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Figure 4.8. SDS PAGE gel analysis of GST-Pull down assays using His-tagged cyclin
D1 protein against (1) GST/B-Myb (275-376), (B) GST/B-Myb (318-458), (C) GST/B-
Myb (318-508), (D) GST/B-Myb (369-458), (E) GST/B-Myb (227-508), (F) GST/B-Myb
(275-458), (G) GST/B-Myb (369-508), and (H) GST alone fusion bait proteins. Lane 2
in each gel contains a sample of the refolded His-tagged cyclin D1 protein used in the
assay with lane 3 showing the column flow-through after applying His-tagged cyclin DI
to GST/B-Myb bound glutathione-agarose. Lane 4 in each gel contains a sample
removed from the final wash fraction before elution. Samples removed from
consecutive elution fractions for each assay are shown from lanes 5 to 9. Lane 10 in
each gel contains a sample of the GST/B-Myb fusion protein used in the assay. Broad

range molecular marker is shown in lane 1 for each gel.
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From the coomassie stained gels in figure 4.8 it is apparent that several of the
GST/B-Myb fusion proteins and their respective proteolytic fragments are of a similar
size to His-tagged cyclin D1 (with the possible exception of GST/B-Myb 275-458) and
thus may obscure the visual detection of co-eluted protein. In order to view potentially
overlapping His-tagged cyclin D1 protein an alternative mode of detection using
monoclonal antibodies directed towards the hexa-histidine tag was employed. This
western blotting approach has the added benefit of being highly sensitive to nanogram
quantities of His-tagged protein which may not be observed through coomassie based
staining. Figure 4.9A shows exposed X-ray film displaying the chemi-luminescent
detection of varying amounts of His-tagged cyclin D1, with as little as 500 nanograms
of protein clearly observed, demonstrating the high sensitivity of the western blotting
approach. GST pull-down assays conducted with GST/B-Myb 227-508 and GST/B-
Myb 318-508 fusions are shown in the X-ray films in figures 4.9B and 4.9C
respectively, with the corresponding coomassie stained SDS PAGE gels shown for
reference purposes. The GST/B-Myb fusions were chosen due to the potential for
overlapping elution fragments with His-tagged cyclin D1 observed in GST pull-down
assays. Furthermore, the GST/B-Myb 227-508 fusion is the largest of the B-Myb
constructs used in this study and had previously been shown to interact with cyclin D1

(Horstmann et al., 2000).

The results from the western detection of His-tagged cyclin D1 in GST pull-down
assays with GST/B-Myb 227-508 and GST/B-Myb 318-508 clearly indicate the protein
does not interact with these regions under the assay conditions used. The presence of
small quantities of dimer and trimer species as well as degradation/ proteolytic products
of His-tagged cyclin D1 give rise to a largely unresolved appearance in lanes 2 and 3 of
the western blot in figure 4.9 (by contrast the coomassie stained gel shows
predominantly monomeric His-tagged cyclin D1 protein with no visible degradation
products further exemplifying the greater detection sensitivity of the western blot).
Furthermore the X-ray film had been deliberately over-exposed as to ensure the
detection of any potential co-eluted protein. The small amount of His-tagged cyclin D1
observed in lane 4 of the GST/B-Myb 227-508 Western blot is most likely to be due to
‘overspill’ in the loading of lane 3 of the SDS PAGE gel.
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Figure 4.9. Western detection ofHis-tagged cyclin DI in GST/B-Myb pull-down assays.
(A) The western detection of varying quantities of His-tagged cyclin DI1: lane 2- 12 pg;
lane 4- 6 pg; lane 6- 3 pg; lane 8- 500 ng. Lanes 3, 5 and 7 are empty, with lane 1
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containing Perfect Protein™ Western Marker (Novagen) which unfortunately was not
easily detected. GST pull-down assays conducted with (B) GST/B-Myb 227-508 and
(C) GST/B-Myb 318-508 fusion proteins is displayed for western detected gels (top)
and coomassie stained gels (bottom). For all the gels shown, lane 2 represents a sample
of the His-tagged cyclin D1 protein (with monomer/dimer/trimer and degradation
products labelled with a white star) used in the assay with lane 3 showing the column
flow-through after applying His-tagged cyclin D1 to GST/B-Myb bound glutathione-
agarose. Lane 4 in each gel contains a sample removed from the final wash fraction
before elution. Samples removed from consecutive elution fractions of each assay are
shown from lanes 5 to 7. Lane 1 contains Perfect Protein™ Western Marker (Novagen)
for the Western blot gels (where once again a limited number of marker species are
detected), and Broad range molecular marker (Sigma) for the coomassie stained gels. It
is clear from viewing the elution lanes 5 to 7 in the Western blots of both assays that

His-tagged cyclin D1 fails to co-elute with GST/B-Myb protein.

