













































































Chapter 1

Resolution of the structure of the globular domain by the X-ray crystallography
(Ramakrishnan et al, 1993) and NMR studies (Cerf er al, 1994) indicated that
symmetrical binding by the globular domain at the pseudodyad axis was unlikely. The
comparison of the globular domain of the linker histone with other DNA binding
proteins suggested that the globular domain binds in the major groove of the
nucleosomal DNA. Interpretation (Ramakrishnan ef al,, 1993) of the winged-helix
fold of the GHS from the crystal structure implied that the globular domain bound to
the nucleosomal DNA by inserting helix III into a major groove of the nucleosomal
DNA. However, in the nucleosome core the minor groove faces outwards at the dyad
position. This implied that the two exiting DNA duplexes might be asymmetrically
and imprecisely moved to accommodate this natural asymmetry of the linker histones.
This setting would not be expected, since the primary mode of chemical crosslinking
between linker histone molecules were head-to-tail (Lennard ef al, 1985), which
implies regular and not random placement in the chromatin.

The adequacy of the symmetrical model for the binding of the globular domain of the
linker histone to the nucleosome was also brought into question by neutron scattering
studies (Lambert ef al, 1991). Results suggested a more interior location of the
globular domain on the chromatosome at a position closer to the mass centre of the
structure between two central gyres of the nucleosomal DNA, and thus slightly away
from the dyad axis of symmetry.

1.5.1.2 The Wolffe-Hayes model (Hayes et al., 1996; Pruss ef al., 1996).

Both the original symmetrical model for the binding of the globular domain to the
nucleosome (Allan et al., 1980) and the bridging model (Zhou et al., 1998), discussed
in section 1.5.1.3 below, places GHS on or close to the chromatosomal dyad axis of
symmetry. A drastically different asymmetric model was proposed using
chromatosomes positioned on the unique Xenopus borealis 58 rRNA gene. Hydroxyl
radical and DNase I footprinting experiments (Hayes ef al., 1993) suggested that the
minor groove of the DNA at the dyad axis remained accessible to reagents after linker
histone association. This indicated that the dyad axis was not protected by the
globular domain of the linker histone as proposed by the symmetrical model (Allan ef
al., 1980).



Allan Model (1980) Bridging Model (Zhou ef al., 1996) Wolffe-Hayes Model (Hayes et al., 1996; Pruss et al., 1996)

Figure 1.2 The models proposed for the nucleosomal binding by the globular domain of the linker histone.

Chapter 1

10



Chapter 1

The typical chromatosome (monomer) pause of 20 bp above that of the 146 bp of the
core particle observed upon limited micrococcal nuclease digestion, was, however
observed. The extension of the DNA protection was asymmetric representing 5 bp and
15 bp (Hayes et al., 1993). The asymmetric protection shown in this study could be an
artefact of the micrococcal nuclease digestion, rather than protection afforded by the
binding of the linker histone, due to a preference of this nuclease for cleavage
following an AT base pair (McGhee et al, 1983). The majority of the bulk
chromosomal sequences cloned and sequenced for the Zhou study contained AT base
pairs at the ends of the fragments (Muyldermans and Travers, 1994).

Results from the Hayes study (Hayes et al.,, 1993) were confirmed by using the zero
length histone-DNA crosslinking (Mirzabekov et al., 1989). It was shown that there
was no change in the positions of the core histone crosslinking and a GHS5 crosslink
was observed at ~6 bp from the end of the nucleosomal DNA, which is on the same
side as the 15 bp micrococcal nuclease protection site (Hayes er al, 1994). The
conclusion was that this crosslinking between the globular domain of the linker
histone and the nucleosomal DNA occurred at a single site at a position away from the
dyad axis of the nucleosome.

Further demonstration of the off-axis location of GHS on this specific reconstituted
nucleosome was given by Pruss ef al. (1996). In this study, involving histone-DNA
crosslinking with chromatosomes reconstituted on the 5S rRNA gene, the most
intense crosslinking was found for the major groove contacts 60-68 bp from the dyad
axis of the core particle. This supported the position of the globular domain of H5 at a
single site inside the one gyre of the nucleosomal DNA, approximately 65 bp away
from the dyad axis of symmetry of the nucleosomal core (Pruss ez al., 1996; Hayes,
1996). With this placement, no contact was made by the globular domain with either
the nucleosomal dyad axis or the terminal DNA duplexes. The secondary DNA
binding site of the globular domain was in contact with the H2ZA-H2B dimer thus
making no contact with the nucleosomal DNA.

This internal position is in agreement with the findings that H2A cross-links with the
globular domain of linker histones (Boulikas et al., 1980). Furthermore, it agrees with
the DNA co-crystal structure of the DNA binding transcription factor HNF-3/fork
head domain where the bound DNA bends towards the globular domain (Clark et al.,
1996). The neutron scattering studies (Lambert ef al, 1991), which places the

globular domain near the histone octamer, also supports this model.
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Hayes and co-workers (1996) used site-directed cleavage mutagenesis to introduce a
cysteine residue into the linker histone H1° of X. borealis at the boundary between the
globular and C-terminal domains, and mapped the approximate position of the
cysteine residue by hydroxyl radical cleavage. Mapping of the single-strand breaks
showed a cleavage site ~67 bp from the dyad axis, which placed the globular domain
binding site on the inside of the DNA superhelix, near the border of the nucleosome
complex. The globular domain was shown to interact asymmetrically with the
nucleosomal DNA, in the major groove of the DNA. This placement corresponded
well with the crosslinking experiments that placed the globular domain 60-68 bp away
from the dyad axis (Pruss ef al., 1996; Hayes, 1996).

To test whether the binding of the linker histone with the 5S nucleosome was an
exceptional case, which is restricted to this specific nucleosome, or if it was of a more
general nature, the analysis was shifted to another positioned nucleosome, which
contained the DNA sequence from the Xenopus laevis thyroid hormone receptor PA
gene (TrBA). In this study (Guschin et al., 1998) the histone DNA crosslinking of this
positioned nucleosome, which contained the thyroid hormone response element
(TRE), was investigated. It was concluded that the globular domain of the linker
histone H1° from X. laevis associated asymmetrically with the DNA at the one edge
of the TrBA nucleosome. This association led to rearrangement of the core histone-
DNA contacts at the dyad axis of the nucleosome. These observations supported the
bridging model.

The Wolffe-Hayes model (Pruss et al., 1996; Hayes, 1996) made the assumption that
the somatic 5S rDNA chromatosome is uniquely positioned on the two different 5S
rDNA fragments, and that in each case there is a separate preferred dyad position
(Travers, 1999). Two studies have shown that more than a single position can be
occupied by chromatosomes reconstituted with the same X borealis somatic 5S
rDNA sequence. Zlatanova and colleagues (1998) questioned the Wolffe-Hayes
model (Pruss et al., 1996; Hayes, 1996), and showed that the DNA sequence that was
used were prone to artefacts in nuclease digestion when the protection given by linker
histones was examined. Mapping dyad positions directly (Panetta et al, 1998),
revealed a difference in the locations of the positioned nucleosomes on somatic and
oocyte 5S rDNA. This resulted in altered accessibility of the transcription factor
binding sites in these two nucleosomes. It was concluded that the population of core

particles and chromatosomes, which were formed on the 5S rDNA, was a mixture of
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several different translational settings (Travers, 1999). The model proposed by
Wolffe-Hayes (Pruss ef al., 1996; Hayes, 1996) could correspond with the bridging
model proposed by Zhou and co-workers (1998) if at least some of their
chromatosomes occupied the positions observed by Rhodes and colleagues (1998)
(Travers, 1999).

1.5.1.3 The Bridging model (Zhou et al., 1998).

An asymmetric model for the location of the globular domain of HS, using bulk
chromatin, was suggested by Muyldermans and colleagues (1998). In this model,
which was derived using a site-specific protein-DNA photo-crosslinking technique
(Pendergast ef al., 1992), the globular domain was shown to bridge one terminus of
DNA and the DNA at a position close to the dyad axis of symmetry of the
nucleosomal core. Helix III of GH5 was suggested to bind to the major groove of the
first helical turn of the chromatosomal DNA duplex, and the secondary DNA binding
site to the DNA close to the nucleosomal dyad. Helix I and III of the globular domain
were proposed to be turned to the solvent and to the nucleosome, respectively. This
orientation would place the C-terminal region of the globular domain in a position to
contact the internucleosomal linker DNA as the strands entered and exited the
nucleosome. It was argued that the results could support either asymmetric or
symmetric extension of the DNA protection afforded by the binding of the linker
histones in the nucleosome. This was due to the fact that binding of the globular
domain helix III at one terminus of the chromatosome and binding of the histone tails
at the other terminus could support the symmetrical 10 bp extension of nucleosomal
DNA protection. However, HS binding may also result in an asymmetric extension of
protection of 20 bp at one side and 0 bp at the other (An ef al., 1998).

The bridging model was also supported by other studies: binding of two DNA
duplexes by globular domain of histone H5 (Thomas et al., 1992); the existence of
two DNA binding sites which are both necessary for the chromatosome formation
(Goytisolo et al., 1996); neutron scattering studies, which proposed a binding by the
globular domain of two superhelical turns between one terminus and the dyad
(Lambert et al., 1991); and crosslinking of the histidine 25 residue to the DNA in the
chromatin (Mirzabekov et al., 1989).

13



1.6 Linker histones and chromatin higher order structure.

1.6.1 The 30 nm chromatin fiber.

Linker histones are involved in stabilising both the nucleosome and the chromatin
higher-order structure (Zlatanova, 1996). Understanding both the nucleosomal and
chromosomal association, is essential to understand the processes that are regulated
by the chromatin structure.

Electron microscopy studies of the salt-dependent conformational transitions of
soluble chromatin fragments (Klug et al., 1976; Thoma et al., 1979) indicated that the
formation of well-defined 30 nm fibres required the presence of lysine-rich linker
histones. Chromatin depleted of H1 also condensed with increasing ionic strength, but
no definite structures were observed. The structure of the extended fragment at low
ionic strength was also dependent on the presence of linker histones. The HI-
containing chromatin fiber had a zig-zag appearance, where the DNA entered and
exited the nucleosome on the same side. In Hl-depleted chromatin, the entering and
exiting points on the nucleosomal DNA were more random, which led to the extended
“beads-on-a string” conformation. This led to the conclusion that linker histones
mediated the transition between the extended 10 nm nucleosomal filament and the
well-defined folded 30 nm filament. These observations were confirmed by more
recent scanning-force microscopy studies (Leuda et al., 1994; Yang et al., 1994).
Recent studies have investigated the relationship between linker histones and the core
histone tail domains during chromatin condensation (Carruthers and Hansen, 2000). It
was shown that the core histone N-termini and the linker histones functioned
independently during condensation of the chromatin fiber, where the core histone
amino termini specify the formation of the folded chromatin fiber and the linker
histones stabilized this folded structure.

The linker histone HS bound to and restrained the entering and exiting nucleosomal
DNA in chromatin model systems that lack the core histone N-termini (Carruthers et
al., 2000). However these tailless arrays were unable to fold or undergo
intermolecular fiber-fiber interactions. Thus, it seemed apparent that the linker
histones are required for the stabilization of the chromatin fiber, but not essential in

the condensation process.
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1.6.2 Models for the structure of the 30 nm fiber.

