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ABSTRACT

Prokaryotic and eukaryotic systems for the expression of recombinant proteins are extremely
protein specific and these are critically reviewed in application to proteins from papillomavirus and
complement. Escherichia coli and yeast a-factor expression systems were used to express the E7
protein of human papillomavirus type 16 (HPV-16) and domains in factor | of the complement
system. HPV-16 E6 and E7 are transforming proteins that bind to key tumour suppressor proteins.
Secondary structure predictions based on multiple sequence'analysis of E6 and E7 suggested that
these proteins contain zinc finger motifs of previously unknown secondary structure. E7 was
expressed for structural analysis, and Fourier transform infrared (FT-IR) spectroscopy supported the
predicted amount of a/B secondary structure. Secondary structure analyses of sequences and FT-IR
data on peptides of another HPV-16 transforming protein, E5, showed that this protein contains
primarily an a-helical secondary structure. Factor | regulates the amounts of C3b and C4b in plasma
by proteolysis in the presence of cofactors. It contains five domains: a factor | module (FIM), a CD5-
like domain, two low density lipoprotein receptor (LDLr) domains and a serine protease domain. As
the structure and function of the FIM, LDLr1 and LDLr2 domains are unknown, these were cloned
for expression studies. The yeast o-factor and the bacterial pKK233-2 systems did not yield any
recombinant protein. However, the LDLr2, LDLr1/2 and FIM domains were successfully produced
in fusion with the glutathione S-transferase (GST) protein using the pGEX bacterial expression
system. The fusion proteins were successfully used to raise polyclonal antibodies to each domain
and were also used in inhibition studies with factor |, its cofactor factor H and its substrate C3u. All
three fusion proteins stimulated cleavage of C3u by factor |, possibly caused by GST. The FIM and

LDLr1/2 domains have been separated from GST and purified for further work.
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CHAPTER 1

RECOMBINANT PROTEINS AND EXPRESSION SYSTEMS

1.1 INTRODUCTION

Proteins have many crucial biological functions. These functions include enzyme catalysis,
transport and storage, movement, mechanical support, immune protection, signal transduction and
growth and differentiation (Stryer, 1988). Proteins are encoded by the cellular genome which is
composed of deoxyribonucleic acid (DNA). DNA is transcribed to ribonucleic acid (RNA) and finally
translated in the cytoplasm of the cell to protein. The protein sequence is composed of subunits
known as amino acid residues which have a common backbone but different sidechains. Amino acids
have the common structure NH,C_HRCOOH where R is the sidechain. The a-carbon is optically
active, but only the L-isomer is found within proteins. Amino acids are linked end to end in a chain by
peptide bonds formed by the condensation of the amino (-NH,) and carboxylic groups (-COOH) of
neighbouring amino acid residues. Hence, proteins are also termed polypeptides. Twenty amino
acids exist which are each encoded by specific DNA sequences of three bases (codon). These
codons form a 'genetic code' that enables the amino acid sequence of a protein to be interpreted
directly from the DNA sequence. The specific sequence of the amino acids in the protein is known
as its primary structure. The three-dimensional folding of the polypeptide mainchain and the
formation of periodic structures such as a-helix and p-sheet is termed  the secondary structure of
the protein. The full tertiary structure is formed from the interactions of the amino acid sidechains that
are near or far apart in the polypeptide chain as defined by its secondary structure. The folding of
several polypeptide chains within a molecule constitute the quartenary structure of the protein (Stryer,

1988).