4.4 Discussion

4.4.1 Interaction between p300 1603-1725 and B-Myb

From the results reported in this chapter a ZZ domain containing region of p300
spanning residues 1603 to 1725 was shown to bind to a large central region of B-Myb
encompassing residues 227 to 508. GST pull-down assays and protease protection
assays described in sections 4.3.1.2 through to 4.3.1.4 conclusively demonstrate an
interaction between the two respective regions of p300 and B-Myb. The failure of p300
1603-1725 to bind to a GST/B-Myb fusion protein containing residues 275-376 from B-
Myb, clearly highlights a key role for residues 376 to 508 in the interaction, either
directly in the binding of p300, or in the stabilisation of the structure of a p300 binding

site in the preceding region.

Further mapping studies using an array of GST/B-Myb fusion proteins spanning the
227 to 508 amino acid region proved inconclusive due to the irreproducible nature of
some of the binding observed. In most instances the amount of co-eluted p300 1603-
1725 (prey protein) observed in GST pull-down experiments was not significantly
greater than the background levels observed in the final wash. Such high background

levels of p300 1603-1725 in the final wash fractions may be explained by a potentially
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high ‘on-off” rate of binding to the GST/B-Myb fusion caused by a relatively weak
interaction between the proteins. The protease protection assays provided a much less
stringent but more sensitive method of detecting protein-proteins interaction and was
successful in mapping the interaction of p300 1603-1725 to a short 369-458 fragment in
B-Myb. The greater sensitivity provided by this by method is due to the potential for
proteins to reach an equilibrium binding state in solution before limited proteolysis. In
GST pull-down assays an equilibrium of binding is never achieved between the bait and
prey protein. Thus, the segment containing residues 369-458, found within the Exon 9a
region of B-Myb appears to provide a minimal interacting surface with the p300 1603-
1725 polypeptide. The absence of clear binding observed in GST pull-down assays
involving the p300 1603-1725 and B-Myb 369-458 polypeptide more than likely
suggests the interaction is weak or transient in nature. Interestingly, this region of B-
Myb contains a large proportion of Exon 9a (residues 318 to 458) which is absent in an
alternatively spliced form of B-Myb that is inactive as a transcriptional activator
(Kamano et al., 1995). Horstmann et al. proposed that the Exon 9a region may contain a
crucial element of the B-Myb transactivation domain (Horstmann et al., 2000a). The
finding that residues within this region are important for the binding of the
transcriptional coactivator p300 provides a possible explanation for the importance of

Exon 9a in B-Myb mediated gene activation.

The limited proteolysis results presented in figures 4.3A-G, together with identical
data from control experiments carried out in the absence of GST/B-Myb protein (figure
4.3H), also reveal that p300 1603-1725 is very resistant to trypsin digestion compared to
an unstructured polypeptide such as B-Myb 275-376, with cleavage occurring at just a
single site to produce a 2 to 3 kDa smaller fragment (Figure 4.3H). N-terminal
sequencing of the p300 1603-1725 cleavage product revealed that proteolysis was
occurring towards the C-terminus of the protein, with the probable cleavage site
therefore corresponding to either Lysine 1704 or Lys 1707. It is of interest to note that
p300 1603-1725 contains five potential trypsin cleavage sites in the highly conserved
N-terminal region preceeding the ZZ motif (residues 1603-1661) and one at the
boundary between the regions, which are clearly not susceptible to trypsin digestion. In
addition the region preceding the ZZ motif is not suggestive of a disordered linker
between independent domains as evidenced by its prediction to form part of a B-sheet
(section 3.2.2.1, figure 3.3A).
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4.4.2 Interaction of p300 1603-1839 with B-Myb

Due to the poor refolding efficiency and solubility of the p300 1603-1839 polypeptide
an extensive protein-protein mapping study with B-Myb was not possible. However, as
described in section 4.3.2, a limited number of GST pull-down assay experiments using
refolded His-tagged p300 1603-1839 were completed and clearly demonstrate an
interaction with B-Myb residues 275-376. The same region of B-Myb shows no
evidence of binding the p300 1603-1725 polypeptide suggesting that residues 1726 to
1839 (containing the TAZ2 domain) are important for this interaction. This is consistent
with the previously reported interaction of a TAZ2 containing region of human p300
(spanning residues 1710-1891) with B-Myb (Schubert et al., 2004) demonstrated by use
of in vitro reporter gene assays and GST pull-down assays, and in vivo co-
immunoprecipitation studies. Schubert et al. mapped the p300 1710-1891 interacting
site to within residues 240-371 which spans a very similar region to the B-Myb 275-376
polypeptide used in this study.