On the basis of existing data, various models for the involvement of the linker
histones in organization of the nucleosomes into higher order structure have been
proposed. Based on images obtained by electron microscopy (Klug et al., 1979), the
early model of the 30 nm fiber was proposed, which was a solenoidal structure in
which a helical array of nucleosomes, 6-8 per turn, were linked by histone H1 with its
globular domain binding to the dyad region located in the interior of the solenoid.
This interior location was in agreement with the neutron scattering results (Graziano
et al., 1994). The linker DNA connecting the adjacent nucleosomes in the helix was
believed to be bent (Yao et al., 1990). In this model, the filament diameter is constant,
independent of linker DNA (Thomas et al, 1986). A model where the linker DNA
assumed a bent configuration was suggested by Felsenfeld and colleagues (1983). The
DNA follows the path of the nucleosomes and is not confined to the centre of the

30 nm fibre, as shown in the solenoidal model.

“Superbeads™ were observed by Franke and colleagues (1984), although the results
were subsequently attributed to an artefact of the preparation methodology (van
Holde, 1989). A zig-zag array was observed, where the nucleosomal arrays do not
resemble a filament, but clusters, referred to as “superbeads”, which contained
varying amounts of nucleosomes. These structures were found at low ionic strength
and were dependent on the presence of linker histones. Rattner and colleagues (1984)
found that this zig-zag formed a condensed ribbon containing two parallel rows of

nucleosomes, coiling of this ribbon generated 30 nm fiber.

1.7 Yeast linker histone H1 (Hhol).

1.7.1 Is there a linker histone H1 in yeast?

Although gene deletion, replacement, and mutagenesis studies in Saccharomyces
cerevisiae have contributed significantly to our understanding of the influence of
chromatin structure and the role of the core histones in DNA function (Grunstein
1990), very little work has been preformed on the linker histone H1. This is mostly

due to the fact that endogenous yeast H1 has not been isolated from yeast, and another
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contributing factor is the differences in the chromatin structure of yeast and that of
higher eukaryotes, as described below.

When compared to that of higher eukaryotes, the yeast genome is 40%
transcriptionally active as opposed to approximately 5% (Hereford & Rosbash, 1977).
With DNase I digestion studies (Lohr & Hereford, 1979), it was shown that most of
the genome is sensitive to digestion by DNase I, which indicates that the chromatin is
predominantly in an unfolded conformation. This was confirmed in the recent finding
that yeast chromatin is acetylated to a much greater degree than that of higher
eukaryotes (Davie et al., 1981; Waterborg, 2000). Another important difference in
chromatin structure is the nucleosomal repeat length. In yeast this repeat length is
unusually short at ~165 bp (Thomas & Furber, 1976; Lohr et al., 1977).

No biochemical evidence for the existence of a linker histone in yeast has been
provided, and with the apparent differences in chromatin structure it was assumed that
there is no need for the partial neutralization of the DNA phosphate backbone by a
linker histone. Immunological evidence of H1-like proteins in yeast was, however,
reported, with the use of anti-mouse H1 antibodies (Srebreva et al., 1987; Smith et al.,
1984).

The completion of the S .cerevisiae genome sequence (Goffeau et al., 1996; Bussey et
al., 1997) allowed searches for homology through homology matching with parts of
the genomes of other organisms. The presence of a linker histone in yeast was
suggested by such a homology search with the sequence of human H1.1 which
identified a homologues sequence between positions 308827 and 309603 of
chromosome X VI, subsequently named HHOI.

HHOI encodes a protein (Hholp) of 258 amino acids in length (Ushinsky et al.,
1997) with a predicted molecular weight of ~28 kDa. Homology searches for genes of
similar sequence to HHQI also indicated only a single copy of this gene in yeast
compared to the core histone genes, which are present in two nearly identical copies.
Alignment of the protein sequence with itself revealed the presence of a putative
second globular domain (Landsman, 1996), which makes it different from the tri-
partite structure of the canonical linker histones. The overall structure of the yeast H1
is that of two globular domains which are connected by a 42 amino acid lysine-rich
linker region. This region is similar to the C-terminal tail of other linker histones, and
contains 12 lysines, 10 alanines and 4 prolines out of the 42 residues (Landsman,
1996).
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1.7.2 Hholp biochemical evidence.

Additional evidence suggesting that Hhol was a true linker histone included the
nuclear localization, using transformants expressing a fusion protein of Hholp and
green fluorescent protein (GFP) (Ushinsky et al., 1997).

With the use of a recombinant Hholp, biochemical evidence proposing that Hholp
was a linker histone, was provided by Patterton and co-workers (1998). A
characteristic property of linker histone binding to the nucleosome is the protection of
an additional 20 bp of linker DNA from limit micrococcal nuclease digestion
(Simpson, 1978). The ability of the rHholp to confer a chromatosome stop was tested
by the MNase digestion of H1-stripped chromatin, reconstituted with rHholp. In the
presence of Hholp, the characteristic transient pause was observed as in higher
eukaryotes (Noll et al., 1977), indicative of the protection of two full superhelical
turns of the nucleosomal DNA from endonucleolytic cleavage.

As shown previously, linker histones bind to the nucleosome, with and without the C-
and N-terminal tail regions, although the exact binding mode and position is still
unresolved (Allan et al., 1981; Crane-Robinson, 1997). To test whether the purified
recombinant (Hholp) could bind to reconstituted nucleosome cores in vitro, the
recombinant protein was added at a range of concentrations to a 390 bp radio-labeled
fragment containing the tandem repeat of the Lytechinus variegatus 5S rDNA
reconstituted into di-nucleosomes. The resulting reconstitution products showed the
formation of two slow-migrating complexes upon electrophoretic analysis. This
implied that the protein formed a stable tertiary complex with a reconstituted di-
nucleosome core in vitro, similar to the complexes formed by linker histones in higher

eukaryotes.
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1.7.3 Secondary structure.

Linker histones have been shown to have two DNA binding sites. The globular
domains of both H1 and H5 contain a cluster of positively charged residues that
constitute the second DNA binding site that is located on the opposite side to the
primary DNA binding site (Ramamkrishnan et al., 1993). Both proposed binding sites
have been shown to be necessary for the correct binding of the globular domain to the
nucleosome. GH5 mutants lacking the residues in the secondary DNA binding site
could not confer the characteristic kinetic pause at ~168 bp upon nuclease digestion
(Goytisolo et al., 1996, Duggan and Thomas, 2000).

Sequence alignment of the amino acid sequence of the two globular domains of
Hholp with globular domains of various other linker histone isotypes indicate that the
globular domain one of yeast linker histone Hholp contained six of the seven basic
residues that constitute the two DNA binding sites of GHS. Globular domain two of
this linker histone only contains four out of the seven residues of the two proposed
DNA binding sites. Both these domains lack the equivalent of Lys 69 from site one,
the primary DNA binding site. Additional alignment analysis showed that this residue
is also absent in other linker histones, and might indicate that the residue is not
essential for the correct binding of the globular domain to the nucleosomal DNA.
Using a structure prediction algorithm, nnPredict, it was shown (Patterton ez al., 1998)
that the proposed primary globular domain of Hholp could assume a secondary
structure similar to that of the chicken linker histone H5, shown in the crystal
structure (Ramakrishnan ez al., 1993). It was suggested that the predicted secondary
structure of the assigned globular domain of Hholp contains a single-winged helix
protein fold similar to that observed in GHS5 (Ramakrishnan et al, 1993). This also
corresponds to the winged helix fold in other DNA binding proteins like CAP and
HNF-3y (Ramakrishnan ez al., 1993 and Cerf et al., 1994).
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1.8 Project aims.

The ultimate aim of this project is to determine whether the yeast linker histone can
bind to two nucleosomes simultaneously, where each of the globular domains bind to
an adjacent nucleosomal core, and the lysine-rich inter globular region contacting the

linker DNA between the nucleosomes (Figure 1.3).

Figure 1.3 Proposed model for the nucleosomal binding by yeast linker histone, Hholp.

In the part of the study reported in this thesis, a structural assay is developed that
could be used to investigate the binding by the yeast linker histone in the manner
proposed in the model. Specific reagents were prepared and certain techniques have
been optimized to facilitate a detailed study.

The separate globular domains and one control construct to be used in the magnetic
bead pull-downs was constructed, over-expressed in E. coli and purified (Chapter 3).
A second control construct which will contain two GHS coding regions connected by
the coding region of the linker region from the yeast linker histone Hholp, was

designed and the preliminary cloning was completed, but the cloning of this fragment
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into an expression vector still needs to be completed before recombinant protein can
be expressed in E. coli and purified.

Preliminary DNA binding studies and the magnetic bead technology is illustrated
(Chapter 4). DNA binding studies with GHS, which serves as positive control in these
studies, and also with the two globular domains, are shown. The conditions for these
assays need to be optimized. The optimization of the magnetic bead pull-downs with
radio- and biotin-labeled nucleosomes is described and an adapted dot-blot technique
for the quantification and detection of the biotin-labeled nucleosomes was set-up
(Chapter 4). These reagents will allow definitive experiments which would contribute
to structural assays that would attempt to determine if the yeast linker histone (Hho1p)
binds to two nucleosome cores simultaneously, and contribute to an understanding of
the molecular mechanism by which histone H1 contributes to chromatin condensation

and regulates the expression of specific genes.
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Chapter 2: Materials and Methods.

2.1 Cloning of the Hhol domains, including two modified Hhol constructs.

2.1.1 Plasmid purification.

All molecular biological manipulations were performed according to established
protocols (Ausubel et al., 1995). Chemicals and reagents were Molecular Biology
Grade. Small-scale plasmid purifications were performed using a QIAquick Plasmid
Purification preps (Qiagen, GmbH, Hilden, Germany) and a Wizard Maxiprep kit
(Promega Corp., Madison, USA) was used for large-scale purifications, using

protocols supplied with each kit.
2.1.2 Primer design.
Synthetic oligonucleotide primers were supplied by the Oligonucleotide Synthesis

Facility, Department of Molecular and Cell Biology, University of Cape Town.

2.1.2.1 The native globular domains.

Table 2.1 Sequences of oligonucleotides used for the amplification of GD1 and
GD2 fragments.

Name Sequence

GD1 forward
primer (GD1F) 5/ -GGGCGCCATGTCCAAGAGTTACAGGGAGTT -3

GD1 reverse
primer (GD1R) 5 -GGECTCGAGTCATTTTCTTCTTGGCCAGTT-3 " ¥

GD2 forward
primer (GD2F) 5’ -GGGGECGCCATGTCCTCTTTCGEETTCTTCA-3 "

GD2 reverse
primer (GD2R) 5/ -GEGGCTCGAGTCATTTGACCTTCTTCTGT-3*

* The sequence corresponding to the Sfo I restriction site is underlined and the start
codon is in bold.

* The sequence corresponding to the Xho [ restriction site is underlined, and the
sequence corresponding to a stop codon is in bold.
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2.1.2.2 The modified HHOI lysine-rich region.

Table 2.2 Sequences of oligonucleotides used for the amplification of the
modified HHOI construct; HHO1-FXa with the protease recognition site in the
lysine-rich region.

