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SUMMARY

Pyruvate carboxylase (PC)[EC 6.4.1.1] is a member of the biotin dependent
family of enzymes found widely throughout nature. The comparison of primary
structures has shown that PC from different species contains three functional domains
ie. the biotin carboxylation domain (N-terminal region), the transcarboxylation domain
(central region) and the biotin carboxyl carrier domain (C-terminal region). Because of
its importance in the intermediary metabolism of both prokaryotes and eukaryotes, PC
has been of particular interest to our research laboratory with respect to its reaction
mechanism, its subunit structure, the relationship between its structure and activity, and
the regulation of its catalytic activity.

I have investigated the structure and function of recombinantly expressed human
pyruvate carboxylase (hPC) by epitope mapping, using three monoclonal antibodies
raised against sheep PC (mAb6, 12 and 42) which display strong inhibitory effects
towards the catalytic activity of hPC (91%, 89% and 90% inhibition) as do they
similarly affect sheep PC activity (96%, 96% and 91% inhibition).

Using thioredoxin fusion protein technology, several hPC fragments were
constructed and expressed in E. coli BL21. Six overlapping fusion proteins of hPC, viz
BC (residues 1-488), F1 (residues 475-718), F2 (residues 711-954), F3 (residues
947-1178), TB1 (residues 947-1077) and TB2 (residues 1048-1178) covering the
complete hPC sequence, were constructed using PCR and introduced into the pET32a
(+) expression vector. Each fusion construct was expressed in E. coli BL21 and the cell
lysates were subjected to SDS-PAGE followed by Western blot. The epitope of mAb6
resides in the fragment containing residues 947-1048 in the region between the
transcarboxylation domain and the N-terminal end of the biotin carboxyl carrier domain.

To further define the minimal residues for the epitope recognised by mAbo6, five
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overlapping fragments covering residues 947-1048 of hPC were generated and screened
for interaction with mAb6. The results reveal that this linear epitope is the amino acid
sequence LKDLPRYV (residues 968-974).

To identify the critical residues that contribute to the immunoreactivity of this
epitope to mAb6 and to the enzymatic activity of hPC, each was replaced singularly by
alanine screening mutagenesis. The data obtained through mutational analysis of this
epitope showed that when expressed both as a fusion protein fragment in E. coli and as
full-length hPC in a mammalian cell line, only the D970A mutant showed a complete
loss of binding to mAb6. In addition, the acetylCoA-dependent activity of the hPC
mutein bearing the D970A mutation was significantly reduced to 50% compared to wild
type activity.

The location of mAb6’s epitope in the proline rich region at the junction
between the transcarboxylation and the biotin carboxyl carrier domains may imply that
mADb6 binding affects the mobility of the BCC domain in the catalytic reaction of PC.

Using six overlapping fusion proteins of hPC (BC, F1, F2, F3, TB1 and TB2), it
was shown that mAb12 and 42 recognised only F3 and its derivative TB2 that includes
the biotinylated K!!* 35 residues from the C-terminus. To further define the minimal
epitopes, which these antibodies recognised, various deletions of the TB2 fragment
were constructed, resulting in proteins truncated at the C terminus. All these
C-terminally truncated proteins failed to cross-react with antibodies 12 and 42 and with
avidin alkaline phosphatase. Consequently, we further mapped these epitopes with
N-terminal truncations of the hPC biotin carboxyl carrier domain fused to the
C-terminus of thioredoxin. Two of these fragments encoding amino acids 1071-1178
(TB2 107n) and 1098-1178 (TB2 80n) cross-reacted with both antibodies, but none of
the fragments encoding amino acids 1168-1178 (TB2 10n), 1158-1178 (TB2 20n) and

1118-1178 (TB2 60n) reacted with either antibody. The same pattern of reactivity was
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seen with an avidin-alkaline phosphatase blot suggesting that all but fragments TB2
107n and TB2 80n had failed to fold to a conformation able to interact productively
with biotin protein ligase. Accordingly the epitopes of mAb12 and 42 were revealed as
discontinuous epitopes contained within the minimal C-terminal 80 residues of the
biotin carboxyl carrier domain (BCC) of human PC. To further define these epitopes,
measurements (Western blot) were made on a series of BCCs containing point
mutations that were based not only on the sequence alignment of human PC, the BCC
of yeast PC; and BCC of E. coli acetyl-CoA carboxylase but also on the predicted
structure of this domain. As summarised in the accompanying figure, alanine
substitution of Met''', Met''**, Leu''®® and Glu''®’ resulted in reduction of the binding
of mAb12. Of these the most significant contributor to the binding of mAbl12 is

Met''*.  For mAb42, the alanine substitutions of Ser''! Met''* and Leu''®® most

1119 1165

significantly account for reduced binding while Lys" “and Asp also had modest
effects. Therefore, mAb42 appears to bind to the BCC domain of hPC in an area that
includes Leu!'®® as well as Met“43, Asp”65, Lys1119 and Ser'"™!' which are close to the
biotin moiety. However, mAb12’s epitope appears to be on the opposite site of the
biotin moiety, and includes Met“m, Met''* ] Leu''% and Glu''®. Met''* and Leu''®®
may be part of the overlap of these epitopes.

Until now, hPC has been successfully expressed in a mammalian cell line, 293T
and active hPC purified from a mitochondrial extract (Jitrapakdee ef al., 1999). I have
attempted the expression of full-length hPC in bacterial systems in many ways to obtain
functional hPC which can be used for kinetic and physicochemical studies. Attempts to
express cDNA encoding full-length hPC in an E. coli expression using a T7-driven
vector [pET32a (+)] and taking various measures to account for codon usage and the

possible need for additional GroEL-GroES and DnaK-Dnal chaperones resulted in only

very low levels of expression. However, I have succeeded in expressing the hPC in E.
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coli by changing the vector system to a T5 lac-driven vector (pQE system). Although
the expression of hPC increased to detectable levels, the expressed hPC was inactive,
presumably because it was unfolded or unable to assemble in the E. coli system.
Expression of hPC in a S. cerevisiae system was not improved whether or not it had a
mitochondrial targeting sequence. Thus future structure and function studies of hPC
requiring substantial quantities of highly purified enzyme will first need to develop a
readily available and sustainable source. Meanwhile, monoclonal antibodies and
site-directed mutagenesis studies will provide sensitive probes of structure and function

relationships albeit at lower resolution than we ultimately desire for this fascinating

enzyme.
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The percent relative binding of mAbl2 and 42 with eight mutants of biotin
carboxyl carrier domains (BCC) of hPC compared to wild type. (a) Eight mutants
of BCC of hPC were expressed and lysates prepared for the binding with mAb12 and
42. The results were quantitated from the antibody blots and are shown as the mean of
the measurement + standard deviation (SD). The percent relative bindings compared
with wild type (TB2 107n) were determined in triplicate. (b) The predicted three-
dimensional structure of hPC BCC, with summarised results of percent bindings of
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mAb42. The reduction of binding by critical residues is shown in black or (italic) blue
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CHAPTER 1

1.1 BIOTIN DEPENDENT ENZYMES

Biotin plays a central role in all forms of life as a specialised carrier of single
carbon groups in their most oxidised form, CO,. It is a water-soluble molecule found in
all organisms and functions as a cofactor of enzymes known as biotin-dependent
carboxylases (Wood & Barden, 1977). The role of biotin in carboxylases is to act as a
vector for carboxyl-group transfer between donor and acceptor molecules during
carboxylation reactions (Pacheco-Alvarez et al., 2002). Covalent addition of biotin to
these proteins is catalysed by biotin protein ligase, which in prokaryotes is known as
BirA protein and in eukaryotes as holocarboxylase synthetase (HCS) (Campeau &
Gravel, 2001).

Until recently, the sole known function of biotin was to act as a cofactor of a
large family of related enzymes that all utilise a biotin prosthetic group (Samols et al.,
1988). Although biotin dependent enzymes have diverse metabolic roles, all share
several features in common. The catalytic reaction always occurs in two distinct steps,
cach carried out at separate subsites on the molecule. The role of biotin in these
reactions is to act as a mobile shuttle system, passing CO, from the first to the second
catalytic site.

Biotin dependent enzymes catalyse key reactions in gluconeogenesis, fatty acid
synthesis, and amino acid catabolism. Because these enzymes play such an important
role in intermediary metabolism, biotin starvation or deficiencies of one enzyme
involved in biotin utilisation is potentially lethal (Pacheco-Alvarez et al., 2002). It has
been suggested in recent years that biotin may play a role in other cellular events in

cukaryotic organisms such as transcriptional or translational regulation or activity
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enhancement of different hepatic enzymes (Chauhan & Dakshinamurti, 1991; Spence &
Koudelka, 1984).

Biotin dependent enzymes can be grouped into three distinct classes depending
on the identity of the carboxyl donor and the carboxyl acceptor (Samols et al., 1988;
Wood & Barden, 1977).

Carboxylases (Class I)

Comparisons of the partial reactions of several biotin enzymes lead to the
recognition that all Class I biotin dependent enzymes are composed of three basic
functional elements. These are biotin carboxylase (BC) which is the site of biotin
carboxylation, biotin carboxyl carrier protein (BCCP) where the biotin prosthetic group
is covalently bound to the e-amino group of a specific lysine residue via an amide bond
(Chapman-Smith & Cronan, 1999a) and carboxyl transferase (CT) where the carboxyl
group is transferred from biotin to the acceptor molecule.

All carboxylases convert bicarbonate to CO, in an ATP dependent reaction. This
conversion of HCO; to CO, is necessitated by the absence of significant amounts of
free CO, in solution at neutral pH. The CO, is then transferred to the biotin moiety,
which swings across to the second subsite where CO, is donated to the acceptor
molecule. Extensive study has been undertaken to elucidate the mechanism of biotin
carboxylation (Attwood, 1995; Knowles, 1989; Wood & Barden, 1977). All eukaryotic
biotin-dependent enzymes belong to class I, and include pyruvate carboxylase (PC, EC
6.4.1.1), acetyl-CoA carboxylase (ACC, EC 6.4.1.2), propionyl-CoA carboxylase (PCC,
EC 6.4.1.3), 3-methylcrotonyl-CoA carboxylase (MCC, EC 6.4.1.4), geranyl-CoA
carboxylase (EC 6.4.1.5) and urea carboxylase (EC 6.3.4.4). In contrast, prokaryotes

contain examples of enzymes from all three classes.
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Decarboxylases (Class 11)

Unlike the class I enzymes, all decarboxylases operate in an ATP-independent
manner to catalyse the decarboxylation of a specific 3-keto acid or acyl-CoA, coupled to
sodium ion export against a concentration gradient (Dimroth & Thomer, 1992).
Therefore, class II enzymes serve an important role as efficient energy transducers that
operate without the use of ATP. Examples of class Il enzymes include oxaloacetate
decarboxylase (ODC, EC 4.1.1.3), glutaconyl-CoA decarboxylase (EC 4.1.1.70) and
methylmalonyl-CoA decarboxylase (EC 4.1.1.41).

Transcarboxylases (Class 111)

The only known example of class IIl is Propionibacterium shermani
transcarboxylase (TC, EC 2.1.3.1) which catalyses the transfer of a carboxyl group from

oxaloacetate to propionyl-CoA to form methylmalonyl-CoA (Samols et al., 1988).

1.2 PYRUVATE CARBOXYLASE
1.2.1 The metabolic role of PC

Pyruvate carboxylase (PC) is a class I biotin dependent enzyme which was first
described by Utter and Keech (1960) during their studies of gluconeogenesis in chicken
liver. PC was found to catalyse the carboxylation of pyruvate to form oxaloactate (Eqn
1.1). Further characterisation of the chicken enzyme followed, resulting in a more
detailed description of its general properties and reactions (Keech & Utter, 1963; Utter
& Keech, 1963).

Acetyl-CoA, Mg**

Pyruvate + HCOs™ + ATP ¢ > oxaloacetate + ADP + Pi
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It was found that PC in conjunction with phosphoenol pyruvate carboxykinase
(PEPCK) was capable of forming phosphoenol pyruvate (PEP) from pyruvate, thus
reversing the reaction catalysed by pyruvate kinase (Keech & Utter, 1963).

PC has since been identified in a wide range of vertebrates including human,
sheep, chicken and rat as well as invertebrates and in many micro organisms (for a
review, see Wallace, 1985). PC not only plays a key role in gluconegenesis from lactate
and alanine, but also has an anaplerotic role in replenishing mitochondrial oxaloacetate
utilised in the export of 2-C units for the synthesis of fatty acids and neurotransmitters
as discussed below.

Among prokaryotes, PC has been found in Pseudomonas spp., Rhodobacter
spp., Bacillus spp., Rhizobium spp., etc., but not in Enterobacteriaceae (Wallace, 1985).
In bacteria, anaplerotic CO, fixation is critical for the maintenance of the oxaloacetate
pool during growth on compounds that are utilised via pyruvate (Al-ssum & White,
1977). Although PC fulfils this function in many prokaryotes (Willison, 1988), enteric
bacteria as well as some other groups convert phosphoenolpyruvate (PEP) to
oxaloacetate in the reaction catalysed by PEP carboxylase (PPC) (McAlister et al.,
1981). These two pathways for oxaloacetate synthesis are not mutually exclusive, since
some bacteria produce both PC and PPC (Encarnacion et al., 1995; O'Brien et al., 1977,
Scrutton & Taylor, 1974). PC activity in Rhizobium etli is essential for growth with
pyruvate or sugars as the sole carbon source, but not for symbiotic nitrogen fixation in
common bean (Dunn et al., 1997; Dunn et al., 1996). Rhizobia (members of the
gram-negative  bacterial genera Rhizobium, Sinorhizobium, Mesorhizobium,
Bradyrhizobium and Azorhizobium) use a variety of anaplerotic pathways to maintain
tricarboxylic acid (TCA) cycle activity under different growth conditions; and some of

these reactions are also required in symbiosis (Dunn, 1998; Dunn et al., 2001).
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In the yeast Saccharomyces cerevisiae, there are two primary anaplerotic
pathways for replenishing the intermediates of the Krebs cycle that have been removed
tor biosynthesis. They are the glyoxylate cycle and the carboxylation of pyruvate to
oxaloacetate, catalysed by two cytosolic isozymes of PC (Palmieri et al, 1999).
However, during growth in glucose, the glyoxylate cycle is suppressed therefore leaving
PC as the only known means of replenishing the citric acid cycle in the presence of
glucose (Gancedo, 1992). As a consequence of the anaplerotic role of yeast PC (yPC),
yeasts lacking yPC enzyme activity cannot grow on minimal glucose media unless
aspartate or glutamate is added, being amino acids that can be converted into
oxaloacetate (Ozimek et al., 2003). The two isozymes coded by different PC genes
(PYC1 and PYC2) were found in the cytosol in yeast (Rohde et al., 1986; Stucka et al.,
1991; Walker et al., 1991). By analysing null mutants, these two isozymes were shown
to be under discrete gene regulation and appear to have different metabolic functions
(Brewster et al., 1994). PYC1 is essential in the anaplerotic pathway for maintaining
the fermentative growth and for the establishment of gluconeogenic growth, whereas,
PYC2 may play a more specific role in the early stages of fermentative growth
(Brewster et al., 1994).

In methylotrophic yeast, Hansenula polymorpha and Pichia pastoris, yPC plays
a dual role in that, beside its well-characterised metabolic function as an anaplerotic
enzyme, the protein fulfils a specific role in the alcohol oxidase (AO) sorting and
assembly process in peroxisomes, possibly by mediating FAD-binding to AO monomers
(Ozimek et al., 2003).

PC has been shown to be present in plants, but its exact role is uncertain

(Wurtele & Nikolau, 1990). It has been suggested that plant PC functions as an
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alternative gluconeogenic pathway additional to the process of photosynthesis (Wurtele
& Nikolau, 1990).

In mammals, PC is a mitochondrial matrix enzyme which is encoded by a single
nuclear gene, and is synthesized in the cytosol as a large precursor polypeptide with a
cleavable amino terminal mitochondrial targeting sequence (Owen et al., 1976).
Vertebrate PC is expressed in a tissue specific manner, the activity being highest in the
liver and kidney (gluconeogenic tissues), lactating mammary gland and adipose tissue
(lipogenic tissues), moderate in heart, brain and adrenal gland and least in white blood
cells and skin fibroblasts (Jitrapakdee et al., 1996; Wallace, 1985; Wexler et al., 1994).
The metabolic roles of PC in these different tissues are described below.

Gluconeogenesis

Probably the most well established role of PC is to catalyse the first committed
step in the gluconeogenic pathway, beginning from a pyruvate precursor. When the cell
is at a state of high energy charge, pyruvate can be used to produce glucose. In the
gluconeogenic pathway, pyruvate carboxylation is the first step in gluconeogenesis and
PC is one of the key regulating enzymes in this pathway that occurs in the liver and
kidney of vertebrates (Blackard & Clore, 1988). In certain tissue types (most notably
brain and kidney medulla), glucose is required at relatively constant levels. During
starvation or fasting, the gluconeogenic pathway is the primary source of endogenous
glucose and studies have shown PC and other gluconeogenic enzymes
[phosphoenolpyruvate carboxykinase (PEPCK), fructose 1, 6-bisphosphatase and
glucose 6-phosphatase] to be elevated during these periods (Owen et al., 1976).

Anaplerosis

PC has since been found to have several other roles. PC has an important

anaplerotic function in replenishing oxaloacetate, which is an intermediate of the



Introduction and Literature Review

tricarboxylic acid cycle (TCA) that has a variety of biosynthetic function purposes in
addition to energy production. PC helps to maintain the concentration of TCA cycle
intermediates to keep the TCA cycle at the required level of activity (Barritt, 1985).

The anaplerotic role of PC has also been proposed to be important for the
maintenance of TCA cycle components used in the production of glutamine, the
precursor of neurotransmitter substances, via the operation of the glutamate/glutamine
cycle (Benjamin & Quastel, 1974). The nerve endings of neurones release glutamate, a
neurotransmitter substance, which is converted into glutamine by astrocytic glutamine
synthetase and secreted into the extracellular fluid. Glutamine is taken up by neurones
for conversion into glutamate, aspartate and y-aminobutyric acid (Shank et al., 1993).

Lipogenesis

PC also plays a role in the fatty acid synthesis pathway in vertebrates because the
2-C moieties of acetyl-CoA produced by pyruvate dehydrogenase must be transported
out of mitochondria as citrate to yield cytoplasmic acetyl-CoA and oxaloacetate through
the citrate cleavage pathway. PC is involved in providing the mitochondrial
oxaloacetate for fatty acid synthesis and was found to be expressed at a very high level
during the differentiation of adipocytes (Mackall & Lane, 1977). Further work revealed
that PC contributes to lipogenesis by providing a source of oxaloacetate, which is
converted by malate dehydrogenase in a NADH-dependent reaction to malate for export
to the cytosol where it is then decarboxylated to pyruvate by malic enzyme, generating
NADPH in the process. Thus this reaction contributes a considerable proportion of the

NADPH utilised in the fatty acid synthesis pathway (Ballard ef al., 1970).
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Insulin release from pancreatic islets

The long term regulation of PC by hormones in response to nutritional and
developmental parameters is not clearly defined, but is likely to involve changes in the
levels of insulin, glucagon, thyroid hormones and glucocorticoids. The activities of two
mitochondrial enzymes, pyruvate dehydrogenase and PC are elevated when pancreatic
islets are grown in higher than physiological concentrations of glucose. This suggested
that both enzymes are involved in the regulation of glucose-induced insulin release
(MacDonald et al., 1991). However, the precise metabolic signalling mechanism
leading to insulin release remains unclear. It is known however that pancreatic islet
cells have a relatively high concentration of PC but are lacking in PEPCK activity and
its mRNA. This suggests that gluconeogenesis is not taking place since PEPCK is
required for the formation of PEP in the gluconeogenesis pathway (MacDonald &
Chang, 1985; MacDonald et al., 1992).

The PC catalysed reaction is an important link between gluconeogenesis and
other biochemical pathways. The metabolic roles of PC have recently been reviewed by
Wallace et al. (1998) and are summarised in Figure 1.1 (Wallace et al., 1998).

1.2.2 Role of PC in disease processes

PC deficiency is an autosomal recessive trait which has been seen widely in the
world affecting approximately 1 in 250000 live births (Wallace et al.,, 1998). PC
deficiency ranges in severity from the Benign (Type C) form causing only mild recurrent
episodes of lactic acidosis with normal neurological development (Arnold et al., 2001;
Crabtree et al., 1972; Hamilton et al., 1997), through the Simple (Type A) milder form
in which the presenting features are lactic acidacmia and psychomotor retardation (Lee
& Davis, 1979) to the Severe (Type B) form in which neonatal lactic acidosis,

hyperammonaemia and abnormal redox states result in death at less than 3 months of
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age (Comte et al., 1997; Robinson et al., 1996). Recently, it has been reported that there
have been four documented point mutations associated with Type A PC deficiency
(Carbone et al., 1998; Wexler ef al., 1998), two deletion mutations associated with Type
B PC deficiency (Carbone et al., 2002), and two point mutations associated with Type C
PC deficiency (Carbone, M. A., Rahman, S., Besley, G.T.N., Clayton, P.T. and
Robinson, B.H. unpublished work). The exact mechanism by which these mutations
adversely affect PC activity remains unexplained (Carbone & Robinson, 2003).
Molecular characterisation of the A and B forms showed that those with Type A
PC deficiency had detectable PC and its mRNA on Northern blotting. In these patients,
the gene is expressed in the form of a biotin containing protein that possesses enough
residual catalytic activity to sustain the anaplerotic role of PC (Carbone et al., 2002).
Those with Type B PC deficiency were completely missing PC and its mRNA or had
low levels of PC protein and its mRNA (Robinson et al., 1996; Robinson et al., 1987).
In the Type B PC deficiency patients, lack of intracellular aspartate and oxaloacetate
compromises both the synthetic and anaplerotic pathways that require PC activity.
Another group of patients, who display PC deficiency, also appear to suffer from
deficiency of all biotin containing enzymes, and this is called multiple carboxylase
deficiency (Wolf, 1995). These patients show obvious developmental delay and lactic
acidemia in addition to increased levels of organic acids, which are metabolites of
acetyl-CoA, propionyl-CoA and B-methylcrotonyl-CoA. Not surprisingly patients with
multiple carboxylase deficiency actually suffer from a defect in biotin processing
metabolism, which effectively restricts or denies the essential biotin prosthetic group to
all biotin dependent enzymes. In many patients the defect is in the biotin ligase which

normally catalyses the reaction to covalently attach biotin to all biotin dependent
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enzymes. It can be effectively treated in many cases of this disease by biotin

supplements in the diet (Wolf, 1995).

1.3 MECHANISM OF PC REACTION

The overall reaction catalysed by PC, shown in equation 1.1, occurs as a multi
step process (Knowles, 1989) which can be simplified to the carboxylation and
decarboxylation of biotin, as shown in equation 1.2 and 1.3. The presence of the biotin
prosthetic group is also a strict requirement for the reaction mechanism in that biotin
acts as a shuttle system to carry CO; between the two partial reaction subsites. The first
evidence for two distinct reaction sites came from work with isotopic exchange
reactions with radioactive substrates or products used in isolation (Bais & Keech, 1972;
McClure et al., 1971; Scrutton et al., 1964). It was shown that the substrates involved
in each of the two subsites could undergo isotopic exchange independently of each
other. Moreover, studies with the isolated carboxybiotin complex found that the
binding of oxamate, an analogue of pyruvate, at the second subsite acted as a trigger for
the dissociation of the carboxybiotin complex from the first subsite and its movement to
the second subsite (Goodall et al., 1981).

The reaction mechanism of PC has been extensively reviewed by Attwood
(1995) and Attwood & Wallace (2002).

Acetyl-CoA, Mg

Enzyme-biotin + ATP + HCO3 . » Enzyme-biotin-CO, + ADP + Pi

Enzyme-biotin-CO; + pyruvate ¢ p Oxaloacetate + Enzyme-biotin

10
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The first partial reaction

The first partial reaction is known to involve the binding of Mg**, ATP and
HCO; to the first subsite. Biotin is then carboxylated, accompanied by the cleavage of
ATP to ADP and Pi. The carboxylation of biotin is not a spontaneous process, it
requires energy and this is provided by the cleavage of ATP. The mechanism of ATP
cleavage to drive the reaction has not been revealed, but most likely involves
phosphorylation of HCO5;™ by ATP to form a reactive carboxyphosphate intermediate
(Knowles, 1989). The evidence to support this idea comes from a study of carbamoyl
phosphate which is a structural analogue of carboxyphosphate, and which has been
found to be capable of transferring its phosphate group to MgADP in reactions catalysed
by acetyl-CoA carboxylase from E. coli (Polakis et al., 1972), sheep kidney PC
(Ashman & Keech, 1975) and chicken liver PC (Attwood & Graneri, 1991). Support
for this proposed mechanism has yet to be provided by the isolation of this
carboxyphosphate intermediate. The observed sequence similarity between
carbamoyl-phosphate synthetase and the region in the N-terminal half of yeast PC
identified as the probable ATP-binding domain (Lim et al., 1988) also tends to support a
mechanistic similarity in terms of the formation of a carboxyphosphate intermediate
(Phillips et al., 1992).

Magnesium ions are found to have at least two modes of action. Firstly, it is the
MgATP complex that acts as a substrate for PC (Bais & Keech, 1972). Secondarily, it
has been shown that the presence of additional Mg* jons is an essential cofactor for the
catalytic activity as revealed by kinetic studies of PC. Studies by Bais and Keech (1972)
revealed that MgATP cleavage would not proceed before Mg*" is bound to the enzyme.
Recently an X-ray crystallographic structure of carbamoyl phosphate synthetase (CPS)

of E. coli complexed with ADP, Pi and Mn”* has shown that the carboxyphosphate
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synthetic domain of the large subunit has two Mn?" ions bound (Waldrop et al., 1994).
One of the Mn>" ions is also coordinated to the side-chain oxygens of GIn285 and
Glu299, while the other is coordinated to the side-chain oxygens of Asn301 and Glu299
(Waldrop et al., 1994). Attwood and Wallace (2002) suggest similar binding sites for
Mg®" in the biotin dependent enzymes since amino acids corresponding to Glu299 and
Asn301 are highly conserved in not only CPS from other species but also across biotin
dependent carboxylases. Several studies on PC have shown that the binding of Mg to
the enzyme may effect an allosteric change, resulting in an increase in the affinity of
biotin for the first partial reaction site and allowing the carboxylation of biotin to occur
(Attwood & Graneri, 1992; Branson & Attwood, 2000). Recently, a study by
Werneburg & Ash (1997) using electron paramagnetic resonance (EPR) spectroscopy
demonstrated that two equivalents of the divalent oxyvanadyl cation, VO* bind at the
first subsite of PC. One of the VO*' ions is involved in nucleotide substrate binding,
while the other interacts strongly with bicarbonate. These authors have suggested that
the role of this second extrinsic cation could include orientation of the bicarbonate for
attack on the y-phosphoryl group of ATP as well as minimising charge repulsion
between these anionic substrate species.

In the first partial reaction, in which it is known that HCO;™ binds to the first
reaction site of PC, one possible mechanism is that the carboxyphosphate intermediate
is directly responsible for the carboxylation of biotin (Kaziro ef al., 1962). However, it
has been shown that CO, is a better target for nucleophilic attack than either
carboxyphosphate or HCO5™ (Sauers et al., 1975). Therefore, the most likely reaction
mechanism that has been proposed is that the first partial reaction involves the
formation of carboxyphosphate from ATP and HCOj’, followed by decarboxylation to

form CO, which then electrophilically attacks the 1’-nitrogen on biotin (Knowles, 1989).

12
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In studies on the catalysis of oxaloacetate decarboxylation by chicken liver PC,
pH profile data showed the presence of several ionisable groups in the first partial
reaction site. Several of these ionisable groups might be involved in the tautomerisation
of biotin (Attwood & Cleland, 1986). It was shown that there was a large inverse
solvent isotope effect in the reaction catalysed by biotin carboxylase, which suggests a
sulphydryl group is involved in a proton transfer (Tipton & Cleland, 1988 a).
Participation of an active-site cysteine residue in catalysis by biotin carboxylase was
further supported by the observation that N-ethylmaleimide inactivated the enzyme
while the substrates protected against the inactivation (Tipton & Cleland, 1988 b).
Studies by Werneburg & Ash (1993) with sulphydryl modification showed that chicken
liver PC activity was abolished by cross-linking of a cysteine-lysine ion pair in the first
partial reaction site by o-phthalaldehyde, suggesting these modified ion pair residues
were in the active site.

Using the crystal structure of E. coli ACC biotin carboxylase (Waldrop et al.,
1994), currently the only three-dimensional structure of a biotin dependent carboxylase,
it was proposed that the cysteine and lysine residues acting as acid-base catalysts are
Cys230 and Lys238 (Jitrapakdee et al., 1996). These residues are located in the active
site of biotin carboxylase, and the sulphur atom of Cys230 and €-amino group of Lys238
are sufficiently close (4.2 angstroms) to allow for cross-linking of these two residues by
o-phthalaldehyde. Also Cys230 and Lys238 residues are highly conserved within PC
and other biotin carboxylases from a number of species, suggesting they may be
analogous to the essential cysteine-lysine ion pair implicated in PC catalysis.

A site-directed mutagenesis study of biotin carboxylase subunit of E. coli ACC
was conducted on the cysteine and lysine residues, proposed by Jitrapakdee et al. (1996)

to be essential catalytic residues responsible for enolising biotin. It was found that the
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cysteine residue played no part in deprotonating biotin and therefore was not involved in
the carboxylation of biotin. In contrast, the lysine residue was shown to be critically
involved in the carboxylation reaction but the high pK value (greater than 9.4) strongly
suggested that lysine did not act as a catalytic base in the deprotonation of biotin (Levert
et al., 2000). An alternative hypothesis is required to explain the possibility of there
being a concerted deprotonation of biotin and a carboxylation that transfers the
carboxyl group from carboxyphosphate to biotin in this reaction. In this case,
carboxyphosphate itself may actually function as a catalytic base since the transfer of a
carboxyl group to biotin involves the protonation of a carboxyphosphate oxygen atom
(Levert et al., 2000).

Acetyl-CoA is an allosteric activator in the carboxylation of biotin in the PC
reaction and its effect seems to vary widely between enzymes of different species. For
example, PC isolated from chicken PC is absolutely dependent on acetyl-CoA (Utter &
Keech, 1963), while PC isolated from rat liver (McClure et al., 1971), sheep (Ashman et
al., 1972) and Bacillus stearothermophilus (Libor et al., 1978) is also highly dependent
on acetyl-CoA with sheep PC having a low level of acetyl-CoA independent activity
under special conditions (Ashman et al., 1972). In contrast, yeast PC displays about
50% of its activity in the absence of acetyl-CoA (Cazzulo & Stoppani, 1968). It has
been shown that acetyl-CoA is not consumed in the reaction of PC, but instead exerts its
effects allosterically (Utter & Keech, 1963). Electron microscope observations suggest
that acetyl-CoA may act by stabilising the interaction of the subunits in the enzyme’s
quaternary structure (Mayer et al, 1980). In addition to stabilising the quaternary
structure of PC, there is evidence that the binding of acetyl-CoA also induces
conformational changes in the molecules (Attwood & Cleland, 1986; Taylor et al.,

1978).
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PC from many sources possesses a reactive lysine residue whose integrity is
essential for full enzymic activity (Chapman-Smith ez al., 1991). Modification of the
enzyme with amino group selective reagents generally results in preferential loss of the
catalytic activity that is stimulated by acetyl-CoA (Ashman et al, 1973; Scrutton &
White, 1973). The modification of one lysine per active site significantly causes the
loss of acetyl-CoA dependent activity (Scrutton & White, 1973). Acetyl-CoA has been
shown to protect the enzyme against this modification (Ashman et al., 1973; Scrutton &
White, 1973). This essential lysine residue has been suggested to form part of the
acetyl-CoA binding site, rather than being protected by a conformational change
following activator binding (Chapman-Smith et al., 1991). Sequence comparisons of
yeast PC with other biotin dependent enzymes and other acyl-CoA binding enzymes
have not been able to identify any putative acetyl-CoA binding site on PC (Jitrapakdee
& Wallace, 1999). Moreover, the exact role of acetyl-CoA in activating the PC reaction
mechanism remains unclear. There is evidence that both partial reactions may be
activated (Attwood, 1993; McClure et al., 1971; Phillips et al., 1981). It is probable that
acetyl-CoA has several roles.

The active site of PC is thought to consist of two spatially separate subsites with
the biotin acting as a mobile carboxyl group carrier, which is carboxylated at one subsite
and then transfers the carboxyl group to the second subsite where pyruvate is
carboxylated (Keech & Attwood, 1985). The movement of the carboxylated biotin
moiety from the first to the second reaction subsite involves in translocation as shown in
Figure 1.2. It has been shown that translocation to the second subsite will only occur
after dissociation of Mg”" ion (Attwood et al, 1984). Moreover, it has been
demonstrated that the binding of pyruvate induced the carboxybiotin to begin

translocation to the second subsite (Easterbrook-Smith et al., 1976). The evidence to
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prosthetic group acts as swinging arm to carry the carboxyl group from the
first subsite to the second subsite in PC catalytic reaction (Attwood, 1995)
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confirm this proposal showed that a number of pyruvate analogues can induce the
translocation of carboxybiotin to the second subsite. This binding of pyruvate probably
resulted in the dissociation of Mg*" from the first subsite, thus lowering the affinity of
carboxybiotin for the first subsite and initiating translocation (Goodall ez al., 1981).
The second partial reaction

After translocation of carboxybiotin from the first to the second partial reaction
subsite, CO, is subsequently transferred from carboxybiotin to pyruvate to form
oxaloacetate and a proton is transferred from pyruvate to biotin. Oxamate, an analogue
of pyruvate has been shown to induce decarboxylation of the carboxybiotin complex
(Goodall et al., 1981). Attwood & Cleland (1986) found that incubation of oxaloacetate
in the presence of oxamate resulted in decarboxylation of oxaloacetate, but no ATP
generation. The same authors found no evidence for the involvement of ionisable
groups in the oxamate-dependent decarboxylation of oxaloacetate (Attwood & Cleland,
1986). This initial study by Attwood & Cleland (1986) indicated that the proton transfer
to biotin and CO, transfer to pyruvate occurred simultancously with no detectable
ionisable residues involved. Based on the isotope effect and the pH profile data, it was
proposed that there is evidence of an involvement of a cysteine-lysine ion pair in the
second subsite (Attwood et al., 1986). Recently, Attwood (1995) proposed the detail of
the second partial reaction by which the cysteine-lysine pair stabilises the enol form of
biotin and participates in the proton transfer between biotin and pyruvate via the —SH

group of cysteine.
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1.4 STRUCTURE OF PC
1.4.1 Primary structure and domain

The biotin carboxylases all appear to exhibit considerable sequence similarity
around the biotin attachment point (Wood & Barden, 1977) and this is consistent with
the hypothesis that they share a common evolutionary origin (Lynen, 1975). Several of
these enzymes have substrates and regulators in common, and it has been postulated that
these multi ligand binding proteins arose by fusion events within a pool of ancestral
genes (Lynen, 1975). Early attempts at protein sequencing of these biotin dependent
enzymes revealed that there was significant sequence homology between PC from
different species and biotinyl subunit of Transcarboxylase (TC) and E. coli acetyl-CoA
(ACC), particularly at the biotin attachment site (Rylatt ef al., 1977; Sutton et al., 1977,
Wood & Barden, 1977). With the advent of recombinant DNA technology and genomic
libraries, more sequences for PC and other biotin carboxylases were obtained to
complete their primary structures. A partial sequence of human PC from ¢cDNA cloning
was first determined by Freytag and Collier (1984). The C-terminal 83 amino acid
residues of human PC was determined by Lamhonwah et al. (1987) and shown that
there is a significant homology around the biotin attachment site of human PC with
PCC, ACC and TC. Yeast PC (Saccharomyces cerevisiae) was the first biotin
carboxylase whose complete sequence was determined by Lim ez al. (1988). It was
shown that several regions of yeast PC showed significant homology to sections of other
biotin carboxylases as well as to carbamoyl phosphate synthetase and lipoamide
transferases.