Proteins may exist in minute quantities within cells and organisms and it is not always
practical to purify these proteins from the natural host in quantities sufficient to determine their
structure and function. Yet, within the last 15 years, molecular biology techniques have been

developed which enable the identification and the manipulation of coding strands of DNA into



biological systems that can overexpress a protein from a heterologous host (Itakura ef al., 1977).
However, these systems are extremely protein specific and the nature of the protein and the use of
the final product must be taken into consideration. The available systems make use of both
eukaryotic (including vertebrate cells, insect cells, plant cells and fungi) and prokaryotic cells. In each
case, the level of transcription of the recombinant gene and ultimately the level of expression of the
recombinant protein is dependent upon conserved sequences of DNA known as promoters, located
on the 5' side (upstream) of the cloned sgquence (although factors such as the stability of the mRNA
the pfotein within the cell are also important). RNA polymerase and accessory transcription factors
bind to the promoter and initiate the synthesis of RNA from the DNA sequence which is then
translated by ribosomes in the cytoplasm. Strong promoters initiate RNA synthesis at a higher rate
than weaker promoters. Promoters may be inducible (active only in the presence of a certain
stimulus) or constitutive (active all the time). In the bacterial promoter, two regions, a hexamer 10
base pairs (bp) and a hexamer 35 bp upstream of the start of transcription, known as the -10 (or the
Pribnow box) and the -35 regions respectively, are highly conserved. These regions and the spacing
between the two regions, typically 17 bp, are important for promoter efficiency and the level of
transcription. The eukaryotic promoter is more complex. Most promoters have a conserved region
rich in thymidine and adenine bases (known as the TATA box) that is similar to the prokaryotic
Pribnow box and is located approximately 30 bp upstream of the start of transcription. Other
conserved sites may confer tissue specificity by binding specific transcription factors - to activate
selected genes. These factors aid the binding of RNA polymerase Il to DNA which transcribes
heteronuclear RNA, the precursor of messenger RNA (mRNA). Enhancers may also be necessary
for transcription. These may be found either before, after or within the coding sequence (Lewin, 1994;
Mitchell and Tjian, 1989; Wefald et al., 1990; Latchman, 1991). This chapter will briefly review the
wide variety of expression systems, the elements that drive the expression of recombinant DNA
sequences within these systems, and the use of expression systems. It will concentrate more fully

‘ on the yeast and the bacterial systems which have been used in this study (see chapters 4, 5 and 6).



1.2 VIRAL EXPRESSION SYSTEMS FOR USE WITHIN ANIMAL CELLS

Viruses are infectious agents that, in their simplest form, are composed of a viral genome
(either single or double stranded DNA or RNA) surrounded by a protein coat and in some viruses a
lipid envelope. Upon infection, viruses enter cells by either binding to a specific receptor on the cell
surface or by fusion with the envelope to the plasma membrane. Following entry, the viral genome
is uncoated and sequesters the translational and/or transcriptional machinery of the host to direct the
synthesis of more virus particles, although the genome may exist in a latent, non-lytic stage. Because
of the high level of expression of the viral encoded proteins from strong promoter elements within the
virus genome, virus vectors are good vehicles for the expression of recombinant proteins within
cultured animal cells. In addition, the advantage of mammalian proteins receiving authentic post-
translational modifications is retained. Viruses that have been used for the expression of recombinant
proteins include viruses that have both double stranded DNA and double and single (positive and

negative sense) stranded RNA genomes.

The double stranded DNA viruses that have been engineered to express recombinant
proteins include the adenoviruses, the poxviruses and the herpesviruses (Grunhaus and Horwitz,
1992; Moss, 1992; Gloriso ef al., 1992). Expression of foreign genes within adenoviruses may be
achieved by recombination between the adenovirus genome and an adenovirus subgenomic
fragment which contains the major late promoter, an inverted terminal repeat and the tripartite leader
where the foreign gene is inserted (Grunhaus and Horwitz, 1992). This subgenomic fragment can
be carried on a bacterial plasmid and transfected into susceptible cells. Insertion of recombinant
DNA coding sequences directly into the adenovirus genome in the early gene regions E1, E3 or near
E4 is also possible, however this may result in replication defective viruses. In some cases these
viruses may yield higher levels of expression because of longer survival of the host cell and even
integration into the host genome (Grunhaus and Horwitz, 1992). This has led to the investigation of
the adenoviruses for use in gene therapy, in particular the intratracheal installation of the human
cystic fibrosis transmembrane conductance regulator gene into the bronchial epithelial cells of cotton

rats (Rosenfeld ef al., 1992). Integration is also a characteristic of the retroviruses and has led to their