Name Sequence

Flanking primer
Hhol A 5’ -GGGTGATCATTGAAGGGCTC-3'
(forward primer)

Flanking primer
Hhol D (reverse | 5’ -GGGAGGCCTTCTTGGCGGTA-3’ #
primer)

Template
mismatch 5’ -ACGAAGCTAATCGAAGGTCGTGCGCCAAAG-3 " 2
oligonucleotide
Hhol C
(forward)

Template
mismatch 5’ -CTTTGGCGCACGACCTTCGATTAGCTTCGT-3" @
oligonucleotide
Hhol B
(reverse)

* The sequence corresponding to the B¢l I restriction site is underlined.
* The sequence corresponding to the Stu [ restriction site is underlined.

# The sequence corresponding to the Factor Xa Protease recognition sequence is in
bold.
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2.1.2.3 The GHS5-linker-GHS5 fragment.

Table 2.3 Sequences of oligonucleotides used for the amplification of the modified
GHS and HHO! lysine-rich region (HHOI-linker fragment), for the construction of
GH5-HHOI-linker fragment.

Name Sequence
link-mag F
(forward primer) 57 -GGGGTCGACAAGAAAGAAAAAGAGGT-37
link-mag R
(reverse primer) 5/ -GGGCTCGAGTCTTGGCGGTA-3 ¥
GHS5-mag F
57 -GGGCTCGAGATGACGGAGTCGGCATCGCACCCCAC-3” #
GH5-mag R
5/ - GGGCTCGAGGGACCTCTTGGCCTTGT-3 7 ¥

* The sequence corresponding to the Sal I restriction site is underlined.
* The sequence corresponding to the X#o I restriction site is underlined.

Table 2.4 Sequences of oligonucleotides used for the amplification of the modified
GHS and GH5-HHQOI-linker region, for the construction of GHS5-linker-GHS.

Name Sequence
GHS-link Ndel
(forward primer) 5’ -GGGCATATGAAGAAAGAAAAAGAGGT-3/
GHS-link Xho I
(reverse primer) 5’ -GGGCTCGAGTCTTGGCGGTA-3
GH5-Xho 1
5/ - GGGCTCGAGATGACGGAGTCGGCATCGCACCCCAC-3 1 ¥
GHS5-Sal 1
5/ -GGGGTCGACGGACCTCTTGGCCTTGT-3 2

* The sequence corresponding to the Nde I restriction site is underlined.
* The sequence corresponding to the Xko I restriction site is underlined.
% The sequence corresponding to the Sal I restriction site is underlined.
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2.1.3 Polymerase Chain Reaction (PCR).

2.1.3.1 Amplification of native domains.

The amplification of the coding regions for the globular domains (GD1 & GD2) were
performed by the Polymerase Chain Reaction using 10 ng of pRS413-HHOI
(Patterton et al., 1998) as template in a 50 pf volume containing 1 x Pfiu DNA
polymerase reaction buffer (Promega), 3 U Pfu DNA polymerase, 150 uM of the four
deoxyribonucleotide triphosphates, and 0.5 pM of each primer. The following cycling
parameters were used: an initial denaturation step at 94 °C for 1 min, followed by 25
cycles consisting of 94 °C incubation for 1 min, an annealing step at 60 °C for 1 min,
and an extension step at 72 °C for 1.5 min. A final step of 72 °C for 5 min was
included to complete partial extension reactions. All PCR products were verified by

agarose gel electrophoresis (section 2.2.1.5).

2.1.3.2 Template-mismatched PCR mutagenesis.

This procedure was based on the methods by Higuchi and co-workers (1988) and Ho
and co-workers (1989). The first step was the separate amplification of overlapping
- regions of the coding region for HHO!. In these PCR reactions, 12 ng of pRS413-
HHOLI (Patterton ef al., 1998) was used as template in a 50 pu/ volume containing 1 X
Pfu DNA polymerase reaction buffer (Promega), 3 U Pfu DNA polymerase
(Promega), 150 uM of the four deoxyribonucleotide triphosphates and 0.5 uM of
mismatch oligonucleotide needed to introduce the Factor Xa protease site, and 0.5 uM
of the a flanking oligonucleotide Hhol C (forward) or Hhol B (reverse).

In the first reaction, Hhol A was used as flanking primer and Hhol B as mismatch
primer. In the same way Hhol D was used with the mismatch primer Hhol C in a
separate reaction. PCR products were verified by agarose gel electrophoresis (section
2.2.1.5). The amplified fragments were recovered form a 1 % (w/v) low melting
agarose gel. DNA was purified using QIAquick Gel Extraction kit (Qiagen) using the
manufacturer’s supplied protocol (section 2.2.1.6).

In the subsequent overlap extension PCR reaction, the purified PCR products were

used as template for the amplification of the full-length coding sequence of the
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modified Hhol. In the overlap extension PCR, 2 ng of the template DNA (equal
concentrations of the appropriate overlapping PCR products mentioned above) was
used in a 48 pf volume containing 1 X Pfu DNA polymerase reaction buffer
(Promega), 3 U Pfu DNA polymerase and 150 uM of the four deoxyribonucleotide
triphosphates. This was followed by a extension step of 2 cycles of denaturation for 1
min at 94 °C, annealing of the template at 55 °C for 1 min and extension by Pfit DNA
polymerase at 72 °C for 1 min. This two-step PCR cycling was found to minimize the
amplification of contaminants, and allowed for the formation of the full-length
template prior to the addition of the flanking primers.

Following this initial 2 cycle PCR, Hhol A (forward flanking primer) and Hhol D
(reverse flanking primer) were added to a final concentration of 0.5 uM and the
reaction allowed to continue at the following cycling parameters: an initial
denaturation at 94 °C for 1 min followed by 25 cycles consisting of a denaturation
step at 94 °C for 1 min, an annealing step at 55 °C for 1 min, and an extension step at
72 °C for 1.5 min. The amplification was concluded by incubating the sample at 72
°C for 5 min to complete partial extension reactions, and the sample then transferred
to 4 °C. PCR products were verified using agarose gel electrophoresis (section
2.2.1.5).

2.1.3.3 The GH5-linker-GHS5 fragment.

The amplification of coding regions for GHS and the HHQO! lysine-rich region
(linker) were performed by PCR using 10 ng of each of the coding region GH5 and 10
ng of the coding region of HHO! as templates for the GH5 and HHOI-linker
fragments respectively. These coding regions were obtained by the Nde I / Xho I
digestion of pET-20b(+) and pRS413-HHOI, respectively. The digested fragments
were subsequently isolated from a 1 % (w/v) low melting agarose (section 2.2.1.6).
An aliquot of 0.5 pM of each primer were used (indicated in Table 2.3) in a 50 pf
reaction volume containing 1 x Pfu DNA polymerase reaction buffer (Promega), 3 U
Pfu DNA polymerase and 150 pM of the four deoxyribonucleotide triphosphates. The
following cycling parameters were used: an initial denaturation step at 94 °C for 1

min, followed by 25 cycles consisting of 94 °C incubation for 1 min, an annealing
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step at 60 °C for 1 min, and an extension step at 72 °C for 1.5 min. A final step of 72
°C for 5 min was included to complete partial extension reactions.

All PCR products were verified by agarose gel electrophoresis (section 2.2.1.5). The
same reaction conditions were used for the amplification of coding regions for GH5
and the GH5-HHOI-linker fragment using 10 ng of GHS and GH5-HHO!-linker
fragments as templates respectively. PCR products were verified using agarose gel

electrophoresis (section 2.2.1.5).

2.1.4 Restriction and ligation of the coding sequences into E. coli expression

vectors.

2.1.4.1 Globular domain one and globular domain two.

Expression vectors for globular domain 1 and 2 (GD1 and GD2) of Hholp containing
a N-terminus hexa histidine-tag were constructed in pPRO Ex A (Novagen Life
Technologies, Inc.).

The amplified fragments corresponding to GD1 and GD2 were recovered from a 1 %
(w/v) low melting agarose gel (section 2.2.1.6.) and purified with the QIAquick Gel
Extraction Kit (Qiagen). The procedure was performed according to the
manufacturer’s recommendations. The isolated fragments were then digested with 10
U of the restriction enzymes Sfo I and Xho 7 (Promega) for 4 hr at 37 °C. The digested
fragments were recovered from a 1 % (w/v) low melting agarose gel, and purified
with the QIAquick Gel Extraction Kit (Qiagen).

A plasmid linearized by Sfo 7 / Xho I cleavage was dephosphorylated in a 30 p?
reaction volume consisting of 1 x Shrimp Alkaline Phosphatase reaction buffer
(Promega), 300 ng pPRO EX A and 0.3 U of Shrimp Alkaline Phosphatase. The
mixture was incubated at 37 °C for 15 min, and the enzyme inactivated by incubation
of the reaction at 65 °C for 15 min. Approximately 16 ng of the purified fragment (in
five-fold molar excess to vector) was mixed with 50 ng dephosphorylated of pPRO Ex
A (Novagen), 1 u¢ 10 x Ligation Buffer (Promega) and 1 pf of T4 DNA Ligase
(Promega, 3 Weiss U/pf) in a total volume of 10 puf. An experimental control
(background control) was included where the digested GD1 or GD2 insert fragment

was omitted. The ligation reaction was allowed to proceed overnight at 4 °C.
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Following ligation, 5 p¢ of the ligation mix was added to 100 p? of calcium chloride
competent DHSa E. coli cells (Invitrogen, Gibco BRL, U.S.A.). The suspension was
incubated on ice for 30 min after which the cells were heat-shocked, according to the
methodology of Inoue and co-workers (1990) at 42 °C for 45 sec. The transformed
cells were immediately placed on ice (4 °C) for a further 2 min and 900 p¢ of room
temperature SOC medium [0.5 % (w/v) yeast extract, 2 % (w/v) tryptone, 10 mM
NaCl,, 2.5 mM KCI, 10 mM MgCl, 20 mM MgSO4 and 20 mM glucose] was added.
Cells were incubated with shaking (150 rpm) at 37 °C for 1 hr. Following incubation,
100 u/ of the transformed cells were plated onto LB agar plates containing 50 pg/mé
ampicillin. Plates were incubated for 14 hr at 37 °C.

Plasmid DNA was isolated (see section 2.1.1) from overnight cultures containing 10
m{ LB medium supplemented with 50 pg/m/¢ ampicillin and colonies chosen
randomly from the incubated plates. Positive constructs were identified by restriction
enzyme screening with the restriction enzymes Sfo 7 and Xho I (Promega), and
verified by a secondary PCR screening with the oligonucleotide primers initially used
to amplify the inserts. The correct fragments from both procedures were verified by
electrophoresis on a 1 % (w/v) agarose gel stained with ethidium bromide (0.5 pg/m#)
as described below (section 2.2.1.5). Plasmids found to contain correct inserts were
sequenced by automated nucleotide sequencing (section 2.2.1.6), and denoted pPRO
Ex A-GD1 (globular domain 1) and pPRO Ex A-GD2 (globular domain 2). Glycerol
stocks were prepared of the E. coli DH5a cells containing the pPRO Ex A plasmids
with the coding regions for GD1 and GD2 and stored at -70 °C.

pPRO Ex A-GD1 and pPRO Ex A-GD2 were transformed into E. coli strain BL21
(DE3) containing a plasmid encoding T7 lysozyme (pLysS) as described above. The

transformed cells were plated onto LB agar containing ampicillin (50 pg/m#) and

chloramphenicol (34 pg/m¥).