Most forms of native PC are tetrameric enzymes with identical subunits of
molecular mass 120-130 kDa (Wallace & Easterbrook-Smith, 1985). Sequencing of

¢DNA or genes encoding PC, limited proteolysis and comparison of primary structures
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have all shown that PC from different species contains three functional domains. The
first of these is the putative biotin carboxylation domain (BC). This is the proposed site
of ATP and HCOs binding and therefore the location of the first partial reaction. The
second is the putative transcarboxylation domain (TC), which is the proposed site of the
second partial reaction and thus would contain the pyruvate-binding site. The third is
the biotin carboxyl carrier domain (BCC), which has the biotin prosthetic group
covalently attached to a specific lysine residue close to the C-terminal end, in a highly
conserved tetrapeptide sequence (AMKM) (Rylatt et al., 1977). These domains may
occur as separate subunits depending on the organism. In Methanobacterium
thermotrophicum, PC has the biotinyl and transcarboxylase domains on one subunit and
the biotin carboxylase on another. However, in PC from some bacteria, yeast, insects
and vertebrates, all three domains in each subunit are in a single polypeptide chain
(Jitrapakdee & Wallace, 1999).

The complete primary structures of PCs from yeast (Lim et al., 1988, Stucka et
al., 1991), mouse (Zhang et al., 1993), rat (Jitrapakdee et al., 1996; Lehn et al., 1995),
human (MacKay et al., 1994; Walker et al., 1995; Wexler et al., 1994), mosquito (Tu &
Hagedorn, 1997), yeast (Pichia pastoris) (Menendez et al., 1998), bacteria (Dunn ef al.,
1996; Koffas et al., 1998; Kondo et al., 1997; Kunst et al., 1997; Mukhopadhyay et al.,
1998) and chicken (Jitrapakdee et al., 2002) have been obtained. The deduced amino
acids sequences of all PCs have strong similarities to other biotin dependent enzymes
and lead to the recognition of the same three functional domains in all examples

observed (Figure 1.3).
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Biotin
NH, COOH
Biotin Carboxylation Transcarboxylation Biotinyl
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Figurel.3 The putative domain structure of human PC showing the biotin carboxylation
domain, transcarboxylation domain and biotinyl domain. The biotin prosthetic group is
covalently attached to a specific lysine residue in the biotinyl domain.
1.4.2 Tertiary and quaternary structure

In recent years the primary amino acid structure of PC has been determined for
many organisms but a high-resolution three-dimensional structure of the molecule has
not so far been obtained. The large size of the intact molecule (=530 kDa) precludes
structural determination by NMR. Moreover, the difficulty of obtaining the large
amounts of sufficiently pure PC for producing crystals suitable for structural analysis by
X-ray crystallography has not yet yielded results. Therefore, other methods of revealing
the structure of PC at lower resolution have been utilised, including chemical
modification, immunochemistry and electron microscopy.  The most accurate
information on the quaternary structure of PC has been obtained from electron
microscope studies. Studies of chicken PC, rat PC and sheep PC using electron
microscopy revealed that the active form of PC is an tetrahedron-like structure,
composed of two pairs of subunits in different planes orthogonal to each other (Figure
1.4). It was found that each of the four identical subunits (0:4) has a midline cleft along
its longitudinal axis, which is proposed to be the location of the active site since it is less
obvious in the presence of Acetyl-CoA (Mayer et al., 1980). Similar results have also
been obtained for yeast PC (Rohde et al., 1986).

PC from most species is composed of 4 identical subunits (a4), except for PC

from Pseudomonas citronellolis, Azobacter vinelandii and Methanobacterium
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Figure 1.4 A model of the proposed quaternary structure of PC shown
from five different angles. The cleft running along the axis of each subunit
was shown as indicated by arrow (Mayer, 1980).
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thermoautotrophicum which has an (03)4 structure (Goss et al., 1981; Mukhopadhyay ef
al., 1998; Scrutton & Taylor, 1974). Studies using avidin probes on PC to determine the
location of biotin suggest that it is located near the inter-subunit junction where the four
component subunits of the tetramer converge (Johannssen ef al., 1983).

It has been shown that both sheep PC (Ashman et al., 1972; Khew-Goodall et
al., 1991) and chicken PC (Attwood et al., 1993) undergo dilution inactivation
concomitant with dissociation of active tetramers of PC into inactive dimers and
monomers. Chicken PC is also known to undergo a similar process of cold inactivation
during which the active tetramer dissociates into monomeric subunits (Irias et al., 1969).
Cold inactivation is dependent on enzyme concentration (Scrutton & Utter, 1965) and
can be prevented by the presence of 1.6 M sucrose (Utter ef al., 1964) or 0.1 mM
acetyl-CoA (Irias et al., 1969).

Dilution of PC in the presence of the allosteric activator, acetyl-CoA prevented
the subsequent dissociation of the tetrameric molecule and the associated loss of
activity. Addition of acetyl-CoA to partially dilution-inactivated enzyme prevented
further loss of enzymatic activity and of tetrameric structure (Attwood et al., 1993;
Khew-Goodall et al., 1991). However, Pycl isozyme of yeast Saccharomyces
cerevisiae, expressed from double null PC knockout yeast strain, DM18 (Brewster ef al.,
1994), does not have an inherently unstable quaternary structure in the way chicken PC

has (Branson et al., 2002).

1.5 EPITOPE MAPPING
Epitope mapping is a methodology by which specific determinants (epitopes)
can be identified on molecules by reagents derived from the immune system (Saint-

Remy, 1997). An epitope has been defined as a unit of immunological significance
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carried on an antigenic particle, and a paratope as its combining site, i.e. the area of an
antibody in contact with an epitope (Jerne, 1960). The term “epitope mapping” has also
been used to describe the attempt to determine all the major sites on a protein surface
that can elicit an antibody response, at the end of which one might claim to have
produced an epitope map of the protein antigen (Atassi, 1984).

Protein antigenic determinants have been classified as conformational
(discontinuous, assembled) or linear (continuous, sequential) epitopes. The
conformational epitopes are composed of residues in which distant amino acids in the
protein sequence are brought together by protein folding, whereas linear (continuous,
sequential) epitopes can often be mimicked by simple peptide sequences (Barlow et al.,
1986). Given the nature of protein structures, most epitopes on native proteins are likely
to be assembled and consequently, most polyclonal antibodies raised against these
proteins do not recognise short peptides (Barlow et al., 1986; Van Regenmortel, 1989
a).

Continuous epitopes can be mapped to small linear peptide sequences of 5-20
amino acids, and conformational epitopes can only be mapped to larger protein
domains. These epitopes show interactions with side chains that, although close to each
other in the folded protein, are widely separated in the linear sequence. As expected, the
epitopes formed by continuous amino acids are resistant to loss through denaturation,
whereas those formed from non-contiguous amino acids are lost when the protein
unfolds (Zaripov et al., 1999).

1.5.1 Methodology
1.5.1.1 Immune reagent
It might be simpler for the purpose of this work to adopt the operational view

that an epitope is defined by an antibody molecule. The potency of the immune system
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is extraordinary: it can distinguish between two proteins that differ by only one amino
acid, or between two identical molecules exhibiting a different three-dimensional
conformation. These properties can be used for identitying epitopes, using antibodies or
cells, and form the basis of epitope mapping (Saint-Remy, 1997).

The antibody that defines an epitope is mostly a monoclonal antibody (mAb),
although an epitope mapping method can also be applied to polyclonal antisera, which
should be regarded as a mixture of mAbs. Since polyclonal antibodies react with a great
number of epitopes of the antigen, identifying a difference between two antigens which
may differ by just one epitope can therefore be difficult. By definition, monoclonal
antibodies have the capacity to recognise single epitopes and are therefore extremely
useful for making comparisons between two almost identical molecules (Saint-Remy,
1997).

1.5.1.2 Methods used to localise epitopes in proteins

In general, antibodies induced by a native protein and directed to a complex
discontinuous epitope cross-react only weakly with an epitope fragment constituted by a
linear peptide. The peptide usually has a conformation different from the corresponding
region in the protein leading to this weak cross-reaction (Van Regenmortel, 1989 b).
Most studies aimed at unravelling the antigenic structure of proteins have focused not
on antigenicity but on the phenomenon of cross-reactive antigenicity between proteins
and short peptides (Van Regenmortel, 1989 b).

The different approaches that have been used for mapping protein epitopes are
summarised in Tablel (Atassi, 1984; Benjamin ef al., 1984). Only method 1 (Table 1)
is based on a structural analysis. In contrast, all other methods correspond to a
functional analysis taking the form of binding measurements. It has been shown that the

structuralist perspective inherent in X-ray crystallography (Table 1) leads to the view
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that an epitope consist of approximately 15 residues that are in contact with the paratope

(Amit et al., 1986; Colman, 1988; Sheriff et al., 1987). Residues in the interface that

actually contribute to the binding energy are identifiable only in binding measurements.

It has been demonstrated that methods 2-5 (Table 1) analyse cross-reactivity instead of

antigenic reactivity, which leads to the conclusion that a much smaller number of

residues (between 1 and 5) are critical to antibody binding.

Therefore, the epitope

defined in a functional way involves fewer residues than the epitope defined in

structural terms (Van Regenmortel, 1989 b).

Method Type of epitope | Criterion for | Average
recognised allocating residues | number  of
to epitope residues
identified in
epitope
1. X-ray crystallography of | Discontinuous Van der Waal’s | 15
antigen-Fab complexes epitope  reacting | contact in
with homologous | epitope-paratope
antibody  (same | interface
serotype)
2. Study of cross-reactive | Continuous Residual binding | 3-8
binding of peptide fragments | epitope of linear fragment
with anti-protein antibodies cross-reacting with | above threshold of
heterologous assay
antibody (different
serotype)
3. Study of cross-reactive | Continuous Induction of | 3-8
binding of protein with | epitope cross-reactive
anti-peptide antibodies cross-reacting with | antibodies
heterologous
antibody
4. Determination of critical | Continuous, Abrogation of | 3-5
residues in peptide by | cross-reacting cross-reactivity by
systematic replacement with | epitope containing | substitution of
other amino acids critical ~ residues | critical and
interspersed  with | functionally
irrelevant residues | relevant residues
5. Study of cross-reactivity | Discontinuous Abrogation of | 1-3
between homologous | epitope cross-reactivity by
proteins or point mutants substitution of

critical residue

Table 1. Methods used to localise epitopes in proteins (van Regenmortel, 1989 b).
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The molecules for which epitope mapping is considered can be used in their
native form or as fragments. The protein can be in a soluble form or membrane-bound.
Fragments can be generated by recombinant DNA technology or by peptide synthesis.
Depending on the antigen, several assay systems can be used.

Chemical modification of the side-chains of residues in protein antigens was one
of the first methods developed to investigate epitopes. Together with proteolytic
fragmentation, it was first used to assign antigenic determinants on the surfaces of
lysozyme and myoglobin (Atassi, 1975; Atassi, 1978). The principle of the method is
that alteration of the structure of a key residue in an epitope by a chemical modification
reagent will greatly change its reactivity with an antibody to that epitope (Young &
Oomen, 1996). This conventional method involves the chemical and enzymatic
cleavage of the protein antigen, fractionation of the cleaved protein, and then
identification of fragments that react with a given monoclonal antibody by amino acid
analysis or sequencing (Rao et al, 1996). The disadvantages are that it is
time-consuming and epitopes are also sensitive to indirect disruption by chemical
modification that cause even small conformational changes, and hence great care is
needed to avoid false positives (Morris, 1996).

Biophysical methods, such as X-ray crystallography or NMR spectroscopy can
also be used to map epitopes. Crystallographic approaches are not currently amenable
to widespread use in epitope mapping studies owing to the intrinsic complexity and the
requirement that the antigen or complex must be isolated in a pure crystalline form.
Furthermore, this method identifies residues in close proximity within the
antigen-antibody complex (termed structural epitopes) irrespective of whether they are

functional in the immune response (Kiselar & Downard, 1999).
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X-ray crystallography

Crystallographic investigations of antibody-antigen complexes provide an
opportunity to compare predictions from epitope mapping with direct observation of the
contacting residues. There have been extensive studies of epitopes by the use of
peptides in which an antibody produced in response to a protein antigen can be
examined for binding to peptides from that antigen (Davies & Cohen, 1996). The
epitope for lysozyme with murine anti-lysozyme antibody (HyHEL-5) was successfully
predicted based on the availability of a library of avian lysozymes that were presumed to
have approximately the same tertiary structure, but with small differences in the amino
acid sequences (Smith-Gill et al., 1982).

Crystallographic studies have shown that some substitutions in escape mutants
occur outside the area of the structural epitope; these presumably cause local structural
perturbations to nearby epitope residues, thereby disrupting complex formation of the
antigen. However, functional studies of antigen variants have in some cases failed to
detect epitope residues (often near the periphery of the antibody-antigen interface),
presumably owing to local rearrangements of side-chains to allow structural
accommodation of the substitutions. These observations emphasize differences between
the structural epitope determined by crystallography and functional epitopes determined
by amino acid residues that are important for binding and cannot be replaced (Saul &
Alzari, 1996). A number of antibody fragments and antigen complexes have been
studied by X-ray crystallography, which provides direct observation of the contacting
residues (Davies & Cohen, 1996; Wilson & Stanfield, 1994). However, X-ray

crystallography ultimately depends on the availability of suitable crystals for analysis.
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Nuclear magnetic resonance (NMR)

Despite recent dramatic advances in methodology, the application of nuclear
magnetic resonance (NMR) spectroscopy to study antigen-antibody interactions has
been limited (Saito & Paterson, 1996; Tsang et al., 1991). This is mainly because the
large size of the antigen-antibody complex, particularly in the case where the antigen is
a moderately sized protein, excludes standard NMR techniques for complete structure
determination (Huang et al., 1998). Moreover, NMR spectroscopy may fail to give a
well-resolved structure, especially if the protein has a significant degree of
conformational freedom in solution (Saito & Paterson, 1996).

A crucial parameter in NMR studies of large biological complexes is the rate of
hydrogen/deuterium exchange of a ligand between its free and bound states
(Kustanovich & Zvi, 1996). Epitopes can also be mapped by measuring changes in
amide hydrogen exchange rates of the antigen that occur as a result of the formation of
an immune complex (Benjamin et al., 1992; Paterson et al., 1990; Williams et al.,
1996). These rates can be conveniently measured using NMR techniques. An NMR
method based on the protection from hydrogen/deuterium exchange by a mAb was first
developed to localise the epitope of an anti-cytochrome C mAb (Paterson ef al., 1990).
Amide proton exchange in proteins occurs upon transient unfolding of the structure,
while solvent accessibility to transiently unfolded areas allows the exchange of the
amide protons for other protons, or deuterons, to take place on time scales ranging from
minutes to months (Li & Woodward, 1999; Szewczuk et al., 2001). An example for
this method is that the epitopes of Der p2 defined by monoclonal antibodies could be
identified by comparing amide proton exchange rates in the absence and presence of the

antibodies (Mueller ef al., 2001).
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“Two dimensional nuclear Overhauser effect (2D NOE) spectroscopy,
transferred NOE (TRNOE) techniques, including 2D TRNOE difference spectroscopy,
and the relaxation time in the rotating frame (T, filtered TRNOE method) are very
suitable to study antibody-antigen interactions and intramolecular interactions within the
bound peptide” (Anglister et al., 1989; Anglister et al., 1993; Scherf & Anglister, 1993).
Alternatively, an isotope filtering method can be applied in the case of tight binding and
slow exchange. Tsang et al. (1992) used this technique to elucidate amide proton
interactions in an antibody bound peptide complex and to characterise the mobility of
these protons on binding (Tsang et al., 1992).

Saturation transfer difference (STD) spectroscopy offers an efficient alternative
approach to identify the residues or substructures involved in binding to monoclonal
antibodies or other receptor proteins. A prerequisite for STD NMR spectroscopy is that
the ligand is reversibly bound to the protein (Mayer & Meyer, 1999). This technique
was used to identify the Legionella pneumophila serogroup 1 lipopolysaccharide (LPS)
epitope of a monoclonal antibody. The advantages of this direct approach purpose are a
relatively quick and direct epitope determination with a relatively small amount of
protein which does not need to be purified to absolute homogeneity (Kooistra et al.,
2002). A combination of transferred NOE and STD experiments has been used to probe
the conformation of ligands bound to receptors and to define the critical epitope, that is
the portions of the ligand in close contact with the protein (Moller ez al., 2002; Weimar
et al., 2000). Maaheimo and Kosma (2000) have described the use of STD-NMR, in
combination with transferred NOESY for the conformational epitope mapping of
synthetic disaccharides of Chlamydial lipopolysaccharide to corresponding monoclonal

antibodies (Maaheimo et al., 2000).
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Most NMR studies of antibody-antigen interactions have relied on selective
observation of signals from one part of the complex, typically the antigen. Direct
observation of antigen resonances in the complex via isotope-edited techniques has been
limited to studies of small antigens (Huang ef al., 1998). These include peptide antigens
complexed with Fab or Fv fragments (Tsang et al., 1991) and small bacterial
antibody-binding proteins complexed with the Fc fragment (Tashiro & Montelione,
1995). The outer surface protein A (OspA) from the Lyme disease spirochete Borrelia
burgdorferi complexed with Fab appears to be the largest antigen-antibody complex (78
kDa) analysed to date in which an epitope has been mapped by the chemical shift
perturbation method using a uniformly isotope-labelled antigen. The chemical shift
perturbation method can use essentially all amide protons as structural probes, while the
hydrogen exchange method can use only a subset of amide protons with appropriate
hydrogen exchange characteristics (Huang ef al., 1998).

Competition binding assay

Most epitope mapping by competition assay can be classified into two groups;
competition assay with labelled antibody (Figure 1.5a) and with labelled antigen (Figure
1.5b). The determination of epitope specificities of monoclonal antibodies has usually
been performed using the competitive assay in which the antigen is immobilised, and a
labelled antibody together with competing unlabelled antibodies are mixed in solution
(Figure 1.5a). Since the number of antibodies to be screened is usually large, this
method is time consuming and tedious, and the instability of radiolabels represents a
significant drawback (Kuroki, 1996). Recently, nonisotopic tracers, such as biotin
(Bayer & Wilchek, 1990), fluorescein isothiocyanate (Harlow & Lane, 1989) and
europium (Nakamura ef al., 1992) have been introduced for determination of epitopes,

but this method still has the problem of labelling all antibodies to be tested.
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An alternative method is a competition assay using labelled antigen. A constant
amount of biotinylated antigen is incubated with a given mAb immobilised on solid
phase in the presence of increasing amounts of soluble competitor mAbs (Figure 1.5b).
The biotinylated antigen bound to the immobilised antibody is then reacted with
avidin-peroxidase conjugate, the bound complex is determined by the use of
o-phenylenediamine and hydrogen peroxidase.

The competition method is used to determine whether two different mAbs can
bind to a monovalent antigen at the same time (in which case they must recognize
different epitopes) or whether they compete with each other for antigen binding (in
which case they must recognize the same epitope, wholly or partially) (Morris, 1996). A
traditional approach to competition mapping using a microtiterplate is the ELISA
involving labelling either antibody or antigen with enzymes.

Surface Plasmon Resonance in the BlAcore

BlAcore (biomolecular interaction analysis) biosensor is a functional binding
assay in which reactants are not labelled, purification is not necessary and small
amounts of the reactants are sufficient for epitope mapping (Johne, 1996). The BIAcore
biosensor measures biospecific interactions in real time (Jonsson et al, 1991). The
principle is to immobilize the antigen on a sensorchip surface (Lofas & Johnsson, 1990)
while the antibody is allowed to continuously flow over the surface, or vice versa. The
interaction is then detected by surface plasmon resonance (SPR), directly registered and
presented as a sensorgram (Liedberg et al., 1983).

Epitope mapping in the BIAcore may be performed to characterise an antigen or
a group of specific monoclonal antibodies, or both (Fagerstam er al., 1990).
Characterisation of epitope specificity patterns with a panel of mAb gives valuable

information for utilizing mAbs in clinical, diagnostic and technical contexts. The
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Figure 1.5 A schematic representation of a competition assay with
labelled antibody (a) and with labelled antigen (b) used in epitope mapping.
In the competition assay with labelled antibody, antigen is immobilised, and
a radiolabelled antibody competing with unlabelled antibody are mixed in
solution. On the other hand, in the competition assay with labelled antigen,
a constant amount of biotinylated antigen is incubated with immobilised
antibody coating on the well in the presence of increasing amounts of
competitor monoclonal antibodies (Kuroki, 1996).
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BIAcore can be used with a capture antibody immobilised to the sensorchip surface.
Running multiple combinations of antibodies reveals the competitiveness of the
antibodies for different epitopes (Malmborg & Borrebaeck, 1995). This technique was
used to characterise the epitopes on recombinant HIV-1 core protein p24 for 29 mouse
monoclonal antibodies (Fagerstam et al., 1990). Several studies have defined the
epitopes on other proteins also using this technique. For example, the epitopes on
human heart myoglobin and human granulocyte colony stimulating factor were
described (Johne et al., 1993; Nice et al., 1993).

An alternative approach of epitope mapping is to immobilise the antigen and
then analyse the pair-wise binding of different monoclonal antibodies (Figure 1.6). This
was carried out for ovine submaxillary mucin (OSM) (Kjeldsen et al., 1988) and with
monoclonal antibodies directed against closely related carbohydrate epitopes (Johnson
et al., 1986). When using this approach it is important to block all possible sites
recognised by the first monoclonal antibody prior to injection of antibody no. 2, as
illustrated in the sensorgrams in Figure 1.6 (Malmborg & Borrebaeck, 1995).

Phage display

In recent years bacteriophages have assumed major importance because of their
usefulness in cloning and sequencing DNA (Yanisch-Perron et al., 1985) and in phage
display, now widely used as a technique for identifying and studying protein-protein
interactions (Cortese et al., 1996), in creating novel antibodies (Winter et al., 1994) and
in designing model vaccines (Jelinek et al., 1997).

Phage displayed peptide libraries have become powerful tools for identification
and characterisation of peptide mimicries that bind to specific antibodies (Cortese et al.,
1995; Scott & Craig, 1994). The technology depends on random peptide sequences,

displayed on the surface of filamentous bacteriophage, being allowed to interact with
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antibodies or other ligands. Ligands are usually immobilised on a solid support, such as
a petri dish, microplates, or microbeads and binding phage are specifically enriched by
several cycles of affinity selection (Parmley & Smith, 1988; Scott & Smith, 1990). The
displayed peptides responsible for binding to the antibody can be identified by directly
sequencing the encoding insert in the genome of the recombinant phage. This random
epitope library strategy has the potential advantage of being able to identify critical
residues within an epitope (du Plessis et al., 1994) and of providing mimotopes (Geysen
et al., 1986), which can mimic discontinuous epitope structures (Balass et al., 1993;
Lane & Stephen, 1993).

Libraries of filamentous phage displaying random peptides have been shown to
be highly useful for the identification of epitopes on proteins involved in the binding of
mADb or other ligates (Hoess, 1993). Several approaches have been developed to create
phage libraries that display discontinuous epitopes within a restricted structural context.
By the introduction of a Cys residue at either side of the random peptide a disulphide
bond can be generated by oxidation, and this bond constrains the intervening amino acid
sequence into a loop (Luzzago et al., 1993). Other methods to obtain highly constrained
peptide libraries are based on the integration of random peptides into defined protein
scaffolds like immunoglobulin variable domains (Hoogenboom & Winter, 1992; Martin
et al., 1994). Moreover, a phage library displaying functional epitopes for human
plasminogen-activator inhibitor 1 was constructed by partial digestion of DNA encoding
this protein with Dnase I to generate random fragments of 50-200 bp, and this library
was successfully used to map the epitope of the monoclonal antibody (van Zonneveld et

al., 1995).
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Synthetic peptides

The identification of the epitopes with which antibodies react has been done
using large libraries of random peptide sequences displayed on the surface of phage
particles as described above. Alternatively, vast libraries of random synthetic peptides
have been analysed. A relatively simple approach in cases where the overall amino acid
sequence of the protein containing the epitopes is known, is to synthesize a defined
library of overlapping peptide segments of the protein. These sets of peptide libraries
can then easily be tested for binding to the test antibody in simple binding assays and
will define the linear epitope to a stretch of 5-15 amino acids (Tribbick et al., 1991).

The multipin method was the first method of multiple peptide synthesis, from its
beginnings as a method for testing peptides on the same surface on which they had been
synthesized (Geysen et al., 1987). Peptides made using this technology can be applied
to the search for and understanding of both linear antibody defined epitopes (B cell
epitopes) (Getzoff ef al., 1987) and of helper and cytotoxic T cell epitopes (Burrows et
al., 1994). The use of peptides permanently attached to the solid phase on which they
were synthesized has the advantages of simplicity and sensitivity, but is subject to
uncertainty about the quality of the peptides being used, and to artefacts arising from the
high density of the peptide and possible interactions with the support matrix (Trifilieff e
al., 1991).

An alternative approach to the synthesis of peptides based on the antigen
sequence is the use of libraries of completely random peptide sequences. Positional
scanning synthetic combinatorial libraries are useful in identifying the amino acid
sequences of antigenic determinants recognized by monoclonal antibodies. These
libraries are typically composed of tens of millions of non-support-bound peptides, and

can be readily screened using ELISA to determine specific sequences that bind to a
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target antibody (Pinilla ez al., 1996). An advantage shared by all peptide methods is that
antigen is not required, which may be important for rare antigens, which are difficult to
purify (Morris, 1996).

Recombinant cDNA technology

The advent of systems for the expression of recombinant proteins has allowed an
alternative genetic approach to protein fragmentation. In these procedures, the open
reading frame encoding the protein is fragmented either randomly or by specific genetic
construction, and the reactivity of the expressed fragments of the protein with the test
antibody is determined.

The versatility of DNA fragmentation protocols combined with the vast range of
available systems for the expression of recombinant protein has created an almost
infinite number of variants on this theme. All of these variants are effective, because
only small amounts of protein need to be expressed to determine whether an antibody
can bind to it (Scott & Smith, 1990). Even if only a small fraction of the expressed
protein fragment folds correctly it can be sufficient to give positive antibody binding,
making this method useful for mapping the binding sites of antibodies to both
conformational and linear epitopes (Mink ef al., 1994).

The localization of an epitope follows directly from the location of the gene
fragment that on expression yields an antigenic recombinant product (van Vliet et al,
1994). The many prokaryotic expression systems that are available can be combined
with several methods to generate fragments from the gene of interest. Restriction
enzyme fragments and PCR products yield a rapid localization of the antigenic regions.
Expression of oligonucleotides can be useful for an accurate localization as an

alternative to synthesizing peptides (Pappu et al., 1993). All of these libraries can be
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used in simple immunochemical assays to determine whether they contain the relevant
epitope.

Another useful example is a protocol, called expression-PCR (E-PCR), in which
defined gene fragments are produced by PCR and then transcribed and translated into
protein in vitro in the presence of radiolabelled amino acids. This technique is a rapid
and simple method for the in vitro production of proteins without having to go through
the rigors of cloning. The resulting radiochemically pure proteins are useful for a
variety of purposes, such as studies on the subunit structure of proteins, epitope
mapping and protein mutagenesis (Burch et al., 1993).

The application of mutagenesis techniques has now become a powerful method
to identify the amino acids within the epitope that are critical for immune recognition.
This is accomplished by testing the role of the critical amino acid residues within the
context of short peptides. This enables substitution of specific amino acids within the
protein of interest, allowing the production of mutant proteins containing specifically
altered amino acid residues (Alexander, 1996). There have been many applications of
site-directed mutagenesis in combination with recombinant cDNA technology to
distinguish structure and function relationships of proteins using epitope mapping. For
example, the functional epitopes within the kinase domain receptor (KDR) of vascular
endothelial growth factor (VEGF) for binding to neutralizing anti-KDR antibodies and
to the natural ligand, VEGF, were studied by generation of a series of KDR deletion
mutants. In combination with alanine mutations, the residues within this region of
domain 3 critical for VEGF binding were revealed (Lu et al, 2000). Similarly, the
mechanism for interference of serpin plasminogen activator inhibitor-1 (PAI-1) function

has been identified using epitope mapping of a monoclonal antibody that inhibits rat
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PAI-1 activity and increases the binding of inactive PAI-1 to vitronectin (Ngo ef al,
2001).

Mass spectrometry

The methods used for the mapping of linear epitopes in proteins include binding
assays of protein components produced by synthetic chemistry, by synthetic and
bacteriophage peptide libraries or by recombinant gene expression. Although effective,
these methods can be costly and time consuming. Recently, mass spectrometry, a
different approach to antigenic site mapping was incorporated into procedures to define
epitope mapping. In a mass spectrometric based method, peptide mixtures can be
analysed rapidly (<1 min) and accurately at low sample levels (Kiselar & Downard,
1999). The identification of epitopic peptides released from immobilized antibody
following limited proteolysis of an immobilized antibody-antigen complex was
employed by plasma desorption mass spectrometry (PD-MS) (Suckau ez al., 1990). The
same strategy was used to localise the epitope of gastrin-releasing peptide with the
exception that matrix-assisted laser desorption ionisation mass spectrometry
(MALDI-MS) was employed (Papac et al., 1994; Parker et al., 1996).

Recently, affinity directed mass spectrometry has been employed for mapping
protein epitopes. The basis of this technique is the use of a direct molecular mass read
out from the immune complex to determine the specific component of the protein
antigen that interacts with the antibody. Proteolytic digestion and affinity directed mass
spectrometry can be used to determine the approximate location of a continuous
component of a binding epitope rapidly within a protein ligand (Zhao & Chalt, 1994).

Matrix assisted laser desorption time of flight (MALDI-TOF) mass spectrometry
has been used in combination with epitope excision/extraction techniques for the rapid

characterisation of linear epitopes. In epitope excision methods, the protein of interest
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is complexed with the antibody and then digested enzymatically. Only fragments that
are protected by the antibody remain affinity bound and can be identified. In epitope
extraction, the antigen of interest is first digested enzymatically and subsequently passed
over immobilised antibody beads (Parker et al., 1996). The example demonstrating the
use of epitope excision/extraction techniques followed by MALDI-TOF was the
elucidation of a discontinuous epitope in the HIV envelope protein HIV-gp120,
recognised by the human monoclonal antibody 1331A (Hochleitner et al., 2000). Yi
and Skalka (2000) also illustrated this technique in mapping the epitopes of two
monoclonal antibodies that bind to the C-terminal domain of HIV typel integrase (Yi &
Skalka, 2000).
1.5.2 Applications for epitope mapping

Epitope mapping has numerous potential applications in many areas as described
below:

Physiology

Monoclonal antibodies can play a key role in defining structural, functional and
regulatory aspects of complex protein-protein interactions (Lane & Stephen, 1993;
Stephen et al., 1995). The interaction of factor VIII with its physiological chaperone i.e.
the von Willebrand factor, in the coagulation pathway (Saenko ef al., 1994), the
interaction of interleukin-2 with its surface receptor (Lorenzo et al., 1991) or the study
of the different reacting sites of interleukin 4 (Ramanathan et al., 1993) are examples of
this area in defining epitope mapping. This can help analysing the function of a
hormone and is physiological regulation (Malthiery et al., 1991; Soos et al., 1992) or of

an enzyme (Wasserman et al., 1993).

36



Introduction and Literature Review

Pathology

Epitope mapping is useful in analysing the specificity of antibodies
spontaneously formed in a number of diseases in which an immune response is an
important parameter. These applications are involved in autoimmune diseases, for
example myasthenia gravis (Papadouli et al., 1993), type I diabetes (Ujihara et al., 1994)
or thyroid diseases (Henry et al, 1992), and immune responses towards exogenous
antigens, such as factor VIII in haemophilia A patients (Ware et al, 1992).
Understanding the mechanism by which an immune mediated pathology develops
requires a precise identification of both B and T cell epitopes on the antigen. This will
be essential to unravel the mechanisms by which immune tolerance is established
(Saint-Remy, 1997).

Vaccination

The identification of both B and T cell epitopes on a microorganism (Churchill
et al., 1994; Moradpour et al., 2002; Oettinger & Andersen, 1994; Wang ef al., 1999) or
bacterial derived product (such as toxins) (Logan et al, 1991) and Kazemi &
Finkelstein, 1991) may have a determining influence on the design of vaccines. This
includes not only increasing the efficiency of vaccines, but also potentially the design of
vaccines. The modelling of the NMR defined epitope of antigen-antibody complex
should not only greatly aid in the design of an effective synthetic peptide vaccine, but
should also contribute to the understanding of the molecular factors involved in
immunogenicity and pathogenicity (Campbell et al., 1997).

Mechanism of drug action

The use of epitope mapping to study the mechanism of action of drugs is of
interest in many applications. For example, using the phage display library method, a

biologically active cyclic peptide agonist for erythropoietin receptor was identified
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(Dower, 1998). Similarly, Chirinos et al. (1997) screened one-bead one-compound
(OBOC) peptide libraries with the tumor necrosis factor-alpha, (TNF-o) and anti-TNF-o
antibody system, and thus identified peptides able to inhibit TNF-o-mediated
cytotoxicity (Chirinos et al, 1997). A phage display library was used to identify

peptides that inhibited human complement formation by binding C3 (Sahu et al., 1996).