study as gene transfer vectors (Majors, 1992). Likewise, the herpesvirus HSV-1 (herpes simplex virus-
type 1), which is a neurotrophic human virus, has also been investigated as a gene transfer
expression vector because of its ability to exist extrachromosomally in a latent, non-lytic, state within
neurones and direct expression from promoters (LATp1 and LATp2) within a region of the genome
responsible for latency (Glorioso et al., 1992). The poxviruses encode their own RNA polymerases
and transcription féctors which makes the expression of recombinant proteins possible by introducing
a plasmid carrying a poxvirus promoter and the recombinant gene (flanked by regions of poxvirus
DNA) into cells infected with poxvirus. The foreign gene can be introduced into the poxvirus genome
by recombination between the genome and regions of poxvirus DNA carried on the plasmid.
Insertional inactivation of the thymidine kinase gene or cotransfer of a B-galactosidase gene allows
selection of recombinants (Moss, 1992). Amongst the RNA viruses, the single-stranded positive
sense alphaviruses are the most versatile for the expression of recombinant proteins. Heterologous
sequences can be engineered within the genome to provide recombinants that are replication and
packaging competent or in place of the structural or non-structural genes to provide packaging
defective or replication defective viruses respectively. Recombinant proteins expressed from these
systems include human transferrin receptor, mouse dihydrofolate reductase and chicken lysozyme

(Bredenbeek and Rice, 1992).
1.3 THE USE OF TRANSGENIC ANIMALS FOR HETEROLOGOUS GENE EXPRESSION

Vectors described in the previous section can be used to introduce foreign DNA sequences
into the embryos of animals to result in a whole animal system, known as a transgenic animal (Janne
et al., 1992). The retroviruses are particularly useful in this respect because of their ability to integrate
into genomic DNA, although the most widely used method is microinjection of the foreign genes into
one of the two pronuclei of a fertilized oocyte (Jdnne et al., 1992). The first transgenic mice were
produced by Gordon et al. in 1980, but larger transgenic animals such as rabbits, sheep and goats
have since been developed. Expression of heterologous proteins in these animals can be placed
under the control of the milk protein gene promoters (e.g. the B-casein and p-lactoglobulin gene

promoters) resulting in a high-level secretion of recombinant proteins in the animal's milk. In one



study, it was calculated that a transgenic goat expressing recombinant tissue plasminogen activator
in its milk at a level of 3 mg/ml would produce, in a day's milk, the equivalent to a daily harvest of a

1000 litre cell culture bioreactor (Jénne et al., 1992).

1.4 THE BACULOVIRUS SYSTEM FOR EXPRESSION WITHIN INSECT CELLS

Viruses also naturally infect insects. This virus family is known as the Baculoviridae which
contain several viruses which infect a large range of insect hosts (Kidd and Emery, 1993). The
Autographa californica multiple nuclear polyhedrosis virus (AcMNPV) which infects Aufographa
califomica (the fall army-worm) has been developed into a successful expression system. Infection
involves the production of large quantities of occluded viral nucleocapsids (polyhedra) which
accumulate intracellularly. Polyhedra are composed of polyhedrin proteins which can constitute up
to 50% of the total cellular protein. However, these proteins are dispensable in cell culture and can
be replaced by heterologous genes placed under the control of the p710 or polyhedrin promoters.
These genes are introduced by recombination with bacterial plasmids containing the promoter and
termination sequences. Multiple gene sequences have also been expressed. The post-translational
modifications are similar to animal cells including myristylation, acetylation of the N-terminal residue,
phosphorylation, amidation, O- and N-linked glycosylation of short and long mannose forms.
However, because the proteins are expressed in the late stage of infection (18 hours post-infection),

modifications do not always occur (Bishop, 1992; Kidd and Emery, 1993).
1.5 EXPRESSION OF RECOMBINANT PROTEINS IN PLANT CELLS