2.1.4.2 Modified HHOI-FXa.

The method used for the cloning of the modified HHO! into an expression vector was
as described for the cloning of the globular domains into pPRO Ex A (2.1.4.1), with a
few modifications. The expression vector used for the modified Hholp, namely

HHO1-FXa, was pET-20b(+), containing a C-terminus hexa histidine-tag (Novagen).
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The amplified fragment corresponding to HHO1-FXa was recovered from a 1 % (w/v)
low melting agarose gel (section 2.2.1.6), and purified with the QIAquick Gel
Extraction Kit (Qiagen). The fragments were digested with 10 U of the restriction
enzymes Bcl I and Stu I (Promega) for 4 hr at 37 °C. The digested fragments were
recovered from a 1 % (w/v) low melting agarose gel and purified with the QIAquick
Gel Extraction Kit (Qiagen). The isolated plasmid cleaved with Bel I and Stu 1, was
dephophorylated by alkaline phosphatase treatment, as described above.

The Bel I/ Stu I digested HHO1-FXa fragment was mixed with the treated vector at 5-

fold molar excess, and ligated as described above. Following ligation 5 pf of the

ligation mix was added to 100 p¢ of calcium chloride competent DH5a E. coli cells
and transformed as described above.

Plasmids containing the correct mutated region in the HHQ! lysine-rich region were
identified using automated nucleotide sequencing (section 2.2.1.7). Plasmids were
denoted pET-20b(+)-HHO1-FXa. Glycerol stocks were prepared of the E. coli DH5a
cells containing the pET-20b(+) plasmids, and stored at -70 °C.
pET-20b(+)-HHO!-FXa was transformed into E. coli strain BL21 (DE3) containing a
plasmid encoding T7 lysozyme (pLysS) using the methodology of Inoue and

colleagues (described above). The transformed cells were plated onto LB agar

containing ampicillin (50 ug/m¢) and chloramphenicol (34 ng/m/).

2.1.4.3 GHS5-linker-GHS.

The amplified fragments corresponding to GH5 and HHO!-linker (lysine-rich region)
were recovered from a 1 % (w/v) low melting agarose gel (section 2.2.1.6.) and
purified with the QIAquick Gel Extraction Kit (Qiagen). The procedure was
performed according to the manufacturer’s recommendations. The isolated fragments
were then digested with 10 U of the restriction enzymes Sal I and Xho I (Promega) for
4 hr at 37 °C. The digested fragments were recovered from a 1 % (w/v) low melting
agarose gel, and purified with the QIAquick Gel Extraction Kit (Qiagen). These
fragments were ligated at a 1:5 GHS to HHOI-linker molar ratio with 1 pf 10 x
Ligation Buffer (Promega) and 1 n/ of T4 DNA Ligase (Promega, 3 Weiss U/pf) in a
total volume of 10 uf. The ligation product was isolated from a 1 % (w/v) low

melting agarose gel (section 2.2.1.6.).
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The isolated GH5-HHOQO!-linker fragment was digested with 10 U of Taq I restriction
enzyme for 4 hr at 37 °C. The digested fragments were verified by agarose gel
electrophoresis (section 2.2.1.5).

Following the amplification and 1 % (w/v) low melting agarose isolation (section
2.2.1.6.) of the GHS and GH5-HHO!-linker fragments, the fragments were ligated at
a 1:1 molar ratio with 1 pf 10 x Ligation Buffer (Promega) and 1 p/ of DNA T4
Ligase (Promega, 3 Weiss U/uf) in a total volume of 10 pf. The GHS5-linker-GH5
ligation product was isolated from a 1 % (w/v) low melting agarose gel (section
2.2.1.6) and digested with 10 U of Xko I for 4 hr at 37 °C. The digested fragments
were verified by agarose gel electrophoresis (section 2.2.1.5). The restriction enzyme
digestion identified the GH5-linker-GH5 fragment ligated in the correct orientation.

This fragment was sequenced verified with automated nucleotide sequencing.

2.1.5 Agarose gel electrophoresis.

All DNA samples including PCR products, restriction enzyme digestion products and
screening products, were verified by agarose gel electrophoresis through a 1 % (w/v)
agarose gels in 1 x TAE electrophoresis buffer [40 mM Tris acetate (pH 8.3), 2 mM
EDTA]. Samples were electrophoresed at constant voltage of 130 V for 45 min at
room temperature. Gels were stained with ethidium bromide (0.5 pg/m/). DNA was

visualised by short wavelength UV transillumination (254 nm).

2.1.6 Gel isolation and purification of DNA.

Samples were electrophoresised on a 1 % low melting point agarose gel in 1 x TAE
electrophoresis buffer (containing 0.5 pug ethidium bromide/m¢) at 75 V for 60 min.
DNA was visualised by brief exposure to low wavelength UV (320 nm). The
appropriate bands were excised from the gels with a sterile blade. Gel slices were
melted by incubation at 70 °C in a waterbath and DNA purified using the QIAquick
Gel Extraction kit (Qiagen), according to the manufactures instructions. DNA
concentrations were determined from the absorbance of samples at 260 nm using the

conversion factor for double stranded DNA (1 OD unit = 50 pg/m/).
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2.2 Over-expression of recombinant proteins in E. coli.

2.2.1 Growth and induction time course.

To establish whether the recombinant proteins were stably expressed by BL21(DE3)
E. coli cells transformed with pLysS, a single colony of BL21{DE3)pLysS containing
either of pET-20b(+)-HHOI, pET-20b(+)-HHQ1-FXa, pPRO Ex A-GD1 or pPRO Ex
A-GD2 was inoculated into 10 m/ liquid LB media containing ampicillin (50 pg/m?)
and chloramphenicol (34 pg/m/¢). Cultures were grown with shaking (500 rpm) at 37
°C to an ODgyp of 0.7. A 1 mf volume of the culture was removed to serve as a pre-
induction control, and expression induced from the T7 promoter by addition with
isopropyl-B, D-thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM.
Cultures were returned to 37 °C. 1 m/ aliquot was removed at time intervals 60, 90,
120 and 180 min. Aliquots were centrifuged for 20 sec in a benchtop microcentrifuge,
the supernatant decanted, and the cell pellets frozen at -20 °C.

Following the induction time-course, 20 uf of 5 x SDS-PAGE sample application
buffer [0.5 M Tris-Cl (pH 6.8), 10 % (w/v) sodium dodecyl sulphate (SDS), 0.1 %
(w/v) bromophenol blue and 10 % (v/v) glycerol], to which PB-mercaptoethanol
(Merck) had been added to a final concentration of 2 % (v/v), was added to each
pellet. Samples were denatured at 90 °C on a heating block, and loaded onto a 15 %
(w/v) polyacrylamide gel. Gels were electrophoresed at 200 V for 45 min. Protein was

visualized by Coomassie stain as described (section 2.4.1).

2.3 Protein purification of recombinant proteins.

Large scale protein expression was achieved by inoculating a single colony of
BL21(DE3)pLysS containing either pET-20b(+)-HHOI-FXa, pPRO Ex A-GDI,
pPRO Ex A-GD2 or pET-20b(+)-HHO! in 10 m/ LB medium, containing ampicillin
(50 pg/m?) and chloramphenicol (34 pg/m?). The cultures were grown at 37 °C to an
ODgyy of 0.7. This whole culture was then added to 1-2 7 of fresh LB media
supplemented with the appropriate antibiotics, and the cells cultured to an ODgg of

0.7. These bacterial cells were harvested in a JA 14 rotor (Beckman) at 8 000 x g for

10 min at 4 °C. The cell pellets were resuspended in fresh LB media supplemented
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with the appropriate antibiotics. Expression was induced with a final concentration of
0.4 mM IPTG and cultures grown for further 3 hr at 37 °C. In a separate experiment 1
£ cultures in 5 £ flasks (well aerated) were grown to an ODgq of 0.4, induced with 0.4
mM IPTG and then harvested. Recombinant protein expression using these conditions
was vastly improved.

The bacterial cells were harvested by centrifugation in a JA 14 rotor (Beckman), using
a J2-21 centrifuge (Beckman) at 10 000 % g for 20 min at 4 °C. The cell pellets were
resuspended in 40 m/ per litre of binding buffer [5 mM imidazole, 500 mM NaCl, 20
mM Tris Cl, pH 7.9]. The cells were lysed by sonication using a 0.4 cm tip (red) fitted
on a Bronwill Biosonik III sonicator (Bronwill Scientific, Inc., New York) at an
intensity setting of 30. Sonication of the cells was performed on ice for sixty 45 sec
pulses with 15 sec rest on ice, or until samples were no longer viscous. The cellular
debris was pelleted by centrifugation at 39 000 x g in a JA 20 rotor (Beckman) for 20

min at 4 °C.
2.3.1 Immobilised metal affinity chromatography.

The recombinant proteins were purified by immobilized metal affinity

chromatography (IMAC) using a His Bind kit (Novagen). A 50 % slurry of nickel
agarose resin (bed volume of 2.5 m/) was packed into a plastic column provided by
the manufacturer. The storage buffer was allowed to drain to the bed level after which
7.5 m/ milli-Q H,O was added. The column was then charged with 12.5 m/ charge
buffer (50 mM NiSO,) and equilibrated in 7.5 m/ of binding buffer. The crude extract
was applied to the column after which the column was washed with 25 m/ of binding
buffer, followed by 15 m/ of wash buffer [40 mM imidazole, 500 mM NaCl, 20 mM
Tris Cl, pH 7.9]. Recombinant proteins were then eluted with 15 m/ elution buffer

[1 M imidazole, 0.5 M NaCl, 20 mM Tris ClL, pH 7.9].

Fractions of 1 m/ were collected. All fractions were stored at -20 °C and a 20 p/

aliquot from each step (crude extract, flow through, binding wash, wash and elution
fractions) was loaded onto a 15 % (w/v) SDS-PAGE gel, and electrophoresed at 200

V for 1 hr. Protein was visualized by Coomassie stain as described (section 2.4.1).
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2.3.2 Ton-exchange chromatography of Hholp, Hhol-FXap and GD2 on Biorex-

70 cation exchange resin.

The Ni-agarose fractions collected above were also purified using Biorex-70 (Bio-
Rad, Bio-Rad Laboratories Ltd., United Kingdom). The Ni-agarose fractions were
pooled and the buffer changed in a 10 kDa molecular Centricon Centrifugal Ultrafilter

column (Millipore, Millipore Corporation).