4.4.3 Interaction of p300 1726-1839 with B-Myb
The results presented in section 4.3.3 identify the central region of B-Myb as a key
binding site for the p300 1726-1839 polypeptide with interactions observed to several
overlapping B-Myb constructs in GST pull-down assays including regions 227-508,
275-376, 275-458, 318-458 and 318-508 with the exception of regions 369-458 and
369-508 (summarised in figure 4.5B). In particular the binding of p300 1726-1839 to B-
Myb 275-376 appeared consistently stronger than with any other region of B-Myb
suggesting that this may sufficiently represent the minimal interaction site. This finding
supports previous mapping studies reported in this thesis which show a tight and
specific interaction between B-Myb 275-376 and p300 1603-1839 (section 4.3); an
interaction that is absent with the p300 1603-1725 polypeptide. The result further
emphasises the importance of the TAZ2 domain region of p300 in mediating an

interaction with B-Myb as first identified by Schubert et al., 2004.

The fluorescence based binding assay reported in section 4.3.3.3 provides conclusive
evidence for a highly specific complex formed between B-Myb 275-376 and p300
1726-1839. The complex clearly assumes a 1:1 stoichiometry of binding with B-Myb
275-376, a random coil polypeptide in isolation, exhibiting a tryptophan wavelength

fluorescence shift from 353 nm to 347 nm upon addition of equimolar amounts of p300
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1726-1839. This is consistent with the tryptophan residues in the B-Myb 275-376
polypeptide adopting a less polar environment as would be expected during complex
formation. The calculated 3.0 X 10® M (30 nM) K of the complex suggests a high
affinity association between B-Myb 275-376 and p300 1726-1839 comparable to that
observed for the ACTR-SID (CBP) complex, 3.4 X 108 M (34 nM) (Demarest et al.,
2002) and the reported Hif-1a-TAZ1 (CBP) complex, 7 X 10° M (7 nM) (Dames et al.,
2002).

The B-Myb 275-376°p300 1726-1839 complex, unexpectedly, showed little
resistance to denaturant, exhibiting a rapid unfolding transition (section 4.3.3.4). The
tryptophan residues in the B-Myb 275-376 polypeptide readily assume a solvent
exposed environment (from 347 nm to 355 nm) suggesting the complex rapidly
dissociates and is unlikely to have assumed a stable tertiary fold. Typically, complex
dissociation and unfolding occur together in a cooperative manner for a folded protein

complex with defined tertiary structure (Dyson and Wright, 2002).

This finding, together with the results attained from the structural characterisation of
p300 1726-1839 has several implications for the nature of the interaction observed for
the B-Myb 275-376+p300 1726-1839 complex. The inherent structural instability of the
B-Myb 275-376+p300 1726-1839 complex may be a reflection of the unstable nature of
the p300 1726-1839 polypeptide, deduced from thermal melting profiles reported in
section 3.2.4.2. Although the characterised p300 1726-1839 polypeptide contained
significant a-helical secondary structure it lacked clearly defined tertiary structure,
features synonymous with a molten globule protein state (Dobson, 1994; Ptitsyn, 1995).
Therefore the observed complex instability may be a direct result of the unstable p300
1726-1839 component of the complex. It is likely then, that an interaction formed
between a fully folded p300 1726-1839 polypeptide, which should provide a structured
scaffold for protein binding (DeGuzman et al., 2000), and B-Myb 275-376 will result in

the formation of a complex with stable tertiary structure.