1.6 PROJECT RATIONALE

PC is typical of many other biotinylated enzymes and metabolically important
proteins, and has been widely investigated by many groups since it was first described
by Utter and Keech (1960). Studies of the kinetic and physical properties of PC have
provided a significant understanding of the chemical mechanism of the catalytic reaction
of PC. However, it still remains unknown from these studies how the structure and
residue composition of PC enables this critical chemistry to proceed. With the
increasing ease with which protein sequences are inferred from cDNA or genomic
libraries, more sequence information will become available on PC from a wide diversity
of sources. Sequence homologies between these enzymes strongly suggest that all
operate via a similar catalytic mechanism. Comparison of these sequences of PC
obtained from different organisms would lead to identification of structurally important
residues which might play a common role in the catalytic reaction. A comprehensive
understanding of PC’s catalytic mechanism is therefore important since it could be
potentially used as a model system to understand the function of all biotinylated
enzymes. In order to fully understand the reaction mechanism of PC, it is necessary to
know which amino acid residues are involved in catalysis or substrate binding sites and

which residues are important for maintaining the correct conformation.
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However, a thorough understanding of the catalytic reaction mechanism of PC
will require knowledge of the three-dimensional structure of the molecule, which has
not yet been obtained. Due to the absence of high resolution structural determination by
NMR or X-crystallography, the elucidation of the catalytic mechanism must be
addressed by other means. An immunological approach to the analysis of protein
structure, together with identification of epitopes of interest have been used extensively
as a method of investigating the functional roles of potential catalytic residues in
proteins. Monoclonal antibodies against sheep PC have been developed in our
laboratory (Carey, 1988). In addition, a full-length human PC c¢cDNA clone has also
been isolated and expressed in 293T cells (Jitrapakdee ef al., 1999). This greatly
enhances the possibility to obtain more knowledge of the structure-function relationship
of human PC by epitope mapping using those monoclonal antibodies. Recent
sequencing studies of cDNAs encoding PC have shown that the homology of PC among
different mammalian species is very high (= 96% between human, rat and mouse)
(Jitrapakdee et al., 1996). We expect therefore that monoclonal antibodies against
sheep PC will cross-react against human PC.

Antibodies may also be used to study residues important for functional activity
of an enzyme. For example, the enzyme activity of luciferase was changed due to
polyclonal antibody binding as determined by reaction kinetics (Tsuji ef al., 1960). The
determination of equilibrium and rate constants of the interaction of an
activity-inhibiting monoclonal antibody with alkaline phosphatase of the calf intestine
was described by Ehle et al. (1989) and Cumme et al. (1990). Later, Cumme et al.
(1995) described the characterisation of the interaction of alkaline phosphatase with an
activity inhibiting monoclonal antibody by progress curve analysis. In our laboratory,

Carey (1988) has demonstrated that three monoclonal antibodies affected the catalytic
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activity of sheep PC and that their effects on enzymatic activity were influenced by
various substrates. This finding of inhibitory antibodies may lead to definition of
critically functional residues of human PC’s epitopes. One could potentially investigate
the role of these residues as catalytic residues in PC reaction using site-directed
mutagenesis of these residues.

This project will be the first to investigate the hPC’s epitope map of inhibitory
antibodies, together with site-directed mutagenesis of the critically functional residues

and the effect of altering individual residues on the activity of PC.

The specific aims of this thesis were

1. To characterise a number of monoclonal antibodies generated against sheep
PC, by assaying cross-reactive binding and their inhibitory effects on the acetyl-CoA
dependent activity of human PC using a stable cell line expressing full-length human
PC.

2. To define minimal epitopes on human PC for three inhibitory antibodies by
expression of fusion protein fragments and mapping by cross-reactive binding assay.

3. To investigate the effect on the activity of PC using site-directed mutagenesis
to alter critically functional residues.

4. To establish a high-level expression system for human PC devoid of
endogenous PC. This system would be used to express mutants of human PC for further

studies of kinetic and physicochemical properties.
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CHAPTER 2

2.1 CHEMICALS

The following chemicals were obtained from Sigma Chemical Co., St Louis,
MO., USA: agarose (type 1), ampicillin, ATP (disodium, grade I), B-mercaptoethanol,
bovine serum albumin (BSA), 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
(BCIG), S5-bromo-4chloro-3-indolyl-phosphate-p-toluidine salt (BCIP), Coomassie
Brilliant Blue (G250, Raso), cycloheximide, dithiothreitol (DTT), ethidium bromide,
ethylenediaminetetraacetic acid (EDTA), nicotinamide adenine dinucleotide (reduced
form) [NADH], nitroblue tetrazolium (NBT), phenylmethylsulphonyl fluoride (PMSF),
polyoxyethylene-sorbitan monolaurate (Tween-20), puromycin, rubidium chloride,
sodium dodecyl sulfate (SDS), sodium pyruvate, glycyl glycine, N,N,N,N-
tetramethylethylenediamene (TEMED), Tris (hydroxymethyl)methylamine (Tris) and
Triton X-100. Glycogen was purchased from Boehringer Mannheim. Acrylamide and
bisacrylamide were purchased from BioRad Laboratories Inc., Herates, CA, USA
Sephadex G235, Sepharose CL-6B and Ficoll 400 were purchased from Pharmacia,
Uppsala, Sweden. Eu-chelate of Nl-(p-isothiocyanatobenzyl)-diethylenetriamine-N1 N°
N° N-tetraacetic acid (DTTA) was purchased from Delfia, Wallac, Turku, Finland.

Other fine chemicals were purchased from Merck Pty. Ltd., Kilsyth, Vic., Australia.

2.2 RADIOCHEMICALS
NaH'*CO; was purchased from Amersham Australia, North Ryde, NSW,
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2.3 OLIGONUCLEOTIDES
All oligonucleotides used in this study were purchased from Geneworks Ltd.,
Adelaide, South Australia. The oligonucleotides used for PCR and site-directed
mutagenesis were described in Chapters 3, 4 and 5. The restriction sites in the
oligonucleotides are underlined and mutagenic changes are in bold. The sequences of
the oligonucleotides are listed below.
2.3.1 Oligonucleotides using for PCR in Chapter 3
BC for: 5’TTGGTAGAATTCATGCTGAAGTTCCGAACAGTCCATGGG ¥’
BC rev: S’TTAATTCTCGAGTTATCATGGAACAGCTCTGGGTTCTCGTCGATGY’
F1 for: > AATTGGTAGAATTCACTGTGGACACCCAGTTCATCG 3°
Fl1rev: SGAAGTTATGCGGCCGCTTATCAGTACTTGGTGCGGCTGGGGTCGGS’
F2 for: 5> AATTGGTAGAATTCGCCGACCCCAGCCGCACCAAG 3’
F2 rev: SSGATTAATTCTCGAGTTATCAGACACCGATGTAGCCCTGCAGGA 3’
F3 for: >AATTGGTAGAATTCTTCCTGCAGGGCTACATCGGTGTCC 3’
F3rev: SSGATTAATTCTCGAGTTATCACTCGATCTCCAGGATGAGGTCG 3°
TB1 for: ’AATTGGTAGAATTCTTCCTGCAGGGCTACATCGGTGTCC 3°
TB1 rev: S’GATTAATTCTCGAGTTATCAGAAGACCTGCCTCTGGCCGGCCC 3°
TB2 for: 5’ AATTGGTAGAATTCTTTGAGGTGGAGCTGGAGCGGGG ¥’
TB2 rev: 5’GATTAATTCTCGAGTTATCACTCGATCTCCAGGATGAGGTCG ¥’
NEG for: 5>AATTGGTAGAATTCGCCTTCGACTGCACGGCCACC ¥’
NEG rev: SGATTAATTCTCGAGTTATCACTCCACCACGGAGCGGGGAAAGG 3°
TB1 80cR: 5>GATTAATTCTCGAGTTATCAAAAGGTGGCAGTGAAGTCCTTG 3’
TB1 40cR: S>GATTAATTCTCGAGTTATCACAGATCCAGGGGAGGGAGGG 3’
TB1 34cR: 5>GATTAATTCTCGAGTTATCAGGAGGCTCCAGGCCGCCCC 3’
TB1 27¢cR: S>GATTAATTCTCGAGTTATCACACCCTTGGCAGGTCCTTCAG 3’
TB1 20cR: 5’GATTAATTCTCGAGTTATCATACCTTAGAGCGAAAGGGTTCGGG3?

TB2 121cR: 5’GATTAATTCTCGAGTTATCACAGTGTCATGTCCTTGGTCAC 3’
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TB2 111¢R: S’"GATTAATTCTCGAGTTATCAGCGGACAGTACCCTCCATGGGTG 3’

TB2 91cR: 5>GATTAATTCTCGAGTTATCAACACAGGGGCTGGCCCTTGGC 37

TB2 71cR: S’GATTAATTCTCGAGTTATCACCCAGGCATGGGCGCCCCG Y

TB2 44cR: S’GATTAATTCTCGAGTTATCAGTCCTTGACCAAGATGGACCGC 3’

TB2 37¢R: S’GATTAATTCTCGAGTTATCACAGCTGCCCATTGAGCTCAAAGA 3°

TB2 107nF: 5’ AATTGGTAGAATTCGCCGGCCAGAGGCAGGTCTTC 3°

TB2 80nF: 5’AATTGGTAGAATTCATGCACTTCCACCCCAAGGCC 3’

TB2 60nF: 5’AATTGGTAGAATTCAAGGTGATAGACATCAAAGTG ¥’

TB2 20nF: 5’AATTCAAGGTTCATGTGACCAAGGACATGACACTGGAAGGTGA
CGACCTCATCCTGGAGATCGAGTGATAAC 3’

TB2 20nR: 5’TCGAGTTATCACTCGATCTCCAGGATGAGGTCGTCACCTT
CCAGTGTCATGTCCTTGGTCACATGAACCTTG 3’

TB2 10nF: S’AATTCGAAGGTGACGACCTCATCCTGGAGATCGAGTGATAACS’

TB2 10nR: 5’TCGAGTTATCACTCGATCTCCAGGATGAGGTCGTCACCTTCG 3’

2.3.2 Oligonucleotides using for site-directed mutagenesis in Chapter 4

K969A for: 5>’ AATTGGTAGAATTCGAACCCTTTCGCTCTAAGGTACTGGCC
GACCTGCCAAGGGTGGAGGGGS’

D970A for: S>’AATTGGTAGAATTCGAACCCTTTCGCTCTAAGGTACTGAAGGCC
CTGCCAAGGGTGGAGGGGCGG 3’

L971A for: 5’ AATTGGTAGAATTCGAACCCTTTCGCTCTAAGGTACTGAAGGAC
GCCCCAAGGGTGGAGGGGCGGCCTG ¥’

P972A for: S’AATTGGTAGAATTCGAACCCTTTCGCTCTAAGGTACTGAAGGAC
CTGGCCAGGGTGGAGGGGCGGCCTGGAGCC 3’

V974A for: ’AATTGGTAGAATTCGAACCCTTTCGCTCTAAGGTACTGAAGGAC
CTGCCAAGGGCCGAGGGGCGGCCTGGAGCCTCC 37

E975A for: S’AATTGGTAGAATTCGAACCCTTTCGCTCTAAGGTACTGAAGGAC
AAGGACCTGCCAAGGGTGGCCGGGCGGCCTGGAGCCTCCCTC 3°

MTC rev: S’GATTAATTGCGGCCGCTTATCACTCGATCTCCAGGATGAGGTC 3’
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MpBlue for: 5’GTTTTCGCCCCGAAGAGCGTTTTCCAATGATG 3’
MpBlue rev: 5>CATCATTGGAAAACGCTCTTCGGGGCGAAAAC 3’
2.3.3 Oligonucleotides using for site-directed mutagenesis in Chapter 5
M1116AF: 5GCCAGATCGGGGCGCCCGCACCTGGGAAGGTGATAG ¥’
M1116AR: 5>CTATCACCTTCCCAGGTGCGGGCGCCCCGATCTGGC 3’
K1119AF: 5>GCGCCCATGCCTGGGGCAGTGATAGACATCAAAG 3’
K1119AR: 5’ CTTTGATGTCTATCACTGCCCCAGGCATGGGCGC 3’
S1141AF: 5°CCCCTGTGTGTGCTCGCCGCCATGAAGATGGAG 3’
S1141AR: 5’ CTCCATCTTCATGGCGGCGAGCACACACAGGGG 3’
M1143LF: 5GTGTGTGCTCAGTGCCCTGAAGATGGAGACTGTG 3°
M1143LR: 5’CACAGTCTCCATCTTCAGGGCACTGAGCACACAC 3’
M1143AF:; SGTGTGTGCTCAGTGCCGCCAAGATGGAGACTGTG 3’
M1143AR: 5’>CACAGTCTCCATCTTGGCGGCACTGAGCACACAC 3’
D1165AF: 5’GTTCATGTGACCAAGGCAATGACACTGGAAGGTG 3’
D1165AR; 5’CACCTTCCAGTGTCATTGCCTTGGTCACATGAAC 3’
L1168AF: 5> GACCAAGGACATGACAGCCGAAGGTGACGACCTC 3’
L1168AR: ’GAGGTCGTCACCTTCGGCTGTCATGTCCTTGGTC 3’
E1169AF: 5 CAAGGACATGACACTGGCAGGTGACGACCTCATC 3’

E1169AR: 5S’GATGAGGTCGTCACCTGCCAGTGTCATGTCCTTG 3’

2.4 MOLECULAR BIOLOGY KITS
The Ultra Clean™ gel spin DNA purification kit and Ultra Clean™ Mini Plasmid

Prep kit were purchased from Geneworks, Ltd., Adelaide, South Australia.

2.5 ENZYMES AND PROTEIN MARKERS
All restriction enzymes were purchased from Pharmacia, Uppsala, Sweden and

Geneworks Ltd., Adelaide, South Australia. T4 DNA ligase, T4 DNA polymerase, T4
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polynucleotide kinase, Tag polymerase and Moloney murine leukemia virus reverse
transcriptase (MMLV-RT) were purchased from Promega, Madison, W1, USA  Pwo
and avian myeloblastosis virus reverse transcriptase (AMV-RT) were purchased from
Boehringer Mannheim. Advantage™, Tth polymerase mix was purchased from
CLONTECH, Palo Alto, CA, USA Malic dehydrogenase, RNase A, DNasel, anti-
rabbit IgG-antibodies, and avidin-conjugated with alkaline phosphatase were purchased
from Sigma. Biotinylated protein markers was obtained from BioRad. Protein marker
(Mark12) was obtained from Novex, Invitrogen (USA). 1C-labelled molecular weight

markers were purchased from Amersham.

2.6 BACTERIAL AND YEAST STRAINS

E. coli DH50:  supE44AlacUl169(p80lacZAM15) hsdR17 recAl endAl
gyrA96 thi-1 relAl. The host for recombinant plasmids (New England Biolabs,
USA)

E. coli AD494 (A\DE3): Aara-leu7697 AlacX74 AphoAPvull phoR AmalF3F
[lac” (lacl) pro] trxB:kan (ADE3). The host for recombinant plasmid expression in
the pET system (Novagen, Germany)

E. coli BL21 (ADE3): F ompT hsdSg(rg~ mg’) gal dem (ADE3). The host for
expression in the pET system (Novagen, Germany)

E. coli Rosetta (ADE3) pLysS: F ompT hsdSp (tg ~ mg’) gal dem lacY]
(ADE3) pLysSRARE (argU, argW, ileX, glyT, leuW, prol) (Cm® ). The host for
expression in the pET system (Novagen, Germany)

E. coli BL21-codon Plus (ADE3)-RIL: F ompT hsdSs (15 mg) gal A (DE3)
endAl (argU, ileY, leuW, Cm™). The host for expression in the pET system

(Stratagene, La Jolla, CA, USA.)
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E. coli M 15 [pREP4] and SG13009 [pREP4]: Nal’ St rif' lac ara gal mtl
recA' uvr” . The host for expression in the pQE system (Qiagen, USA)

Yeast strain W303: MATa/MAToADE2/ade2 CANl/canl-100 CYH2/cyh2
his3-11,15/his3-11,15 LEUIl/leul-c LEU2/leu2-3,112 trpl-1:URA3:trpl-3'A /trpl-1

ura3-1/ura3-1. The host for expression in the pVT-100 system (Vernet et al., 1987)

2.7 BACTERIAL AND YEAST GROWTH MEDIA
2.7.1 Bacterial growth media

LB broth: 1% (w/v) Bacto-tryptone (Difco), 0.5% (w/v) yeast extract (Difco),
1% (w/v) NaCl, adjusted to pH 7.0 with NaOH.

LB agar plates were made by adding 1.5% (w/v) Bacto-agar (Difco) to the LB
broth.

LMN agar plate: 0.1% tryptone, 0.5% (w/v) NaCl, 0.4% (w/v) maltose and 0.2%
(w/v) MgSOy, 1.5%(w/v) Bacto-agar.

NZCYM agar plate: 1% (w/v) Nzamine, 0.5% (w/v) NaCl, 1% (w/v) casamino
acid, 0.5 % (w/v) yeast extract, 0.25% MgSOy and 0.7% (w/v) Bacto-agar.

Long term storage of plasmids in bacteria was carried out by adding 40%

glycerol to an overnight culture of E. coli in LB-broth followed by storage at -80°C.

2.7.2 Yeast culture media

YP broth: 1% (w/v) yeast extract (Difco), 2% (w/v) bacteriological peptone.

URA broth: 0.8% (w/v) yeast nitrogen base, 1.1% (w/v) casein amino acid,
0.02% (w/v) adenine, after autoclaving, glucose, tryptophan and leucine was added to
a final concentration of 2%, 0.01% and 0.01% respectively.

URA" agar plates were made by adding 2.2% (w/v) Bacto-agar (Difco) to the

URA broth.
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YP broth was used for growth of W 303 yeast strain. URA"™ media was used

for selection of transformed yeast.

2.8 MAMMALIAN CELL LINES

human embryonic kidney cell line (293T; ATCC: CRL 1573)

2.9 CELL CULTURE MEDIA

Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco), 28 mM NaHCOs;, 19
mM glucose and 20 mM Hepes, pH 7.3
RPMI 1840 (Gibco) supplemented with 50 mM [-mercaptoethanol, 1 mM

sodium pyruvate, 10 mM Hepes, pH 7.35

Fetal calf serum : Gibco, USA

2.10 PLASMIDS

1. pBluescript II (SK); Stratagene, La Jolla, CA, USA

2. pET-32a (+); Novagen, Germany

3. pEFIRES-puro; obtained from Dr. Steven Hobbs, CRC for Cancer
Therapeutics, Institute of Cancer Research, London, UK

4. pQE32 ; Qiagen, USA

5. pVT100-U; obtained from Dr. Michelle Walker, University of Adelaide,
Australia

6. pMON1503; obtained from Dr. Murray Whitelaw, University of Adelaide,
Australia

7. pMON1504; obtained from Dr. Murray Whitelaw, University of Adelaide,

Australia

47



Material and General Method

2.11 DNA TECHNIQUES
2.11.1 Small-scale purification of plasmid DNA from E. coli for restriction enzyme
digestion and sequencing

A single colony of bacteria was grown in 10ml of LB media in the presence of
the appropriate antibiotic at 37°C overnight. Two ml of culture media were centrifuged
at 10000 x g for 1 min to pellet the cells. The supernatant was removed, the pellet was
recentrifuged for 10 seconds and all remaining supernatant aspirated. The pellet was
resuspended in cell suspension buffer (25 mM Tris-HCI pH 8, 10 mM EDTA, RNase
A). One hundred microliters of lysis buffer [1% (w/v) SDS in 0.2 M NaOH] were
added and mixed by inverting the tube 6 times, followed by 330 pl of neutralisation
buffer (3 M potassium acetate, pH 5.2). The cell debris was precipitated by
centrifugation at 10,000 x g for 5 min. The supernatant, containing plasmid, was
transferred to a spin filter and centrifuged at 10,000 x g for 30 sec, leaving the plasmid
DNA bound to the filter membrane. The spin filter membrane was washed with wash
buffer (45% Ethanol, 10 mM Tris/NaCl). The plasmid DNA was eluted with 50 pl of
sterile water from the spin filter by centrifugation at 10,000 x g for 30 sec.
2.11.2 Restriction endonuclease digestion of DNA

From 5 to 10 ul of DNA (in water) was digested with 5U of restriction enzyme.
Restriction digests were performed at the concentration of One-Phor-All Plus buffer
(Pharmacia, U.S.A.) recommended by the manufacturer. The reaction was performed in
a final volume of 20 ul for 2 hour at 37°C. Five microliters of 5x DNA loading dye
(50% glycerol, 1% bromophenol blue, 1% xylene cyanol in TBE) were added to

terminate the reaction and 25 ul were loaded onto an agarose gel for electrophoresis.
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2.11.3 Agarose gel electrophoresis of DNA

DNA samples were separated by agarose gel electrophoresis. An agarose gel
(1% agarose in TBE buffer) was submerged in TBE running buffer (100 mM Tris-borate
pH 8.3, 2.5 mM EDTA). The DNA sample in loading buffer (10% glycerol, 0.2%
bromophenol blue, 0.2% xylene cyanol in TBE) was loaded into wells nearest the
cathode. Electrophoresis was performed at 100-150V for 20-30 min. The gel was then
stained in 1.0 pg/ml ethidium bromide for 10 min, followed by destaining in water for
10 min. The DNA sample was then visualised under short or long wavelength UV light.
2.11.4 Purification of DNA fragments from agarose gel using UltraClean GelSpin kit

A slice of agarose containing the DNA fragment of interest was excised under a
long wavelength UV-transilluminator and put in a 1.5 ml microtube. Three volumes of
GelBind buffer (Geneworks, Australia) [NaClO4 solution] were added to a slice of gel
and incubated at 65°C for 5 min. The solution was mixed and transferred onto the spin
filter basket followed by centrifugation at 10,000 x g for 10 sec. The bound DNA was
washed with 300 ul of Gel wash buffer (Tris/Ethanol solution). The spin filter was
centrifuged at 10,000 x g for 10 sec, the flow-through discarded and the filter was
centrifuged for another 30 sec. DNA was eluted from the filter with 50 ul of water by
centrifugation for 30 sec.
2.11.5 Ligation

Plasmid DNA and insert DNA were digested with restriction enzymes that
generated compatible ends. The ligation was routinely carried out in a total volume of
20 ul containing DNA with a ratio of insert : vector of 2:1 (mass ratio). The ligation
was performed in 1X ligation buffer (66 mM Tris-HCI, pH 7.5, 5 mM MgCl,, 1.0 mM

DTT, 1.0 mM ATP) and 2U of T4 DNA ligase, at 14°C overnight.
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2.11.6 Bacterial transformation

A single colony of E. coli DH5c. was grown in 2 ml of LB broth at 37°C
overnight. Overnight culture (330 pl) was then subcultured into 10 ml of LB broth and
grown to Ao of 0.5-0.6. Five millilitres of the culture wer transferred to a new flask
containing 100 ml of LB broth and grown to Agg of 0.5-0.6. Cells were pelleted by
centrifugation at 5000 x g for 10 min and suspended in 40 ml of transformation buffer-1
(30 mM potassium acetate, 100 mM rubidium chloride, 10 mM CaCl,, 50 mM MnCl,
and 15% glycerol, pH 5.8) and incubated on ice for 10 min. Cells were pelleted by
centrifugation at 5000 x g for 10 min and resuspended in 4 ml of transformation
buffer-2 (10 mM MOPS acid, 10 mM rubidium chloride, 75 mM CaCl, and 15%
glycerol, pH 6.5) and incubated on ice for 15 min. Competent cells were taken in
aliquots (200 ul) and kept at -80°C until required.

Typically, 100 ul of frozen competent cells were thawed out, mixed with 10 pl of
ligation reaction and left on ice for 30 min. The DNA and cell mixture was incubated at
42°C for 2 min before being moved back onto ice for 5 min. The transformed cells were
allowed to recover by incubation in 2 ml of LB broth at 37°C for 45 min before plating.
The recombinant clones were distinguished from non-recombinant clones on the basis
of the a-complementation of B-galactosidase (lac Z) gene expression, using LB plates
containing IPTG as the inducer and X-gal as the substrate of B-galactosidase. Blue
colonies indicated the non-recombinant clones while white colonies indicated the
recombinant clones as a result of disruption of the B-galactosidase o fragment on the
plasmid.

2.11.7 DNA sequencing using Dye Primer sequencing
Plasmid DNA isolated according to the method described in 2.11.1, was further

purified by adding 1 pl of 10 mg/ml RNase A to 20 pl of plasmid sample and incubating
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at 37°C for 30 min. Twenty-five microlitres of 7.5 M of ammonium acetate and 40 ul of
isopropanol were then added, mixed and left at -20°C for 1 h. The tube was then
centrifuged at 13,000 rpm for 15 min and the pellet was washed once with 300 pl of
75% ethanol in 50 mM sodium acetate and once with 100% ethanol. The pellet then
was dried and dissolved in 20 ul of water. The sequencing reaction was performed in a
single 0.5 ml tube containing 1 ug of plasmid template, 8 ul of dye terminator mix and
100 ng of oligonucleotide primer. The reaction was adjusted to a final volume of 20 pl
and overlaid with 100 pl of mineral oil before being subjected to PCR. The PCR profile
consisted of 25 cycles of denaturation at 96°C for 30 sec, annealing at 50°C for 15 sec
and extension at 60°C for 4 min. After the cycles were completed, the mineral oil was
removed and the sequencing products were precipitated by adding 0.1 volumes of 3 M
of sodium acetate and 2 volumes of absolute ethanol. The DNA was precipitated by
centrifugation at 13,000 rpm for 15 min. The pellet was dried under vacuum and
submitted to the sequencing service at the Institute of Medical and Veterinary Science,
Adelaide.
2.11.8 Polymerase chain reaction (PCR)

PCR reaction mixtures were prepared in a laminar flow cabinet and all apparatus
used was UV irradiated before use. The PCR reaction was carried out in 0.5 ml
Eppendorf tube in a total volume of 50 ul containing 10-100 ng of template DNA, 100
ng of each oligonucleotide primer, 200 uM of each dNTP and 2.5 U of Pwo DNA
polymerase in 1x PCR buffer {10 mM Tris-HCl pH 8.85, 25 mM KCI, 5 mM
[(NH4),SO4, 2 mM MgSOy4]. After all components were mixed, the reaction was
overlaid with 2 drops of light liquid paraffin oil. Thermal cycling was performed in a
Perkin Elmer Cetus, DNA Thermal cycle. Cycling profiles varied depending on the

length of the template and primer annealing temperature, however a general profile is
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presented as follows: The reaction mixture was subjected to 30 rounds of PCR
amplification. The PCR profile consisted of an initial denaturation at 95°C for 1 min
followed by 30 cycles of denaturation at 95°C for 30 sec, annealing at 60°C for 1 min
and extension at 72°C for 1 min. A final extension cycle at 72°C for 5 min was
completed before the reaction terminated by lowering the temperature to 4°C. PCR
product was analysed by agarose gel electrophoresis as described in Section 2.11.3.
2.11.9 Transformation of plasmid DNA into yeast

Transformation of plasmid DNA into yeast was performed by the Lithium
acetate method as follows. A 10 ml overnight culture was set up at 30°C with vigorous
shaking. The culture was diluted 1:40 into fresh media and grown under the same
condition until the Aggy = 0.6-0.8. One millilitre of cell culture was taken and
centrifuged for 10 sec at 13,000x g in a 1.5ml Eppendorf tube to pellet the cells. The
cells were washed once with sterile water and centrifuged as described above followed
by the addition of the solution containing 20 ul of 10x TE buffer (0.1 M Tris-HCI and
10 mM EDTA), 20 wl of 1M Lithium acetate in 160 pl of sterile water). A DNA
cocktail containing sonicated salmon sperm DNA in water at 10 mg/ml and 20 pug of
transforming DNA was denatured at 100°C for 5 min and placed on ice for 5 min before
the DNA cocktail was added to the yeast cell. Finally, 1.2 ml of PEG 3350 solution
containing 8 volume of 50% PEG 3350, 1 volume of 10x TE buffer and 1 volume of 1
M Lithium acetate was added and the solution gently mixed to evenly suspend the cells.
The solution was incubated for 30 min at 30°C and further incubated for 15 min at 42°C
to heat shock the cells. The cells were centrifuged at 13,000x g for 10 sec and the
supernatant was removed. Then the cells were suspended in 100 pl PBS and 50 pl of

the cells were plated on to selection plates with a sterile spreader.
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2.11.10 Protein extraction from yeast with lyticase

The protein extraction from yeast was carried out as described by van Burik et
al. (1998) with some modifications as follows. An overnight 100ml yeast culture was
grown to an Agyo = 0.6-0.8 at 30°C with vigorous shaking. The cells were collected by
centrifugation in 50 ml Falcon tubes at 1,500x g for 5 min at 4°C and the pellet was
washed twice in 100ml of ice cold water with centrifugation at 1,500x g for 5 min at
4°C between each wash. Pellets were suspended in Sml of 1M sorbitol containing 50
mM Tris-HCI pH 7.5, and 30 mM DTT, then incubated for 30 min at 30°C. The cell
suspension was centrifuged at 1,500x g for 5 min to remove the supernatant and the cell
pellet was digested with 1,000U of lyticase (Sigma) in 50 mM Tris-HCI pH 7.5, 1 M
sorbitol and 2 mM DTT for 30 min at 30°C. The spheroplasts were pelleted with
centrifugation at 1,500x g for 3 min. The pellets were suspended with yeast lysis buffer
(100 mM Tris-HCI1 pH 7.5, 10 mM MgCl,, 5 mM EDTA pH 7, 1 mM PMSF, 1 mM
DTT and 8% glycerol). Approximately 0.5 ml of this mixture was added to an equal
volume of acid washed 425-600 micron glass beads on ice and placed in a Biospec
products Bead Beater at maximum speed three times for 20 sec at 4°C. Samples were
placed on ice between bead beat cycles for 1 min to avoid heat build-up. Cell debris
was then removed by centrifugation at 20,000x g for 10 min at 4°C. The supernatant
was transferred to a new 1.5 ml Eppendorf tube. The supernatant containing PC was
further precipitated by adding 100% saturated ammonium sulphate solution pH 7.0 to a
final concentration of 40% saturation and stirring at 4°C for 30 min, then centrifuged at
13000x g for 30 min. The precipitate was dissolved in 0.15 ml of 25 mM Hepes (K)
pH 7.2 containing 1.6 M sucrose, 0.1 mM DTT and 0.1 Mm EDTA. Protein content
was determined by the Bradford method as described in Section 2.13.3. The partially

purified proteins were stored at —80°C.

53



Material and General Method

2.12 QUANTITATION OF DNA AND IMMUNOGLOBULIN BY
SPECTROPHOTOMETRY

DNA, immunoglobulin and fragments of immunoglobulin were quantitated by
measuring their absorbances at 260 nm or 280 nm. Samples were routinely measured in
a 1 ml volume and concentrations determined using the following extinction coefficients

1.0 Azep unit double stranded DNA = 50 pg/ml

1.0 Aggo unit IgG 0.699 pg/ul

1.0 Aygp unit Fab 0.653 ug/ul
2.13 PROTEIN TECHNIQUES
2.13.1 Polyacrylamide gel electrophoresis (PAGE)

One dimensional gel electrophoresis of protein was performed in a slab gel
apparatus utilising the discontinuous system as a modification of the procedure of
Laemmli, (1970). For SDS-PAGE, a sample containing 25-50 Lig protein was dissolved
in an equal volume of 2x loading buffer [0.125 M Tris-HCI pH 6.8, 4% (w/v) SDS,
10% (v/v) glycerol, 0.2% Bromophenol blue] containing 0.1 M dithiothreitol and
subjected to reducing SDS-PAGE on a 4% stacking gel and 7.5% polyacrylamide
separating gel. For the resolution of high molecular weight proteins, gels were run for 1
hour at 40 mA with glycine running buffer (25 mM Tris-HCI pH 8.3, 0.25 M glycine,
0.1% SDS). For the resolution of small molecular weight proteins, a 10-12% separating
gel with tricine running buffer (0.125 M Tris-HCI, 1 M Tricine, 0.1% SDS pH 8.3) was
used (Schagger & von Jagow, 1987). The protein band was visualized by fixing the
gels [10% (v/v) acetic acid and 50% (v/v) ethanol] and staining with a solution

containing 0.3% (w/v) Coomassie Brilliant Blue R250 and 10% (v/v) acetic acid. The
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gels were destained in a solution of 10% (v/v) acetic acid and preserved in a solution of
5% (v/v) glycerol, 30% (v/v) ethanol for 1 hour.

For native PAGE, the protocol was followed as described above except that
all reagents in the system were prepared without SDS and samples were not
denatured before loading on the gel.

2.13.2 Western blot analysis

All immunoblots were performed with a nitrocellulose membrane (Schleicher
Schuell, Keene N. H., USA) using a semi-dry electroblotter (Multiphor II Novablot,
Pharmacia, Uppsala, Sweden). The proteins were transferred electrophoretically for 1
hour at 50 mA from the gel to a nitrocellulose membrane with a transfer buffer
consisting of 25 mM Tris-HCI pH 8.3, 0.25 M glycine, 20% (v/v) ethanol (Towbin et
al., 1979). Blots were blocked for overnight at 4°C in 1% BSA in PBS containing
0.05%Tween 20. The membranes were washed with PBS containing 0.05% Tween20
(washing buffer) (three changes within 30 min) at room temperature. Subsequently, the
membranes were first incubated with primary antibodies at an appropriate concentration
for 1 hour at room temperature in the washing solution on the rotary shaker. The
membranes were washed as described above, then incubated with a secondary antibody
conjugated to alkaline phosphatase (Sigma Immuno Chemicals) in the washing buffer
for 1 hour at room temperature. After washing for 30 min the specific proteins were
detected by developing the membranes with 50 mg/ml of BCIP and 70 mg/ml of NBT.
Prestained Protein Marker (New England Biolab) was used for the blots.

For identification of biotin containing carboxylase, the blots were probed with
avidin alkaline phosphatase (0.05 pg/ml) for 1 hour at room temperature. Bound
alkaline phosphatase was detected by developing the blots with BCIP and NBT (Lim et

al., 1987).
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2.13.3 Protein quantitation

The concentration of a protein solution was determined by Bradford assay
(Bradford, 1976). A BSA standard curve was constructed by adding 0, 2, 4, 6, 8 and 10
g of BSA to 50 pl of water in the wells of a microtiter plate. Two hundred microliters
of diluted (1:3) Bio Rad protein assay dye reagent was then added to each well. Agop
was measured on an Emax Precision microplate reader (Molecular Devices, USA).
Samples were prepared by adding 1 pl of sample to 49 ul water plus 200 pl of diluted
dye reagent. Using the equation of the line of best fit generated by the BSA standard,
the amount of protein in the unknown sample was determined.
2.13.4 Protein A —Sepharose chromatography

Protein A Sepharose affinity chromatography was carried out to purify
monoclonal antibody from ascites and cell culture supernatants. Briefly, 2 ml of the
culture supernatant was centrifuged for 30 min at 15000 x g, then applied onto a
rProtein A Sepharose column (1 ml Hitrap affinity column, Pharmacia Biotech). The
column was washed with at least five column volumes of binding buffer (20 mM
sodium phosphate pH 7) or until no material appeared in the effluent, and then the
antibody was eluted with five column volumes of elution buffer. The elution of mouse
IgG, subclass was achieved by passage of 10 ml 0.1 M sodium citrate pH 6 through the
column. For mouse IgG,, or IgGyy, and IgG;, 0.1M sodium citrate pH 4.5 or pH 3 was
passed through the column which was then re-equilibrated with phosphate buffer pH 8.
The eluted antibody was neutralized by adding 200 pl of 1 M TrisHCI pH 8 per ml of
eluted fraction. Then, after dialyzing the pooled fractions against 10 mM PBS pH 7.2,
they were stored frozen at —20°C. The separation of the antibody subclasses from each
other and from other serum proteins was monitored by measuring absorbance at a

wavelength of 280 nm. The purified IgG fractions were buffer exchanged using PD-10
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desalting column. The reuse of Hitrap rProtein A depends on the nature of the sample
and was only performed with the identical monoclonal antibody to prevent cross-
contamination. Before storage, the column was washed with tive column volumes of

20% ethanol to prevent microbial growth and kept at 4°C.
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CHAPTER 3

3.1 INTRODUCTION

Monoclonal antibodies (mAbs) were generated in our laboratory against purified
sheep liver pyruvate carboxylase (sPC) and characterised by ELISA using sPC and the
following biotin carboxylases: chicken PC (cPC), yeast PC (yPC), transcarboxylase
(TC) from Propionibacterium shermanii and sheep liver propionyl-CoA carboxylase
(sPCC) (Carey, 1988). Among these, mAbl2 and 42 bound to all enzymes except
sPCC. Antibodies 80 and 113 bound weakly to cPC and yPC (Carey, 1988).
Antibodies 12 and 42 were able to recognise all biotin carboxylases, indicating that
there is some structural similarity amongst these enzymes and it is possible that they
may have some evolutionary links (Carey, 1988). A set of monoclonal antibodies were
characterised for their ability to inhibit enzyme activity. Among these, mAb6, 12, 42
and 113 were able to inhibit the acetylCoA-dependent activity of sPC (Carey, 1988).
Antibodies 12 and 42 were also able to inhibit cPC activity. Interestingly, none of these
inhibitory antibodies was shown to be directed to the biotin moiety (Carey, 1988).
Hence, this approach has the ability to reveal some molecular aspects of the
structure-function relationships of PC. This project aims to gain further information
about PC using the epitope mapping to define the antibodies’ binding sites.