The different buffering conditions employed were:

1. 0.1 M KH,POy (pH 7.2), ] mM EDTA
0.1 M KH,PO4(pH 7.2), 1 mM EDTA, 8 % GuHCl
20 mM CAPS (pH 10.5), 1 mM EDTA, 8 % GuHCl
20 mM CAPS (pH 10.5), | mM EDTA
10 mM Tris Cl(pH 7.5), l mM EDTA

A

The samples were loaded onto a 0.2-0.4 m/ bed-volume Biorex-70 cation exchange
column, equilibrated with 10 bed volumes of the same buffer used for the preparation
of the protein sample. Columns had a 0.7 cm diameter with a height of 8.5 cm.
Dependant on the bed volume and total protein concentration, 50-100 pg of the
recombinant protein of interest was loaded on the equilibrated column. Unbound
protein was washed from the column with 3 bed volumes of the loading buffer.
Protein applied to the columns that were pre-equilibrated with the potassium
phosphate and CAPS buffers, were eluted with a linear gradient of 2 bed volumes of a
10-25 % (w/v) guanidinium chloride (GuHCI) followed by a final elution step of 2
bed volumes 50 % (w/v). Columns and protein samples equilibrated with the 10 mM
Tris Cl (pH 7.5) buffer, were eluted with a linear S0 mM-2 M NaCl gradient, where
increasing concentrations had a 2 x bed volume.

All the guanidinium solutions were buffered at pH 7.2 with 100 mM potassium
phosphate, 1 mm EDTA and all the NaCl solutions were buffered to pH 7.5 with 10
mM Tris CL Fractions containing GuHCI were dialyzed against 1 mM Tris Cl, 1 mM
EDTA, 0.1 mM PMSF using Dispo-Biodialyzer (AmiKa Corporation, Columbia,
USA) 5 kDa molecular weight cut-off micro dialysis system. This allowed for the

dialysis of small volumes. Aliquots of 100 u/ of each sample were applied to the
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membrane and dialysis proceeded overnight at 4 °C with constant circulation of 1 £
dialysis buffer.

Fractions were collected (fraction sizes collected were 2 bed volumes) and 20 uf of
each fraction were analysed by 15 % (w/v) SDS-PAGE gel and electrophoresed at 200
V for 45 min. Protein was visualised by Coomassie staining as described (section
2.4.1).

2.3.3 Reverse-phase high performance liquid chromatography of Hholp, Hhol-
Fxap, GD1 and GD2.

Reverse-phase HPLC (RP-HPLC) was employed using a Jupiter CI8 column
(Phenomenex, U.S.A), with a 300 A pore-size and a 5-10 pm range of particle sizes.
The column was washed and equilibrated in 1 % trifluoroacetic acid (TFA).
Concentrated samples form the Ni-agarose elution were prepared by washing the
protein sample in 0.1 % TFA and centrifugation at 8 000 x g in a benchtop
microcentrifuge to remove any debris. Aliquots of 100 pf of the supernatant from this
centrifugation were injected in the column. The linear gradient of 0.1 % aqueous TFA
to 70 % (v/v) acetonitrile in 0.1 % TFA (v/v), with a flow-rate 0.7 m#/min was used.
The low pH (2.0) of this system aids in the suppression of undesirable ionic
interactions between the protein and the packing material, which is caused by the
presence of non-derivatized silanols (negatively charged above pH 4-4.5) (Guo et al.,
1986 and Mant ez al., 1991).

The absorbance of the eluent was recorded at 229 nm. Fractions of 1.5 m/ were

collected, and 20 pf of each fraction loaded onto a 15 % (w/v) SDS-PAGE gel,
electrophoresed at 200 V for 45 min. Protein was visualised by Coomassie staining as
described (section 2.4.1). The remaining volume of the collected fraction was frozen
at -70 °C for 1 hr and lyophilized overnight. The lyophilized protein was resuspended

in the appropriate buffer described in the text and stored at -20 °C.
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2.3.4 Gel filtration of Hholp and GD2.

Bio-Gel P-10 (fractionation range of 1.5-20 kDa) was used for the separation of GD2
and Bio-Gel P-60 (fractionation range of 3-60 kDa) was used for Hholp and Hhol-
FXap separations. Column sizes were chosen according to the volume of the sample
relative to the bed volume and a range of different bed volumes were employed. Resin
preparation was according to the manufacturer’s instructions, and after degassing and
packing, the resin was equilibrated in 500 mM Tris Cl (pH 7.5), 1 mM EDTA.
Fractions were transferred to 500 mM Tris Cl (pH 7.5), 1 mM EDTA using a
Centricon ultrafiltration device as described and loaded and eluted with 7-10 bed
volumes of the same buffer. The volume of the fractions to be collected was
determined by the concentration of the desired protein that was loaded, and the bed
volume of the column.

Aliquots of 20 p/ of each fraction was loaded onto a 15 % (w/v) SDS-PAGE gel and
electrophoresed at 200 V for 45 min. Protein was visualised by Coomassie staining as

described (section 2.4.1).

2.3.5 Concentration and buffer changes of all purified proteins.

Protein fraction from the various purification steps were concentrated and buffers
changed by using a Centricon Centrifugal Filter Devices YM10 and YM30 MW
Membranes (Millipore), according to the manufacturer’s instructions. Briefly, 2 m{ of
the sample was loaded into the sample reservoir and centrifuged at S000 x g using a
JA 20.1 rotor (Beckman). All centrifugation steps were performed at room
temperature for 1 hr.

2.3.6 Protein quantification.

Protein concentrations were determined using a microassay procedure of the Bradford
method (Bradford, 1976) (Bio-Rad). Five dilutions of a BSA standard (Bio-Rad), was
used in the linear range from 0.1 mg/m#-0.5 mg/m/. Incubation of the protein and dye
(Coomassie Brillant Blue G-250) was performed at room temperature for 5 min, and

the absorbance measured at 595 nm in a microplate reader (Titertek Multiskan PLUS,
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Flow Laboratories, Finland). Comparison of the test samples to a standard curve

provided the protein concentration.
2.3.7 Removal of N-terminal hexa histidine-tag.

The N-terminal hexa histidine-tag was removed from the purified GD1 and GD2 by
digestion with recombinant TEV protease (Invitrogen, Life Technologies, U.S.A.). A

20 pg amount of the purified GD1 and GD2 as digested in a 150 pf reaction volume
containing 7.5 wf 20 x rTEV buffer, 20 U rTEV Protease and 0.1 M DTT at 30 °C for
4 hr.

Aliquots of 25 pf from each sample were loaded onto a 15 % (w/v) SDS-PAGE gel

and electrophoresed at 200 V for 45 min. Protein was visualised by Coomassie

staining as described (see section 2.4.1).
2.3.8 Cleavage of Hhol-FXap with Factor Xa protease.

The modified Hhol-FXap which contains the cleavage site for Factor Xa protease

(Promega) in the lysine-rich region between the two globular domains of Hholp, was
digested in a 100 pf reaction volume consisting of 35 pg Hhol-FXap, 2 U Factor Xa
Protease, 40 mM Tris Cl (pH 7.3) and 80 mM NaCl. The digestion was performed at
25°C for 1 hr.

An aliquot of 25 p/ of sample was loaded onto a 15 % (w/v) SDS-PAGE gel, and
electrophoresed at 200 V for 45 min. The digested fragments were visualised by

Coomassie staining as described (see section 2.4.1).

2.4 Characterization of Hholp domains.

2.4.1 SDS-PAGE gel electrophoresis of proteins.

All proteins were analysed by SDS-PAGE electrophoresis as described by Laemmli
(1970). Gels consisted of a 15 % (w/v) polyacrylamide (acrylamide:bisacryamide

29:1) containing 375 mM Tris Cl (pH 8.8) and 0.1 % (w/v) SDS. The stacking gel
consisted of 6 % (acrylamide:bisacryamide 29:1) (w/v) polyacrylamide containing
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125 mM Tris Cl (pH 6.8) and 0.1 % (w/v) SDS. Samples were denatured at 95 °Cin 1
x sample application buffer (83 mM Tris Cl (pH 6.8), 1.6 % (w/v) SDS, 0.016 %
(w/v) Bromophenol blue and 1.6 % glycerol (v/v) containing 25 % (v/v) B-
mercaptoethanol. Gels were electrophoresed at 200 V for 1 hr in a MiniProtean III
(Bio-Rad) electrophoresis system.

Following electrophoresis, gels were stained with Coomassie Blue stain solution [0.25
% (w/v) Coomassie Brilliant Blue in 100 % methanol] for 1 hr and destained
overnight in destain solution [7 % (v/v) acetic acid, 25 % (v/v) ethanol].

Ethanol was substituted with methanol in the destain solution where the protein
samples were to be analysed by matrix assisted laser desorption ionization/time-of-

flight mass spectrometry (MALDI-TOF).

2.4.2 In-gel trypsin digest and MALDI-TOF analysis.

After SDS-PAGE electrophoresis and Coomassie Brillant Blue staining of the
recombinant proteins, the gels were destained overnight in 7 % (v/v) acetic acid, 25 %
(v/v) methanol. Bands corresponding to the proteins of interest were excised form the
gel for analysis by in-gel trypsin digestion.

The positive experimental control used was the band corresponding to carboxy
anhydrase in the marker lane containing the Broad Range Molecular Marker (Bio-Rad
Laboratories, Hercules, CA, USA) and a blank gel piece was used as negative control.
All gel slices were washed twice with 200 pf 50 % (v/v) acetonitrile, 25 mM
NH4HCOs. The solution was removed after a 15 sec incubation step. Gel slices were

then washed with 200 p/ (v/v) 100 % acetonitrile and dried on a rotary evaporator for

30 min. Samples were digested overnight at 37 °C with trypsin (20 p/ of 20 pg/m/,
Sigma Aldrich) in 25 mM NH4HCO;. Acetonitrile and TFA [50 % (v/v) and 5 %
(v/v), respectively] were added to a final volume of 70 1/ and samples incubated for
30 min. The remaining solution was transferred to a clean eppendorf tube and dried.
Samples were subsequently dissolved in 60 pf 0.05 % (v/v) TFA, 5 % (v/v)
acetonitrile and mixed in a 1:1 dilution with a-cyano-4-hydroxycinnamic acid [10
mg/m/ in 60 % (v/v) acetonitrile, 0.3 % (v/v) TFA]. An aliquot (2 pf) was spotted on
a gold coated MALDI protein grid. The grid was air-dried and inserted into a
MALDI-TOF (Perspective Biosystems Voyger DE.Pro) for analyses.
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Analyses were performed at an accelerating voltage of 20 kV and a grid voltage of 74
%, with the negative-ion selector switched off. Proteins were identified by comparing
the patterns of obtained fragment ™/, —values to databases of predicted patterns
(Clauser ef al., 1999) using the MS-Fit Program from the UCSF Mass Spectrometry
facility available at http:/prospector.ucsf.edu.

2.4.3 Circular Dichroism (CD).

Proteins were concentrated as described (section 2.3.5) and washed in three separate
buffers: 10 mM NaPO4 (pH 7), 0.5 M NaCl and in 100 mM NaPQ,. Protein
concentration was determined by Bradford assay (section 2.3.6) and adjusted to 0.2
mg/m/. CD spectra were recorded in the range 190-250 nm with measurements every
0.5 nm. Spectra were recorded on a JASCO J-180 CD spectropolarimeter in cuvettes

with a 1 mm path length. Spectra represent the average of three scans.

2.5 Preparation of H1-stripped long chromatin from chicken erythrocyte nuclei.

Where possible, all procedures were performed on ice, or in a cold room at 4 °C.