A further explanation for the structural behaviour of the B-Myb 275-376°p300 1726-
1839 complex is that additional residues from either B-Myb or p300 may be required to
achieve structural stability. Recent mapping studies, have identified residues 1710 to

1891 from human p300 and residues 240-371 from murine B-Myb as providing the
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minimal site of a functional interaction between the two respective proteins (Schubert et
al., 2004). The additional B-Myb residues 240-274 found in the Schubert et al.
construct (absent in the B-Myb 275-376 polypeptide used to characterise interactions
with p300 1726-1839) is aspartic acid rich (30%) and exhibits very poor sequence
homology amongst the vertebrates Myb family. A B-Myb construct spanning these
residues was not produced (apart from the large B-Myb 227-508 construct) in the
mapping study described in this thesis making conjectures of its importance in the
interaction with p300 difficult to comment on. A cursory study of the additional regions
present in the p300 construct used by Schubert et al. reveal a linker region between the
ZZ domain and TAZ2 domain consisting of residues 1710 to 1725 and a proline
/glutamine rich region from residues 1840 to 1891. The residues 1710-1725 formed the
C-terminus of the p300 1603-1725 polypeptide and showed no evidence of binding to
B-Myb 275-376 (section 4.3.1). The p300 region from residues 1840 to 1891 contains
many prolines (15) and glutamines (9) which are commonly found within the
transactivation regions of transcriptional regulatory proteins (Courey and Tjian, 1988).
At present there is no evidence to suggest that this region functions as a transactivation
domain or directly participates in protein-protein interactions. In fact many of the C/H3
binding proteins including E1A, E2F, Mi and p53 have been shown to interact with a
short highly conserved peptide sequence (TRAM) found within the TAZ2 domain
(Trouche et al., 1996; Sato et al., 1997; O'Connor et al., 1999 DeGuzman et al., 2000)
further emphasising the importance of this domain in mediating protein-protein

interactions.

4.4.4 Interaction of cyclin D1 with B-Myb
From the results presented in section 4.3.2 there is no evidence for an interaction
between cyclin D1 and a large central region of B-Myb spanning residues 227-508. The
purified His-tagged cyclin D1 protein used in this study failed to bind an array of B-
Myb proteins spanning the 227-508 region in GST pull-down assays assessed by both
coomassie stained SDS PAGE gels and chemi-luminescent detection. This finding is in
stark contrast to the numerous reports of a functional interaction between the two
respective proteins (Horstmann et al., 2000; Cesi et al., 2002; Schubert et al., 2004).
Horstmann er al. demonstrated the proteins interact in vivo by co-immunoprecipitation
assays and in vitro by GST pull-down assays. Specifically, GST/B-Myb 227-704 and
GST/B-Myb 227-508 fusion proteins immobilised on sepharose beads were shown to
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interact with in vitro translated cyclin D1 (Horstmann et al., 2000). Furthermore cyclin
D1 and p300 were shown to actively compete for binding with the central region of B-
Myb deduced by in vivo coimmunoprecipitation studies and in vitro GST pull-down

assays (Schubert et al., 2004).

The GST/B-Myb 227-508 fusion construct used in the GST pull-down assays reported
in this chapter was a kind gift from Karl-Heinz Klempnauer and was previously used in
the Horstmann et al. 2000b study. The GST/B-Myb fusion protein was bacterially
expressed using similar conditions to that reported by Horstmann et al., resulting in the
purification of soluble protein (discussed in section 2.3.5). The bacterially expressed
and purified His-tagged cyclin D1 protein (purification discussed in section 2.3.11) used
in the binding assays was shown to adopt a stable tertiary fold with considerable a-
helical secondary structure (discussed in section 3.3.4). Therefore there is no obvious
explanation as to why the proteins failed to interact in the in vitro GST pull-down
assays reported in this chapter. The N-terminal His-tag incorporates an additional 15
residues to the cyclin_N domain of cyclin D1 which is reported to mediate interactions
with several proteins including TAF;;250, p21 and cdk4 (reviewed in Coqueret et al
2002). If the cyclin_N domain represents the minimal interaction surface with B-Myb
there is the possibility that the N-terminal His-tag may interfere with this association.
Initial attempts at removing the thrombin cleavable His-tag from cyclin D1 however
proved largely unsuccessful due to the non-specific digestion of the protein (data not

shown).