Recent sequencing studies of cDNAs encoding PC have shown that the
homology of PC among different mammalian species is very high (= 96% between
human, rat and mouse) (Jitrapakdee et al., 1996). We expect therefore that our mAbs
will be reactive against hPC. Moreover, a stable cell line 293T containing the plasmid
pEF-hPC, expressing high levels of hPC, has been generated in our laboratory by
Jitrapakdee et al. (1999). It will be very useful to analyse the enzyme activity of
full-length hPC instead of sPC for which we don’t have a cDNA clone. This chapter

describes the epitope mapping of these antibodies and their inhibitory effects on acetyl
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CoA dependent activity of hPC. So far no research has explored the use of epitope
mapping to define the binding sites of monoclonal antibodies on the surface of hPC and

to explain the inhibitory effects of these antibodies on enzymatic activity.
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3.2 SPECIFIC METHOD
3.2.1 Partial purification of human and rat PC from dried mitochondrial extract
Human PC was prepared from 293T human embryonic kidney cells (A'I'CC:
CRL 1573) stably transfected with the plasmid pEF-PC (Jitrapakdee et al., 1999). This
plasmid had been constructed using RT-PCR to introduce the full-length hPC cDNA
into the efficient mammalian expression vector pEFIRES (Hobbs et al., 1998). This
cell line, expressing high levels of hPC, was routinely maintained for 7 days in
Dulbecco’s modified Eagle Medium (Life Technologies) supplemented with 10% fetal
calf serum, 100 pg/ml streptomycin, 100 units/ml penicillin and 30 pg/ml puromyecin.
Cells were grown to 80-90% confluence in 175cm?® flasks at 37°C in a humidified
atmosphere of 5% CO,. The preparation of hPC from mitochondrial extracts was
performed as described by Jitrapakdee et al. (1999). Briefly, the stably transfected cells
were washed twice with phosphate buffer and centrifuged at 1300 rpm for 3 min. The
cell pellet was then resuspended in 4 volume of 0.25 M sucrose, 0.1 mM EDTA, 0.5
mM PMSF and 1 mM DTT and homogenised at 4°C for 2-3 min. Unbroken cells were
removed by centrifugation at 600 x g at 4°C for 20 min. The supernatant containing
mitochondria was further pelleted at 15,000 x g at 4°C for 30 min. The pellet was
washed with 4 ml of 0.1 mM EDTA pH 7.0 containing 0.5 mM PMSF and centrifuged
as above. The mitochondrial pellet was suspended in 2 ml 0.1 mM EDTA pH 7.0 and
freezed-dried overnight. Dried mitochondria were stored at -20°C or used immediately
by dissolving in 5 ml of 50 mM Tris-acetate pH 7.0, 5 mM ATP pH 7.0, 5 mM MgCl,
and 0.5 mM EDTA and stirred at 4°C for 30 min. Undissolved materials were removed
by centrifugation at 20,000 x g for 10 min. PC was precipitated from the supernatant by
adding 100% saturated ammonium sulfate solution pH 7.0 to a final concentration of
40% saturation. The precipitate was then dissolved in 0.5 ml buffer A (25 mM

potassium phosphate buffer pH 7.2, 20 mM ammonium sulfate, 1 mM EDTA and 0.1
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mM DTT) and excess residual ammonium sulfate removed by passing the solution
through a 2 ml Sephadex G-25 column (Pharmacia) equilibrated in buffer A.

For partial purification of rat PC, 120 mg of freeze dried rat PC mitochondria (a
gift from Dr. Jitrapakdee) was dissolved in 5 ml of 50 mM Tris-acetate pH 7.0, 5 mM
ATP pH 7.0, 5 mM MgCl, and 0.5 mM EDTA and further purified as described above.
3.2.2 Enzyme linked immunosorbent assay (ELISA) of full-length hPC and chicken PC
(cPC)

To test the immunoreactivity of monoclonal antibodies with native PC enzyme,
ELISA was performed as follows. The wells of a 96 well microtiter plate (F16
maxisorb, Nunc, U.S.A) were coated with 5 ug of partially purified hPC or purified cPC
in 100 pl of coating buffer (0.1 M borate buffer pH 9.5) and incubated at 4°C overnight.
The plates were washed with PBS containing 0.05% Tween 20 (PBST). Protein not
bound to the plate was removed by inverting and tapping the plate. Non-specific
binding sites were blocked by the addition of 1% skim milk in PBS and incubated for 1
hour at 37°C. The plates were then washed three times with PBST. The antibody,
diluted in PBS, was added to the wells and incubated for 1 hour at room temperature.
The plates were washed as described above to remove unbound antibody. One hundred
microliters of a 1:1000 dilution of alkaline phosphatase conjugated to goat anti mouse
immunoglobulin (Sigma) in PBS were added to the wells and the plate was incubated
for 1 hour at room temperature. Unbound antibody was removed by washing the plate.
Alkaline phosphatase activity was developed by the addition of 100 ul of solution
containing one tablet of alkaline phosphatase substrate (Sigma, Catalogue 104, lot
108H6122) dissolved in 200 ul water and 800 pl of substrate solution (1 M Tris-HCI pH
8.8, 1.37 M NaCl and 2.5 mM MgCl,). The absorbance was measured at 405 nm with
an Emax Precision microtiter plate reader (Molecular Devices) after developing the

colour for 20 min.
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3.2.3 Spectrophotometric assay of human pyruvate carboxylase activity

The assay for PC activity is a coupled assay based on the procedure whereby the
product of the pyruvate carboxylase reaction, oxaloacetate is reduced in the presence of
an excess of malate dehydrogenase with the concomitant oxidation of NADH to NAD".
The NADH reduction was followed by absorbance at 340 nm using a Varian Cary 3Bio
UV visible spectrophotometer, at a constant temperature of 37°C. Activity was
calculated using an extinction coefficient for NADH at 340 nm of 6.22 mM" cm’
(Dawson et al., 1969) where one unit of pyruvate carboxylase activity is defined as the
amount of enzyme which carboxylates 1 wmole of pyruvate per minute in the assay
solution described below. The pyruvate carboxylase activity was carried out as
previously described by Scrutton & White (1974) and Jitrapakdee et al. (1999) with
some modifications. Briefly the assay mixture was equilibrated in a final volume of 0.9
ml at 37°C containing 100 mM Hepes (K') pH 7.8, 2 mM Na,ATP, 6 mM MgCl,, 5
mM sodium pyruvate, 20 mM KHCOs, 0.1 mM acetyl-CoA, 0.15 mM NADH and 2 pg
of malate dehydrogenase (10 units/pg). The reaction was initiated by addition of the
pyruvate carboxylase and monitored for a period of 10 minutes.
3.2.4 Assay of the inhibition of hPC and sPC activities by monoclonal antibody

For the assay of the inhibition of the acetyl CoA dependent activity of hPC and
sPC, 20 mU of recombinant partially purified hPC (19.1 units/mg), (Jitrapakdee ef al.,
1999) or 20 mU of sPC (19.6 units/mg) diluted in 0.1 M Tris-HCI pH 7.5, were
incubated with antibody followed by measurement of the residual activity of the
enzyme using the spectrophotometric assay. The reaction mixture was incubated in a
total volume of 50 ul containing 1 pg of PC, 500 uM acetyl CoA, 5 ug of IgG of
monoclonal antibody or inert IgG in 0.1 M Tris-HCI pH 7.5. The molar ratio of [IgG] /
[PC tetramers] was 16:1. The mixture was incubated for 1 hour at room temperature

and then was added into the assay solution (Section 3.2.3). The NADH reduction was
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followed for 10 min spectrophotometrically at 37°C. The activity of the enzyme
incubated with mAb was computed from the decrease in absorbance at 340 nm.

The effect of oxaloacetate on the inhibition of hPC activity by mAb6 was
described as follow. The partially purified of hPC (Jitrapakdee et al., 1999) (3.6 mU,
19.1 units/mg) was incubated with IgG of mAb6 (molar ratio of [IgG]/[PC tetramers] =
12:1) in the presence of increasing concentrations of oxaloacetate (0, 1 and 5 mM) for 1
hour at room temperature in 0.1 M Tris pH 7.2 and 250 uM acetyl-CoA. After
incubation, the residual activity of enzyme was determined by radiochemical assay
(Ballard & Hanson, 1967) as described in Section 6.2.5. The enzymatic activities were
expressed as units/mg * the standard deviation. The percentage inhibition by mAb6 at
each concentration of oxaloacetate tested is derived from the value where no antibody
was present for that particular oxaloacetate concentration.

3.2.5 Construction of pET plasmid encoding ¢cDNA of human PC biotin carboxylation
domain (BC), pET-BC

To generate pET-32a (+) encoding the human PC biotin carboxylation domain
fused to thioredoxin (pET-BC), a pair of oligonucleotides was designed to amplify the
BC fragment (residues 1-488). The forward primer (BC for) with a unique 5' EcoRI
site and reverse primer (BC rev) with another unique 3' Xhol site were used (Section
2.3.1). The 1464 bp fragment was generated by PCR using pEF-PC encoding hPC as a
template (Jitrapakdee et al., 1999) and inserted into the expression vector, pET-32a (+)
(Novagen) after this fragment was digested with EcoRI and Xhol. A recombinant
plasmid (designated pET-BC) was obtained. This plasmid, encoding 488 amino acids
of the BC fragment, was sequenced (Section 2.11.7) and the protein was expressed in E.

coli BL21 (Section 3.2.11).
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3.2.6 Construction and expression of truncated fragments of the human PC
transcarboxylation domain (TC) and the biotin carboxyl carrier domain (BCC)

Five overlapping thioredoxin fusion proteins of truncated fragments of the
human PC transcarboxylation domain (T'C) and biotin carboxyl carrier domain (BCC),
F1 (residues 475-718), F2 (residues 711-954), F3 (residues 947-1178), TB1 (residues
947-1077) and TB2 (residues 1048-1178) covering the complete hPC sequence were
generated by PCR using pEF-PC encoding hPC as a template (Jitrapakdee et al., 1999)
for a screening of initial antibody binding. The forward primers (F2 for, F3 for, TB1 for
and TB2 for) contained a unique 5' EcoRI site, whereas the reverse primers (F2 rev, F3
rev, TBI1 rev, and TB2 rev) included a unique 3' Xhol site (Section 2.3.1). Due to a
Xhol site at 1661 bp of the hPC sequence, the F1 primer was designed with unique 5'
EcoRI (F1 for) and 3' Notl (F1 rev) sites. The PCR product was generated as
previously described in Section 3.2.5, except that the F3 fragment was amplified only
when the annealing temperature was decreased from 60°C to 55°C for 1 min. These
products were then digested with EcoRI-Xhol or EcoRI-Notl, and cloned into the
corresponding sites of simultaneously digested pET-32a (+) (Novagen) and sequenced
(Section 2.11.7). The encoded proteins were expressed in E. coli BL21 and assayed for
binding by antibody (Section 2.13.2).

3.2.7 Construction of pET vectors encoding cDNAs of overlapping fusion proteins of
TB1

To more precisely map the binding site of mAb6, various deletions were
constructed of the small fragment of hPC encoding amino acids 947-1048 (fragment
TB1) fused to thioredoxin (Figure 3.8). Since the direct purification of PCR products
by the QIA quick PCR purification kit (Qiagen) is limited to fragments from 100-10 kb,
all deletion fragments also contained the background fragment (residues 847-947),

which was used as the negative control fragment and to make the PCR product large
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enough to purify with the QIA quick PCR purification kit. The deletion fragments with
various lengths deleted from C-terminus of TB1 were constructed as thioredoxin fusion
proteins by PCR amplification using the forward primer (NEG for) with an EcoRI site
and the reverse primers (TB1 80cR, TB1 40cR, TB1 34cR, TB1 27cR and TB1 20cR)
with a Xhol site (Section 2.3.1). These constructs were generated as TB1 80c (amino
acids 847-1027 of hPC), TB1 40c (847-987), TB1 34c (847-981), TB1 27c (847-974),
TB1 20c¢ (847-967) and negative fragments (847-947). The PCR reaction was carried
out as described in Section 2.11.8. Each resulting fragment was digested and cloned
into the pET32a (+) vector (Novagen) digested at the EcoRI and Xhol sites, and the
ligation product was sequenced (Section 2.11.7). The thioredoxin fusion proteins were
expressed in E. coli BL21. The whole cell lysates were prepared and analysed for
mADb6 binding by Western blot (Section 2.13.2) in order to narrow down the epitope of
this antibody.
3.2.8 Construction of pET vectors cDNAs with C-terminally truncated fragments of TB2
For the fine epitope mapping of antibodies mAb12 and 42, a series of cDNA
fragments encoding C terminal truncations of hPC fragment TB2 (residues 1048-1178)
were amplified by PCR (Section 2.11.8). The forward primer (TB2 for) and reverse
primers (TB2 121cR, TB2 111cR, TB2 91cR, TB2 71cR, TB2 44cR, TB2 37cR) as
shown in Section 2.3.1, were used to amplify the appropriate fragments from plasmid
pEF-PC (a pEFIRES derivative containing a DNA fragment encoding full-length hPC) as
a template (Jitrapakdee et al., 1999). Restriction endonuclease sites were introduced for
EcoRI (5° of C terminal fragment) and Xhol (3’ of C-terminal fragment) to facilitate
cloning. PCR reactions were performed as described in Section 3.2.5, the products
gel-purified and digested with EcoRI and Xhol restriction endonucleases. These PCR
products were ligated directly into digested pET-32a (+) vector (Novagen) generating an

in-frame hPC thioredoxin fusion protein. These constructs encoding a series of
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C-terminal deletion fragment were designated as TB2 121¢ (residues 1048-1168 of hPC),
TB2 111c (1048-1158), TB2 91c (1048-1138), TB2 7lc (1048-1118), TB2 44c
(1048-1091) and TB2 37c¢ (1048-1084) respectively. All constructs were verified by
sequence analysis and tested for expression in £. coli BL21.

3.2.9 Construction of pET vectors cDNAs with N-terminally truncated fragments of TB2
(107, 80, 60 residues)

The cDNA fragments encoding N-terminally truncated fragments of TB2 were
generated by PCR amplification using pEF-PC encoding full-length hPC as a template
(Jitrapakdee et al., 1999). The forward primers (TB2 107nF, TB2 80nF and TB2 60nF)
with a unique 5' EcoRlI site, and the reverse primer (TB2 rev) with another unique 3'
Xhol site shown in Section 2.3.1 were used. The PCR reaction was carried out as
previously described in Section 2.11.8. The resulting fragments were further purified,
digested and ligated into digested pET-32a (+) (Novagen) vector at the unique EcoRI
and Xhol sites. These constructs were designated as TB2 107n (residues 1071-1178 of
hPC), TB2 80n (1098-1178) and TB2 60n (1118-1178), respectively. The DNA
encoding the thioredoxin fusion proteins were sequenced to ensure no error was
introduced by Tag polymerase. These constructs were expressed in E. coli BL21 and
the immunoreactivity of the antibodies with the expressed proteins was analysed by
Western blot (Section 2.13.2).

3.2.10 The annealing of small DNA fragments

To generate the small DNA fragments encoding 10 or 20 amino acids of hPC,
the reaction was carried out as previously described by Alexeyev & Winkler (1999) and
Anderson et al. (1996) with some modifications. Briefly, a pair of complementary
oligonucleotides (TB2 10nF and TB2 10nR or TB2 20nF and TB2 20nR) was designed
to code for 10 or 20 amino acids of hPC and to also contain a unique 5' EcoRI site and

unique 3' Xhol site, as shown in Section 2.3.1. The reaction was carried out in a total
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volume of 20 ul containing 10 pl of distilled water and 500 ng of each oligonucleotide
primer. The oligonucleotides in the reaction mixture were denatured at 95°C for 5 min
followed by annealing at 37°C for 1 hour. Five microliters of the annealed
oligonucleotides were ligated into the EcoRI / Xhol sites of digested pET 32a (+) vector
(Novagen). This resulted in generation of plasmids TB2 10n and TB2 20n encoding
hPC fragments of 10 or 20 amino acids fused to thioredoxin. These constructs were
sequenced as described in Section 2.11.7 and the proteins expressed as described in
Section 3.2.11. The immunoreactivities of the antibodies with the expressed proteins
were analysed by Western blot (Section 2.13.2).
3.2.11 Expression of proteins in bacteria

The overexpression of fusion proteins in bacteria was performed as described
below. An overnight culture of E. coli BL21 containing the expression plasmid was
diluted to 1:40 (v/v) into 10 ml of fresh LB (Ampicillin 100 pg/ul) and cultured at 37°C.
At an Agg of 0.5-0.6, the culture was induced with 0.1 mM IPTG for 3 hours at 37°C.
Following the induction, cells were collected by centrifugation (5000 rpm, 5 min, 4°C)
and the pellet was washed once with 50 mM Tris-HCI pH 8.0, 0.1 mM EDTA pH 8.0,
0.2 mM DTT, then resuspended with lysis buffer (20 mM Tris-HCI pH 8.0, 0.1% Triton
X100, 10 mM EDTA, 0.5 M NaCl, 0.2 mM DTT). The whole cell lysate was diluted
1:1 with 2 x SDS sample buffer (4% SDS) and subjected to SDS-PAGE (Section

2.13.1) and Western blot analysis (Section 2.13.2).
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3.3 RESULTS
3.3.1 Characterisation of anti sheep PC monoclonal antibodies against full-length
human PC (hPC), rat PC (rPC), chicken PC (cPC) and sheep PC (sPC)

The mAbs 6, 12, 42, 80 and 113 were generated against sPC and with the
exception of mAb80 were found to cross-react in ELISA against cPC, and were able to
inhibit the acetylCoA-dependent activity of sPC (Carey, 1988). To optimise
immunoreactivity of these antibodies, an ELISA assay was performed as described in
Section 3.2.2 at the different dilutions of antibodies against cPC. It was shown that the
dilution of antibodies, 6, 12, and 42 at which the ELISA absorbance 2.0 at 405 nm were
1:1,000, 1:10,000 and 1:10,000 (Figure 3.1). In contrast, mAb80 and 113 at the dilution
1:100 gave an absorbance 0.5 (Figure 3.1). Based on these data, we tested dilutions of
these antibodies in an ELISA assay against native hPC. The dilutions of these
antibodies were similar to those results from ELISA used with cPC, except that the
dilution of mAb6 against native hPC (dilution 1:100) was lower than that against cPC
(dilution 1:1000) [Figure 3.1 and 3.2].

These antibodies cross-reacted with cPC and hPC in an ELISA assay with native
enzymes. To confirm the immunoreactivity of these antibodies against PC in a
denatured system, immunoblotting against cPC, rPC, hPC and sPC was conducted
following SDS-PAGE. As shown in Figure 3.3 antibodies 6, 12 and 42 bound cPC,
rPC, hPC and sPC with relatively equal affinity. In contrast mAb113 bound to sPC far
more strongly than to cPC, rPC and hPC and mAb80 only bound to sPC. The affinity of
mADbI12 and 42 was higher than mAb6. Interestingly, antibody 42 cross-reacted with the
native hPC in an ELISA assay (Figure 3.2) at the same dilution as that in an
immunoblot with denatured enzyme (Figure 3.3). However, mAb6 bound more weakly

with hPC in ELISA than in an immunoblot. These data indicate that the folding of this
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Figure 3.1 ELISA of chicken PC with anti sheep PC monoclonal
antibodies. cPC was coated directly onto microtiterplates at a concentration
of 50 ng/pl, various dilutions of antibodies were added into the plates, then
probed with a second antibody conjugated to alkaline phosphatase. The
color was developed and measured at 405 nm. The concentration of
undiluted antibody was 1 mg/ml.
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Figure 3.2 ELISA of human PC with anti sheep PC monoclonal
antibodies. @~ hPC was coated directly onto microtiterplates at a
concentration of 50 ng/pl, reacted with antibodies at different dilutions then
probed with a second antibody conjugated to alkaline phosphatase. The
color was developed and measured at 405 nm. The concentration of
undiluted antibody was 1 mg/ml.
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enzyme had no effect on the epitopes’ accessibility for mAb42 and 12, but did so for
mAb6.
3.3.2 Inhibitory effect of antibodies on AcetylCoA-dependent activity of hPC and sPC

Since a highly specific interaction of mAb6, 12 and 42 with hPC under native
conditions was found, we proposed that these mAbs might inhibit hPC activity. To
analyse whether monoclonal antibodies 6, 12 and 42 can affect the acetyl-CoA
dependent activity of hPC and sPC, constant amounts of purified hPC and sPC were
used for the activity assay in the presence of monoclonal antibody purified from ascites
fluid by protein A affinity chromatography as described in Section 2.14. Oxaloacetate
production by pyruvate carboxylase was coupled to NADH oxidation by malate
dehydrogenase and NADH. The NADH oxidation was followed by the loss of
absorbance at 340 nm using a spectrophotometer thermostatted at 37°C. Enzymatic
activities were then expressed as (moles of product formed / min/mg of PC.

As shown in Figure 3.4 mAb6 inhibited the acetylCoA-dependent activity of
hPC and sPC by 91 % and 96 % respectively when compared to the control reactions in
which enzymes were incubated with inert [gG. The inhibitory effects of mAb12 and 42
were 96 and 91 % for sPC and 89 and 90 % for hPC (Figure 3.4). This demonstrates
that the acetylCoA-dependent activity of both sPC and hPC were significantly reduced
by the addition of mAb6, 12 and 42. Taken together mAb6, 12 and 42 affected the
acetylCoA-dependent activity of sPC to the same extent as the activity of hPC.

The effect of oxaloacetate on the inhibition of hPC activity by mAb6 was
studied to test the possibility of the catalytic centre being part of the mAb6’s epitope.
To analyse the effect of oxaloacetate on the inhibition of hPC activity, partially puritfied
hPC was incubated with mAb6 in the presence of increasing concentration of
oxaloacetate. As shown in Figure 3.5, in the absence of oxaloacetate mAb6 was able to

inhibit 19% of hPC activity. It was observed that in the presence of 1 mM oxaloacetate,
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Figure 3.3 TImmunoblot analysis of various pyruvate carboxylases:
cPC, rPC, hPC and sPC reacted with mAb12 dilution 1:2500 (a), mAb42
dilution 1:10000 (b), mAb6 dilution 1:1000 (¢ ), mAb113 dilution 1:100 (d),
mADb80 dilution 1:100 (e) and avidin alkaline phosphatase (f). Coomassie
staining is shown in panel (g). Biorad broad range markers, M, were used as
standards. The concentration of undiluted antibody was 1 mg/ml.
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Figure 3.4 Pyruvate carboxylase activity of sPC and hPC in the
presence of antibody. Enzyme activity (U/mg of PC) determined in
triplicate on partially purified hPC expressed from a mammalian cell
line, 293T. Pyruvate carboxylase activity was measured using the
spectrophotometric assay either in the presence or absence of mAb6,
12 and 42. Twenty mU of partially purified hPC and purified sPC were
incubated with 5pg of IgG of mAb6, 12 and 42 or inert IgG for 1 hr at
room temperature (Molar ratio of IgG/PC tetramers = 16:1). After
incubation, the residual activity of the enzyme was determined as
described in Section 3. Results are the mean of the measurement =+
standard deviation (SD). The numbers shown on top of the columns are
the mean of the percentage inhibition by the antibodies (mAb6, 12 and
42) compared to the value where inert IgG was present for that assay.
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the inhibition of hPC was increased to 36%. Clearly, even 1 mM oxaloacetate had an
effect on hPC inhibition by mAb6. A further increase in the molarity of oxaloacetate (5
mM) did not significantly affect any more change in the inhibition of hPC by mAb6
(41%).
3.3.3 Initial screening of BC domain of hPC with monoclonal antibodies

The N-terminal domain of hPC, the biotin carboxylation domain (BC), is
thought to be involved in the first partial reaction where the formation of carboxybiotin
occurs from HCO; in the presence of MgATP (Jitrapakdee & Wallace, 1999) and
(Attwood & Wallace, 2002) via the formation of a carboxyphosphate intermediate
(Knowles, 1989). Since all biotin dependent carboxylases share a common reaction
mechanism, these enzymes exhibit significant sequence similarities with each other,
especially within the biotin carboxylation and biotin carboxyl carrier domains
(Jitrapakdee & Wallace, 1999). Sequence analysis of this region in conjunction with the
crystal structure of the biotin carboxylase subunit of £. coli ACC (Waldrop et al., 1994)
has identified 11 highly conserved residues within this domain that are likely to play an
important role in catalysis (Jitrapakdee ef al., 1996). Domain boundaries, identified by
highly significant degrees of similarity with other biotin enzymes, have been established
for rat BC domain (residues 1-488) (Jitrapakdee et al., 1996). Since the inferred protein
sequence of rat PC is 96.3 % identical with hPC, the biotin carboxylation domain of
hPC was chosen as the first domain to be screened for the epitopes of the inhibitory
monoclonal antibodies, mAb6, 12 and 42. To test this, whole cell lysates of E. coli
expressing BC domain of hPC were prepared and assessed for binding with mAb6, 12
and 42 in a Western blot.

As shown in Figure 3.6a, BC domain was overexpressed in £. coli BL21 as a
thioredoxin fusion protein. SDS-PAGE analysis of whole cell lysates revealed that a

protein of 66 kDa was induced compared to cells harbouring the parent vector (Figure
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3.6f). Lysates were analysed for antibody recognition by immunoblot and specificity in
comparison with the parent vector control. The mAbs, 6,12 and 42 did not recognise
the BC domain (Figure 3.6b, ¢ and d). Only partially purified hPC cross-reacted with
mAbs, as the positive control for these antibodies (Figure 3.6b, ¢ and d). Very poor
reactivity was observed on the blot when probed with rabbit polyclonal anti chicken PC
(dilution 1:2500) [Figure 3.6¢] but a band around the expected molecular mass (65766
Da) was visualised. Taken together the monoclonal antibodies’ epitopes were
determined not to reside in the BC domain.
3.3.4 Immunoreactivity against hPC-truncated fragment with monoclonal antibodies:
mAb6, 12 and 42

To further identify which regions of hPC (transcarboxylation or biotin carboxyl
carrier domain) cross-reacted with mAb6, a series of overlapping truncations of hPC
fused with thioredoxin was generated and expressed in E. coli BL21. Together these
fragments covered the complete hPC sequence except the BC domain and are
designated F1, F2, F3, TB1 and TB2 (Figure 3.7a). Total whole cell lysates were
prepared from E. coli (Section 3.2.11) and fractionated using triplicate polyacrylamide
gels. One gel was stained with Coomassie Brilliant Blue to confirm protein expression
(Figure 3.7b) and the other two were used for immunoblotting with rabbit polyclonal
anti cPC (dilution 1:2500) (Rohde et al., 1991) and mAb6 (dilution 1:1000) as shown in
Figure 3.7¢ and d. The molecular masses of F1, F2, F3, TB1 and TB2 were predicted to
be 38832 Da, 37983 Da, 37251 Da, 26258 Da and 26094 Da respectively. All
thioredoxin fusion proteins were abundantly expressed as a major band in the cell
lysates (Figure 3.7b). As a positive control, the fusion proteins encoding hPC cDNA
fragment also cross-reacted with rabbit polyclonal anti chicken-PC (Figure 3.7¢). Cells
harbouring the parent vector pET 32a (+) did not reacted with either polyclonal

antibody or mAb6 (Figure 3.7c and d). Figure 3.7d shows the blot probed with mAb6.
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Figure 3.6 Immunoblot analysis of BC domain of human pyruvate
carboxylase with monoclonal antibodies. (a) A schematic diagram of
three functional domains of PC, ie. Biotin carboxylation domain (BC),
transcarboxylation domain (TC) and biotin carboxyl carrier domain (BCC)
are shown. BC domain (residues 1-488) of hPC was constructed and
expressed in E. coli as thioredoxin fusion protein. The blots were reacted
with mAb6 dilution 1:1000 (b), mAb42 dilution 1:5000 (c), mAb12 dilution
1:2500 (d), polyclonal anti cPC dilution 1:2500 (e). (f) The expression of
proteins were shown on Coomassie staining gel. BL = E. coli BL21 (ADE3)
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The large fragment F3 cross-reacted with mAb6 but no reactivity was detected against
BC, F1 and F2. This indicates that the epitope of mAb6 resides in the C-terminal region
ot hPC. Further C-terminal deletion of the F3 fragment (residues 947-1178) resulted in
a positive reactivity with TB1 (residues 947-1077) but not with the N-terminal deletion,
TB2 (residues 1048-1178). This result suggests that the epitope of mAb6 resides in the
fragment containing residues 947-1048 at the N-terminal end of biotin carboxyl carrier
domain.

For the initial mapping with mAb12, the immunoreactivities of the hPC
truncated fragments, F1, F2, F3, TB1 and TB2 were assayed by Western blot against
mADbI12 at a dilution 1:2500 followed by goat anti mouse IgG conjugated to Alkaline
phosphatase (1:10,000). The bands were visualised by developing the colour of BCIP
and NBT as previously described in Section 2.13.2.

As shown in Figure 3.7¢ mAbl2 cross-reacted with fragments F3 (residues
947-1178) and TB2 (residues 1048-1178) but not BC (residues1-488), F1 (residues
475-718), F2 (residues 711-954) and TB1 (residues 947-1077). This indicates that the
epitope of mAbl2 resides in the C-terminal domain (BCC) of hPC (residues
1048-1178).

For mAb42 mapping, the hPC truncated fragments were assayed by Western
blot against mAb42 (dilution 1:5000) as described in Section 2.13.2. The result was
the same as for mAb12 (Figure 3.6f). The results for the initial screening of hPC
fragments recognised by mAb6, 12 and 42 are summarised in Figure 3.8.

3.3.5 Fine mapping of hPC with mAb6

The epitope recognised by mAb6 has been localised broadly to residues
947-1048 at N-terminal of the biotin carboxyl carrier domain. To further define the
minimal residues for the epitope mapping recognised by mAb6, various overlapping

fragments covering residues 947-1048 representing regions of hPC were generated as
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Protein Marker (New England Biolab).
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Figure 3.8 Three functional domains of PC and immunoreactivity
of truncated fusion proteins of hPC with mAbs. A schematic diagram
of three functional domains of PC, ie. biotin carboxylation (BC),
transcarboxylation (TC) and biotin carboxyl carrier domain (BCC) and
various deletion fragments are shown. Numbers are position of residues
at the putative boundaries of different regions. The overlapping
fragments are shown as color bars with the 109aa thioredoxin proteins
indicated as blue bars. These constructs containing cDNA of hPC were
amplified and designated BC (residues 1-488; 65766 Da), F1 (residues
475-718; 38832 Da), F2 (residues 711-954; 37983 Da), F3 (residues
947-1178; 37251 Da), TB1 (residues 947-1077; 26258 Da) and TB2
(residues 1048-1178; 26094 Da). Immunoreactivity of all these
fragments against mAb6, 12 and 42 are summarised.
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described in Section 3.2.7. A panel of five overlapping fragments were constructed
representing 80, 40, 34, 27 and 20 residues at the C-terminus of the sequence between
residues 847-1048 of hPC along with the fragment 847-947 as the negative control
(Figure 3.9a). These hPC thioredoxin fusion proteins were abundantly expressed as
major bands at 31-45 kDa when analysed by SDS-PAGE (Figure 3.9b). The antibody
binding was assayed by immunoblot with mAb6 (Figure 3.9¢). All deletion fragments
representing residues 847-1027 (TB1 80c), residues 847-987 (TB1 40c), residues
847-981 (TB1 34c¢) and residues 847-974 (TB1 27c) cross-reacted with mAb6 but no
binding was seen when the fragment was deleted between residues 974 and 967.
Appropriately, no binding of mAb6 to the control fragment (residues 847-947) was
detected. The molecular masses of all deletion fragments; negative control, TB1 80c,
TB1 40c, TB1 34c¢, TB1 27¢ and TB1 20c¢ were predicted to be 22710 Da, 31540 Da,
27003 Da, 26354 Da, 25699 Da and 24878 Da respectively. These results indicate that
this linear epitope is located within the region containing 7 residues between residues
974 and 967. This region contains the amino acid sequence LKDLPRV (residues
968-974) which occurs at the N-terminal of the biotin carboxyl carrier domain.
3.3.6 Fine mapping of mAb12 and 42

The initial screening result revealed that mAbl2 and 42 were not bound to the
BC domain but only bound to the F3 fragment (residues 947-1178) and the TB2
fragment (residues 1048-1178). To further define the minimal epitopes, which these
antibodies recognised, various deletions of the TB2 fragments were constructed,
resulting in truncated proteins that lacked amino acids at the C terminus. These proteins
were expressed very well at a similar level (Figure 3.10b). All these C-terminally
truncated proteins failed to cross-react with both antibodies (Figure 3.10c and d). They
also failed to react with avidin alkaline phosphatase, indicating that they were not

biotinylated (Figure 3.10¢). As TB2 121c and TB2 11lc contain Lys''™ which is
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Figure 3.9 Epitope mapping of hPC with mAb6. (a) A schematic
diagram of the different truncated hPC fusion proteins encoding amino
acids 847-1027. Truncated proteins were designated neg (847-947;
22710 Da), TB1 80c (847-1027; 31540 Da), TB1 40c (847-987; 27003
Da), TB1 34c (847-981; 26354 Da), TB1 27c (847-974; 25699 Da) and
TB1 20c (847-967; 24878 Da). (b) These regions of hPC were
expressed as proteins fused to thioredoxin and analysed by SDS/PAGE.
(c) The proteins were assayed for the binding of mAb6 by Western
blot. The numbers at the top of the panel denote the residues present in
the different truncated hPC proteins. The blue bars represent the 109aa
thioredoxin proteins. (a) Results of antibody immunoblots are
summarised beside. M=Broad range standard Protein Marker (Biorad).
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biotinylated in TB2, it appears that these truncated fragments are not folded correctly to
interact with biotin protein ligase. These results suggest the epitopes of mAb12 and 42
are conformational in nature.