Plant cells have been engineered for expression of recombinant proteins. Traits for herbicide
tolerance and resistance to insect pests were engineered into tobacco plants in early experiments
(Comai et al., 1985; Hilder et al., 1987). In the latter example, the 35S RNA promoter of the
cauliflower mosaic virus (CaMV) was used to direct the transcription of cloned sequence. This
promoter and its enhancer sequences or a 42-bp sequence from the maize Shrunken 1 gene exon

1 (which is thought to improve splicing) have been employed in expression vectors for both



monocotyledonous and dicotyledonous plants (Topfer et al., 1993). Recently, these vectors have
been utilised to express and secrete monoclonal antibodies in plant cells. The monoclonal antibodies
were functional and were identical to the native proteins except for the glycosylation of the heavy
chain. This has implications for cheap and almost limitless supply of monoclonal antibodies for

passive immunization (Hiatt and Ma, 1993).

1.6 FILAMENTOUS FUNGI EXPRESSION SYSTEMS

Sections 1.2-1.5 have described the use of higher eukaryotes to express recombinant
proteins. However, systems which utilize filamentous fungi or single cell organisms may be
advantageous because they require simple and cheap growth media and can be cultured easily in
large-scale fermentations. Industrial applications using strains of the filamentous fungi Aspergillus,
Penicillium and Triichoderma are capable of secreting over 30 grams/litre of a specific protein e.g.
glucoamylase. This technology has been useful to direct the secretion of recombinant proteins from
the glucoamylase gene (g/aA) promoter and the glucoamylase signal sequence to a level of 0.2-10

mg/l for mammalian proteins such as prochymosin and human interleukin-6 (Cees et al., 1992).
1.7 YEAST EXPRESSION SYSTEMS

In general, when unicellular expression systems are compared, yeast systems produce less
recombinant protein than bacterial systems, but the product is usually correctly folded and purification
can be relatively simple in comparison. Post-translational modifications such as O- and N-linked
glycosylation occur within yeast cells. In the following section, both the intracellular and secretory
yeast expression systems are described, with particular emphasis on the yeast a-factor expression
system. This was used to express the human papillomavirus type 16 (HPV-16) E7 protein and the

protein domains of the factor | heavy chain (Chapters 4 and 5).

The baker's yeast, Saccharomyces cerevisiae, has been widely used for the production of

recombinant proteins because of the large amount of genetic and biochemical information available



for this yeast. Recently, however, other yeast strains (e.g. Pichia pastoris) have been successfully
adapted to produce very high levels of protein expression not possible with S. cerevisiae (Romanos
etal., 1992; Gellissen et al., 1992). There are many types of systems available for the production of
protein both within the cell and for secretion into the culture medium. However, secretion systems are
advantageous because of easier purification procedures especially as S. cerevisiae naturally only
secretes about 0.5% of its total cell protein (Bitter et al, 1987). Correct folding and formation of the
intramolecular disulphide bonds is catalysed by the enzyme disulphide isomerase, which is located

" on the luminal side of the endoplasmic reticulum in yeast (Freedman, 1984).

1.7.1 Yeast expression plasmids

There are three basic types of yeast plasmid used in molecular biology. The first is the yeast
integrating plasmid (YIp). This plasmid is used to study eukaryotic DNA which can be introduced into
the yeast genome by homologous recombination. The second system is the yeast centromere
plasmid (YCp) which carries a copy of the yeast centromere. It is a low copy number, autonomously
replicating, stable, properly segregated plasmid. The plasmid system most used for protein
expression is based on the yeast episomal plasmid (YEp). This plasmid is a high-copy number,
autonomously replicating, relatively stable, efficiently segregated plasmid carrying the replication

origin from the yeast 2-micron plasmid (Botstein and Fink, 1988; Romanos et al., 1992).