4.4.5 The protein-protein interaction strategy

The pull-down strategy reported in this thesis was based on the purification of an
array of recombinant B-Myb, p300 and cyclin D1 polypeptides in E. coli for use in
mapping the minimal sites of interaction between B-Myb and p300/cyclin D1. The
findings of previous interaction studies involving B-Myb with p300 and cyclin DI
(Horstmann et al., 2000) together with analysis of protein sequence conservation were
used to aid the design of the constructs. The mapping study was based on the regions
involved in interactions between B-Myb and partner proteins where the functional
significance had already been demonstrated by in vivo functional and imuuno-
precipitation assays. The interactions detected in GST pull-down assays were therefore

not used to imply functional significance. Using GST/B-Myb polypeptides as bait,
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purified p300 and cyclin D1 polypeptides were systematically assayed for binding in
GST pull-down assays; GST-pull-down assays are commonly used to probe interactions
between a fusion protein and a known protein of interest (Kaelin et al., 1991;
Grgurvichet et al., 1999; Hunter et al., 1999; Posern et al., 1999). The results of
individual assays were assessed by SDS PAGE using coomassie, silver-stain and
chemiluminescent detection of proteins. The minimal sites of interaction were thus
delineated based on the differential binding affinities observed by SDS PAGE for the
assayed polypeptides. The long-term aim of the mapping study was to characterize the
structural properties and features of the identified interacting regions in isolation and as

part of a complex.

The main advantage conferred by using an in vitro GST pull-down strategy with
purified polypeptides is that the observed binding is unambiguously a result of a direct
interaction between the two respective proteins rather than through an intermediate
accessory protein. Protein complexes identified by other approaches such as co-
immunoprecipitation or by using in vitro translated proteins, may contain intermediate
or accessory binding proteins. Thus for a mapping interaction study between two
proteins of interest, it is pertinent that no other potential binding partner be present in
the assay. The GST pull-down approach is well suited to defining the specific domains
involved in protein-protein interactions, i.e screening for the interacting regions, which
can then be followed by more quantitative methods such as fluorescence, surface
plasmon resonance (SPR, Biacore) and isothermal calorimetry (ITC), techniques that
are not well suited to the mapping phase. Isothermal titration calorimetry can provide a
complete thermodynamic profile of a protein-protein interaction including the kD,
reaction stoichiometry, enthalpy and entropy. SPR is an optical resonance technique that
provides a means for collecting kinetic data using only microgram amounts of protin.
Such studies can be used to further validate the results attained from the GST pull-down
assays and also allows for a more quantitative measure of protein interactions as
described for the interaction between B-Myb 275-376 and p300 1726-1839 (see section

4.3.3.3) deduced by intrinsic tryptophan fluorescence.

The limitations of using E. coli expressed polypeptides for GST pull-down assays
include the potential for low expression, synthesis of fusion proteins with degradation or

proteolysis (as observed for several of the GST/B-Myb polypeptides) and insolubility
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(as observed for the p300 polypeptides). The protocol described in this thesis for GST
pull down assays produced results that are qualitative rather than quantitative. An
alternative approach would be to use radiolabelled proteins in GST pull-down assays
which allow for a quantitative measure of protein binding. For example, Matsuda et al.
produced in vitro translated [**S] methionine-labeled protein for use in GST pull-down
assays which were then analysed by a phosphorimager. Although the interaction
affinities (kd’s) were not reported, the differential binding affinities of several proteins

in competition binding assays were quantified by this method (Matsuda et al., 2004).

Further approaches to mapping protein-protein interactions include the use of in vivo
co-immunoprecipitation assays which often serve to substantiate interactions observed
in vitro. Co-immunoprecipitation is commonly used to demonstrate and identify
physiologically relevant protein-protein interactions from cell extracts and can be used
to test an interaction between two known proteins. At the start of this research project,
collaborators in Germany (Karl-Heinz Klempnauer group) had demonstrated that a
large central region of B-Myb (residues 227 to 508) co-immunoprecipitated as a
complex with cyclin D1 (Horstmann et al., 2001) and p300 (at the time unpublished
observations, later published Schubert et al., 2004) in QT6 cells. These initial in vivo
studies served as the premise for the GST pull-down mapping studies reported in this

thesis.