2.5.1 Isolation of chicken erythrocyte nuclei.

Fresh chicken blood (200 m/) was collected in a plastic beaker filled with 70 m¢ of
ACD [15.6 mM citrate, 89 mM Nascitrate, 16 mM NaH,PO4 and 129 mM glucose].
The suspension was filtered through 3 layers of cheesecloth into a 500 m{ bottle, and
immediately placed on ice. Eight JA 20 (Beckman) centrifuge tubes were filled to half
maximal volumes with chicken blood, and topped up with 1 x SSC [10 mM trisodium
citrate, 150 mM NaCl]. Cells were washed three times by centrifugation in a JA 20
rotor at 4 °C for 5 min at 1000 x g followed by gentle resuspension with a glass rod.
The supernatants were removed by aspiration. Hereafter, cells were washed
repeatedly in SSC buffer supplemented with 0.1 % (v/v) Triton X-100 until only
cream-coloured nuclei was visible in the pellet.

Nuclei were washed three times in buffer A [15 mM Trig Cl, 65 mM NaCl, 60 mM
KCL, 0.15 mM spermine, 0.5 mM spermidine, 0.2 mM EDTA, 0.2 mM EGTA, 5 mM
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2-mercaptoethanol, 0.2 mM PMSF] and stored in buffer A containing 50 % (v/v)
glycerol at -20 °C.

2.5.2 Isolation of H1-stripped long chicken chromatin.

Nuclei were washed three times in buffer A to remove glycerol, after which the

absorbance of the nuclei suspension was determined in 0.1 M NaOH at 260 nm. The

nuclei were adjusted to 50 OD/m/ (5 mg/m/ chromatin) in buffer A.

2.5.3 Trial micrococcal nuclease digestion.

A trial MNase (micrococcal nuclease) digestion was performed in order to determine
the appropriate time for digestion to produce long chromatin. A 1 m/ aliquot of the
nuclei was adjusted to 1 mM CaCl, and incubated at 37 °C for 3 min. 40 U MNase
(Sigma) was added, and 200 p/ aliquots were removed at 0, 5, 10, 15 and 20 min. The
digestion was quenched at each of these time points by the addition of EDTA to a
final concentration of 2.5 mM and placing the samples on ice. Samples were
centrifuged at 5000 x g for 10 min in a benchtop microcentrifuge.

The supernatant was discarded and the pellet resuspended in 1 m# 10 mM Trig Cl, 0.2
mM PMSF, 0.2 mM EDTA. Samples were shaken gently (setting 1 on a Vortex
Genie) at 4 °C for 30 min in order to release the soluble chromatin. Samples were
centrifuged at 5000 x g for 10 min in a benchtop microcentrifuge, after which 500 p/
aliquots were transferred to clean eppendorf tubes.

SDS and Proteinase K were added to a final concentration of 0.1 % (v/v) and 0.5 %
(w/v) respectively. Protein was removed by extracting twice with equal volumes
neutralized phenol, and once with an equal volume chloroform:isoamylalcohol (24:1)
(v/v). Samples were ethanol precipitated according to standard procedure (Ausubel et
al., 1995) and resuspended in 15 pf TE buffer [10 mM Tris Cl (pH 7.5), 1 mM
EDTA], and analysed by electrophoresis on a 1 % (w/v) agarose gel (as described in
section 2.1.5).
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2.5.4 Bulk digestion and gel filtration chromatography.

After determining the ideal digestion time (section 2.5.3) to produce long chromatin
the bulk digestion was performed. The nuclei solution (at 50 OD/m/) was adjusted to

1 mM CaCl, and 40 U/m/ MNase(Worthington) added. The digestion proceeded for
the determined time (typically 1-2 min) at 37 °C, after which EDTA was added to a
final concentration of 2 mM. The sample was returned to ice, divided into two equal
aliquots and centrifuged at 4 °C at 5000 x g for 10 min. The supematant was
discarded, and samples resuspended in half the original volume 10 mM Tris Cl (pH
8.0), 0.2 mM EDTA, 0.2 mM PMSF. This solution was gently shaken at 4 °C in a
cold room using a Vortex Genie (Scientific Industries, Inc, U.S.A) on setting 1 for 30
min, after which it was centrifuged at 5000 x g for 10 min. The supernatant was
collected and the pooled volume was measured accurately using a sterile 25 m/ plastic
pipette. This volume was adjusted to a NaCl of 650 mM by slowly adding 5 M NaCl
drop-wise in order to dissociate the linker histones.

Gel-filtration chromatography was used for size-fractionation of chromatin and
removal of linker histones. The entire sample was loaded onto a Sepharose 4B
(Biorad) column (with a bed volume of approximately 300 m/, the resin had been
degassed prior to the packing of the column) equilibrated in 10 column volumes of
630 mM NaCl, 10 mM Tris ClI (pH 8), 0.2 mM PMSF and 0.2 mM EDTA. A total of
100 fractions of approximately 8 m/ were collected under gravity flow.

The protein content of the eluted fractions was determined at 230 nm. Selected
fractions were analysed on a 15 % SDS-PAGE gel in order to monitor the elution of
both nucleosomal arrays as well as linker histone.

The DNA content of the same fractions was determined by analysis on a 1 % (w/v)
agarose gel in 1 x TAE buffer following phenol extraction and precipitating the DNA
with ethanol according to a standard technique (Ausubel et al., 1995). Appropriate
long nucleosomal fragments free of linker histone were dialyzed overnight in 10 mM
Tris Cl, 0.2 mM PMSF, 0.2 mM EDTA with one buffer change, in order to remove
the glycerol and NaCl before concentration. Chromatin was concentrated to 7
ODsg/mf using YM-30 Centricon ultrafiltration spin columns (Millipore). Aliquots of

3 m/ were concentrated at a time at 15,000 x g for 30 min intervals. This chromatin

was then made up to 15 % (v/v) glycerol, and 100 p/ aliquots were flash-frozen in
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eppendorf tubes in a bath made of solid CO; and ethanol. Aliquots were then
immediately placed at -70 C for storage.

2.5.5 Preparation of the Lytechinus variegatus 58 rRNA 207-bp fragment.

The p58207-12 plasmid (Simpson, 1985) was transformed into the E. coli SURE

competent cells using the heat-shock method (Inoue et al., 1990) as described (section

2.1.4.1). Following transformation, a single colony was inoculated into 400 m/ LB

medium supplemented with ampicillin (50 ug/m¢) and grown with shaking at 37 °C
for 12 hr. Plasmid DNA was isolated using the Midiprep Purification System
following the manufacturer’s instructions (Promega). Plasmid DNA was further
concentrated via an ethanol precipitation using a standard procedure (Ausubel et al.,
1995). The DNA pellet was resuspended in 1 x TE buffer, and the concentration
determined spectrophotometrically at 260 nm. Plasmid DNA was digested in a 30 pf

reaction containing 1 x buffer B (Promega) 1 pg/m/ of BSA (bovine serum albumin)
and 20 U of Ava [ restriction enzyme (Promega). This reaction was incubated 37 °C
for 4 hr.

The digestion products were electrophoresed on a 3.5 % nondenaturing
polyacrylamide gel at 80 V for 1 hr in 1 x TBE electrophoresis buffer. Following
electrophoresis, the gels were stained in 1 x TBE buffer containing ethidium bromide
(0.5 ng/m¢). DNA was visualised by brief exposure to long wavelength UV light (320
nm). The appropriate band corresponding to the 207-bp fragment was excised from
the gel with a sterile blade. Gel slices were transferred to a 1.5 m/ eppendorf, covered
with elution buffer [0.5 M ammonium acetate, ] mM EDTA, pH 8.0] and incubated at
37 °C for 3 hr. Gel fragments were pelleted at 500 x g for 1 min in a benchtop
microcentrifuge. The supernatant was recovered and the remaining polyacrylamide
gel fragments were rinsed with additional elution buffer to recover residual DNA.
These fragments were re-centrifuged and the supernatants combined.

DNA was precipitated after the addition of 2 volumes of 100 % ethanol at -20 °C for
20 min. DNA was pelleted in a benchtop microcentrifuge for 5 min. After removal of
the supernatant the pellet was re-dissolved in 100 pf TE buffer (pH 7.4), 10 p/f
volume of 3 M sodium acetate (pH 5.2) was added, and the DNA re-precipitated after

addition of 2 volumes 100 % ethanol and recovered by centrifugation. Pellets were
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rinsed in 70 % ethanol, dried, and resuspended in 1 x TE (pH 7.4) buffer. DNA

concentrations were determined spectrophotometrically at 260 nm.
2.5.6 [¢->*P|dCTP and biotin-16ddUTP labeling of the isolated 207-bp fragment.

The isolated 207-bp fragment was labeled at the 5' and 3' ends with [a~"°P]dCTP and
biotin-16ddUTP, respectively. The Ava I restriction enzyme produces dissimilar
overhangs following cleavage from the p5S207-12 plasmid (Simpson et al., 1985)
allowing labeling of only one the 5' end with [a-**P]dCTP. The fragment was labeled

in this manner for use in the subsequent gel electromobility shift assays. The 5’ end of
5 ug of the Ava I digested fragment was labeled in a 50 p/ reaction volume which

contained 5 puf 10 x Klenow buffer (Promega), 5 U of the DNA polymerase I large
(Klenow) fragment, 120 mM of dATP, dTTP, dGTP and 50 pCi of [a->*P]dCTP. The
labeling was allowed to proceed at 37 °C for 1 hr. The unincorporated nucleotides
were removed with a SigmaSpin Post-Reaction Purification Column according to the
manufacture’s protocol (Sigma). The percentage incorporation of the radioactive
nucleotide ranged from 50-70 %, and was determined by liquid scintillation counting,
using a Beckman LS 5000 TD Liquid Scintillation Counter, of 2 p{ aliquots of pre-
and post-spin fractions. [0->P]dCTP-labeled 207-bp fragment was stored at 4 C for
no longer than 24-48 hr.

In a separate reaction the 3' end of the Ava I digested 207-bp fragment was labeled
with biotin-16-2",3'-dideoxy-uridine-5'-triphosphate (Roche Diagnostics GmbH,
Germany). A 30 pf reaction volume containing 1 x reaction buffer, 10 pg of the
digested 207-bp fragment (~ 200 pmol 3' ends), 70 U terminal transferase (Roche),
2.5 mM CoCl, and 200 pmol biotin-16ddUTP was incubated at 37 °C for 1 hr. The
unincorporated biotin was removed using a SigmaSpin Post-Reaction Purification
Column according to the manufacture’s protocol (Sigma). The percentage
incorporation was determined, as described in section 2.6, with a streptavidin-HRP

conjugate and chemiluminescent detection.
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2.6 Determination of the biotin-16ddUTP incorporation.

A synthetic oligonucleotide was produced, which had a biotin moiety covalently
attached to the 5' end of the fragment. The sequence was completely random as
follows: 5' biotin-CCGGAATGGATAGTCTGCAACGTCTGGAGA- 3'. Biotin used
for the production of the oligonucleotide was BiotinTEG Phosphoramidite (Glen
Research, Cambio Ltd, United Kingdom).