Consequently, to test this hypothesis, we further mapped these epitopes with
N-terminal truncations of the hPC biotin carboxyl carrier domain fused to the
C-terminus of thioredoxin. The expression of these proteins are shown in Figure 3.11b
to be at a similar level on SDS-PAGE analysis. As shown in Figure 3.11c and d, the
fragments encoding residues 1071-1178 (TB2 107n) and 1098-1178 (TB2 80n)
cross-reacted with both antibodies but fragments encoding residues 1168-1178 (TB2
10n), 1158-1178 (TB2 20n) and 1118-1178 (TB2 60n) did not react with either
antibody. The molecular masses of TB2 107n, TB2 80n, TB2 60n, TB2 20n and TB2
10n were predicted to be 23473 Da, 20383 Da, 18141 Da, 14129 Da and 12933 Da
respectively. The same pattern of reactivity was seen with the avidin blot (Figure
3.11e). These results clearly demonstrate that the conformation of the BCC domain is
critical for these epitopes. Taken together, these results allowed us to map the mAb12
and 42 epitopes to a fragment comprised of residues 1098-1178. Truncation of this by
20 residues from the N or 10 residues from the C-terminal results in loss of reactivity
with both antibodies and loss of biotinylation. Accordingly these residues which
constitute the core of the hPC biotin carboxyl carrier domain, form

conformation-dependent or discontinuous epitopes for mAb12 and 42.
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Figure 3.11 Immunoblot of N-terminally truncated fragments
of human biotin carboxyl carrier domain with mAb12 and 42. (a)
A schematic diagram representing N-terminally truncated fragments
of human biotin domain: TB2 107n (23473 Da), TB2 80n (20383 Da),
TB2 60n (18141 Da), TB2 20n (14129 Da), TB2 10n (12933 Da) and
F3 (37251 Da), TB1 (26258 Da), TB2 (26094 Da), TB2 121c (24967
Da). The over-expressed protein band of cell lysate was stained with
Coomassie brilliant blue (b) and probed with mAb12 (c¢) and mAb42
(d) and streptavidin alkaline phosphatase (€). Blue bar represents the
109aa thioredoxin protein. Results are summarised in part (a) for
antibody immunoblot. M=Broad range Protein Marker (Biorad).
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3.3 DISCUSSION

Pyruvate carboxylase is a member of the biotin-dependent family of enzymes
found widely distributed throughout nature. Because of its importance in the
intermediary metabolism of prokaryotes and eukaryotes, PC has been investigated in
detail with respect to its reaction mechanism, its subunit structure, the relation between
structure and activity, and the regulation of its catalytic activity (Attwood, 1995;
Attwood & Geeves, 2002; Attwood & Graneri, 1992; Branson et al., 2002; Jitrapakdee
et al., 2002; Jitrapakdee et al., 2001; Rohde et al., 1991; Val et al., 1995; Wallace,
1985; Wexler et al., 1994). However, a thorough understanding of the catalytic reaction
mechanism of PC will require knowledge of the three-dimensional structure of the
molecule which has not been obtained yet. Where no structure is available, monoclonal
antibody binding is often taken as evidence for structural similarities between proteins
and can even be interpreted to mean that the proteins have similar functions (Gershoni
et al., 1997). This is due to the fact that antibodies can exhibit exquisite specificity for
their corresponding epitopes. With this advantage of monoclonal antibodies (mAbs),
the epitope mapping of hPC using monoclonal antibodies will be useful to clucidate
more information for structure-function studies of hPC.

In this chapter, three mAbs against sPC, designated mAb6, 12 and 42 were
investigated to define their epitopes. It was shown that mAb6, 12 and 42 strongly
recognised cPC and hPC in ELISA, and that they efficiently inhibited the
acetylCoA-dependent activity of hPC by 91, 89 and 90% when compared to the control
activity of hPC. This may indicate that the blocking antibody exerts its activity by
partially shielding the substrate recognition domains of the enzyme or that they may
induce some change to a conformation unfavourable to the catalytic activity of hPC.
The inhibition of acetylCoA-dependent activity of sheep PC by mAb6, 12 and 42 was

investigated in the presence of various concentrations of substrates for the two partial

75



Preliminary Epitope Mapping of Human Pyruvate Carboxylase

catalytic reactions of PC. The inhibition of sheep PC by mAb12 and 42 was shown to
be reversed in the presence of oxaloacetate, but to be increased for mAb6 (Carey, 1988)
|Section 1.1 in Appendix I]. These results are consistent with our hypothesis that the
epitopes of these three blocking antibodies are likely to be functional epitopes involved
in some part of the catalytic reaction of PC. These data also indicate that the mAb6
epitope is distinct from the epitopes of mAb12 and 42.

To localize the epitope of mAb6 on hPC, we screened the binding of this
antibody to a series of fragments of hPC using thioredoxin fusion protein technology.
The results from immunoblots probed with mAb6 showed that this antibody bound to
the fragments F3 (residues 947-1178) and TB1 (residues 947-1048). Using a panel of
five overlapping fragments, this epitope was further determined and found to reside
within the amino acid sequence LKDLPRYV (residues 968-974). Although this epitope
of mADb6 is highly conserved in vertebrates such as human (Walker ef al., 1995), rat
(Jitrapakdee et al., 1996), mouse (Zhang et al., 1993) and chicken (Jitrapakdee et al.,
2002), these residues are not conserved in yeast and prokaryotes, Rhizobium etli and
Mycobacterium tuberculosis (Dunn et al., 1996) as shown in Figure 3.12. Of the

968

residues in the mAb6’s epitope only Leu " (in the hPC sequence) is conserved between

species. In contrast, other residues in the region 950-961 of hPC for example, Gly™,
Gly™, Pro®>’, Gly’*®, Pro”® and Glu’®, are all highly conserved among vertebrate PCs,
yeast PC, R. etli (Re) PC and M. tuberculosis (Mt) PC (Figure 3.12).

In addition to the mapping studies, mAb6 was tested with partially purified hPC
and cPC under native conditions for binding in an ELISA. Although it also cross-reacts
with native hPC enzyme in an ELISA assay (Figure 3.2) the affinity was lower (dilution
1:100) than the result from immunoblotting (dilution 1:1000) with denatured hPC

(Figure 3.3) or fusion protein fragment (Figure 3.7). This suggests that the structure of

this epitope in the fusion protein fragment or denatured enzyme is more accessible for
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Figure 3.12  Sequence alignment between hPC, yPC2, cPC,
mouse PC, rat PC, R. etli (Re) PC and M. tuberculosis (Mt) PC.
Sequence alignment of amino acid 950-986 in hPC sequence is
indicated. The region to which mAb6 epitope localised is shown
underlined. Leucine®® in hPC sequence, the only totally conserved
amino acid in this epitope region, is indicated as red colour. Amino
acids conserved in these PC sequences are indicated as blue colour.
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the antibody to bind than that of native PC containing 4 subunits to form a homo
tetramer. Thus the ability of antibody to bind the active site in terms of assembled
enzyme is lower than that in the fusion protein or denatured enzyme. Until now the
quaternary structure of PC has only been obtained by electron microscopic studies,
which have shown that PCs from different species are tetrahedron-like structures,
composed of two pairs of subunits in different planes orthogonal to each other (Mayer
et al., 1980). This observation suggests that the three-dimensional structure of hPC, a
tetrahedron-like structure, constitutes a steric hindrance for the mAb6 antibody’s access
to its epitope. Since antibodies must have access to an antigenic site in order to bind,
this has led to the view that antibody accessibility is the primary intrinsic determinant of
antigenicity (Novotny et al., 1987).

Studies of competition of avidin or anti-biotin with mAb6 to bind with sheep PC
showed that the binding of mAb6 to sheep PC was not affected by avidin or anti-biotin
(Table 1.4 in Appendix I). This suggests that the mAb6’s epitope might not be within
the avidin or anti-biotin exclusion areas (Carey, 1988). Studies using avidin probes on
PC to determine the location of biotin suggest that it is located on the external face of
each subunit within 3 nm of the inter-subunit junction (Johannssen et al., 1983). Thus,
the mAb6’s epitope may be located at the side or underneath the PC subunit and nearby
the inter-subunit junction but not in the area excluded by avidin (Figure 1.6 in Appendix
D).

In all PCs with an o4 subunit composition, the transcarboxylation domain is
located centrally in the polypeptide connected N-terminally to the biotin carboxylation
domain and C-terminally to the biotin carboxyl carrier domain by proline rich
sequences. These sequences have been suggested to form hinge-structures that allow
the three domains of PC to fold together to form a single active site (Jitrapakdee et al.,

1996). Analysis of the distribution of proline residues in the hPC sequence (Table 3.1)
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showed that two segments containing residues 501-550 and 951-1000 have 24 and 14 %
of their residues as proline, higher than the average of proline in the whole hPC
sequence (5.68%). Thus mAb6’s epitope, LKDLPRV (residues 968-974) is in a
segment containing residues 951-1000, which is rich in proline.

Table 3.1 The distribution of proline residues in human PC sequence. The percentage
of proline distribution in sections of human PC sequence is shown by calculation of

proline residues in each section of 50 residues of human PC sequence.

Human PC residues Proline distribution % of proline distribution

1-50
51-100
101-150
151-200
201-250
251-300
301-350
351-400
401-450
451-500
501-550
551-600
601-650
651-700
701-750
751-800
801-850
851-900
901-950
951-1000
1001-1150
1051-1100
1101-1150
1151-1178
Total
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5.68

The sequence alignment among various PCs in Figure 3.13 showed that this
epitope is localised between the transcarboxylation and the biotin carboxyl carrier
domains. Consistent with the structural domain map of yeast PC determined using
limited proteolysis of PC with several different proteases (Figure 3.14), the localisation
of epitope of mAb6 is in the linker (amino acids 900-1080) between the

transcarboxylation and biotinyl domains (Lim et al., 1988). This indicates that the
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mADbG6’s epitope might be associated with mobility of the biotin carboxyl carrier domain
operating as a swinging arm that conveys a covalently-bound intermediate (CO,)
between the different subsites in the catalytic reaction of PC.

This proposal is consistent with effects of substrates on the inhibition of
acetylCoA-dependent activity of sheep PC by mAb6. The results showed that only the
presence of 1 mM oxaloacetate (but not pyruvate, Mg*" or MgATP?) increased the %
inhibition by mAb6 (Table 1.1.1 in Appendix I) (Carey, 1988). A similar result was
obtained for the presence of 1 mM oxaloacetate to increase the % inhibition of hPC
activity by mAb6 (Figure 3.5). In contrast, the % inhibition of sheep PC was not
increased by Mg”" and MgATP? in the presence of mAb6 (Table 1.3.1 in Appendix I)
(Carey, 1988) suggesting that the increasing amount of Mg** might inhibit the activity
of sheep PC. The binding of mAb6 to human or sheep PC might affect the mobility of
the biotin carboxyl carrier domain in its translocation between the first and the second
subsite in the partial second reaction of PC, resulting in increasing the % inhibition by
mAb6. It has been shown that increasing the amount of Mg** was inhibitory with
regard to the induction of the decarboxylation of the isolated enzyme-carboxybiotin
complex of sheep PC by analogues of pyruvate (Goodall et al., 1981). A similar result
was shown by Attwood et al. (1984) and these authors proposed that the inhibitory
action of Mg”" arises because it enhances the binding of the carboxybiotin to the site of
the biotin carboxylation reaction (Attwood et al., 1984; Goodall et al., 1981).

Consistent with our proposal that mAb6’s epitope being in a proline rich region
involves the mobility of the biotin carboxyl carrier domain is the evidence that the
linker regions of E. coli pyruvate dehydrogenase (PDH) complex have been studied and
found to be highly mobile and exposed to solvent (Cronan, 2002). The mobility of
these linker regions was first detected by NMR studies of the intact complex (Perham et

al., 1981; Radford et al., 1987). Studies were made of synthetic peptides identical to or
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Figure 3.13  Diagram showing the putative transcarboxylation
domain aligment among various PCs. (a) The alignment of biotin enzyme
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various PCs showing the location of mAb6’s epitope (underlined in hPC
sequence) in a proline-rich region, with substantial sequence conservation
(indicated as blue box).
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Figure 3.14 Diagram showing the structural domain map of yeast
pyruvate carboxylase. The amino-terminal sequences of the major
polypeptides derived from limited proteolysis by thermolysin (T),
chymotrypsin (C) and proteinase K (P, PII, PIII) are aligned within the total
protein sequence. The numbers given are relative to the amino terminus and
the block diagram is shown for comparison. The putative binding sites for
ATP and pyruvate are indicated. [reproduced from Lim et al. (1988)]
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related to the long (alanine + proline)-rich region of the polypeptide chain that links the
innermost lipoyl domain to the dihydrolipoamide dehydrogenase-binding domain in the
dihydrolipoyl acetyltransferase component of PDH of E. coli using NMR spectra. It
was found that these three long (alanine + proline)-rich regions are exposed to solvent,
and are involved in substantial conformational flexibility in the enzyme complex. This
may reflect structural tuning of these segments to optimise lipoyl domain movement in
the catalytic reaction mechanism of the enzyme (Radford ef al., 1989a).

The epitopes for mAbl2 and 42 can only be mapped to a region of
approximately 80 residues within the biotin carboxyl carrier domain of hPC on
fragments TB2 80n. It was shown that if this fragment TB2 80n was truncated to TB2
60n, it no longer bound these antibodies. Although, TB2 (131 residues) was positive
with these antibodies, the C-terminally truncated fragments, TB2 121c (121 residues)
and TB2 111¢ (111 residues) were not. Thus these epitopes appear to be discontinuous
or conformationally-dependent epitopes.

The deletion of 10 and 20 residues from the C-terminal of TB2 or 20 residues
from the N-terminal of human PC biotin carboxyl carrier domain (TB2 80n) also
abolished in vivo biotinylation. This result is in agreement with the evidence showing
amino acid residues located 30-40 residues either side of the biotin-attachment site have
been shown to be essential for biotinylation (Cronan, 1990; Murtif & Samols, 1987;
Reed & Cronan, 1991). It has been demonstrated that in yeast PC, the C-terminal 104
residues of the biotinyl domain can act as an independent domain in the biotinylation
reaction in vitro (Val et al., 1995). In the a-subunit of human PCC, it has been shown
that the Pro-Met-Pro motif (26 residues N terminal of the target lysine) is critical for
biotinylation. Deletion of this motif abolished biotinylation (Leon-Del-Rio & Gravel,
1994). A protein fragment consisting of the C-terminal 87 residues of the biotin

carboxy carrier protein from E. coli acetyl-CoA carboxylase was overexpressed in E.
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coli. The peptide is recognised by biotin ligase in vivo and in vitro and can be fully
biotinylated by coexpression with E. coli biotin ligase (Chapman-Smith et al., 1994).
The in vivo biotinylation of human PC biotin carboxyl carrier domain (TB2 107n or
TB2 80n) will be investigated in more detail in Chapter 5.

In summary the epitopes of mAb6, 12 and 42 on hPC were determined using
recombinant DNA technology to express various truncated fragments as thioredoxin
fusion proteins. The minimal epitope of mAb6 was shown to be residues 968-974
(LKDLPRYV) that are localised between the transcarboxylation and the biotin carboxyl
carrier domains. The mAb6’s epitope, in a proline rich region of hPC, might be
associated with the mobility of the biotin carboxyl carrier domain in catalysis by PC.
Site-directed mutagenesis of specific residues representing this epitope of mAb6 will be
further investigated in Chapter 4. For mAb12 and 42, their epitopes were localised on
hPC within the biotin carboxyl carrier domain on fragment TB2 80n, and more detail of

these epitopes will be presented in Chapter 5.
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CHAPTER 4

4.1 INTRODUCTION

A full-length clone of human pyruvate carboxylase (hPC) has been obtained
(Jitrapakdee et al., 1999). To map the epitopes on this enzyme, the expressed hPC has
been characterized using monoclonal antibodies: 6, 12 and 42, that were raised against
sheep PC, but which cross-reacted with PC of other vertebrate species. In Chapter 3 it
was shown that antibody mAb6 recognized a distinct linear epitope located between the
transcarboxylation and the biotin carboxyl carrier domains at residues 968-974 of
human PC, which is in a proline-rich region. Moreover, the acetylCoA-dependent
activity of hPC was inhibited in the presence of mAb6 and this may reflect the restricted
movement of the biotin carboxyl carrier domain in enzyme catalysis. To investigate the
structural and functional significance of particular residues within this epitope,
site-directed mutagenesis was carried out to generate single alanine substitution mutants
by replacing individual amino acids in the epitope.

Mutagenesis is an important tool in probing the structural and functional
significance of particular amino acids within a protein sequence (Knowles, 1987; Shaw,
1987). Amino acid residues might be altered to test for their participation in catalysis,
cofactor or substrate binding, molecular and receptor recognition, domain interfaces and
oligomeric interactions (Bordo & Argos, 1991). “In protein engineering as well as
molecular modelling, where new structures are built from those with known tertiary and
homologous primary structures, it is essential to know which residues can be substituted
safely” (Sali ef al., 1990). Safe substitutions are a pre-requisite for the success of the
mutant probe as an indicator of critical residues in structure and function. “The general
idea is that the substitution of an amino acid with another amino acid with similar
physicochemical properties should not influence the stability of the protein” (Jonson &

Petersen, 2001). It has been shown that the Gly-Ala substitution is one of the most
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frequently mentioned in specific point mutations for several molecular species (Shaw,
1987). However, alanine has a high negative correlation with all but the non polar
residues. A serine residue has been proposed to be used as a substitute for the residues
that are negatively correlated with alanine (Jonson & Petersen, 2001).

In this chapter, site-directed mutagenesis was performed upon the
%8 KDLPRV®"* epitope of hPC to generate six single substitution mutants by replacing
amino acids in this epitope with alanine. Alanine screening involves the substitution of
residues to alanine, based on the assumption that alanine is a neutral residue. These
mutants were expressed as thioredoxin fusion proteins in E. coli and analysed for these
bindings by mAb6. Finally, histidine-tagged full-length hPC mutants were generated to
investigate the function of critical residues representing this epitope, by comparing the

enzymatic activity of these mutants to wild type hPC expressed in 293T cells.
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4.2 SPECIFIC METHOD

4.2.1 Site-directed mutagenesis

Mutagenesis was performed with the Quickchange site-directed mutagenesis kit.
Two complementary oligonucleotides were designed containing the desired mutation
and a silent mutation to facilitate the cloning step. The reaction was carried out in a
total volume 50 pl containing of 70 ng of double stranded pBluescript II ks(+), 125 ng
of each primer and 200 uM dNTPs mix in 1X buffer [20 mM Tris-HCI pH 8, 10 mM
KCl, 6 mM (NHy),SO4 2 mM MgCl,, 0.1% Triton X100, 100 pg/ml nuclease-free
bovine serum albumin (BSA)]. Pfu DNA polymerase (2.5 U) was then added and each
reaction was overlaid with 30 ul of light liquid paraffin oil. The reaction mixture was
subjected to 16 rounds of temperature cycling. The profile consisted of an initial
denaturation at 95°C for 30 sec followed by 16 cycles of denaturation at 95°C for 30
sec, annealing at 55°C for 1 min and extension at 68°C for 7 min. After thermal
cycling, Dpn 1 (10 U) was added and the solution was incubated at 37°C overnight to
digest the methylated parental (non mutated) DNA. Ten microliters of this solution
were then introduced into 50 pl of competent DHS5o cells (Section 2.11.6).
Transformation was performed as described in Section 2.11.6.
4.2.2 Construction of six mutants of pET-hPC encoding residues 961-1178 (pET-hPC
217)

Site-directed mutagenesis of the LKDLPRYV residues within the 961-1178 region
of hPC was performed by PCR using pEF-PC as a template (Jitrapakdee et al., 1999).
The primers: K969A for, D970A for, L971A for, P972A for, VO74A for and E975A for
with a unique 5' EcoRI site and another unique 3' NofI site for MTC rev in Section 2.3.2
were used. These primers were designed to mutate each residue of the LKDLPRV

region individually and systematically to alanine (Figure 4.1). These constructs were

designated as K969A, D970A, L971A, P972A, V974A and E975A. The PCR profile
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was as described in Section 2.11.8. The 651bp product for mutant L971A was
amplified only when the primer annealing temperature was decreased from 55°C to
45°C. These fragments were then digested (Section 2.11.2) and ligated (Section 2.11.5)
into the EcoRI and Notl sites of pET-32a (+) vector (Novagen). The six mutant
constructs were isolated from transformants (Section 2.11.1) and sequenced (Section
2.11.7) to confirm the generated mutations (Figure 4.3).
4.2.3 Transient and stable transfection of 293T cells

The human embryonic kidney cell line, 293T, was routinely maintained in
Dulbecco’s modified Eagle Medium (Life Technologies) supplemented with 10% fetal
calf serum, 100 pg/ml streptomycin and 100 U/ml penicillin. Cells were grown to
80-90% confluence in 175 cm? flasks at 37°C in a humidified atmosphere of 5% CO,.
Cells were washed twice with PBS, trypsinised and counted. Cells (1x 10°%) were
resuspended in 5 ml of DMEM supplemented with 10% fetal calf serum, plated in
6-well plates and incubated at 37°C in a humidified atmosphere of 5% CO, overnight.
Each well of cells was transfected with 4 pg of plasmid (eg. 6His mutant pEF-hPC)
using Lipofectamine 2000 reagent (Invitrogen, life technologies). Briefly, 10 ul of
Lipofectamine 2000 reagent was diluted in 250 ul of Opti-MEM Medium and the
mixture was incubated for 5 min at room temperature. Once the Lipofectamine 2000
reagent was diluted, DNA was added and incubated at room temperature for 20 min to
allow DNA-Lipofectamine 2000 reagent complexes to form. This solution was directly
added to each well of the plates containing cells, mixed gently and incubated at 37°C for
4-6 hours. Five milliliters of DMEM supplemented with 10% fetal calf serum were
added to each well and mixed gently. Transfected cells were allowed to recover in
DMEM supplemented with 10% fetal calf serum at 37°C for 48 h before the lysates
were prepared (as described in Section 4.2.5) and analysed by SDS-PAGE and Western

blot.
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For the generation of stable clones, transfected cells were plated on 10 cm? petri
dishes and initially selected by adding 2 {1g/ml puromycin to the culture medium for 1-2
weeks until resistant colonies were formed. Higher expressing clones were selected by
gradually increasing the concentrations of puromycin to 2, 5, 10, 20 and 30 pg/ml and
maintaining for 2-3 weeks. Pooled clones that resisted high concentrations of
puromycin were expanded and analysed. Cell lysates were prepared as described in
Section 4.2.4 and analysed by SDS-PAGE and Western blot analysis to monitor the
expression level.

4.2.4 Protein extraction from 2937 cells for measurement of PC activity

Stable cell lines were grown in DMEM plus 10% fetal calf serum supplemented
with 100 pg/ml of streptomycin, 100 unit/ml of penicillin and 10 pg/ml of puromycin
for 7 days. The cells were washed twice with phosphate buffer and centrifuged at 1300
rpm for 3 min. The cell pellet was suspended in 2 volumes of 0.25 M sucrose, 0.1 mM
EDTA, 0.5 mM PMSF and 1 mM DTT at 4°C, and vortexed with an equal volume of
cold glass beads for 3 X 10 sec with 10 sec cooling intervals in ice. Cell debris was
removed by centrifugation at 13000 X g for 10 min. The supernatant containing PC was
further fractionated by adding 100% saturated ammonium sulphate solution pH 7.0 to a
final concentration of 40% saturation and stirring at 4°C for 30 min, then centrifuged at
13000 x g for 30 min. The precipitate of PC was dissolved in 0.15 ml of 25 mM Hepes
(K") pH 7.2 containing 1.6 M sucrose, 0.1 mM DTT and 0.1 mM EDTA. Protein
content was determined by the Bradford method as described in Section 2.13.3.

The enzymatic activity of pyruvate carboxylase was measured by following the
production of NAD' using the coupling enzyme, malic dehydrogenase, as previously
described in Section 3.2.3 with some modifications. Unrelated oxidation of NADH
activity needed to be accounted for in order to accurately measure the activity of PC.
As streptavidin has a very high affinity for biotin, it is a potent and highly specific
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inhibitor of biotin dependent carboxylases. It has been shown that the enzyme-avidin
complex was relatively unstable and undergoes an irreversible loss of activity at a rate
which was 5 times the rate of avidin dissociation (Duggleby et al., 1982).

In order to correct for the NADH oxidation of the partially purified enzyme
preparation, PC in the assay solution (Section 3.2.3) was incubated with 4 ug of
streptavidin at 37°C for 5 min before the addition of 0.1 mM acetyl-CoA for the
background control. Thus biotin dependent carboxylases in the lysates were bound to
streptavidin and inactivated and residual NADH oxidation measured directly. The
reaction assays were performed under the same conditions in the absence of the
streptavidin and the reaction was performed for 10 min. To calculate the net activity of
the expressed hPC, the background activity of untransfected 293T cells was subtracted

from the observed activity.
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4.3 RESULTS
4.3.1 Immunoblot of yPC; against mAb6

As the results from Chapter 3 showed, mAb6 bound to PC from sheep, chicken
and rat. This epitope on hPC was defined by deletion mapping as the sequence
%81 KDLPRV?". Based on sequence alignment among PCs from human, yeast, chicken,
mouse and rat, this epitope is highly conserved among higher eukaryotes but not yeast
(Figure 4.1). This suggests that mAb6 should not react with yPC,. To test this
possibility, the binding of mAb6 to yPC, was assayed by Western blot. The cell lysate
of yPC, expressed from yeast (strain W303) bearing plasmid pVT100-PYC; with myc
tag (constructed by S. litrapakdee) was prepared (Section 2.14.2) followed by
SDS-PAGE. The blot was probed with mAb6 (dilution 1:1000) and avidin-alkaline
phosphatase (dilution 1: 20,000). The expression of yPC, was seen on SDS-PAGE gel
at the similar molecular weight of partially purified hPC (=116 Kda ) [Figure 4.2a]. The
heavily overexpressed yPC, myc did not cross-react with mAb6 as evidenced by the
similar result to the negative control, untransfected yeast strain W303, with the only
positive band being seen with hPC (Figure 4.2b). The expression of yPC, was
confirmed on the avidin blot (Figure 4.2c) and also an endogenous PC band was found
in yeast W303.
4.3.2 A choice of amino acids substitution of six mutants of pET-hPC encoding residues
961-1178

As we have shown that mADb6 reacted positively with PC from human, sheep, rat
and chicken but not from yeast, the amino acid sequences of these proteins for the
region corresponding to and flanking residues 968-974 of hPC were compared in Figure
4.1. Whereas there was a complete conservation of the sequence LKDLPRYV for the
epitope of mAb6 (underlined in Figure 4.1) among PC of vertebrate species, only two of

these residues are present in yPC; indicated as blue colour in Figure 4.1 (Leu”®® and
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muPC %' EPFRSKVLKDLPR- IEGRPGASLPPLN %8¢

ratPC °%' EPFRSKVLKDLPR- IEGRPGASLPPLN *%

Figure 4.1 Sequence alignment between hPC, yPC,, ¢PC, muPC,
and rat PC in the region of the mAb6 epitope. Sequence alignment of
amino acids 961-986 of hPC in the N-terminal of biotin carboxyl carrier
domain of hPC is indicated. The region to which the mAb6 epitope
localised is shown in red and underlined. The individual residues within
the hPC epitope LKDLPRV were systematically replaced with alanine
by site directed mutagenesis (circled). The residues, Leu®>® and Arg®*
of yPC, are conserved in this region, and are indicated in blue.
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Figure 4.2 Immunoblot analysis of yeast strain W303, yPC,with
myC tag and hPC with mAb6. The lysate of yeast (W303) and yPC,
with myc tag was performed as described in Section 2.14.2. The cell
lysate was prepared and analysed on SDS-PAGE. The expression of
proteins was stained with Coomassie brilliant blue (a) and probed with
mADG, dilution 1:1000 (b) and avidin alkaline phosphatase (c).
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Arg’” of hPC corresponding to Leu”®” and Arg”**

of yPC,). Therefore, the five residues
that differed within this epitope (residues 968-974) were selected for mutagenesis
(circled in Figure 4.1). These five residues, Lys’®, Asp’™, Len’”!, Pro’™ and val’™,

but not Leu’® or Arg’”

in the LKDLPRYV epitope, were replaced by alanine. This
resulted in five mutants, K969A, D970A, LI71A, P972A and V974A. However, Glu’”
positioned next to this epitope and thus likely to have an effect on the structural and
functional relations was also replaced with alanine. To test the effect of this
neighbouring amino acid on this epitope, E975A was also generated. Thus six mutants
were generated as thioredoxin fusion proteins encoding amino acids 961-1178 of hPC
and were characterised as described below.
4.3.3 Characterisation of six mutants of pET- hPC encoding residues 961-1178

The six mutations encoding K969A, D970A, L971A, P972A, V974A and
E975A were constructed by site directed mutagenesis and confirmed by DNA
sequencing (Figure 4.3). All mutants were expressed as fusion proteins with
thioredoxin in E. coli BL21 as described in Section 3.2.7 except the temperature for
incubation of overnight culture and induction was 30°C to avoid aggregation or
incorrect folding of the proteins. The cell lysates from bacteria bearing the expression
plasmids were harvested, subjected to SDS-PAGE (Section 2.13.1) and assayed by
Western blot with mAb6 (dilution 1:1000).

As shown in Figure 4.4, all mutants were expressed at a similar level (Figure
4.4a). Five mutants, K969A, L971A, P972A, V974A and E975A were bound by mAb6
to a similar extent (Figure 4.4b). In contrast, the binding of mAb6 to mutant D970A

was completely abolished, suggesting that Asp”” is critical to the binding of mAb6 in

terms of the fusion protein fragment.
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Figure 4.3 Mutant sequencing results. Residues, K969, D970,
L971, P972, V974 and E975 were changed to alanine within the hPC
sequence LKDLPRVE by site directed mutagenesis as described in
Section 4.2.1. Sequencing was performed as described in Section
2.11.7.
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Figure 4.4 Immunoblot analysis of six mutants expressing 217
residues fragments of hPC. Six mutants containing pET-hPC
encoding cDNA of 217 residues of hPC were expressed as fusion
proteins with thioredoxin in E. coli BL21. The whole cell lysates were
separated by SDS-PAGE and stained with Coomassie brilliant blue (a)
and assayed with mAb6 (1:1000) by Western blot analysis (b). M =
Wide Range Protein Standard Marker (Mark12, Novex).
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4.3.4 Construction of mutated pBlue scriptll ks(+) ( mpBlue)

Since mAb6 binding to hPC inhibited enzymatic activity the residues
representing this epitope (LKDLPRYV) in particular Asp’” might be important for the
activity of the enzyme. To investigate the importance of the amino acids chosen for
mutation for enzymatic activity, the six alanine substitution mutants were reconstructed
as full-length hPC and expressed in a mammalian system. However, due to the
presence of a Xmnl restriction site in the cloning vector pBluescript II ks(+), it was not
possible to excise a single insert containing the designed mutation by digesting with
Xmnl (at 5'-end) and Notl (at 3’-end). Therefore, the Xmnl site was abolished using
site-directed mutagenesis to silently alter the codon for glutamic acid 62 in the
ampicillin resistance gene to generate mpBlue (Section 4.2.1). This allowed the Xmnl
site in the hPC gene to be used in subsequent cloning steps (Figure 4.5). This silent
mutation was made by the Quickchange method (Stratagene) using complementary
primers (forward and reverse MpBlue) given in Section 2.3.2. The mutagenesis
reaction was carried out as previously described in Section 4.2.1. This new plasmid,
containing one base substitution (A186—G position in the ampicillin resistance gene)
was confirmed by restriction digestion with Xmnl and BamHI. Only one fragment was
digested from the BamHI site to make the linearised plasmid for the positive clone. For
the negative clone, the two fragments were produced from the Xmnl and BamHI sites.
4.3.5 Construction of 6His-wt and mutant pEF- hPC (6His pEF-hPC)

The mutant plasmid (mpBlue) was generated to abolish an Xmnl site, which is
unique in hPC sequence (Section 4.3.4). This plasmid is useful for the next step of
cloning of full-length hPC. In order to construct the plasmid containing the cDNA of
mutant full-length hPC with a histidine tag, the protocol was carried out as follows.
Briefly, the full-length hPC fragment from pEF-PC (Jitrapakdee et al., 1999) was cloned

into mpBlue vector at the BamHI and Notl sites. This resulting construct was
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Figure 4.5 The mutated pBluescript II ks(+), mpBlue plasmid.
The Xmnl site was abolished using site-directed mutagenesis to silently
alter the codon for glutamic acid 62 as shown in green shade in the
ampicillin resistance gene resulting in mpBlue plasmid (Section 4.3.3).
This plasmid is used in subsequent cloning step for construction of full
length hPC.
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designated mpBlue-hPC and then digested with Xmnl and Nofl. The Xmnl-Notl
fragment containing one point mutation (K969A, D970A, L971A, P972A, V974A or
E975A) from mutant pET-hPC encoding amino acids 961-1178 of hPC fragment
(pET-hPC 217) was ligated into pBluescript-hPC at the Xmnl and Notl sites. This
yielded mpBlue-mutant hPC plasmid, which contained full-length mutant hPC. This
full-length mutant hPC was excised by digestion with BamHI and NotI and then cloned
into digested pET-32a (+) at the BamHI and Nofl sites to create mutant pET-hPC
plasmids containing full-length mutant hPC (pET-hPC MF). Due to two BamHI sites in
6His-wt pEF-PC (constructed by Jitrapakdee) three fragments ligation were used to
clone full-length mutant hPC into mammalian expression vector. The next step, adding
a 6histidine tag was carried out by digestion of pET-hPC MF with Bs¢EIl and X#ol and
6His-wt pEF-PC with BstEIl and EcoRI. These two fragments were then ligated into
Xhol and EcoRI site of 6His-wt pEF-PC yielding full-length 6His-tagged pEF-hPC
mutant, 6His-mutant pEF-hPC (Figure 4.6). These plasmids (Figure 4.7) were
subsequently transfected into mammalian cells, 293T for transient and stable
transfection, as described in Section 4.2.2.
4.3.6 Characterisation of mutant full-length hPC expressed in mammalian cells

The six single point mutations representing the mAb6 epitope were transferred
into 6His-tagged full-length hPC and transfected into the 293T cell line (Section 4.2.3).
Stable clones producing the full-length hPC mutants, K969A, D970A, L971A, P972A,
VO974A and E975A were obtained. Protein extracts from the six stable cell lines were
prepared and analysed for activities (Section 4.2.4).