The expression plasmids used for heterologous protein expression within yeast are E. coli
shuttle vectors. They contain bacterial sequences for the propagation and cloning of the yeast
plasmids within bacterial cells, including an origin of replication and selectable markers. The yeast
sequences allow replication of the plasmid within yeast cells and include the endogenous yeast 2 p
plasmid and selectable markers, such as URA3, LEU2 and TRP1, which results in high copy
numbers under the correct conditions (Hinnen ef al, 1989). The recombinant gene sequence is
housed within an expression cassette. The expression cassette contains various features necessary
for efficient protein production. An upstream activation site (UAS) contains the proximal promoter

elements including the TATA sequence and is responsible for activation of transcription and



regulation of mMRNA production. Downstream of the UAS, the heterologous protein sequence may
or may not contain signal sequences necessary for secretion of the final polypeptide product. Finally,

termination sequences end the transcription process (Shuster, 1989).

1.7.2 Yeast promoters

The promoter elements in the expression cassette are derived from yeast since heterologous
promoters are not fully functional (Kiss et al., 1982). Promoters from genes involved in carbon
metabolism are often used for protein expression. These promoters are both inducible and
repressible and are derived from genes known to produce large amounts of protein within the host

(Shuster, 1989).

1.7.2.1 Glucose inducible promoters

Glycolytic gene promoters (Table 1.1) are regulated by glucose and the addition of glucose
induces the promoter tenfold for the alcohol dehydrogenase | promoter (ADH1), twentyfold for
enolase-2 (ENO2) and two to seventyfold for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene promoters (Shuster, 1989). The large discrepancy noted for GAPDH corresponds to widely

different induction values found in S. cerevisiae and Candida respectively (Denis and Young, 1983).

1.7.2.2 Glucose repressible promoters

Glucose repressible promoters have also been used successfully, such as the ADH2 gene
promoter and the cytochrome ¢1 gene promoter, CYC7, which is regulated by glucose repression
and also by haem (Guarente ef al., 1984; Ernst, 1986). The UAS lies in a 5'-flanking region of the
ADH2 gene and is composed of a 22 base pair sequence of perfect dyad symmetry. This sequence
is responsible for the induction of protein expression from this promoter in the absence of glucose

(Shuster, 1989).



The regulation of the ADH2 UAS is well understood, and leads to the.use of the activation
sequence for the regulatable expression of heterologous gene products from different glycolytic
promoters. These hybrids are regulated as wild type UAS/promoter sequences (Shuster, 1989). An
ADH2 UAS/GAPDH hybrid promoter has been engineered for glucose-repressible expression and
successfully used for the expression of human insulin, HIV viral proteins, Plasmodium
circumsporozoite proteins and interferon (Table 1.1) (Barr et al., 1987a, b, 1988). As this hybrid
promoter can be fully regulated, expression of proteins that are toxic to the host strain can be

controlled so the heterologous gene is retained by the host and expressed at an appropriate time.

The system based on the galactose promoter is also repressed by high levels of glucose but
can be induced by the addition of galactose. The genes involved in this system include galactokinase
(GALY), galactose transferase (GAL7) and epimerase (GAL10) (Table 1.1) (Oshima, 1982). These
three GAL genes are linked on the S. cerevisiae genome, with transcription of GAL7 and GAL10
under the control of a single UAS, known as UAS-G. UAS-G is regulated both by a positive activator
and negative effector protein, GAL4 and GAL8O respectively (Romanos et al.,1992). The GAL1/10
gene promoter sequence is also bidirectional and has been successfully used to produce
simultaneously the heavy and light chains of the catalytic antibody 1F7 with chorismate mutase
activity. The antibody appeared to be correctly folded and had the same enzymic activity as the

hybridoma-derived catalytic antibody (Browdish et al., 1991).

1.7.2.3 Phosphate requlated promoters

Another promoter used commonly in heterologous gene expression is the yeast acid
phosphatase promoter, PHO5 (Meyhack et al., 1982; Sommer et al., 1989). This promoter is
repressed by high levels and induced by low levels of inorganic phosphate. Systems containing
hybrids of this promoter and GAPDH sequences have been used to express leech hirudin and human
tissue-type plasminogen activator (t-PA), both of which have high cysteine contents and require
correct disulphide arrangement for full activity. Hirudin is a 65 amino acid protein that contains six

cysteines atits amino-terminus and inhibits coagulation, whilst t-PA is composed of 527 amino acids