Biotin incorporation was determined using a modified dot blot protocol. Briefly, 2 p/
of exponentially increasing amounts of the biotin oligonucleotide standard and biotin
16-ddUTP labeled 207-bp fragment were manually blotted onto a Hybond-N nylon
membrane (Amersham Pharmacia Biotech UK Ltd, England, United Kingdom). The
membrane was left to air dry. The membrane was blocked with 150 mM NaCl,

100 mM Tris Cl (pH 7.5) containing 5 % (v/v) Liquid Block (Amersham) for 30 min
with gentle agitation. Membranes were briefly rinsed in 150 mM NaCl, 100 mM
Tris Cl (pH 7.5). The streptavidin-HRP conjugate (Dako, Denmark) was diluted
1:3000 in 400 mM NaCl, 100 mM Tris Cl (pH 7.5) containing 0.5 % (w/v) BSA
(Sigma), and the membranes incubated in this reagent for 30 min at room temperature,
with gentle agitation. The excess streptavidin-HRP conjugate was rinsed off by
washing four times with 400 mM NaCl, 100 mM Tris Cl (pH 7.5) using an excess of
the wash solution. Detection solution contained equal volumes of 100 mM Tris Cl
(pH 8.5), 90 mM p-coumaric acid, 50 mM hydrogen peroxide and 100 mM Tris CI
(pH 8.0), 250 mM 3-aminophalhydrazin. A volume of 4 m/ of the mixed detection
reagent is required for 4 cm® of membrane. The detection solution was added directly
to the membrane and incubated at room temperature for 1 min. The signal was
visualized using chemiluminescence with a Gene Gnome (Syngene Bio Imaging).

Quantification was performed with Quantity One software (Bio-Rad).

2.7 Nucleosome reconstitutions by stepwise salt dilution.

Nucleosome cores were reconstituted onto the [a->*P]dCTP and biotin-16ddUTP-
labeled 207-bp fragment by stepwise reduction of the ionic strength (Hayes and Lee,
1997). The isolated chicken erythrocyte H1-stripped long chromatin (section 2.5.2)

served as donor histone. An initial 20 u/ reaction volume contained 150 ng of [a-
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*2P]dCTP or biotin-16ddUTP-labeled 5S fragment and 12 pg of donor chromatin (17
OD/m{) in 1 M NaCl. The salt concentration was reduced in a stepwise fashion by
dilution with reconstitution buffer [10 mM Tris A (pH 7.5), 0.2 mM EDTA, 0.2 mM
PMSF, 0.4 % (v/v) IGEPAL (Sigma), 0.5 mM DTT, 15 pg/mZ BSA] followed by
incubation at 37 C for 30 minute intervals. The NaCl was reduced to a final
concentration of 25 mM. Glycerol was added to a concentration of 10 % (v/v) at the

final dilution step to allow loading onto analytical gels (section 2.11).

2.8 Quantification of reconstitution efficiency of nucleosome cores on biotin-

labeled DNA fragment.

Analysis of the biotin-labeled, reconstituted 5S cores was performed by means of
Southern transfer and detection using the streptavidin-HRP conjugate. An amount of 5
pmol of the biotin-labeled 5S fragment, unlabeled 5S fragment and 40 pf of the
nucleosome cores reconstituted on the biotin-labeled 5S fragment (~ 0.25 pmol biotin-
labeled 5S fragments) was electrophoresised on 0.7 % (w/v) agarose gel in 0.5 x TBE
electrophoresis buffer at 90 V for 1 hr. Duplicate gels were electrophoresis in this
manner.

Pre-transfer DNA content was analyzed through ethidium bromide staining (0.5
ug/mé). DNA was visualised by short wavelength UV transillumination (254 nm).
The DNA from the duplicate gel was transferred onto a nylon membrane (Hybond N)
by electrotransfer at 30 V (100 mA) in 0.5 x TBE buffer using a Mini Trans-Blot
Electrophoretic Transfer Cell (Bio-Rad). This transfer was performed overnight at 4

°C with continuous buffer recirculation.

2.9 Reconstitution of GH5, GD1 and GD2 containing chromatosomes.

The reconstitution procedure was identical to that of assembling nucleosomes, with
the following modifications: The globular domain of histone H5 (GHS5) was added at
50 mM NaC(l, followed by incubation of the reconstitution sample on ice for 30 min.
Glycerol, which improves the electrophoresis process, was added to a final
concentration of 10 % in the last dilution step from 50 to 25 mM NaCl. This step was

followed by incubation on ice for 30 min.
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2.10 Sucrose density gradient centrifugation.

The basic method for the separation of the reconstituted 5S cores from free labeled 5S
fragment and long chromatin was sedimentation through 5-20 % (w/v) linear sucrose
gradients. The gradient was formed at a flow-rate of 1 m/. h™' using a peristaltic pump
(PUMP P-1, Pharmacia Biotech, Sweden) and gradient former in 12 m/
ultracentrifugation tubes by self-diffusion of equal volumes of 5 % and 26 % sucrose
(w/v) solutions in the same buffer used for the reconstitution reactions [10 mM
Tris Cl (pH 7.5), 0.2 mM EDTA, 0.2 mM PMSF, 0.4 % (w/v) IGEPAL (Sigma), 0.5
mM DTT, 15 pg/m¢ BSA]. A volume of 2 m£ of the reconstitution reactions were

loaded onto the top of 10 m# 5-20 % sucrose gradients. The gradients were
centrifuged at 67 200 x g in SW 40.1 rotor (Beckman) for 16 hr at 4 °C. Fractions (1
m{) were collected from the ultracentrifugation tubes using displacement with 50 %
Sucrose.

Fractions from the [a-**P]JdCTP-labeled 5S cores were analyzed by scintillation
counting and fractions from the biotin-16-ddUTP-labeled 5S cores were analyzed
with dot blotting followed by detection with streptavidin-HRP (section 2.6).

Fractions were pooled and dialyzed overnight in 25 mM NaCl, 1mM Tris Cl (pH 7.5),
0.1 mM PMSF, 0.1 mM EDTA with one buffer change to remove the sucrose.
Labeled, reconstituted mononucleosomes were concentrated to 10-20 ODgo/m/ using

YM-30 Centricon ultrafiltration spin columns (Millipore).
2.11 Gel electrophoresis of reconstitution samples.

The reconstituted 5S cores were analyzed by electrophoresis on a 0.7 % (w/v) agarose
gel in 0.5 x TBE at 90 V for 1 hr, and by electrophoresis on 8 % native
polyacrylamide [40 % (w/v), 60:1 bis:bisacrylamide] in 0.5 x TBE electrophoresis
buffer at 200 V for 3 hr, at 4 °C with continuous buffer recirculation.. Agarose and
polyacrylamide gels were dried under vacuum at 75 C for 1 hr and then exposed
overnight to a storage phosphorimager screen. Screens were scanned using a

phosphorimager (Biorad Molecular Imager Personal FX).
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2.12 Magnetic bead technology.

A volume 10-100 pf (0.1-1 mg) streptavidin magnetic beads (Boehringer Mannheim,
GmBh), washed three times in 10 mM Tris Cl (pH 7.5), 1 mM EDTA, 100 mM NaCl
binding buffer (TENjg), was incubated with 1-20 pmol Dbiotin-labeled
mononucleosomes in the same buffer, for 30 min at 4 °C. Beads were prevented from
settling at the bottom of the 1.5 m/ eppendorf tube by occasional gentle resuspension.
After the incubation, particles were washed two times with 10 mM Tris Cl (pH 7.5), 1
mM EDTA, 1 M NaCl (TENjgo). The magnetic bead separations were performed by
applying the magnetic particle separator to the bottom of the tube for 5 min. The
immobilized biotin-labeled nucleosomes were eluted with 6 M GuHCI. Aliquots were
taken from the supernatant at the various steps and assayed using liquid scintillation

counting.
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Chapter 3: Cloning and expression of globular domain 1, globular
domain 2 and two modified constructs of the yeast linker histone

Hholp.

3.1 Introduction.

The presence of a linker histone in yeast was first suggested with the completion of
the sequencing of the yeast genome (Goffeau et al., 1996; Bussey et al., 1997). The
endogenous protein has yet to be purified, but the predicted structure of this candidate
linker histone, when compared to that of other linker histones, indicates the presence
of two globular domains (Landsman, 1996; Patterton e al., 1998). The functionality
of these two globular domains, and indeed the yeast linker histone Hholp, must still
be elucidated.

In order to perform functional studies on the yeast linker histone, and investigate the
association of the two globular domains with nucleosomal DNA, both the separate
globular domains as well as two modified proteins had to be expressed and purified.
To produce sufficient quantities for biochemical analyses, recombinant proteins were
over-expressed in E. coli. The DNA fragments encoding the separate globular
domains of the yeast linker histone Hholp were amplified using a construct that
contained the coding region of Hhol, and were cloned into a T7 expression vector.
Two constructs were designed to express proteins that were used as control peptides
in the binding study of yeast Hholp to nucleosomes. The first of these control proteins
contained the yeast Hholp lysine-rich region with a centrally located protease site.
The second protein contained two chicken histone HS globular domains (GHS)
connected by the lysine-rich region of the yeast linker histone. The DNA encoding
these modified proteins were cloned into T7 expression vectors.

Constructs were sequenced to verify the correct sequence and to confirm that the
cloned regions were in-frame with a C-terminal hexa histidine-tag, which is required
for the purification of the recombinant proteins. After expression in E. coli, the
proteins were purified using immobilized metal affinity chromatography (IMAC).

Further purifications were performed using gel filtration chromatography, ion
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exchange chromatography and high performance liquid chromatography (HPLC). The
identity of all proteins was verified by MALDI-TOF analysis.

3.2 Results

3.2.1 Construction of expression vectors for yeast Hholp globular domain one
(GD1) and two (GD2).

The Hholp globular domains (GD1 and GD2) were used to test the ability of the
individual domains to associate with nucleosomal DNA. In order to sub-clone and
express the two globular domains of Hholp in E. coli, the corresponding coding
regions for the two separate proteins (Figure 3.1) were amplified by PCR using primer
pairs that introduce Sfo I and X#o [ restriction enzyme sites, which would allow the
subsequent ligation into the expression vector digested with the same set of enzymes.
It was previously shown (Gerchman et al., 1994) that the globular domains of chicken
histones H5 and H1 could not be efficiently over-expressed in E. coli. However,
addition of the amino acid leader motif methionine-threonine-glutamate (MTE) at the
N-terminus of the H5 globular domain was sufficient for effective over-expression.
Due to the high degree of sequence homology between the yeast globular domains
and GHS, we decided to investigate the effect of this MTE leader peptide on the
expression of the globular domains. Primer pairs (Table 2.1) were designed to amplify
GD1 and GD2 of yeast HHOI by PCR, introducing the nucleotide sequences
encoding the MTE leader peptide motif. To eliminate the expression of a region of the
pPRO Ex A vector, it was also necessary to incorporate a stop codon (TGA) in the
reverse primers of both domains.

The amplification produced the desired 255 bp globular domain 1 and 274 bp globular
domain 2 (Figure 3.2). The fragments were isolated from a low melting agarose gel
and digested with the appropriate enzymes. The digested fragments were isolated in
the same manner as the PCR products (Figure 3.3 A) and subsequently ligated into the
pPRO EX A vector digested with the same restriction enzyme set as those used on the
amplified GD1 and GD2 (see Figure 3.3 B for vector construction scheme).

pPRO EX A was used due to the capability of removing the C-terminal hexa

histidine-tag from the protein expressed from this vector. This gave us the option of
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having the globular domains with and without the hexa histidine-tag, and thus the
opportunity to investigate if this hexa amino acid motif had any effect on the binding
by the globular domains to nucleosomal DNA.