The level of hPC expression at different concentrations of puromycin was

determined by Western blot in order to obtain stable clones producing the highest level
of protein. Since hPC and puromycin resistance proteins are co-transcribed on the same

mRNA, clones that are able to grow in high concentrations of puromycin should also
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Figure 4.6 Construction of a plasmid for expression of 6 histidine
tagged full-length mutant hPC (6His mutant pEF-hPC). The
strategy for constructing a plasmid for expression of 6His mutant pEF-
hPC was described in Section 4.3.5. These 6His wild type and mutant
pEF-hPC plasmids were transfected into mammalian cells and the
expressed proteins were analysed.
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Figure 4.7 The 6His-mutant pEF-hPC plasmid containing
mutant full-length hPC with G6histidine.  This plasmid was
constructed (Section 4.3.4) and subsequently transfected into
mammalian cell, 293T for transient and stable transfection (Section
4.2.2). IRES, internal ribosome entry site; Puro, puromycin acetyl
transferase gene; SV40 poly(A), SV40 polyadenylation signal; Amp,
ampicillin resistance gene; pEF-lo, human polypeptide elongation
factor 1o promoter; IVS, synthetic intron that enhances stability of the
mRNA.
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express high levels of hPC. Cells selected are those that become resistant to
increasingly higher concentrations of puromycin because the heterologous DNA has
integrated into chromosomal positions that are efficiently expressed and amplified.
After several rounds of increasing puromycin selection, the final cell line obtained is
usually composed of cells derived from one or a few transformants. Therefore pools of
stable clones expressing each mutant were obtained from the resistant clones, which
allowed any colonies that express a higher level of PAC to be expanded while any
colonies that poorly expressed the puromycin resistance gene will die off.

Six constructs of mutant pEF-hPC were transfected as described in Section
4.2.3. After transfection they were transferred into Petri dishes and transfectants were
initially selected by adding 1 pg/ml of puromycin in the culture media. After being
cultured in this media for 3 weeks, more than 50% of cells had died off, and resistant
colonies had started to form. A polyclonal pool of cells was used to select highly
expressing clones by increasing the concentration of puromycin to10 pg/ml for 1 week,
then subsequently to 20 and 30 pg/ml at weekly intervals. To test the expression of hPC
from each stable pooled clone, the partially purified enzyme was prepared and analysed
by Western blot, and the enzymatic activity was assayed as described in Section 4.2.4.

As shown in Figure 4.8, the expression levels of K969A and E975A were not
higher enough to be seen clearly on a Coomassie stained gel (Figure 4.8a) but was
detected on an avidin blot (Figure 4.8b). However, from this blot, the expression level
of hPC of E975A mutant was similar at 10, 20 and 30 ug/ml of puromycin.
Interestingly, the expression of enzyme from K969A at 30 pug/ml of puromycin was
markedly decreased when compared to clones grown in 10 and 20 pg/ml of puromycin
(Figure 4.8b). The activity of the K969A enzymes from both clones, at 20 and 30 pug/ml
of puromycin was negligible (Figure 4.9). In contrast, the specific activities of enzymes
from E975A were found to be not significantly different (Figure 4.9). Therefore, the
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Figure 4.8 Expression of two mutants, K969A and E975A in 293T
at different concentrations of puromycin. The stable clones were
grown in media containing either 10, 20 or 30 pg/ml of puromycin and
the cell lysates were prepared and analysed by Western blot. PC was
stained on Coomassie brilliant blue gel (a) and detected on an avidin
alkaline phosphatase blot (b). The amount of PC band was quantitated
on an avidin blot compared to the known amounts of purified cPC. M=
Prestained Protein Marker, broad range (New England Biolab).
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stable clones of all of six mutants and the wild type control were cultured and prepared
for the activity assay at a puromycin concentration of 10 pg/ml.

As observed in the stably transfected 293T cell lines, the expression level of
wild type full-length hPC 6His-tagged and the other mutants was not sufficient to see
clearly on a Coomassie stained gel (Figure 4.10a). However, as judged by Western blot
analysis using avidin alkaline phosphatase detection, expression levels were similar for
all PCs (Figure 4.10b). As shown in Figure 4.10c and quantitated in Figure 4.11, no
significant differences in binding of mAb6 to four of the mutants, K969A, LI71A,
V974A and E975A, were seen as compared to histidine-tagged wild type. This
demonstrates that antibody binding to these mutants in terms of full-length enzyme was
unchanged, indicating that any structural effects of the mutations did not alter the ability
of mADb6 to bind. Only the binding of mutant D970A by mAb6 was completely
abolished, whereas the binding of mutant P972A mutant was reduced to 34% of
histidine-tagged wild type hPC (Figure 4.11). This indicates that the binding of
antibody mAb6 to mutant D970A was significantly reduced in terms of both the full-
length enzyme and the thioredoxin fusion protein fragment. For mutant P972A the
binding of antibody to full-length enzyme was partially reduced, but binding to the
fusion protein fragment (amino acids 961-1178) containing the P972A single point
mutation was only slightly affected (Figure 4.4).

PC activity assays were performed with partially purified protein (Section
4.2.5) from these seven cell lines grown at 10 ug/ml of puromycin. A histidine tag on
the enzyme was found not to affect the activity of enzyme (Figure 4.12), as it has been
shown that the specific activity of recombinant hPC with no histidine tag expressed
from 293T cell line was 20 U/mg protein (Jitrapakdee et al., 1999). Interestingly, the
mutations did not significantly affect the specific activities of PCs for any mutants

except D970A, where the specific activity was decreased to 11.5 U/mg (Figure 4.12).
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Figure 4.9 Specific activity of full-length 6His mutants of pEF
hPC expressed in 293T cells. Two mutants containing 6His pEF-hPC
encoding full-length hPC cDNA were expressed and lysates prepared for
determination of the enzymatic activity. The given values are the mean
of the measurement + standard deviation (SD). Enzyme units (U/mg of
PC) were determined in triplicate on partially purified enzyme
preparations made from mutants grown in 293T at puromycin
concentrations of 10, 20 and 30 pg/ml. PC activity was measured by
spectrophotometry and the background of endogenous PC, determined
by adding streptavidin under the same conditions, was subtracted.
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Figure 4.10 Expression of wild type and six full-length epitope
mutants of hPC in 293T cells. The stable clones were grown in
media containing 10 pg/ml of puromycin and the cell lysates were
prepared and analysed by Western blot. SDS-PAGE was performed
and stained with Coomassie brilliant blue gel (a). The blots were
reacted with avidin alkaline phosphatase (b) and mAb6 dilution
1:1000, conc.1 pg/ml (c). The PC band was quantitated on an avidin
blot compared to the known amounts of purified cPC. M = Wide
Range Protein Standard Marker (Markl12, Novex) for Coomassie
stained gel and Prestained Protein Marker (New England Biolab)for
the blots.
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Figure 4.11 Binding of mAb6 to the six epitope mutants
compared to wild type and 293Tcells. Six mutants and full-length
hPC cDNA were expressed as 6histidine tagged proteins and lysates
prepared for the binding with mAb6 at a concentration of 1pg/ml
(dilution 1:1000). The results are quantitated data of the antibody blots
from Figure 4.10 and shown as the mean of the measurement +
standard deviation (SD). The percent relative bindings compared with
wild type were determined in triplicate of the lysates prepared from
mutants, wild type or 293T.
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This result suggests that the enzymatic activities of five mutants (K969A, L971A,
P972A, V974A and E975A) were unchanged and the structural integrity of the enzymes

was maintained in these mutants.

94



mg)

specific activity (U/

(94
o
i

- N N
o O ©O O o o»
1 1 i 3 1 i

Figure 4.12 Specific activity of 6His wt and epitope mutant full
length hPC in 293T. Wild type and six mutant full-length hPC cDNA
were expressed as 6Ohistidine tagged proteins and lysates prepared for
determination of enzymatic activity. The given values are the mean of
the measurement + standard deviation (SD). Enzyme units (U/mg of
PC) were determined in triplicate on partially purified enzyme made
from either wild type or mutant grown in 293T. PC activity was
measured by spectrophotometry and the background of endogenous
PC, determined by adding streptavidin under the same conditions was
subtracted (4.2.4). Protein quantitation was determined from an
avidin-alkaline phosphatase blot (4.2.5).
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4.4 DISCUSSION

The minimal epitope of mAb6 was defined in Chapter 3 as a linear epitope of
seven amino acids, LKDLPRV (residues 968-974). In the presence of mAb6, the
activity of hPC was inhibited by 91% when compared to that of hPC in the absence of
mAb6. To test whether the residues critical for antibody binding would also influence
acetyl-CoA dependent activity of hPC, we introduced the alanine mutations into a
fragment of hPC encoding residues 961-1178 and expressed these as both thioredoxin
fusion proteins in E. coli and full-length hPC in a mammalian cell line. The use of
293T cells to produce human PC might have some advantages over heterologous
expression system such as E. coli, since the 293T cells were derived from human
kidney, a cell type in which PC is expressed naturally. Thus 293T cells can provide the
folding machinery required to process recombinant PC into its native form.

For the expression of full-length mutant hPC, K969A at 10, 20 and 30 pug/ml
puromycin, expression at 20 and 30 pg/ml yielded a lower detectable level of hPC
protein and no activity for hPC. The frequent loss of protein expression may be a
consequence of the unlinked expression of the selection marker and the gene of interest
since the selective pressure is only exerted on the drug resistance marker (Mielke et al.,
2000). In addition, high but mostly unphysiological concentrations of the desired
protein can often-even lead to a counter selection against stable cell clones (Mielke et
al., 2000). A number of reports describe the development of bicistronic expression
vectors containing drug-selectable genes under the control of an IRES element that
allow the efficient creation of stably expressing cell lines (Aran et al., 1994; Gurtu et
al., 1996; Hobbs et al., 1998; Rees et al., 1996). In addition, expression of the protein
of interest can be maintained over a period of time by maintaining transfected cells in
media containing an antibiotic as both proteins are simultaneously produced from the

same mRNA (Hobbs et al., 1998). However, in this experiment one cell line (K969A)
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grown in 30 pg/ml puromycin, did not yield any detectable amounts of hPC. The loss
of enzyme production might be caused by altered methylation or chromosomal
instability of the transfected DNA. It has been previously reported that a high copy
number of a transgene in one clone can be heavily methylated, whereas the low copy
clones did not show any methylation of the tested promoter site (Mielke et al., 2000).

As the identical epitope is not present in the yeast PC sequence and mAb6 does
not bind to yeast PC, we used site-directed mutagenesis to change to alanine six
residues within the binding site of mAb6 that are different from the sequence of yPC,.
Alanine was used as a substitute because it is uncharged and has the smallest side chain,
except glycine, which is not preferred because it can alter the main chain conformation
of the protein (Kim et al., 2000). Only one of six mutants, D970A, expressed both as a
fusion protein fragment in E. coli and as full-length hPC in mammalian cell line showed
a similar effect of complete loss of binding to mAb6. This suggests that the negatively
charged side chain of Asp’” plays an important role in binding with the antibody.
Since the binding sites of antibody molecules recognize patches at the surface of
antigens that are complementary to them in shape and chemical properties, disruption of
the epitope site can lead to loss of antibody binding (Novotny et al., 1987). It could be
proposed that the charged residue modified in D970A mutant must be required for
maintaining the structural integrity for this epitope. Curiously, replacement of the other
residues within this epitope, Lys’®, Leu””, val’™ and Glu’” does not seem to impair
functionality of the hPC epitope in binding with mAb6 nor did it affect the catalytic
activity, indicating that the proper three dimensional conformation of this epitope is of
little importance for correct folding. Only the P972A mutant when expressed as the
full-length protein in mammalian cells, caused a reduction of binding with mAb6 to
34%, when compared to that of wild type hPC (Figure 4.11). However, the catalytic

activity of this mutant is similar to 6histidine tagged wild type PC (20 U/mg). This
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suggests that the epitope in the P972A mutant was less accessible on assembled enzyme
and the change from proline to alanine in the assembled enzyme was not disruptive to a
protein structure but caused minor disruption to the immunoreactivity of mAb6 with the
full-length protein but not with the fusion protein fragment. However, this does not
affect enzymatic activity. A mechanism known to regulate epitope immunoreactivity is
an interaction between proteins that prevent exposure of the epitope (Eto et al., 2000).
The structural integrity of the alanine mutants used to delineate the functional
epitope was subsequently assessed by measuring the specific activity in terms of
acetylCoA-dependent activity of hPC per amount of expressed PC. The specific
activities of five alanine mutants, K969A, 1L.971A, P972A, V974A and E975A were
essentially unchanged indicating the structural integrity of PC is maintained in these
mutants or that the mutations do not result in gross structural perturbations within hPC.
These five mutants displayed the catalytic activities that were nearly identical with the
wild type enzyme and thus it appears that residues, Lys’®, Leu””!, Pro’’?, Val’™* and
Glu’are not important either for protein structure or catalytic activity of hPC. In
contrast the replacement of the aspartic acid at position 970 with alanine resulted in a
mutant that had completely lost its ability to bind mAb6. In addition, the
acetylCoA-dependent activity was significantly reduced to 50% indicating Asp ",
which is likely to exposed on the surface of the enzyme, may be involved in significant
side-chain interactions of the enzyme and possibly minor movement of the backbone
conformation (Getzoff et al., 1988). Thus, the substitution of Asp’’° to alanine might
have caused a local conformational disruption in the structure of the enzyme and the
activity was reduced. Further characterisation of purified D970A mutant with more
kinetic analyses may yield more information on the effect of Asp’”° on the catalytic

reaction mechanism of PC.

97



Mutation of the Epitope of Monoclonal Antibody 6

The presence of oxaloacetate increased the % inhibition of acetylCoA-dependent
activity of sheep PC (Carey, 1988) and human PC (Chapter 3) by mAb6. Together with
the location of this epitope between the transcarboxylation and biotin carboxyl carrier
domains (Chapter 3) suggests that this epitope might be involved in mobility of the
biotin carboxyl carrier domain of PC as the biotinoyl and lipoyl domains of E. coli ACC
and PDH. Both domains are thought to act as swinging arms that convey covalently
bound intermediates between active sites of a multienzyme complex (Perham, 2000). It
was shown that BCCP function is not dependent on the length of the linker region.
Although a defined overall length was not important, deletions of some linker segments
resulted in acute losses of function (Cronan, 2002). This supports our proposal that the
mADb6’s epitope is likely to be some part of the proline rich segment close to the biotin
carboxyl carrier domain of PC and involved in movement of this domain in PC
catalysis. Further work will be required to test this hypothesis. The seven amino acids
(LKDLPRYV) of this epitope (residues 968-974) upstream sequences of the biotin
carboxyl carrier domain might be deleted and then expressed as full-length hPC. The
acetylCoA-dependent activity of hPC might be affected by deleting this segment as did
the mAb6 have an inhibitory effect on hPC (Chapter 3).

Finally, with the results from chapter 3 and 4, it was concluded that the linear
epitope, LKDLPRV (residues 968-974) is recognized by mAb6. This inhibitory
antibody has an effect on the acetylCoA-dependent activity of hPC. The mAb6’s
epitope is localized in the proline rich region (residues 951-1000) between the
transcarboxylation domain and the biotin carboxyl carrier domain, and might be near
the inter-subunit junction of assembled hPC (Carey, 1988). Together with data obtained
through mutational analysis for these mutants representing this epitope, Asp’° changed
to alanine reduced the activity to 50% compared to wild type. This proposal will need

more data from kinetic analysis of this mutant and the three-dimensional structure of the
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molecule to understand the mechanism of the specific residue involved in catalytic
reaction. Alternative study of this epitope associated with mobility of the biotin
carboxyl carrier domain might be further investigated by construction of hPC mutant by
deletion of this epitope and tested for the activity of hPC. Since pyruvate carboxylase
shares many catalytic and structural features with other biotin dependent enzymes,
clucidation of the mechanism of this enzyme will also be of great help in understanding

how these other enzymes function (Attwood, 1995).
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CHAPTER 5

5.1 INTRODUCTION

A number of monoclonal antibodies raised against sheep PC have been partially
characterised in this laboratory (Carey, 1988) providing powerful probes for studying
the structure-function relationships of PC. For example, the effect of mAb12 on the
acetyl-CoA activity of sheep PC (sPC) demonstrated that mAbl2 was able to
completely inhibit the activity of sPC, whether it be acetylCoA-dependent or
independent. This indicates that the epitope of mAb12 would not be at or close to the
acetyl-CoA binding site and that the binding of acetyl-CoA to sPC does not alter or
induce a conformational change in PC which affects the binding of mAbl12 in its
inhibition of the activity of PC (Carey, 1988). In Chapter 3 it was shown that mAb12
and 42 were also able to inhibit the acetylCoA-dependent activity of hPC. The epitopes
of mAb12 and 42 were revealed as discontinuous epitopes contained within the minimal
C-terminal 80 residues of the biotin carboxyl carrier domain (BCC) of hPC (Chapter 3).

Several methods for mapping epitopes have been developed. For a linear
epitope, a series of short synthetic peptides that encompass the protein sequence can be
tested for mAb binding. However, the identification of a conformational epitope may
require additional mutagenesis experiments to identify critical residues (Frillingos et al.,
1997; Jin et al., 1992). Biophysical methods such as X-ray crystallography or NMR
spectroscopy can also be used to map a mAb epitope. X-ray crystallography has
provided detailed models for a number of mAb-protein complexes (Davies & Cohen,
1996). However, the success of this method is limited by the availability of suitable
crystals for structural analysis. NMR has also been used to identify antibody binding
surface but the technique is restricted to proteins of a modest molecular mass.

For the structure of biotin carboxyl carrier domain, the recent NMR

determination of the three-dimensional structure of the entire 1.3 S subunit of
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Propionibacterium shermanii transcarboxylase, showed that the C-terminal half of this
subunit is folded into a compact domain (Reddy et al., 1998). This fold is homologous
to that determined by X ray analysis of the carboxyl carrier protein of E. coli ACC
(Athappilly & Hendrickson, 1995; Roberts et al., 1999), and to the lipoyl domains, to
which this domain exhibits 26-30 % sequence similarity (Reddy et al., 1998). As yet
the three-dimensional structures of the biotin carboxyl carrier (BCC) domains of yeast
PC and human PC have not been determined. Only the predicted structure of the BCC
domain of yeast PC (yPC;104) has been described based on the structures of holo- and
apo-BCCP of E. coli ACC and of the lipoyl domain of pyruvate dehydrogenase (Polyak
et al.,2001).

Mutational analysis is a powerful method to focus on specific residues that
might be critical for mAb binding (Moore ef al., 1994). Mutations in either antibody or
antigen can be used to analyse the contributions of individual residues to the formation
of the complex. There have been several such studies where the binding effects have
been correlated with the known three-dimensional structure (Davies & Cohen, 1996).
The power of mutational analysis has been revealed in a comparison of the structural
and functional epitopes of the human growth hormone (hGH) receptor system by a
systematic analysis of the residues interacting with hGH by replacing each residue in
turn with alanine. Only one quarter of the buried side chains could account for most of
the binding energy (Cunningham & Wells, 1993; Wells, 1996).

In this chapter a competition binding assay was carried out with europium
labelled antibody to determine the inhibitory effect of one antibody to inhibit the
binding capability of another antibody, and thus to determine whether both antibodies
bind to distinct sites on a protein antigen. If there is a competitive effect, it is possible
that these two antibodies recognise identical or sterically overlapping epitopes. In

contrast, if the two antibodies do not interfere with each other’s binding and can both
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bind simultaneously to the antigen, then the antibodies must recognise discrete epitopes.
The epitopes for mAb12 and 42 on the C-terminal 107 residues of biotin carboxyl
carrier domain (BCC) of hPC was also investigated using site-directed mutagenesis to
demonstrate the effect of critical residues on the binding of mAb12 and 42, and to

analyse their effects on biotinylation.
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5.2 SPECIFIC METHODS
5.2.1 The fragmentation of IgG to Fab using papain

Papain digestion of IgG produces Fab fragments. Pilot experiments were
performed where both the concentration of papain and the time of digestion were varied
to determine the optimal conditions. Purified monoclonal antibody was digested with
papain in the presence of the reducing agent cysteine. The method was performed
according to Raychaudhuri et al (1985) and Lutomski et al. (1995), with some
modifications. The reaction was carried out in a total volume of 2 ml containing 1 ml of
4 mg/ml of purified IgG in PBS and 1 ml of 0.2 mg/ml papain (Boehringer Mannheim
GmbH) in digestion buffer [PBS pH 7.5, 0.02 M cysteine and 0.02 M EDTA (disodium
salt)]. The ratio of papain : antibody was 1:20 (w/w) and the antibody was digested for
7 hours at 37°C. The reaction was stopped by adding iodoacetamide to a final
concentration of 30 mM. The digested antibody was then dialysed into PBS at 4°C
overnight, and the Fab and Fc fragments were separated by protein A-Sepharose
chromatography column (1 ml Hitrap affinity column, Pharmacia Biotech) as described
in Section 2.13.4. The Fab fragment in the flow-through fraction was collected, while
the Fc fragment remained bound to the column. Protein A binds specifically to the Fc
region of immunoglobulin molecules, especially IgG for which it has four high affinity
binding sites.

Purity of the fragments was assessed by 10% native gel as described in Section
2.13.1. The native PAGE gel was carried out and followed by both Coomassie staining
and Western blot. The blot was reacted with goat anti mouse IgG (Fab specific)
alkaline phosphatase at a dilution of 1: 10000 and developed with NBT and BCIP as

described in Section 2.13.2.
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5.2.2 Europium labelling of Fab

For europium labelling, antibody was labelled according to the protocol of
Delfia, Wallac (Turku, Finland). The labelling reagent is the Eu-chelate of Nl
(p-isothiocyanatobenzyl)-diethylenetriamine-N1 N? N® N°-tetraacetic acid (DTTA). The
DTTA group forms a stable complex with Eu’" and the isothiocyanate group reacts with
primary aliphatic amino group on the protein at alkaline pH to form a stable, covalent
thiourea bond (Figure 5.1). Briefly, 0.4 mg of Fab42 in 0.1 M sodium carbonate pH 9.3
was mixed with 50 ug of europium labelling reagent (Delfia, Wallac) at a europium :
antibody ratio of 1:8 (w/w) in a final volume of 250 pl. The reaction was incubated
overnight at 4°C. Separation of the labelled antibody from free Eu’" chelate was
performed by gel filtration on a PD-10 column (Pharmacia). The mixture was applied
directly to the equilibrated column (0.1 M sodium carbonate pH 9.3) and 0.5 ml
fractions were collected with elution buffer (50 mM Tris-HCl pH 7.8 containing 0.9%
NaCl and 0.05% sodium azide). The fractions from the first peak with the highest Eu®*
counts were pooled and characterised. Protein concentrations in the pooled fractions
were calculated from the absorbance at 280 nm.
5.2.3 Competition Europium labeled antibody-binding assay

To determine whether two monoclonal antibodies bind to distinct sites on the
biotin carrier protein domain of hPC, a competition assay was carried out to determine
the capacity of one antibody to inhibit the binding of another antibody. In brief, 0.1 ug
of streptavidin (Sigma, U.S.A.) in 100 ul of 0.1 M borate buffer pH 9.5 was added to
the wells of microtiter plates (Lumitrac 600 white 96 well plate, Griener, Germany) and
incubated for two days at 4°C. The plate was washed three times with TBS-Tween20
(25 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.05% Tween20). A blocking solution
consisting of 1% bovine serum albumin in TBS was added to each well, and the plate

was incubated for 2 hours at 37°C. One microgram of the whole cell lysate of E. coli
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Figure 5.1 Protein labelling with N-(p-isothiocyanatobenzyl)-
diethylene-triamine N!, N2, N3, N3 tetraacetic acid. Fab42 was mixed
with 50 pg of europium labelling reagent in 0.1 M sodium carbonate pH 9.3
at a europium : antibody ratio of 1:8 (w/w). The reaction was incubated
overnight at 4°C. Separation of the labelled antibody from free europium
chelate was performed by gel filtration on a PD10 column.
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containing the biotin carboxyl carrier protein domain of hPC (TB2 107n) [Figure 3.10]
was bound to the streptavidin coated plates for 2 hours at 37°C. After washing with
TBS-0.05% Tween-DTPA (Tris-HCI pH 7.5, 0.05% Tween20, 0.8 ug/ml diethylene
triamine pentaacetic acid) three times, antibody competition was performed in a 100 ul
volume consisting of 50 pl of europium labelled Fab42 (8448 cps/125 ng of Fab42) and
various concentrations of unlabelled Fab42 or 12. Addition of the different
concentrations of unlabelled Fab42 or 12 was made as indicated in the text (Figure 5.3).
The reaction was incubated overnight at 4°C. After washing five times in TBS-0.05%
Tween-DTPA and three times in water, the enhancement sotution (Delfia, Wallac) was
applied. A time resolved fluorimeter (Fluostar, BMG Labtechnologies, Victoria,
Australia) was used for the measurement of europium (Eu’").

Concentrations of streptavidin, biotin domain and europium labelled antibody
were chosen by checkerboard titrations to give a maximum europium count of
approximately 30000 after 2 minutes enhancement. Under these conditions, blank
values obtained with the cell lysate of E. coli containing the fragment encoding amino
acids 1118-1178, TB2 60n (as described in Section 3.2.9) were negligible. Since
mAb12 and 42 were not bound to this fragment, as shown in Chapter 3 (Figure 3.10), it
was used as a background control for this assay.

5.2.4 Construction of mutants of the biotin carboxyl carrier domain of hPC

Site-directed mutagenesis was performed with the Quick-change site-directed
mutagenesis kit as described in Section 4.2.1. Since the mutagenesis efficiency may be
considerably reduced with plasmids greater than 6 kb in length when using the
Quick-change site directed mutagenesis kit, mutagenesis was performed directly on a
2.9 kb pBluescript [pBluescriptll ks(+)] based plasmid. The procedure was as follows.
The plasmid pET-107 encoding 107 residues of the human PC biotin carboxyl carrier

domain (as described in Section 3.2.9) was digested with XAzol and BamHI restriction
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enzymes and the 321 bp fragment of human biotin domain was isolated by agarose gel
electrophoresis and excised. DNA was purified and subcloned into pBlue scriptIl ks(+)
digested with the same restriction enzymes. The resulting plasmid (pBlue-107) was
used as a template for all subsequent mutagenesis.

The Quick-change mutagenesis kit method requires two complementary
oligonucleotide primers. Primers were designed with 10-15 perfectly matching bases
on either side of regions with altered nucleotides so they would anneal correctly to the
template. Codon usage was taken into account when designing the mutated codons.
These codons were compared to E. coli codon usage (Sharp et al., 1988) to ensure that
they were not very rare. The forward primers (M1116AF, K1119AF, S1141AF,
M1143LF, M1143AF, DI1165AF, L1168AF and E1169AF) and reverse primers
(M1116AR, K1119AR, S1141AR, M1143LR, M1143AR, D1165AR, L1168AR and
E1169AR) used to introduce these mutations are listed in Section 2.3.3. The reaction
was carried out as described in Section 4.2.1. These constructs were designated as
MI1116A, K1119A, S1141A, M1143L, M1143A, D1165A, L1168A and E1169A. The
321 bp products for mutants, M11116A and M1143A were amplified successfully only
when the primer annealing temperature was decreased from 55°C to 45°C. The PCR
products of the human biotin domain coding region containing all residues to be
mutated were then digested with BamHI / Xhol and ligated into BamHI / Xhol digested
pET32a (+) vector (Novagen). The eight mutants were verified by sequence analysis as
described in Section 2.11.7. A correct, sequenced clone was transformed into E. coli

BL21 for expression and the lysate was assayed for binding by mAb12 and 42.
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5.2.5 The effect of the mutations on the in vivo biotinylation of the biotin carboxyl
carrier domain of hPC

Comparative in vivo biotinylation of mutants of biotin carboxyl carrier domain
of hPC was performed essentially as described previously by Val et al. (1995). Briefly,
the expression of the mutant biotin carboxyl carrier domains (Section 5.2.4) of hPC was
followed as described in Section 3.2.11 except that the cells were grown at 37°C or
30°C and induced with 0.1 mM IPTG. The time course for induction was carried out
for 0.5, 1, 2 and 3 hours at 37°C and 30°C. After harvesting and lysing cells, the cell
lysate was denatured (as described in Section 3.2) and loaded on a 12% tricine gel.
Proteins were transferred onto a nitrocellulose membrane by semi-dry transfer and
probed with avidin alkaline phosphatase as described previously by Chapman-Smith et
al. (1994). Protein expression was visualized by staining with Coomassie brilliant blue.
After scanning the membrane and protein gel, a plot of spot intensities was obtained
with the NIH Image software (Molina et al., 1996). The extent of in vivo biotinylation
was expressed as biotinylated protein divided by the total biotin domain protein, in

arbitary units, for each mutant.
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5.3 RESULTS

In Chapter 3 it was shown that mAbl2 and 42 recognised conformational
epitopes represented by the minimal C-terminal 80 residues of BCC domain of hPC
(TB2 80n). The aim of this chapter is to determine whether these epitopes for two
antibodies are apart or close to each other. Although the minimal fragment was 80
amino acids we chose to use the fragment 107 amino acids. In yeast PC comparison of
the extent of biotinylation of the C-terminal 85 and 104 amino acids of biotin carboxyl
carrier domain suggests that the 19 amino acid N-terminal extension present in yPC;104
produced a 6-fold increase in biotinylation (Val et al., 1995). Therefore, other parts of
the domain may contribute to its stability or efficiency of biotinylation.

5.3.1 Competition assay

A europium competition assay was used to determine whether the two
antibodies that recognize conformational epitopes on BCC of hPC (TB2 107n) bind to
sterically discrete or overlapping sites on this domain. Due to their bivalency, mAb12
and 42 were digested with papain to produce Fab for use in the competition assay. The
removal of Fc part of IgG molecule can be of great importance for reducing steric
hindrance in blocking of the epitopes. The higher affinity mAb42 was labelled with
europium since the sensitivity of the assay depends on the affinity of the labelled
antibody (Nakamura et al., 1992).

The principle of time-resolved fluorescence measurement is as follows. If a
mixture of short-lived and long—lived (lanthanide chelates) fluorescent compounds is
excited with a short pulse of light lasting less than 1 ps, the excited molecules will emit
fluorescence which is either short-lived or long-lived. In both cases, the fluorescence
decay follows an exponential curve, but short-lived fluorescence will dissipate to nearly
zero very quickly. Thus, the long-lived fluorescence signals arising from the lanthanide

chelate can be measured with very high sensitivity under conditions of nearly zero
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background. Eu’" is one of the 4 rare earth metal ions (Sm™, Eu®', Tb** and Dy*") for
which the fluorescence of simple inorganic salts of these ions is relatively weak. The
fluorescence is dramatically enchanced when the metal ion forms a chelate with
appropriate organic ligands. The antibody labelled with a lanthanide metal by the
procedure in Section 5.2.2 is nonfluorescent. Therefore, fluorescence enhancement is
needed, which means that the ligands around the lanthanide must be changed for others
that are able to transmit excitation energy to the chelated cations. Thus, in assays in
which a Eu’" labelled antibody is used, after the immunoreaction is completed, an
enhancement solution is added which (i) has a pH of 3.2 and causes dissociation of Eu®"
from the antibody-chelate complex and (i) contains organic reagent
(2-naphthoyl-trifluoroacetone) which form a highly fluorescent complex with the
lanthanide ion. This complex emits strong fluorescence at 615 nm.

In this assay (Figure 5.2), the biotin carboxyl carrier domain of hPC (TB2 107n)
is bound to the streptavidin coating plate, and then labelled Fab42 was added at a fixed
amount in free solution along with increasing amounts of a challenge Fab. The
europium labelled Fab42 competes with the unlabelled Fab42 or 12 for the epitopes on
the bound of TB2 107n.

Figure 5.3 shows a typical competition assay in which labelled Fab42 was
challenged with either increasing amounts of unlabelled Fab42 or unlabelled Fab12.
Unlabelled Fab42 competed efficiently with labelled Fab42 to bind BCC domain.
When unlabelled Fabl2 was used as the challenge protein, it also competed with
labelled Fab42, showing a competition of around 70% at the highest level. It can be
seen that 75 and 230 ng of unlabelled Fab42 and Fab12 were required to give 50%
competition with labelled Fab42.  Thus, the difference in competition observed
indicates that the mAbs’ epitopes are distinct but close enough to each other to observe

some competition for binding. mAb42 recognised a conformational epitope on the
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Biotin domain

Eu Labelled and
> unlabelled Fab

Figure 5.2 Europium competition assay of biotin carboxyl carrier
domain of hPC. The assay is performed in polystyrene microtiter plates
coated with streptavidin in borate buffer pH9.5. The biotin domain of hPC
(TB2 107n) was bound to the streptavidin coated plates for 2 hours at 37°C.
Addition of the different concentrations of unlabelled Fab42 or 12 was made
as indicated in Figure 5.3. After competition of the unlabelled Fab with the
fixed amount of labelled Fab42, the excess reagents were washed out and
enhancement solution was added. A time resolved fluorimeter was used for
the measurement of europium released from the bound Fab tracer.
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Figure 5.3 Europium competition assay of Fab12 and 42. Streptavidin
was coated directly onto microtiter plates at a concentration of 1 ng/pl to
tether the BCC of hPC expressed in 1pg of whole cell lysate of E. coli
transfected with the plasmid pET-107 (Section 3.2.9). Various
concentrations of unlabelled Fabl2 or 42 (14-1195ng) were added to
compete with the fixed amount (125 ng) of labelled Fab42. The reaction was
incubated overnight at 4°C. The enhancement solution (Delfia, Wallac) was
applied and a time-resolved fluorimeter (Fluostar, BMG Labtechnologies,
Victoria, Australia) was used for the measurement of europium (Eu**).
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same hPC biotin carboxyl carrier domain with higher affinity than did mAb12. Their
binding sites on this domain may overlap sterically in such a way that both are not able
to bind to the domain at the same time. Further definition of these mAbs’ epitopes was
investigated by mutagenesis studies.