Yeast or bacterial two-hybrid assays can also be used to identify or map protein
interactions between known proteins. This in vivo assay is based on the reconstitution of
a functional transcriptional activator (often Gal4 in yeast) composed of a DNA-binding
domain (DBD) and an activation domain each fused to the proteins of interest. Reporter
genes containing binding sites for the DBD confer nutritional selection or -
galactosidase expression which allows for a quantitative measure of interaction
affinities. A yeast-two hybrid study was initiated to map the interactions of B-Myb with
p300 and cyclin D1 but unfortunately failed to yield any positive interaction results
(data not reported in this thesis). The same amino acid regions used in the GST pull-
down assay were produced as B-Myb fusions to Gal4 DBD and p300/cyclin D1 fusions
to the Gal4 activation domain. The Gal4 DBD-B-Myb fusion protein was not detected
in western blots of yeast extracts indicating a lack of expression, and providing a

plausible explanation for the lack of positive interaction data.
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CHAPTER 5
DISCUSSION AND CONCLUSIONS

5.1 Experimental considerations
5.1.1 The choice of protein constructs for structural and functional studies

At the time of experimental design, a large central region of B-Myb (residues
227-508) was shown to be essential for an inhibitory interaction with cyclin D1
(Horstmann et al., 2000). Further unpublished studies by the same research group
implicated the same region of B-Myb with an association with the p300 co-activator.
The 227 to 508 amino acid region lacks both the N-terminal DNA binding domain, and
a C-terminal region associated with negative regulation of B-Myb activity; c-terminal
truncations of B-Myb up to amino acid 508 greatly enhance B-Myb transcriptional
activity (Ziebold et al., 1997). Although there is little structural information for the 227
to 508 residue region of B-Myb, several groups have identified a functional region
responsible for transcriptional activity that spans the residues 272 to 365 (Ansieau et al.,
1997), 206 to 372 (Nakagoshi et al., 1993), and 240 to 371 (Horstmann et al., 2000). In
order to further map and localize the region of B-Myb responsible for mediating the
reported interaction with cyclin D1 and p300, a series of B-Myb constructs were
designed that spanned the 227 to 508 amino acid region of B-Myb. The primary aim of
such a study was to structurally characterize the properties of the isolated proteins or
protein complexes identified in the mapping study. Thus a major consideration when
designing B-Myb constructs was to select amino acid boundaries that would potentially
give rise to autonomously folded, independent functional domains or regions that would

fold upon binding its co-factor.

A commonly used approach in deducing potential domain boundaries within a
protein includes a limited proteolysis study of the protein. Such a study would identify
protease sensitive unstructured regions from those regions that are structured and
resistant to proteolysis. The 227 to 508 amino acid region of B-Myb, when expressed in
E. coli as a GST-fusion was notable for its susceptibility to proteolysis (Shown in figure
2.13, gel 8). Trypsin mediated limited digestion of purified GST/B-Myb 227-508 leads
to the rapid degradation of the protein and does not give rise to any stable proteolytic
fragments (Data not shown) and thus proved largely unsuccessful in determining

potential domain boundaries.
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Multiple sequence alignments of Myb proteins in the region of interest were used to
aid the design of B-Myb constructs. Comparison of Myb amino acid sequences from
different vertebrates such as mouse and human allowed the identification of several
break-points of sequence conservation including amino acids 275 and 369. It was
therefore reasonable to assume that the amino acids 275 and 369 may represent the
boundary points of a functional domain. The same two break-points in sequence
conservation were previously identified by an alignment compiled by Horstmann et al.,
and were used in that study to produce the Gal4/B-Myb fusions D2 (spanning residues
275-354) and D3 (spanning residues 369-502) (Horstmann et al., 2000). Further
construct boundaries included residues 318 and 458 that, although did not coincide with
break-points in sequence homology, were chosen because they span the exon 9a region
of B-Myb which is absent in an alternatively spliced, transcriptionally inactive B-Myb

isoform (Horstmann et al., 2000).

At the time of p300 construct design the cysteine/histidine rich region 3 (C/H3) of
p300 was implicated with binding B-Myb (Unpublished observations, Karl-Heinz
Klempnauer). The C/H3 region is a well documented interaction site for a multitude of
diverse transcription factors including E1A (Eckner et al., 1994) and E2F (Trouche et
al., 1996). This region is notable for containing two distinct zinc-binding motifs called
the ZZ and TAZ2 domains. Therefore, in an attempt to define the interaction site with
B-Myb further, three p300 constructs were designed spanning the ZZ motif (residues
1603-1725), the TAZ2 domain (residues 1726-1839), and a construct spanning both the
ZZ and TAZ2 regions (1603-1839). The amino acid boundaries for the TAZ2 domain in
p300 were already known from the published structure and were thus used to aid
construct design. Analysis of break-points in sequence conservation using a multiple
sequence alignment of p300 and CBP proteins (shown in figure 2.6) were also used to
aid construct design, particularly for the ZZ domain due to the absence of a structure for

that motif at the time.
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5.1.2 The functional significance of the chosen protein constr