The constructs were transformed into DHS«a E. coli cells, and colonies screened by
restriction enzyme digestion. The sequences of inserts in positive constructs were
subsequently verified by automated nucleotide sequencing. The constructs are
referred to as pPRO EX A-GD1 and pPRO EX A-GD2.

3.2.2 Construction of expression vectors for Hhol-FXa and GH5-linker-GHS.

3.2.2.1 Construction of expression vector for Hhol-FXa.

To test the hypothesis that a single yeast linker histone can bind to two nucleosomes
via each of the two proposed globular domains, Hholp and two modified versions of
this protein were expressed. One of these modified proteins, Hhol-FXa, was a copy of
the original protein (Hholp) with a protease site in the lysine-rich region between the
two globular domains (see Figure 3.1). This protease site will allow the cleavage of
the full-length protein into the separate globular domains after binding to the
nucleosomes. In order to introduce the Factor Xa protease site in the lysine-rich
region, a sequence encoding the four amino acids (isoleucine, glutamate, glycine and
arginine) was incorporated into the original template by mutagenesis via overlap PCR
extension (template-mismatched PCR mutagenesis), a technique previously used for
the introduction of new sequences into native templates (Higuchi et al., 1988; Ho et
al., 1989). To allow optimal expression of the protein containing the incorporated
residues in E. coli, highly utilized codon sequences were chosen from the E. coli

codon preference tables, obtained from DNAssist (Patterton ez al., 2000).
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MAPKKSTTKTTSKGKKPATSKGKEKSTSKAAIKKTTAKKEEASSKSYRELIIEGLTALKERKSSRPALKKFIKENYPIVGSASNF
100 120 140 154 160
DLYFNNAIKKGVEAGDFEQPKGPAGAVKLAKKKSPEVKKEKEVSPKPKQAATSVSATASKAKAASTKLAPKKVVKKKSPTVT
180 200 220 240
AKKA
260
EEESTLE
Figure 3.1 Hholp sequence showing the coding regions for globular domain 1 and for globular domain 2. Globular domain 1 spanning residues 38-119,
and globular domain 2 spanning residues . The lysine-rich region spans amino acids 120-172. The position (154) of the inserted FXa cleavage site is
indicated by the arrow.
M + — GD1 GD2
bp 1 2 3 4 5

1500 -

500

300

200

Figure 3.2 Products of PCR amplification of globular domain 1 and globular domain 2. 1 % (w/v) agarose gel in | x TAE containing ethidium bromide
and visualized using short wavelength UV transillumination. Lane 1, 100 bp DNA molecular weight marker.; lane 2, positive control. 288 bp GHS PCR
product the using primer set globF and globR (Koorsen, 2001 MSc thesis, UCT); lane 3, negative control, lacking template, with oligonucleotides GDIF and
GDIR (see Table 2.1); lane 4, 255 bp GD1 PCR product amplified with oligonucleotides GD1F and GDI1R; lane S, 274 bp GD2 PCR product amplified with
oligonucleotides GD2F and GD2R.
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A B rTEV protease site
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M GD1 GD2 M 6X histidine-tag
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400
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pPRO Ex A E. coli
expression vector

Figure 3.3 Restriction fragments of globular domain 1 and globular domain 2 to be ligated into the expression vector pPRO Ex A.

Panel A: isolated PCR fragments and Panel B: expression vector map. In Panel A, 1 % (w/v) agarose gel in 1 x TAE containing ethidium bromide was
visualized using short wavelength transillumination. Lanes 1 and 4, 100 bp DNA molecular weight marker; lane 2, GD1 PCR product digested with Sfo I and
Xho I and isolated from a 1 % (w/v) low melting agarose gel; lane 3, GD2 PCR product digested with Sfo I and Xho I and isolated from a 1 % (w/v) low

melting agarose gel.
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The first step was the separate amplification of two fragments of an overlapping
region of the coding region for Hholp (residues 453 to 471 of full-length Hholp). The
template used in this first amplification was a HHOI plasmid template that contained
the full-length HHO! gene in pET-20b(+). An oligonucleotide containing the coding
sequences for isoleucine, glutamate, glycine and arginine together with an
oligonucleotide complementary to either of the Hholp flanking regions was employed
in each of the pair of PCR reactions to produce overlapping segments. Flanking
oligonucleotides were designed in such a way that restriction sites present in the
Hholp coding sequence were utilised instead of incorporating new restriction sites for
the subsequent ligation. The amplification (Figure 3.4 A) produced the desired 310 bp
P1 (product from the amplification using oligonucleotide Hhol A and Hhol B, refer
to Table 2.2) and 60 bp P2 (product using oligonucleotides Hhol C and Hhol D,
Table 2.2). The PCR fragments were isolated from a low melting agarose gel. The
products from the first round of PCR shared a segment of identical sequence which
served as templates in the second round of PCR for the amplification of the entire
region (residues 148-581 of Hholp) by overlap extension PCR, using the flanking
oligonucleotides (Hhol A and Hhol D). To optimize this reaction and minimize non-
specific products, the two fragments were subjected to two PCR cycles without the
flanking oligonucleotides, which were then added subsequently. The amplification
produced a 369 bp P3 fragment (Figure 3.4 B). This fragment was isolated from a low
melting agarose gel and the incorporation of the protease site coding region was
verified by automated nucleotide sequencing.

The fragment (P3) was digested with the Bc/ I and Stu I and the digested fragments
were isolated in the same manner as the PCR products. The pET-20b(+)-HHO! vector
was digested with the same restriction enzymes as those used on the amplified P3
fragment, and isolated from a low melting agarose gel to separate the digested vector
from the 369 bp wild-type fragment. The digested vector and 369 bp P3 mutated
fragment were ligated and the resulting expression plasmids containing the coding
regions for the protease site were transformed into the DHSa E. coli strain for plasmid
amplification and isolation. The presence of the correct insert in the final vector was
verified by automated nucleotide sequencing of the coding strand (Figure 3.5). The
plasmid from the positive clone, pET-20b(+)-HHO!-FXa, was transformed into E.
coli BL21(DE3) cells containing the pLysS plasmid, and used in subsequent protein

expression.
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3.4 Products of template-mismatched PCR mutagenesis.

Amplification of P1, P2 and P3 fragments used in the construction of the expression vector
pET-20b(+)-HHOI-FXa. Panel A and B, 1 % (w/v) agarose gel in 1 x TAE containing
ethidium bromide and visualized using short wavelength UV transillumination. Lane M, in A
and B: 100 bp DNA molecular weight marker (Promega). Panel A: PCR products from the
first round of amplification to construct the overlapping fragment with the peptidase site
incorporated in the wild-type sequence. Lane 1, 310 bp PCR product (P1) using primer set
Hhol A (flanking primer) and Hhol B (template mismatch reverse primer); lane 2, 60 bp
PCR product (P2) using primer set Hhol C (template mismatch forward primer) and Hhol D
(flanking primer); lane 3, 100 bp DNA molecular weight marker; lane 4, negative control with
primers globF and globR; lane S, positive control. 288 bp GHS PCR product using the primer
set globF and globR. Panel B: PCR product form the second round of PCR using fragments
from the first round of PCR as templates. Lane 1, 100 bp DNA molecular weight marker; lane
2, negative control containing no template with primers globF and globR; lane 3, positive
control. 288 bp GHS PCR product using the primer set globF and globR; lane 4, 369 bp P3
PCR product amplified with primers Hhol A and Hhol D. Refer to Table 2.2 for primer
sequences.

Wild-type Hholp:  5-CTT-TGG-CGC-TAG-CTT-3'

Lys Pro Ala Arg Gly Glu Ile Leu Lys
Hho1-FXap: 3'-GAA-ACC-GCG-TCG-TGG-AAG-CTA-ATC-GAA-S'
5'-CTT-TGG-CGC-

2RANO 3600 3700 3800

Figure 3.5 Electropherogram of pET-20b(+)-HHO1-FXa indicating Factor Xa peptidase
site. The coding strand of pET-20b(+)-HHO1-FXa was sequenced with the forward primer
used in the PCR mutagenesis of the original HHOI template (wild-type HHOI). The mutated
sequence (mutated HHOI-FXa) consisting of the incorporated amino acid (underlined) coding
regions, resulting from this mutagenesis, are indicated.
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52

e e

||

A
...‘;JL -
4100



Chapter 3

3.2.2.2 Construction of expression vector for GH5-linker-GHS.

The modified construct that would serve as a positive experimental control in the
magnetic bead binding assays, was designed to contain two chicken linker histone
globular domains (GHS5) flanking the lysine-rich region of the yeast linker histone
(Hholp). This protein was designed to test the efficacy of the assay, testing the ability
of peptides known to bind to nucleosome cores to bind to two cores simultaneously,
and be detected to bind in this manner by the assay.

The strategy for the construction of expression vector was to amplify firstly the
lysine-rich region using the isolated HHO! coding region as template, and to amplify
separately GHS, using the GH5 coding region expression vector, pET-20b(+)-GH5.
The isolated GHS and HHOI coding regions were utilized as templates in the
amplification to diminish non-specific amplification products. GHS was amplified
using primer pairs (GH5-mag F and GH5-magR, see Table 2.3) which introduced Xko
I restriction enzyme sites on both the 5' and 3' ends of the amplified fragment. The
HHOI lysine-rich region was amplified with a primer set (link-mag F and link-mag R,
see Table 2.3) that introduced Sa/ I and Xhol sites on the 5' and 3' ends, respectively.
The amplification produced the desired 152 bp HHOI-linker fragment and the 288 bp
GHS5 fragment (Figure 3.6). The amplified fragments were isolated from a low
melting agarose gel, digested with the appropriate enzymes and ligated at a 1:5 GHS
to HHOI-linker molar ratio. Ligation of the Xho I and Sal I sites produced a Tagq I site
which could be used to identify positive clones. The ligation product was isolated
from a low melting agarose gel and digested with Tag I. From this restriction enzyme
screening, fragments of 158 and 265 base pairs (shown in Figure 3.7) were expected
from the ligation product which contained the GHS and the HHOI-linker region
ligated in the correct orientation. Several attempts to ligate this fragment into the Xko
I digested pET-20b(+)-GHS5 proved unsuccessful. Consequently, the next step was to
construct the GHS-linker-GHS fragment, which involved using GH5-HHO!-linker
and GHS5 as templates in separate PCR amplifications. The GHS5-HHOI-linker
fragment was re-amplified using oligonucleotides (GHS-link Nde I and GH5-link XAo
I, see Table 2.4) which introduced the Nde [ and Xho [ restriction sites. GH5 was re-
amplified with oligonucleotides which incorporated Sa/ I and Xho I restriction sites
(GH5-Xho I and GHS5-Sal I, Table 2.4). The Sal I site was introduced (using the
oligonucleotide, GH5-Sa/ I) to be able to isolate GH5-linker-GH5 fragments after
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