5.3.2 Characterisation of the binding of mAbl2 and 42 with biotin carboxyl carrier
domain (BCC) of yeast PC (yPC; 104) and E. coli acetyl-CoA carboxylase (E. coli
ACC)

5.3.2.1 Characterisation of the binding of mAb12 and 42 with yPC; 104, mutant
yPC; 104 and BCCP of E. coli ACC (E. coli BCCP)

The epitopes of mAb12 and 42 were revealed as discontinuous epitopes which
were confined to the minimal C-terminal 80 amino acids of the human biotin carboxyl
carrier domain. A number of residues within the biotin carboxyl carrier domain of all
known PCs show significant identity with other biotin containing enzymes, ODCa
(oxaloacetate decarboxylase o subunit), PCCo (propionyl-CoA), ACC (acetyl-CoA
carboxylase) and TC (transcarboxylase) suggesting that they fold to a similar structure
(Figure 5.4) (Chapman-Smith & Cronan, 1999b). This indicates that these epitopes
might be present in some of the other biotin containing enzymes. To investigate this,
the biotin carboxyl carrier domains of yeast PC, (yPC;104) and yeast PC, (yPC,87)
[constructed by Val et al, 1995] were expressed and analysed by SDS-PAGE and
Western blot. The SDS-PAGE analysis indicated successful production of the
C-terminal 104 residues of yPC; and C-terminal 87 residues of yPC, as shown by
protein bands of around 11 kDa, after induction with IPTG (Chapman-Smith et al.,
1994)[Figure 5.5a]. The antibody blots demonstrated that both antibodies (mAb12 and
42) cross-reacted with yPC1104 and yPC,87 (Figure 5.5b and c). Since TB2 was
recognised by mAb12 and 42, but TB1 was not (Chapter 3), these fragments were used

as positive and negative controls respectively in this assay.
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Figure 5.4 Multiple sequence alignment of biotin carboxyl carrier domain (BCC) of PC with other biotin
dependent enzymes. Sequence alignment showing the amino acid sequence from biotin carboxyl carrier domain for the
following enzymes: PC Homo sapiens (Human), PC Aedes aegypti, PC Aspergillus terreus, PC1 Saccharomyces cerevisiae
(yeast), PC Rhizobium etli, PC Bacillus subtilis, PC Methanobacterium thermoautotrophicum, Transcarboxylase (TC) of
Propionibacterium shermanii, oxaloacetate decarboxylase o subunit (ODC) of Klebsiella pneumoniae, Propionyl-CoA (o
PCC) of human, Acetyl-CoA carboxylase (ACC) of human, yeast and E. coli. The highly conserved residues are indicated
by violet shading. The biotinylated lysine residue is red colour and italic. The B strands (arrows) observed in the crystal
structure of BCC domain of E. coli ACC and in the NMR structure of 1.3S subunit of TC P. shermanii are shown. Adapted

from Jitrapakdee & Wallace (1999).
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Figure 5.5 Immunoblot analysis of the BCC of yeast PC with mAb12
and 42. Yeast PC (yPC,104 and yPC,87) was constructed and expressed in
E. coli BL21 (Section 5.3.2). The cell lysates were prepared and analysed
by SDS PAGE followed by Western blot. (a) The expression of proteins
were shown on Coomassie staining gel. The blots were reacted with mAb12
dilution 1:2500 (b) and mAb42 dilution 1:5000 (c).
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The biotin carboxyl carrier domain of yeast (yPC;104) cross-reacted with both
mAb12 and 42 indicating that this domain contains similar part of epitopes as human
BCC domain. In order to define the discontinuous epitopes of these antibodies, several
mutants of yPC;104 as well as purified holo (biotinylated) and apo (unbiotinylated)
BCCP-87 of E. coli ACC (Chapman-Smith et al., 1994) were analysed for the binding
of antibody 12 and 42. Polyak et al. (2001) generated fifteen mutants of yPC;104
(A1081P, S1162P, H1102R, S1141P, H1117R, M1107T, V1166A, D1099V, V1116A,
R1083G, V1148A, M1134V, M1134T, K1135L and F1152I) for their interaction with
biotin protein ligase by screening a library of randomly mutated polypeptides using
phage display coupled with an in vivo selection in E. coli. Two classes of mutations to
the BCC domain of yeast PC were isolated. The first class contained two distinct,
conservative substitutions of the Met residue immediately at the N-terminal of the target
Lys (M1134V, M1134T and K1135L). The second class, which were temperature
sensitive mapped to residues some distance from the target lysine (Polyak ef al., 2001).
Therefore these 15 mutants of yPC;104 were expressed in E. coli and the cell lysates
were prepared (Section 3.2.11) for screening their binding to mAb12 and 42. These
proteins were analysed by SDS-PAGE followed by Western blot (Section 2.13.2).

Figure 5.6 shows the binding of 11 mutants of the biotin carrier domain of
yPC;104 (A1081P, S1162P, H1102R, S1141P, H1117R, M1107T, V1166A, D1099V,
V1116A, R1083G and V1148A) to antibody 12. The protein pattern of all mutants and
Western blot analysis using mAb12 are shown in Figure 5.6. These mutants were all
detected by Coomassie staining gel (Figure 5.6a, ¢) and were recognised by antibody 12
(Figure 5.6b, d). Only the holo form of E. coli BCCP-87 showed a positive result with
this antibody. This result was similar to the results for yPC,104. The purified apo form
of yPC 104 did not react with mAb12 while the holo form in the lysate of wild type

yPC 104 was positive (Figure 5.6b, d). Nevertheless, the addition of free biotin (77 or
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Figure 5.6 Immunoblot analysis of mutants of yPC,104 and wt BCCP
of E. coli ACC with mAb12. The mutants of yPC,104 and wt BCCP of E.
coli ACC (as described in Section 5.3.2) were prepared and analysed by
SDS-PAGE followed by Western blot. (a, ¢) The expressed proteins were
shown on Coomassie staining gel. The blots were reacted with mAb12
dilution 1:2500 and probed with goat anti-mouse conjugated to alkaline
phosphatase (b, d). M= protein marker
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385 uM) did not inhibit the binding of any of the mAbs to PC (Carey, 1988) (Table 1.5
in Appendix). This indicates that the conformational epitope of mAb12 is composed of
discontinuous residues which are conserved among biotin carboxyl carrier domain of
human PC, yeast PC and E. coli ACC.

The result of the binding of these mutants and yPC;104 against mAb42 was
similar to those obtained from mAb12 except that neither the holo form nor the apo
form of E. coli BCCP-87 reacted with mAb42 (Figure 5.7c¢ and d). This therefore
indicates that the epitope of mAb42 is different from the epitope of mAbl2. For
mADb42, the residues are conserved only between human PC and yeast PC but not E.
coli ACC. All eleven mutants of yPC;104 do not affect the binding of mAb12 or 42,
indicating these residues are not likely to be involved to any significant extent in the
epitopes of BCC domain of yeast PC.

Positive results for binding assays with mAb12 and 42 were also obtained for
the mutant F1152I indicating that this mutant does not affect these epitopes (data not
shown). All twelve mutations of yPC;104 that do not affect the binding of mAb12 or
42 are shown in Figure 5.12 and the results are summarised in Table 5.1.

It has been shown that the binding of avidin, which binds tightly to the biotin
moiety of sheep PC, reduced the binding of mAb 12 and 42 to the enzyme, indicating
these antibodies bind within the area excluded by avidin (see Figure 1.6 in Appendix I)
(Carey, 1988). Moreover, the binding of anti-biotin antibodies was also shown to
decrease the binding of mAb12 and 42 (Carey, 1988) [Table 1.4 in Appendix]. The
biotinyl-lysine is found in the motif M-K-M, which is highly conserved in all biotin
domains (Chapman-Smith & Cronan, 1999a). These data suggest that the motif
M-K-M might be involved in part of these epitopes. To prove this hypothesis, mutants

of this motif (constructed by Polyak et al. 2001) M1134V, M1134T, K1135L were
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Figure 5.7 Immunoblot analysis of mutants of yPC,104 and wt BCCP
of E. coli ACC with mAb42. The mutants of yPC,104 and wt BCCP of E.
coli ACC (as described in Section 5.3.2) were prepared and analysed by
SDS-PAGE followed by Western blot. (a, ¢) The expressed proteins were
shown on Coomassie staining gel. (b, d) The blots were reacted with
mADb42 dilution 1:5000 and probed with goat anti-mouse conjugated to
alkaline phosphatase. M= protein marker
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expressed and analysed by SDS-PAGE followed by Western blot as described above.
The blots were probed with either mAb12, 42 or avidin-alkaline phosphatase.

The expressed biotin carboxyl carrier domains of wild type yPC;104 and three
mutants (M1134V, M1134T, K1135L) were shown as a band between 6 and 14 kDa on
Coomassie stained gel (Figure 5.8a). The binding of M1134V and M1134T against
mADb12 was slightly positive compared to wild type yPC,104 (Figure 5.8b). In contrast,
K1135L was not bound by mAb12 (Figure 5.8b). Two mutants (M1134V and M1 134T)
were positive albeit somewhat less so than wild type on the avidin blot indicating the
substitution of M1134V and M1134T did not grossly alter the conformation of the
enzyme for the biotinylation (Figure 5.8c). As expected K1135L abolished
biotinylation shown by the negative result on the avidin blot (Figure 5.8¢). This
suggests that the exposed hairpin loop containing residues Met''** and Lys'"®® of the
biotin carboxyl carrier domains of yPC,104 significantly reduced the binding of mAb12
and may contribute to the epitopes recognised by mAbl2. Therefore, Met!'® and
Lys''** of hPC (corresponding to Met'"** and Lys' of yPC;104) might similarly be
involved in the epitope of BCC of hPC, and this was tested as described below.

For the binding against mAb42, the results of the expressed proteins and avidin
blot were similar to those with mAb12 (Figure 5.9a and c) except that (ct. Figure 5.8)
there was no interaction with the endogenous BCCP of the E. coli host of yPC1104 and
the three mutants M1134V, M1134T and K1135L. The substitutions M1 134V,
MI1134T and K1135L completely abolished the binding of mAb42, again indicating a
difference between the epitopes of mAb12 and 42 (Figure 5.9b). This suggests that the
MI134V, M1134T and K1135L substitutions in the biotin carboxyl carrier domains of
yPC,104 significantly affect the binding and the conformation of the epitope of mAb42
on yPC,;104. The homology of the BCC domain between yPC;104 and hPC exhibits

41% sequence similarities (Figure 5.10). Therefore, it is predictable that the BCC of
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Figure 5.8 Immunoblot analysis of three mutants of yPC,104 with
mAb12. The mutants of yPC;104; M1134V, M1134T and K1135L (as
described in Section 5.3.2) were prepared and analysed by SDS-PAGE
followed by Western blot. (a) The expressed proteins were shown on
Coomassie staining gel. The blots were reacted with mAbl2 dilution
1:2500 and probed with goat anti-mouse conjugated to alkaline phosphatase
(b), and avidin-alkaline phosphatase (c).
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Figure 5.9 Immunoblot analysis of three mutants of yPC,104 with
mAb42. The mutants of yPC,104; M1134V, M1134T and K1135L (as
described in Section 5.3.2) were prepared and analysed by SDS-PAGE
followed by Western blot. (a) The expressed proteins were shown on
Coomassie staining gel. The blots were reacted with mAb42 dilution
1:5000 and probed with goat anti-mouse conjugated to alkaline phosphatase
(b), and avidin-alkaline phosphatase (c).
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hPC would fold to a similar structure as yPC;104. Thus, these residues Met!'* and
Lys''* of hPC (corresponding to Met'** and Lys''* of yPC,104) might also be one
part of this epitope of mAb42 on BCC of hPC.

5.3.2.2 Characterisation of the binding of mAbl2 with mutants of BCCP of E.
coli acetyl-CoA carboxylase

It was shown that only the holo (biotinylated) form of the 87 C-terminal residues
of the biotinyl carboxyl carrier domain of E. coli acetyl-CoA carboxylase (BCCP)
bound to mAb12, but did not bind to mAb42. Therefore, to further define this epitope
of mADb12 the binding of mAbl2 to five mutants of BCCP was investigated. These
mutants (G143E, V1461, E147K, E119K and G133S) were constructed using
ACP-BCCP fusion strategy incorporating labelled *[H]-B-alanine and *[H]-biotin and
purified by gel filtration chromatography using Superdex 75 (Chapman-Smith et al,
1999). Five micrograms of each purified mutant protein (Chapman-Smith et al., 1999)
were loaded and analysed on a 12% tricine gel followed by Western blot with mAb12
(Section 2.13.2).

As shown in Figure 5.11a, all mutants of BCCP and wt BCCP (holo and apo
form) exhibited a major band at about 10 kDa (predicted size). Figure 5.11b shows
strong binding of mAb12 to two mutants, E147K and G133S and the positive control
TB2 107n with thioredoxin fusion protein (refer Figure 3.10). The abilities of these
individual mutant proteins of BCCP to act as substrates for E. coli biotin ligase in vitro
were described by Chapman-Smith et al. (1999). The G143E protein had a similar
affinity for the enzyme as wild type BCCP87, whereas the V1461 protein was a slightly
poorer substrate (Chapman-Smith ef al., 1999). This suggests that the mutation of
G143E and V146l did not cause significant conformational change to the apo BCCP.
The G143E and V1461 were not bound by this antibody, indicating that these residues

were critical for the binding of mAb12 on BCCP (Figure 5.11b). In contrast, the E119K
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1031 1084
hPC DSLNTRLFLQGPKIAEEFEVELERGKTLHIKALAVSDLN-RAGQRQVFFELNGQL

1021 1075
yPC SVLPTRSFLSPLETDEEIEVVIEQGKTLIIKLQAVGDLNKKTGEREVYFDLNGEM

1085 1139
hPC RSILVKDTQAMKEMHFHPKALKDVKGQIGAPMPGKVIDIKVVAGAKVAKGQPLCV

1076 1130
yPC RKIRVADRSQKVETVTKSKADMHDPLHIGAPMAGVIVEVEVHKGSLIKKGQOPVAV

1140 1178
hPC LSAMKMETVVTSPMEGTVRKVHVTKDMTLEGDDLILEIE---------

1131 1178
yPC LSAMKMEMIISSPSDGQVKEVFVSDGENVDSSDLLVLLEDQVPVETKA

Figure 5.10 Sequence alignment of biotin carboxyl carrier domains
for hPC and yPC,. The amino acid sequences of biotin carboxyl carrier
domains of human PC (hPC) and yeast PC, (yPC,) are compared using
Clustal W. The highly conserved residues are indicated in red color.
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Figure 5.11 Immunoblot analysis of the mutants of BCCP of E. coli
ACC with mAb12. The mutants of BCCP of E. coli ACC (as described in
Section 5.3.2) were prepared and analysed by SDS-PAGE followed by
Western blot. (a) The expressed proteins were shown on Coomassie
staining gel. (b) The blots were reacted with mAb12 dilution 1:2500 and
probed with goat anti-mouse conjugated to alkaline phosphatase. M= Wide
Range Protein Standard Marker (Mark 12, Novex).
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apparently has a significant conformational change to its structure (Chapman-Smith ez
al., 1999) and the binding by mAb12 was affected (Figure 5.11b). Therefore, Glu''?,
Gly'? and Val'*® of E. coli ACC might contribute to the epitope of mAb12 on the
BCCP of E. coli ACC.

5.3.3 Construction of eight mutants of the human biotin carboxyl carrier domains

A number of mutants of the BCC domain of hPC (TB2 107n) were constructed
to test the contribution to binding of different residues in the predicted epitopes for
binding to mAb12 and 42. Seven mutants within the BCC domain of hPC (TB2 107n)
were analysed and systematically changed to alanine and one to leucine. The position
of Met''"™* of hPC was changed to cither alanine or leucine, since leucine is neutral and
similar in size to methionine. It was shown previously (Section 5.3.2) that the M1134L
and M1134T substitutions of yPC;104 dramatically decreased the binding of mAb12
and completely abolished binding of mAb42, as did K1135L for both antibodies (Figure
5.8b and 5.9b). This indicates that Met'** in yPC;104 might be involved in some part
of these epitopes. Therefore, the analogous mutants were constructed in BCC of hPC
(TB2 107n), i.e. M1143L and M1143A (Met''** of yPC104 corresponding to Met''** of
hPC).

The sequences of the biotin carboxyl carrier domains of hPC, yPC;104 and E.
coli ACC are compared in Figure 5.12. The E119K of E. coli ACC, an extremely poor
biotinylation substrate (Chapman-Smith et al., 1999) was also not bound by mAbl12
(Figure 5.11b). In both situations this may have resulted from the reversal of side chain

charge from negative to positive or to a change in conformation of the BCCP.

1141 119

Therefore, the Ser ~ of hPC (corresponding to Glu "~ of E. coli ACC) was mutated to
alanine to investigate its role in the epitope map of these antibodies. The Asp''® and
Leu''® of hPC (corresponding to Gly'"" and Val'* of E. coli ACC) were selected for

mutagenesis to alanine since with the mutants G143E and V1461 were also negative
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99
...... ¢
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Figure 5.12 Comparison of the amino acid sequences of biotin
enzymes in the region of the biotin carboxyl carrier domain. The
sequence of human PC (hPC) and yeast PC (yPC1) were aligned with E. coli
acetyl CoA carboxylase (ACC). The residues forming B strands in the
BCCP of E. coli ACC are shown as arrows. The seven residues mutated in
BCC of hPC were constructed and indicated as red on yellow shade, based
on the predicted structure of hPC BCC and the binding effect of yeast and E.
coli ACC mutants. The mutants of BCCP of E. coli ACC (Chapman-Smith
et al., 1999) that affect binding of mAb12 are shown in blue and pink shade.
Twelve individual mutations of yPC,104 that do not affect the binding of
both mAbl12 and 42 are shown as green shade and the mutation that did
affect binding in blue with pink shade.
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with mAb12 (Figure 5.11b), though both had been shown to be biotinylated (Chapman-
Smith et al., 1999).

Protein structures in the protein databank predicted to have homology with the
biotin domain of human pyruvate carboxylase (hPC, residues 1108-1178) were
identified by Mr. C. Stojkoski using the gapped BLAST method as implemented in the
WU-BLAST?2 server (version 2.0; Altschul & Gish, 1996). Acetyl-CoA carboxylase
from Escherichia coli (1BDO; Athappilly & Hendrickson, 1995) had a statistically
significant probability of 6.4x10™ and was used to derive the spatial restraints for the
homology modelling process. The model structure of hPC was further refined by
restrained molecular mechanics employing a CHARMM (Brooks et al., 1983) force
field. The program MODELLER (Sali & Blundell, 1993) was used to construct the
homology model. Mutant pyruvate carboxylase structures were modelled using the
wild type MODELLER model as a template.

The crystal structure of a BCCP of E. coli ACC domain together with mutational
studies gave a good indication of which amino acids were most likely involved in the
antibody binding site. This information and alignment of several BCC domains
facilitated prediction of the amino acids in these epitopes. Based on the predicted
structure of BCC domain of hPC (as generated by Mr. C. Stojkoski) three additional
mutants of hPC M1116A, K1119A and E1169A were created since the Met'''¢ and
Lys''"” in BCC of hPC are in close proximity to each other on the surface of the hPC
BCC domain (3, sheet) (Figure 5.12 and 5.13). The Glu''® in BCC of hPC is therefore
close to Leu''® on the surface of BCC of hPC (Figure 5.13). These residues might also
affect the binding of mAb12 and 42. Therefore, eight mutants of the biotin carboxyl
carrier domain of hPC; M1116A, K1119A, S1141A, M1143L, M1143A, D1165A,

L1168A and E1169A were constructed for investigation of the residues that are
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Figure 5.13 Predicted structure of biotin carboxyl carrier domain
(BCC) of human PC.* The predicted three-dimension structure of human
PC BCC domain, with the position of single amino acid substitution in this
domain is shown. The alanine substitutions were introduced to Met!!143,
Met!'16, Lys!119 Ser!'# Asp!'® Leu'!%®, Glu''%° and leucine substitution
was also introduced to Met''*?, *Kindly provided by Mr. C. Stojkoski
(School of Molecular and Biomedical Sciences, University of Adelaide).
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potentially involved in these conformational epitopes (Figure 5.13). The
characterisation of these mutants is described below.

5.3.4 Structural integrity of eight mutants of biotin carboxyl carrier domains (BCC) of
hPC

The eight mutants of the biotin carboxyl carrier domain of hPC were constructed
using Quick-change mutagenesis (Section 4.1). The clones were sequenced (Figure
5.14) and expressed as thioredoxin fusion proteins in E. coli BL21 (Section 5.2.5). The
structural integrity of these mutants was tested by checking its ability to be biotinylated
by BirA (biotin protein ligase) in E. coli, as described in Section 5.2.5.

Induced FE. coli lysates were prepared from cells containing each of the
constructs (as described in Section 5.2.5) and endogenous E. coli biotin ligase. Samples
of each lysate were subjected to SDS-PAGE in duplicate, one gel was Coomassie Blue
stained and the other was used for Western blotting and detection of biotinylated
proteins with an avidin-alkaline phosphatase probe. The extent of biotinylation of each
protein in vivo was estimated by determination of the intensity of the biotinylated band
detected on an avidin-alkaline phosphatase blot. This value was then divided by the
intensity of the Coomassie Blue-stained band of expressed protein, quantified by NIH
software as described in Section 5.2.5. This experiment was done in friplicate and the
constructs being compared were all analysed on the same gels and Western blots. The
BCCP subunit of ACC is the only endogenous biotinylated protein in E. coli, and has a
molecular mass of 16.7 kDa (Li & Cronan, 1992). Therefore, it is clearly
distinguishable from the = 31 kDa of biotin carboxyl carrier domain of hPC (TB2 107n)
expressed as a thioredoxin fusion protein, which was abundantly expressed as a major
band in the Tris/tricine gel system (Figure 5.15a).

The comparative extent of in vivo biotinylation for the various mutants of biotin

carboxyl carrier domain of hPC was calculated from a number of such gels and Western
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Figure 5.14 Sequence analysis of eight mutants of biotin carboxyl
carrier domain of hPC. The alanine substitutions were introduced to
MI1116, K1119, S1141, M1143, D1165, L1168 and E1169 using site
The residue M1143 was changed to alanine and
leucine as M1143A and M1143L. Sequencing was performed as described

directed mutagenesis.

in Section 2.11.7.
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blots, compared to wild type (Figure 5.15). As shown in Figure 5.15a the eight mutants
of BCCP of hPC were over-expressed as a major band at around 31 kDa at a similar
level to wild type (TB2 107n), suggesting that the mutations did not cause unstable
synthesis of BCCP domain of hPC due to misfolding of the proteins. The extent of in
vivo biotinylation of the mutants is shown in Figure 5.15b and indicates that two
mutants (D1165A and L1168A) were biotinylated less efficiently than wild type.

The extent of in vivo biotinylation of eight mutants was assayed at 30°C and
37°C with induction by IPTG for 0.5, 1, 2, or 3 hours (Figure 5.16 and 5.17). Five of
the mutants, M1116A, K1119A, M1143A, M1143L and E1169A showed a high level of
protein expression and the biotinylation by biotin ligase was not affected either at 30°C
or 37°C. All these mutants were maximally biotinylated at 2 hours after induction by
IPTG at 30°C (Figure 5.16). Moreover, there was little difference in the extent of the
biotinylation between 30°C and 37°C. This indicates that the structural integrity of
these mutants was maintained and they were favourable substrates for biotin ligase at
both 30°C and 37°C. The binding assays with the two antibodies mAb12 and 42 for
these five mutants were therefore performed using lysates from cells grown at 30°C and
induced for 3 hours with IPTG (Section 5.3.4).

For mutants S1141A, D1165A and L1168A, the relative biotinylation of these
three mutants was shown in Figure 5.17. The maximum biotinylation was found to be
at 2 hours whether the cells were cultured at 30°C or 37°C. However, the biotinylation
was significantly reduced at 3 hours after induction for both 30°C and 37°C incubation
presumably due to proteolytic degradation. Thus, the binding of these antibodies was
analysed with these three mutants using the cell lysates grown at 30°C, induced for 3
hours and confirmed with the lysates of the cells incubated at 30°C and 2 hours

induction.
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Figure S.15 Immunoblot analysis of eight mutants of biotin carboxyl
carrier domain of hPC with avidin . These mutants were constructed (as
described in Section 5.2.4) and expressed in E. coli BL21. The cell lysates
were prepared and analysed by SDS-PAGE followed by Western blot.
(a)The over-expressed proteins were shown at 31 kDa band on Coomassie
staining gel. (b) The blots were reacted with avidin-alkaline phosphatase.
M=Wide Range Protein Standard Marker (Mark 12, Novex) for the
Coomassie gel and Prestained Protein Marker, broad range (New England
Biolab) for the avidin blot.
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Figure 5.16 Comparative in vivo biotinylation of five mutants of
biotin carboxyl carrier domain (BCC) of hPC at different times. The in
vivo biotinylation of five mutants of BCC of hPC was performed (Section
5.2.5) following 0.5, 1, 2 and 3 hours of induction with 0.1 mM IPTG. The
cells were grown at both 30°C or 37°C then induced with IPTG and the
lysates were prepared for SDS-PAGE analysis followed by Western blot.
The extent of in vivo biotinylation is expressed as biotinylated protein
divided by the total biotin domain protein, in arbitary units, for each mutant
relative to wild type (Section 5.2.5).
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Figure 5.17 The effect of temperature on comparative in vivo
biotinylation of three mutants of biotin carboxyl carrier domain (BCC)
of hPC at different times. The in vivo biotinylation of these mutants of
BCC of hPC was performed (Section 5.2.5) following 0.5, 1, 2 and 3 hours
of induction with 0.1 mM IPTG. The cells were grown then induced with
IPTG at either 30°C or 37°C. Lysates were prepared for SDS-PAGE
analysis followed by Western blot. The extent of in vivo biotinylation is
expressed as biotinylated protein divided by the total biotin domain protein,
in arbitary units, for each mutant relative to wild type (Section 5.2.5).
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The summarised results of the relative biotinylation of the 2 hours induction are
shown in Figure 5.18. The extent of biotinylation of M1116A, M1143L, M1143A and
E1169A was essentially similar to wild type (TB2 107n) at 30°C and 37°C, while
K1119A and S1141A were slightly reduced to 80%, indicating that these substitutions
did not result in substantial structural alteration for in vivo biotinylation. However, the
extent of biotinylation of D11165A and L1168A was reduced to 70% at 30°C and
50-60% at 37°C compared to wild type, indicating the substitutions of these mutants
may have had some effect on the overall structure of the domain for in vivo
biotinylation. None of these mutants of the BCC of hPC was found to be grossly
temperature sensitive.

5.3.5 Characterisation of eight mutants of the human biotin carboxyl carrier domains
with mAb12 and 42

To further define the critical residues within the biotin carboxyl carrier protein
domain (BCC) of hPC for the binding of mAbl2 and 42, the eight mutants were
expressed as described above. The whole cell lysates were prepared, separated by
SDS-PAGE and immunoblotted with mAbs. The blots were probed with mAbl2
(dilution 1:2500) and mAb42 (dilution 1:5000) followed by goat anti mouse IgG
conjugated to alkaline phosphatase.

All proteins were over-expressed on Coomassie stained gel at similar levels
compared to wild type as shown in Figure 5.19a. Figure 5.19b shows the binding of
mADbI12 to the eight mutants of the BCC domain of hPC. The results of the relative
bindings of mAb12 and 42 were quantitated and summarised in Figure 5.20 and 5.21.
For mAb12 (Figure 5.20), binding to M1143A was completely abolished, whereas when
Met''*? was mutated to leucine, the binding was reduced to 40%. This indicates that the
alanine substitution at the position 1143 caused a major loss of affinity for this antibody.

Single substitutions within this domain, M1116A, M1143L, D1165A and E1169A
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Figure 5.18 The percent relative in vivo biotinylation of eight
mutants of biotin carboxyl carrier domains (BCC) of hPC compared to
wild type. Expression of eight mutants of BCC of hPC was induced with
IPTG and lysates prepared 2 hours after induction at 30°C or 37°C. The
results were quantitated from the avidin blots from Figure 5.15b and are
shown as the mean of the measurement + standard deviation (SD). The
assays were performed in triplicate.
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Figure 5.19 Immunoblot analysis of eight mutants of biotin carboxyl
carrier domain of hPC with mAbl2 and 42, These mutants were
constructed (as described in Section 5.2.4) and expressed in E. coli BL21.
The cell lysates were prepared and analysed by SDS-PAGE followed by
Western blot. (a) The over-expressed proteins are shown as the 31 kDa
band on Coomassie stained gel. The blots were reacted with mAbl12,
dilution 1:2500 (b) and mAb42, dilution 1:5000 (c) then probed with goat
anti mouse conjugated to alkaline phosphatase. M = Wide Range Protein
Standard Marker (Mark 12, Novex) for the Coomassie gel and Prestained
Protein Marker, broad range (New England Biolab) for the avidin blot.
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caused the reduction of binding by mAbl2 to 64, 40, 44 and 58% of wild type,
respectively (Figure 5.20). For K1119A and S1141A binding was increased to 104 and
114% respectively indicating both mutants did not affect the structural integrity and
binding for this epitope of mAb12. Mutant L1168A and M1143A caused significantly
reduced binding to 27% and 2% of wild type (TB2 107n) (Figure 5.20). These data
suggest that Met!!'®, Asp1165 and Glu''® contribute the binding of mAbl12 on BCC
domain of hPC, but Leu''® and Met''* are the most significant contributors for the
binding to mAb12.

For mAb42, four mutants, M1116A, K1119A, D1165A and E1169A moderately
reduced the binding to 46-54% (Figure 5.21). Another three mutants, S1141A,
M1143A and L1168A severely reduced the binding to 13, 6 and 8% respectively. In

1143

contrast, the mutation of Met to Leu!'™ had a significant but lesser effect than

MI1143A in reducing the binding to mAb42. These data suggest that Ser''!, Met''*®

1168
and Leu

are critical to the binding of mAb42 and they might form part of the
epitope. However, mutating Met!!'®, Lys'"'"? Asp''®® and Glu''® individually caused
approximately 50% reduction of the binding against mAb42 and thus the epitope might
also contain these residues.

The result of the binding assay against mAb12 and 42 with the lysates of four
mutants cultured at 30°C and 2 hours induction was shown in Figure 5.22. Consistent
with the result in Figure 5.20 and 5.21, the alanine substitution of Ser''*!, Met''* and

1168

Leu ™" are critical for mAb42 binding but not important to mAb12, which bound to the

mutant S1141A almost as well as it did to wild type
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Figure 5.20 The percent relative binding of mAb12 with eight
mutants of biotin carboxyl carrier domains (BCC) of hPC compared to
wild type at 3 hours induction. (a) Eight mutants of BCC of hPC were
expressed and lysates prepared for the binding with mAbl2 after IPTG
induction. The results were quantitated from the antibody blots from Figure
5.19b, ¢ and are shown as the mean of the measurement + standard
deviation (SD). The percent relative bindings compared with wild type
(TB2 107n) were determined in triplicate. (b) The predicted three-
dimensional structure of hPC BCC, with summarised results of percent
bindings of mAbl12 to eight mutants was shown in black colour. The
reduction of binding by critical residues which may be the part of mAb12’s
epitope was shown in blue colour.
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Figure 5.21 The percent relative binding of mAb42 with eight
mutants of biotin carboxyl carrier domains (BCC) of hPC compared to
wild type at 3 hours induction. (a) Eight mutants of BCC of hPC were
expressed and lysates prepared for the binding with mAb42 after 3 hours
induction. The results were quantitated from the antibody blots from Figure
5.19b, ¢ and are shown as the mean of the measurement + standard
deviation (SD). The percent relative bindings compared with wild type
(TB2 107n) were determined in triplicate. (b) The predicted three-
dimensional structure of hPC BCC, with summarised results of the percent
bindings of mAb42 to eight mutants was shown in black colour. The
reduction of binding by critical residues which may be the part of mAb42’s
epitope was shown in red colour
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Figure 5.22 The percent relative binding of four mutants of biotin
carboxyl carrier domains (BCC) of hPC compared to wild type at 2
hours induction. These mutants of BCC of hPC were expressed and lysates
prepared for the binding with mAb12 and 42 after 2 hours induction at 30°C.
The results were quantitated from the data of the antibody blots and are
shown as the mean of the measurement + standard deviation (SD). The
percent relative bindings compared with wild type (TB2 107n) were
determined in triplicate.
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5.4 DISCUSSION

The results in Chapter 3 demonstrated that mAbl2 and 42 are inhibitory
antibodies against sheep PC, human PC, rat PC and chicken PC. These antibodies were
mapped to the minimal C-terminal 80 residues of the human PC biotin carboxyl carrier
domain. It is likely that when bound to the BCC of these enzymes, mAb12 and 42
would interfere sterically with the function of the biotinyl domain as a mobile carboxyl
group carrier between the sites of the first and second partial reactions.

To localize these epitopes on the hPC biotin carboxyl carrier domain, the
previous study (Chapter 3) showed that these epitopes are discontinuous or dependent
on the conformation of the minimal C-terminal 80 residues of this domain. This result
parallels the in vivo biotinylation study of the deletion fragments of this domain
showing the fragment consisting of C-terminal 60 residues is not biotinylated, similar to
the negative result of the binding of this fragment to mAb12 and 42 (Chapter 3). The
results are consistent with a study that showed the C-terminal 55 or 67 residues of
BCCP of E. coli ACC were not biotinylated in vivo (Morris, 1994). It has also been
shown that amino acids located 30-40 residues either side of the biotin attachment site
are essential for biotinylation (Cronan, 1990; Murtif & Samols, 1987; Reed & Cronan,
1991). These data suggest that this hPC biotinyl carboxyl carrier domain could be
deleted to the C-terminal 70 residues fragment to define the minimal residues of the
epitopes. However, the initial screening of a D1099V mutant of yPC;104 showed no
effect on the binding of mAb12 and 42 (Figure 5.6d and 5.7d), indicating that Asp'®” in
the yPC, sequence (corresponding to Val''® in hPC sequence, see Figure 5.10) of the
C-terminal 70 residues fragment is not critical for these epitopes.

In yeast PC and E. coli ACC, the binding of the holo (biotinylated) form of the
BCC domain of yPC;104 and E. coli ACC was positive to mAbl2 but the apo

(unbiotinylated) form was not. The structure of the apo (unbiotinylated) form of the
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BCCP domain of E. coli ACC was determined by NMR and compared with the high
solution structure of the holo (biotinylated) form that had been solved by X-ray
crystallography. The overall folding of the two proteins is highly similar with small
local conformational changes observed in the PB-turn that contains the lysine residue
modified in the biotin ligation reaction (Yao et al., 1997). This indicates that the
conformation of the B-turn containing the lysine residue is critical for the epitopes of
mADb12 on yPC and E. coli ACC and it could be significant for hPC as well. However,
the competition europium assay of labelled mAb42 and unlabelled mAb12 revealed that
the mAbs’ epitopes were not directed only to the lysine prosthetic group because in this
assay both mAbs still can bind to the BCC domain of hPC (TB107n) that is bound to a
streptavidin-coated microtiterplate.

No structural information for this region is yet available from
X-ray-crystallographic and NMR experiments with the BCC domain of hPC. To define
the specific residues for these conformational epitopes, eight mutants of the BCC of
hPC were constructed based on not only the sequence alignment of hPC, yPC;104 and
BCCP of E. coli ACC but also on the predicted structure of the BCC of hPC (Figure
5.13). The structural integrity of the eight mutants was demonstrated by their abilities
to be biotinylated by BirA (biotin protein ligase) in E. coli (Figure 5.18). The single
substitution of alanine for each of seven amino acids in the biotin domain of hPC and
leucine for the eight did not alter the overall structural integrity of the domains for in
vivo biotinylation at 30°C during a 2 hour induction. In addition, the extent of in vivo
biotinylation at 30°C of two mutants M1143A and M1143L behaved similarly to wild
type. This result is consistent with the study on transcarboxylase (TC, EC 2.1.3.1)
showing the residues adjacent to the biotinylated lysine are important for carboxy
transfer, but can be altered without affecting biotinylation (Shenoy et al., 1992).

Mutants made by substitution of Met'** (corresponding to Met''** of hPC) by Thr or
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Val in yPC;104 were biotinylated to the same extent at both 30°C and 37°C, indicating
these substitutions did not result in a structural alteration (Polyak et al., 2001).
However, the substitution of methionine flanking the targeted lysine of the biotin
carboxyl carrier protein of E. coli ACC did affect the biotinylation reaction (Reche et
al., 1998).