Table 1.1: Examples of Heterologous Proteins Expressed in Saccharomyces

cerevisiae and the Promoters Used

References

Protein Promoter
Drosophila alcohol dehydrogenase GAL10
calf chymosin PGK
GAL1
GAL1/10
Epstein-Barr virus envelope protein GAL1/10
Aspergillus glucoamylase ENO
hepatitis B antigen ADH1

human tissue-type plasminogen activator PHOS5

Atrian et al., 1990
Mellor et al., 1983
Goff et al., 1984
Smith et al., 1985
Schulz et al., 1987
Innis et al., 1985
Valenzuela ef al., 1982
Hinnen et al., 1989
Barr et al., 1987b
Hitzeman et al., 1983
Derynck et al., 1983
Bitter & Egan, 1988
Yasumori et al., 1989
Thim et al., 1986
Villalba et al., 1992

HIV envelope antigens ’ GAPDH ;
human interferon-a PGK |
human interferon-y PGK
GAL1/10

human P-450IIC GAL1/10
human insulin TPI
plant plasma H*-ATPase GAL1

Abbreviations

ADH alcohol dehydrogenase

ENO enolase

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GAL galactose inducible promoters (see text)

PGK phosphoglycerate kinase

PHO phosphatase

TPI triose phosphate isomerase

(Adapted from Shuster, 1989; Gellissen et al., 1992)
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containing 35 cysteines, of which at least 24 are involved in disulphide bond formation (Hinnen et al.,
1989). Although most of the recombinant protein accumulated in the Golgi of the yeast cells, its
activities were comparable with human t-PA in assays measuring the conversion of plasminogen to
plasmin suggesting a correct conformation. However, the level of glycosylation of t-PA produced

in yeast cells was four times that of human t-PA derived from a melanoma cell line (Hinnen et al.,

1989).

1.7.3 Post-translational glycosylation of proteins

Unlike bacteria, yeast have the potential to glycosylate heterologous proteins. O-linked
glycosylation on the hydroxyl groups of serine or threonine residues with short manno-
oligosaccharides occurs within the endoplasmic reticulum of yeast cells. Modification of this
carbohydrate, (Ser/Thr)-Man-Man,,, is performed in the Golgi apparatus. There is no marker
sequence for yeast O-linked glycosylation although proline is thought to be advantageous because
it increases the accessibility of the site for glycosylation. However, this type of glycosylation in yeast
differs markedly from mammalian O-linked glycosylation which may involve the addition of a variety

of sugars in a branched chain form (Figure 1.1) (Delvin, 1992).

The asparagine-linked (N-linked) glycosylation signal in yeast (Asp-Xaa-Ser/Thr) is the same
as found in mammals, but two thirds of these signals fail to be glycosylated in yeast because they are
inaccessible to the glycosylation enzymes. The N-linked core oligosaccharide Manp1,4(GIcNAc),
(Man is mannose and GIcNAc is N-acetylglucosamine) is identical in most structural features to the
mammalian N-linked core (Figure 1.1). The core addition and initial processing occur in the
endoplasmic reticulum prior to transportation. Proteins destined for secretion are transported to the
Golgi apparatus where an outer chain of 50 or more mannose residues are added. The outer chain
additions vary considerably from the outer chains of the high mannose and complex type structures
found in mammalian proteins (Delvin, 1992). Yeast proteins targeted to remain intracellular are
elongated with only nine to thiteen mannose units. Cytosolic mammalian proteins are non-

glycosylated (Innis, 1989).
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Yeast Glycosylation Mammalian Glycosylation

N-LINKED GLYCOSYLATION

High mannose

A*Q

Complex

High mannose : z

Mannan

O-LINKED GLYCQSYLATION

AR e

N-acetylglucosamine
Mannose

Galactose
N-acetylgalactosamine
Fucose

D oo < enm

Sialic acid

Figure 1.1: Common N-linked and O-linked modifications of proteins in eukaryotic and yeast
cells. These are typical structures and do not represent all possible structures (adapted from Innis,

1989; Delvin, 1992; Romanos et al., 1992)

12























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