By using mAbs as probes, the binding measurements of mutants were used for
mapping hPC’s epitopes. The hPC mutant M1143A exhibited dramatically reduced
binding of mAb12 and 42, whereas the mutant M1143L had a significant but less effect
on reducing the binding of mAb12 (Figure 5.20 and 5.21). This result indicates that
Met''"™* is likely to be one of the critical residues of the epitope of mAb42 on hPC.
Consistent with the previous result in Figure 5.9b, two mutants of yPC;104, M1134V
and M1134T completely abolished the binding of mAb42. However, the binding of

143 can substitute

M1143L against mAb12 was reduced only to 40% indicating that Leu
for part of M1143’s component of the epitope of mAb12. This result is in agreement
with the result of two mutants of yPC;104, M1134V and M1134T, which are slightly

positive with mAbl12 (Figure 5.8b). Again this result suggests that Met!'

mostly
affects mAb42’s epitope and has less effect on mAb12’s epitope.

Comparison of the epitope mapping results of Carey (1988) provides further
evidence consistent with the proposed residues being involved in structural and
functional roles in PC. The binding of anti-biotin antibodies to sheep PC reduced the
binding of mAb12 and 42 (Carey, 1988) [Table 1.4 in Appendix I]. The binding sites of
mADbI12 and 42 can also be excluded by preincubation of PC with avidin, confirming
that mAb12 and 42 bind to an epitope within the biotin moiety in the native molecule

(Carey, 1988). This supports the possibility that these epitopes are likely to be the parts

of the motif MKM.
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As shown in Figure 5.23, based on the predicted model of M1143A showed the
effect of this mutation on the reduction binding of these two predicted epitopes on

upstream of the domain indicated in red box. Again, this suggests Met''*

may be one
of the overlapping residues of these epitopes. From the europium competition assay,
unlabelled Fab12 can compete with europium-labeled Fab42 to give 50% inhibition at
230 ng of Fab12 whereas only 75 ng of Fab42 gave 50 % inhibition. Thus, it is possible
that the binding sites of these two antibodies are close to each other or overlap. This
result is consistent with these epitopes probably overlapping at one amino acid residue,
Met! 14

As shown in Figure 5.20 and 5.21, the mutant S1141A significantly reduced the
binding of mAb42 to 13%, whereas it increased the binding of mAb12 to 114%. This
result indicates that the Ser''*! is critical for the binding of mAb42 but not mAb12. The

1141
Ser

is conserved in human and yeast PC and is also close to the lysine prosthetic
group in the motif MKM. Studies of the antigen binding residues of antigen antibody
complexes concluded that tryptophan, tyrosine, serine and asparagine residues were
most abundant in six crystallographically determined antibody antigen complexes (Mian
et al., 1991). The Ser''*! is likely to be a surface residue on the biotin domain of the
epitope of mAb42, whereas it does not contribute to the epitope of mAbl2. An
alignment of BCC domain with human PC, yeast PC and E. coli ACC in Figure 5.12

14141 human PC corresponds to Glu'"? in the wild type BCCP of E. coli

showed that Ser
ACC to which mAb42 does not bind (Figure 5.7). Therefore, the mutation of Ser''*' to
Glu, for a negatively charged residue, or to Cys, for a non polar side chain residue,
should be further investigated to confirm the effect on the binding of mAb42.

In E. coli ACC, mAb12 was bound to wild type BCCP (holo) but mAb42 was

not (Figure 5.7). Comparing the three-dimensional structure of the holo BCCP domain

of E. coli ACC to the predicted structure of hPC (Figure 5.24), there is a “thumb”
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Figure 5.23 Predicted structure of mutant biotin carboxyl carrier
domain (BCC) of human PC, M1143A*. (a) A ribbon diagram of the
predicted structure of wild type of hPC BCC domain, with the position of
Met1143 shown and the B sheets indicated as blue arrows. (b) The
computational model of wild type hPC BCC domain was compared to
alanine substitution mutant, M1143A (c). The conformation change of
mutant M1143A (c) compared to wild type (b) was indicated as red blocks.
*Kindly prepared by Mr. C. Stojkoski (School of Molecular and Biomedical
Sciences, University of Adelaide).
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structure found in the BCCP sequence (Figure 5.4). This thumb is composed (largely)
of the seven additional residues (° PSPDAKA'"Y) found in E. coli BCCP but not in the
predicted structure of hPC. The mutation K1119A signiticantly reduced the binding of
mAb42 to the BCCP of hPC by 50% but the binding of mAbl12 was not reduced
(105%). Similarly, the mutation S1141A reduced mAb42 binding by 87% but increased
mAb12 by 15%. Ser''*! is close to Lys''”®. Therefore, mAb42 might bind to hPC BCC
domain at a surface containing Lys'' ", Ser''*! and Met!"* which are close to the biotin
moiety. Again, this suggests that the mAb12’s epitope might be more towards the
opposite site of the domain.

Based on the computational model of hPC BCC domain (Figure 5.13) the side

1168

chain of Leu "™ is predicted to be buried yet, the mutant L1168A significantly reduced

the binding of mAb12 to 27% and of mAb42 to 8% (Figure 5.20 and 5.21). These
results suggest that as Leu''® is a large hydrophobic residue its replacement by alanine
may significantly affect the conformation of the domain resulting in reduction of the
binding of these antibodies. This is consistent with the extent of biotinylation of
L1168A was reduced to 70% at 30°C and 55% at 37°C compared to wild type,
indicating the substitutions of mutant L1168 A may have had some effect on the overall
structure of the domain for in vivo biotinylation and these antibody binding sites.
Functional studies on other protein-protein complexes also indicate that a small
number of residues can confer tight binding affinity (Clackson & Wells, 1995).
Mutational analysis of antibodies (Hawkins et al., 1993) or protein antigen (Jin et al.,
1992) has shown that only 3 to 10 side chains can account for most of the binding
energy, although the structures of complexes between antibodies and protein antigens
(Davies et al., 1990) show that typically between 14 and 21 residues are in contact. The

predominant role of these side chains is to slow the dissociation of the complex (Davies

& Cohen, 1996). Our result is consistent with these studies showing the alanine
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Figure 5.24 Predicted structure of biotin carboxyl carrier domain
(BCC) of human PC compared to three dimensional structure of E. coli
ACC. (a) The predicted three dimensional structure of hPC BCC domain
shown, compared to the three dimensional structure of the BCCP of E. coli
ACC (b) with its “thumb” structure indicated.
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substitution of Met!"'®, Met''** and Glu''® can account for the reduction of the binding
of mAb12. Leu!'®® also contributes most significantly to the binding of mAb12. For
mAb42, the alanine substitution of Ser'’*', Met''*’ and Leu''® most significantly
accounts for reduction of binding to hPC, and Met''"%) Lys'"®, Asp''®® and Glu''® are
also modest contributors to mAb42’s binding.

The reduction in binding affinities, which occurred as a result of the various
mutations, was likely to be caused by changes in the direct interaction of the mAb with
the altered residue. Alternatively, the mutation may have affected the secondary or
tertiary structure of the biotin carboxyl carrier domain of hPC (TB2 107n) resulting in
the secondary consequence of conformational changes of the epitopes and hence an
indirect reduction of the binding affinity. Therefore, it would be valuable to obtain the
enzymatic activity of the eight mutant full-length hPC expressed in 293T cell lines to
specify the critical residues of these epitopes on the catalytic activity of hPC.
Furthermore, purification and kinetic analysis of these mutants compared to wild type
for the interaction of the substrates in the two partial reactions would further investigate
the critical role of these residues in the catalytic reaction. For example, the analysis of
the effects of substrates on the inhibition of sheep PC by these antibodies, revealed that
oxaloacetate at a concentration between 1-10 mM was able to significantly reduce the
level of inhibition caused by mAb12 (Carey, 1988) [Table 1.1.1 in Appendix IJ. This
observation is further evidence to contribute to a structure and function relationship
model, in that the binding of oxaloacetate (at the pyruvate/oxaloacetate binding site) is
able to influence the binding of mAb12 site on the biotin carboxyl carrier domain. This
indicates either that the epitope of mAb12 on the BCC domain might at times be close
to the pyruvate/oxaloacetate binding site or that the formation of carboxybiotin from

oxaloacetate may in some way reduce mAb12 binding to its epitope.
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Moreover, the presence of MgATP? (Table 1.3.2 in Appendix I) was able to
significantly reduce the level of inhibition by mAb42 to 10% (Carey, 1988) indicating
either that the binding site of mAb42 may be close to the other subsite of the PC active
site (MgATP?*/HCO) or that formation of carboxybiotin renders the mAb42 epitope
largely inaccessible. It is known from the work of Goodall et al. (1981) and Attwood &
Wallace (1986) that the presence of Mg*" was favour the retention of the carboxybiotin
in the first subsite whereas oxo-acids induce the carboxybiotin to move to the second
subsite. Confirmation of these findings would be expected from experiments measuring
the ability of substrates to alter the effect of these antibodies on the activity of hPC.
These antibodies were produced by the original cell lines but were a different batch to
those that were characterized against sheep PC.

The mutants M1143L, S1141A, K1119A and D1165A are most critical for the
binding site of mAb42; changing these to positively charged residues, except Lys''"
changing to a negatively charged residue would be useful to obtain more information
about the notion of a matching charged surface. It has been shown (Wilson et al., 1992)
that several positively charged residues on the surface of the biotin-binding pocket of
the BirA protein may be involved in the correct positioning of the biotin acceptor
protein at the catalytic site. Thus, alteration of the surface charge on the biotin domain
surface that interacts with the ligase may affect the recognition between the two proteins
(Chapman-Smith et al., 1999). Moreover, the mutation studies of the biotin domain of
human propionyl-CoA carboxylase showed that changing the conserved PMP motif to
PKP had a more pronounced effect on the efficiency of biotinylation than replacing all
three residues with alanine (Leon-Del-Rio & Gravel, 1994). Interestingly, the
functionally analogous interaction between lipoate ligase and the lipoyl domains
appears to require charge conservation at position Glu'"” in BCCP of E. coli ACC

141

sequence, corresponding to Ser''*! in BCC of human PC. The substitution of lysine for
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the Glu found two residues upstream of the lipoylated Lys in many lipoyl domains
dramatically reduces lipoylation of both human glycine cleavage enzyme and E. coli
pyruvate dehydrogenase (Fujiwara et al., 1991; Wallis & Perham, 1994).

From the work of Johannssen et al. (1983) it is known that the biotinyl
prosthetic group is close to the intersubunit junction as indicated in Figure 1.7 of the
Appendix 1. Any proposed mutations in the BCC domain would therefore need to be
interpreted with the recognition that mutation could significantly affect the assembly of
the PC tetramer. Mutations in one of PC’s subunits could affect the function in a
variety of ways, including PC assembly, substrate binding, catalytic efficiency of the
overall reaction, or catalytic efficiency in either of the partial reactions. Mutations in
the subunits of PC could lead to loss of structure and hence the ability to assemble PC
and to act as carboxyl carrier. In order to test the ability of the mutant BCC of hPC to
promote assembly, the full-length mutant PC would be purified using HPLC to exhibit
the different forms of PC as monomer, dimer or tetramer. If the introduction of residues
affects the overall catalytic activity of PC, another approach is to test the chemical
cross-linking of the mutant which would promote the assembly of PC and increase the
activity of the mutant compared that to wild type. This will imply that the introduced
residues change the ability of mutant PC to assemble and affect the overall catalytic
activity.

In summary, the epitopes of the two monoclonal antibodies, mAb12 and 42 that
are inhibitory to hPC were mapped to the C-terminal 107 residues of the biotin carboxyl
carrier domain of hPC and shown to be two overlapping epitopes in which the
antibodies are able to block each other’s binding to the domain. The mutants designed
on the basis of the predicted structure of hPC BCC domain viz M1143A, M1143L,

S1141A, K1119A, D1165A and L1168A significantly reduced the binding of mAb42

L165 1168

indicating that the Met''*?) Ser'!*!, Lys''", Asp''% and Leu''®® are likely to be part of
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the epitope, and this epitope may be involved in or be part of the second subsite of the
catalytic reaction. For the epitope of mAb12, the substitution of Met''* by alanine and
leucine has a most significant effect on the binding, suggesting this residue may be part
of this epitope or be part of the overlapping of these epitopes. Therefore, mAb42 might
bind to hPC BCC domain to the surface of the BCC structure containing Met''*,
Asp““, Leu“ég, Lys1119 and Ser''*! which are close to the biotin moiety. However,
mADb12’s epitope appears to be on the opposite site of the biotin moiety, and includes

Met''!® Met!'*) Leu''®® and Glu''®.  The Met''*® and Leu!'® may be part of the

overlap of these epitopes.
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CHAPTER 6

6.1 INTRODUCTION
In Chapters 3 and 4, the minimal epitope of mAb6 was shown to be
LKDLPRYV (residues 968-974) and to be localised between the transcarboxylation and
biotin carboxyl carrier domains of hPC. This epitope is not present in the yeast PC
sequence and mAb6 does not bind to yeast PC. We used site-directed mutagenesis to
change to alanine six residues in hPC within the binding site of mAb6 that are different
from the sequences of yPC, and yPC,. Only one of six mutants, D970A, expressed both
as a fusion protein fragment in E. coli and as full-length hPC in a mammalian cell line,
showed a complete loss of binding to mAb6. In addition, the acetylCoA-dependent
activity of the D970A mutant was significantly reduced to 50% of wild type activity.
Asp970 as one part of the functional epitope site, is likely be exposed to the surface of the
enzyme and may be involved in significant side-chain movements of the enzyme and
possibly minor movement of the backbone conformation (Getzotf et al., 1988). An
inhibition study of mAb6 on acetylCoA-dependent activity of human (Chapter 3.3.2)
and sheep PC (Carey, 1988) showed that as little as 1 mM oxaloacetate had significantly
augmented enzymatic inhibition. To test whether Asp’” residue is involved in the
reaction mechanism or whether it only changes the conformation of the epitope, a
kinetic and physical study of the D970A mutant of hPC should be undertaken. This
might reveal how whether the blocking activity of mAb6 or the DO97A mutation is
involved in the reduction of enzymatic activity. For this study and the ultimate
description of the structure of hPC by X-ray diffraction of hPC crystals significant
quantities of the highly purified enzyme will be required.
Purification of the hPC mutants from dried mitochondrial extracts was limited
by the low expression level and the cost of producing large amounts of the permanently

transfected cultured human cells. Loss of proteins from the purification during lysis of
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cells and mitochondria, made it difficult to purify sufficient protein for a kinetic and
physicochemical study. Moreover, a major disadvantage of mammalian cells is a
contamination of the recombinant PC with the endogenous wild type PC. To eliminate
this problem, E. coli is an alternative expression system that does not have any
endogenous PC. In this Chapter, I describe attempts to improve the expression of hPC
in E. coli and S. cerevisiae expression systems.

Escherichia coli expression system

“Among the many systems available for heterologous protein production, the
gram-negative bacterium Escherichia coli remains one of the most attractive because of
its ability to grow rapidly and at high density on inexpensive substrates, its
well-characterised genetics and the availability of an increasingly large number of
cloning vectors and mutants host strains (Baneyx, 1999). Although for most
applications it is desirable to achieve maximal production within the cytoplasm,
targeting the protein to extracellular compartments may offer an alternative, especially
when cytoplasmic production results in toxicity or improper folding (Baneyx, 1999;
Cornelis, 2000)”. Recent work has shown that mutants with modulated activities of the
disulfide oxidoreductases DsbA and DsbC can be used to enhance disulfide
isomerization and protein folding in the periplasm (Bessette et al, 2001). In an
alternative approach, Fab antibody fragments were expressed in the cytoplasm of #xB
thioredoxin reductase mutants in which a variety of chaperones were co-expressed and
seen to have effects on folding (Levy et al., 2001).

Although the various promoter systems commonly used for E. coli have been
well described, several recent reports have demonstrated new options (Andersen &
Krummen, 2002). In one particularly notable result, secondary structure was engineered
into mRNA transcripts to manipulate message stability and correspondingly, the

expression level (Smolke et al., 2000). This provides another technique, along with
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manipulation of translation initiation strength via the ribosome binding site, for
controlling the relative strength of expression of genes independently (Simmons &
Yansura, 1996).

Another problem encountered in the control of heterologous gene expression
occurs at the level of codon usage, which is again based on discrepancies in the G+C
content among different organisms (Connell, 2001). GC content is a major determinant
of codon usage, and codon adaptation indices (CAI values) have provided a reliable,
empirically determined estimate of gene expression level for specific groups of
organisms (Saier, 1995).  Translation errors during protein synthesis are a
well-documented phenomenon. They can have several different effects including frame
shifts (Spanjaard et al., 1990), premature truncation leading to low expression
(Rosenberg et al., 1993) and misincorporation (Seetharam et al., 1988). However,
site-directed mutagenesis of codons in the open reading frame (ORF) can be used to
alter the GC content and adjust the requirement for specific tRNAs (Connell, 2001) or a
host containing a plasmid with the appropriate tRNAs can be used.

Two main approaches have been used to correct codon bias effects in E. coli.
The first is to resynthesize the heterologous gene, replacing potentially problematic
codons with those preferred by the host (McNulty et al., 2003). An experiment of
replacing three AGA codons with CGC was successful in eliminating high level lysine
substitution for arginine in an HIV-1 gp 160 fragment (Calderone et al., 1996). A more
preferable strategy may be the co-expression of rare tRNAs on a separate compatible
plasmid. This approach has been equally successful in alleviating translational errors
(McNulty ef al., 2003). Co-expression of the ileX gene recognising the rare isoleucine
codon AUA improved expression of a Staphylococcal leucyl-tRNA synthetase from
below detectable levels to levels approaching 30% of total cellular protein (Del Tito et

al., 1995). The value of this approach is substantiated by the appearance of
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commercially available plasmid vectors encoding combinations of several of the rarest
tRNAs including argU (AGA/AGG), ileX (AUA), leuW (CUA), proL (CCC) and glyT
(GGA) (Novy et al., 2001).
Yeast expression system

The yeast system has emerged as a popular model organism for the production
of eukaryotic proteins because it is highly amenable to genetic and biochemical
manipulation. Yeast is a single cell eukaryotic organism with properties similar to
higher eukaryotic organisms. The expression of native as well as foreign genes in yeast
has generally relied on creating transcriptional fusions with well-characterised yeast
promoters (Cheng et al., 2000). Non-inducible promoters, such as those found at CYC1I,
ADHI, TEF2 and GPD are used for constitutive expression of heterologous genes.
Inducible promoters, such as those found at GALI, MET25 and CUPI are used when
conditional expression is required. The use of inducible promoters, however, is subject
to limitations. They can yield undesirable levels of over-expression, and are not entirely
‘off ¢ in the absence of inducer (Mumberg et al., 1995).

Our purpose was to develop a bacterial expression system which can efficiently
overcome common limitations in terms of yield, folding and functionality when
expressing wild type full-length hPC. Another approach to the expression of hPC was
investigated in a yeast system (Saccharomyces cerevisiae) with a view to improve the

production and specific activity of hPC.
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6.2 SPECIFIC METHODS
6.2.1 Construction of pQE-hPC wild type and expression in E. coli

To generate the vector pQE-hPC wild type encoding full-length hPC, pEF-PC
(Jitrapakdee et al., 1999) was digested with BamHI, Kpnl and Hindlll. Digestion of
pEF-PC with BamHI alone results in two fragments, hPC (4 kb) and vector (5.3 kb),
which were not easily separated in agarose gel purification. The addition of Hindlll
resulted in digestion of the vector (5.3 kb) into two smaller fragments. Then the 4 kb
fragment of hPC was ligated into the vector pQE-32 (Qiagen) at the BamHI and Kpnl
sites. The proteins were expressed in E. coli M15 and SG13009. This construct was
verified by sequence analysis and the expression of protein was investigated by
SDS-PAGE and Western blot.
6.2.2 Construction of E. coli M15/pLysS/ Rare codon and SG13009/pLysS/ Rare codon

To investigate the effect of rare codon usage on protein expression in E. coli
M15 and SG13009, M15/pLysS/ Rare codon and SG13009/pLysS/ Rare codon were
generated as follows. The plasmid pLysS/Rare codon was purified from E.coli Rosetta
BL21 (ADE3) pLysS/Rare codon (Novagen) in LB media containing chloramphenicol
30 png/ml as described in Section 2.11.1. One microliter of plasmid pLysS/Rare codon
was transformed into competent cells of M15 and SG13009 (Section 2.11.6). The
transformed cells containing plasmid pLysS/Rare codon were obtained and made
competent. The plasmid pQE-hPC was transformed into these cells and proteins were
expressed in E. coli M15/pLysS/Rare codon and SG13009/pLysS/Rare codon. The
expression of protein was followed as in Section 3.2.11 with a concentration of IPTG of
2 mM, at 30°C for 3 hours or overnight. The cell lysates were prepared and analysed by
SDS-PAGE. The activity of hPC was measured using the radiochemical assay

described in Section 6.2.5.
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6.2.3 Construction of vector pVT-hPC without mitochondrial targeting sequence
(pVT-hPC-21)

The cDNA encoding the first 930 N-terminal residues of hPC was generated by
PCR amplification using pEF-PC, encoding full-length hPC, as a template (Jitrapakdee
et al., 1999). The forward primer (5’ ATACAAGCTTATGGCCCCCGCTGCCTCCCCAAATG3’)
with a unique HindIlI site at the 5° end (underlined) was designed without the first 21
N-terminal residues of hPC, as this region contains a mitochondrial targeting sequence
found using a computer software program
(http:www.mips.biochem.mpg.de/cgi-bin/proj/medgen/mitofilter). The reverse primer,
hPC/930R (5’CTCGTAGCCCACCTGTTTAGCGAG 3’) was used in the PCR reaction
(Section 2.11.8). The 930 bp PCR product was purified and ligated into pGEM-T easy
vector (Promega, USA). The reaction mixture was carried out in total volume of 10 ul
containing of 5 ul of 2X rapid ligation buffer, 1 pl of pGEM-T easy vector, 3 ul of PCR
product, and 10 U of T4 DNA ligase. The reaction was incubated at 4°C for overnight
and transformed into competent DHS5a cells (Section 2.11.6). A clone confirmed by
sequencing, was designated pGEM-hPC (no mitochondria) and digested with HindIll
and Sacll. The resulting fragment was ligated into the same sites in digested vector
pET-hPC HD encoding a 1091 amino acid fragment of hPC, yielding the vector
pET-hPC (-21). The vector pET-hPC HD was constructed by religation of full-length
hPC from mpBlue-hPC (Section4.3.5) into vector pET-32a (+) at the HindIIl and Notl
sites. To incorporate the full-length hPC with no mitochondrial targeting sequence into
a yeast expression vector (pVT-100U), a Xhol-Xbal fragment from pEF-PC and a
Xhol-HinDIII fragment from the vector pET-hPC (-21) were ligated into the
Hindlll-Xbal digested pVT-100U. This construct was designated pVT-hPC-21 (Figure
6.1) and transformed into yeast strain W303 (Section 2.11.9). The recombinant protein

was expressed in yeast strain W303 and the cell lysate was prepared as described in

135



b
Hind Il
Sac ll
Bgl Il
Hind 11l Sac Il
Hind lll/Sac 1l
wt pET-hPC
201 bp HD
Hind 1l Sacll
g Hind lliSac I W,
HInd 1 ba Hind Il BamH |
acll l Xhoil
Xho |
pET-hPC pEF-PC
(-21)
Not |
s Xbal
Hind I1l/ Xba | Xhol / Hind llI Xho I/Xba |

\— o

'

Hind Ill

Xbal

Figure 6.1 Construction of a plasmid pVT-hPC-21 for expression
of full-length hPC without mitochondrial targeting sequence in
Saccharomyces cerevisiae. The strategy for constructing plasmid
pVT-hPC-21 for expression of hPC in yeast was described in Section
6.2.3. This plasmid was transformed into yeast strain W303 and
proteins were analysed by SDS-PAGE analysis and Western blot.
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Section 2.11.10. The protein expression was analysed by SDS-PAGE followed by a
Western blot probed with avidin alkaline phosphatase (Section 2.13).
6.2.4 Construction of vector myc tagged pVIT-hPC without a mitochondrial targeting
sequence (myc pVI1-hPC-21)

To generate myc tagged pVT-hPC without a mitochondrial targeting sequence,
the cDNA encoding the first 930 residues of hPC with a myc tag at the N-terminus was
generated by PCR amplification using pEF-PC encoding full-length hPC as a template

(Jitrapakdee et al. 1999). The forward primer
(5’ATACAAGCTTATGGAGCAGAAGCTGATCAGCGAGGAGGACCTGGCCCCCGCTGCCTCC

CCAAATGTCCGG3’) with a unique Hindlll site at the 5’ end, (underlined) and myc tag
(bold) was used in the PCR reaction with the reverse primer, hPC/930R. The PCR
product was purified and ligated into pGEM-T easy vector as described above. A
positive clone was sequenced and digested with HindIll and Sacll. This fragment was
ligated into the vector pVT-hPC-21 digested with HindlIll and Sacll, yielding vector
myc pVT-hPC-21 (Figure 6.2). The protein was expressed in yeast strain W303
(Section 2.11.9) and the cell lysate was prepared (Section 2.11.10) followed by
SDS-PAGE. The Western blot was probed with avidin alkaline phosphatase.
6.2.5 Enzymatic activity by a radiochemical assay

The PC activity in crude extracts was assayed by a '*CO, fixation assay
described by (Ballard & Hanson, 1967) except that the reaction was coupled to the
conversion of oxaloacetate to malate by malic dehydrogenase. A master mix was made
containing 145 mM Tris-HCI pH 7.5, 58 mM sodium pyruvate, 15 mM Na,ATP pH 7,
440 pM acetyl-CoA, 30 mM NaH'*CO; (370 pCi/ml), 30 mM MgCl,, 82 pg/ml malic
dehydrogenase and 0.88 ig/ml NADH. Then 190 ul of the master mix was added in a
1.5 ml Eppendorf and pre-incubated at 37°C for 2 min, followed by the addition of 50

g of whole cell lysate. The tube was vortexed and incubated at 37°C for exactly 2 min.
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Figure 6.2 Construction of a plasmid myc pVT-hPC-21 for
expression of myc tagged full-length hPC without mitochondrial
targeting sequence in Saccharomyces cerevisiae. The strategy for
constructing plasmid myc pVT-hPC-21 for expression of hPC in yeast
was described in Section 6.2.4. This plasmid was transformed into
yeast strain W303 and proteins were analysed by SDS-PAGE analysis
and Western blot.
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The reaction was terminated by adding 100 pl of 2 M HCI and the tube was left open in
the fume hood for 1 hour to allow unfixed '*CO, to evaporate. Fifty microlitres of
reaction mix were spotted onto 2cm® Whatman 3MM paper filters which were then
dried at 100°C for 5 min. The amount of *CO, fixed as malate was determined by
counting the filters in LKB Optiscint ‘HiSafe’ scintillation fluid for 10 min in a
Pharmacia 1214 Rackbeta liquid scintillation counter.

The counts that were specific to PC activity were determined by subtracting the
counts from a blank (assay solution only, no cell lysate) from the sample count. The
specific activity of NaH'"*COj; was determined by spotting 50 pl of a 1| mM solution of
NaH'*CO; onto Whatman 3MM paper treated with 1% BaCl, and scintillation counting
as previously described. One unit of PC activity was defined as the conversion of 1

umol of NaH'"*CO; to oxaloacetate in one minute.

137



Expression of hPC in Bacteria and Yeast

6.3 RESULTS
6.3.1 Characterisation of vector pET-hPC expressed in E. coli

6.3.1.1 Expression of mutant pET-hPC in BL21

The hPC mutants (mutant pEF-hPC) were expressed in the mammalian cell line,
293T but the level of expression of functional hPC was not sufficient for further
purification from dried mitochondria (Chapter 4). Moreover, the background of
endogenous PC expression and activity in 293T can affect the activity assay of the
mutant. The expression of hPC in E. coli is an alternative way to attempt to improve
the expression of hPC, due to the absence of endogenous PC in E. coli. Although there
is no guarantee that a recombinant gene product will accumulate in E. coli at high levels
in a full-length and biologically active form, a considerable amount of effort has been
directed at improving the expression in this system.

In Chapter 4, the vectors bearing mutant pET-hPC were generated and the initial
expression of hPC as a thioredoxin fusion protein in the pET32a (+) system was carried
out as follows. These constructs of mutant pET-hPC (pET-hPC MF) (Section 4.3.5)
were transformed into E. coli BL21 (Section 2.11.6). The expression of these constructs
in E. coli BL21 was performed (Section 3.2.11) and the optimisation of protein
expression was investigated using different concentrations of IPTG at 0.1, 0.5 and 1
mM to induce for 3 hours at 37°C. The expression of protein was analysed by
SDS-PAGE (Section 2.13.1).

As shown in Figure 6.3, the six mutants of hPC were expressed as a protein band
around 116 kDa, as identified by the positive control, partially purified hPC. The hPC
band was not seen in lane of pET/BL bearing the parent vector pET 32a (+) as a
negative control. The level of expression of the six mutants was different at IPTG
concentrations 0.5 and 1 mM (Figure 6.3b and c). The Coomassie stained gel of 0.1

mM of IPTG (Figure 6.3a) showed a lower level of hPC than those of IPTG at 0.5 and 1
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Figure 6.3 Expression of hPC mutants (mutant pET-hPC) in E. coli
BL21. Six hPC mutants (mutant pET-hPC) were expressed in E. coli BL21
after induction with IPTG at various concentrations 0.1 (a), 0.5 (b) and 1 (¢)
mM. The cell lysates were prepared and analysed by SDS-PAGE. Partially
purified hPC, expressed in 293T (around 116 kDa ) was used as a positive
control, a bacterial extract from a strain bearing the parent vector (pET/BL)
as a negative control. M = Wide Range Protein Standard Marker (Mark12,
Novex).
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mM. Thus a concentration of IPTG of 1 mM was used to induce the expression of hPC
in bacteria.

6.3.1.2 Expression of vector wt pET-hPC in BL21 and enzymatic activity of hPC

Ideally, the protein of interest will be produced in an active form and in
sufficient amounts to allow its isolation. However, the protein may be made either in
very small amounts or in an insoluble form, or both.

In Section 6.3.1.1, we have shown that the bacteria bearing mutant pET-hPC
(pET-hPC MF) slightly expressed the hPC at 1 mM of IPTG induction (Figure 6.3). We
do not know whether wt hPC expressed in E. coli is active or inactive. Thus, wild type
hPC was expressed in E. coli and tested for the activity. To test this possibility, wt
pET-hPC was constructed by digestion of mpBlue-hPC (Section 4.3.5) at the BamHI
and Notl sites, the full-length hPC was ligated into pET-32a (+) at the same sites. This
construct was transformed (Section 2.11.6) and expressed in E. coli BL21 (Section
3.2.11). The protein expression was analysed by SDS-PAGE followed by Western blot.
The activity of cell lysate was investigated using radiochemical assay (Section 6.2.4).

Figure 6.4 revealed the expression of wt hPC as thioredoxin fusion protein in E.
coli BL.21 and the enzymatic activity. The level of wt hPC at 1 mM of IPTG was not
seen clearly on the Coomassie stained gel compared to the positive band of partially
purified hPC (Figure 6.4a). The avidin blot showed the hPC band of partially purified
hPC but only a faint band of wt hPC was seen on this blot (Figure 6.4b). The enzymatic
activity of wt hPC was negligible compared to the positive control of 1 ug of hPC
expressed in 293T in 50 ug of whole cell lysate (Figure 6.4c). This suggests that the
expression of wt hPC in the whole cell lysate was too low to be detected by enzymatic

activity or it is inactive.
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activity of hPC. The vector wild type pET-hPC was constructed and
transformed into E. coli BL21 (Section 6.3.1.2). After induction with 1 mM
IPTG, cells were harvested and prepared for SDS-PAGE analysis and
enzymatic activity. The expression of hPC was shown on Coomassie gel (a)
and avidin blot (b). The enzymatic activity (Section 6.2.5) of expressed
hPC in 50 pg of whole cell lysate was analysed using a radiochemical assay,
and compared to 1 pg of hPC expressed in 293T (c). M = Wide Range
Protein Standard Marker (Mark12, Novex).

Note. The prominent asterisked band, although apparently partially
inducible by IPTG, is not hPC with thioredoxin fusion protein.



Expression of hPC in Bacteria and Yeast

6.3.1.3 Effect of rare codon usage on high-level expression of heterologous
protein in E. coli
The initial expression of wt hPC in E. coli BL21 revealed that the level of
expression was very low (Figure 6.4) and that the activity of the enzyme is low. It is
important to monitor translation errors in studies using overexpressed recombinant
eukaryotic genes. “The misincorporation of amino acids can drastically affect protein
function and lead to a discrepancy between apparent and actual specific activity”
(Calderone et al., 1996). If the sequence of the cloned gene contains codons used
infrequently in E. coli (rare codons) this is usually not a rate-limiting problem, but if
four or more happen to occur contiguously, they can reduce expression significantly
(Robinson et al., 1984). Differences in codon usage between prokaryotes and
eukaryotes can have a significant impact on heterologous protein production. The
arginine codons AGA and AGG are rarely found in E. coli genes, whereas they are
common in Saccharomyces cerevisiae and higher eukaryotes. The presence of such
codons in cloned genes affects protein accumulation levels, mRNA and plasmid
stability, inhibits protein synthesis and cell growth (Zahn, 1996). These problems can
usually be addressed by co-overexpressing the argU, argW, ileX, glyT, leuW, proL
genes which encode tRNAs for the codons AGG, AGA, AUA, GGA, CUA and CCC.
To address this approach, the wt pET-hPC was transformed into E. coli Rosetta (ADE3)
pLysS/RARE (argU, argW, ileX, glyT, leuW, proL) [Novagen] and BL21 codon plus
(ADE3) RIL (argU, ileY, leuW) [Stratagene]. The effect of temperature and
concentration of IPTG on induction of expression of hPC was also investigated as

described below.
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6.3.1.3.1 Optimisation of temperature on growth of Rosetta (ADE3)
pLysS/RARE and BL21 codon plus (ADE3) RIL

Proper protein folding is often favoured under low temperature cultivation
conditions (Baneyx, 1999). Many proteins are more soluble at lower than at higher
temperatures. E. coli can synthesize proteins at temperatures ranging from 10°C to
43°C (Ausubel et al., 1998). Thus, the expression of wt pET-hPC in E. coli Rosetta
(ADE3) pLysS/RARE (argU, arghW, ileX, glyT, leuW, prol) [Novagen] and BL21
codon plus (ADE3) RIL (argU, ileY, leul) [Stratagene] was investigated at different
temperatures of incubation (25°C, 30°C and 37°C) with induction by 1 mM of IPTG for
3 hours (Figure 6.5a). The expression of protein was analysed by SDS-PAGE.

As shown in Figure 6.5a the expression of hPC from the Rosetta strain was not
clearly seen at 25°C, 30°C or 37°C on a Coomassie stained gel. The level of the
expressed hPC band around 141 kDa from BL21 codon plus (ADE3) RIL at 30°C was
more clearly seen than that at 25°C and 37°C, compared to partially purified hPC (130
kDa) but the expression was still low. This indicates that the level of expressed hPC
was slightly increased in bacteria BL21 codon plus (ADE3) RIL at 30°C.

6.3.1.3.2 Optimisation of concentration of IPTG for BL21 codon plus
(ADE3) RIL

The expression of hPC from BL21 codon plus (ADE3) RIL bearing wt pET-hPC
was best at 30°C with 1 mM IPTG induction for 3 hours (Figure 6.5a). To further
improve the expression of hPC, different concentrations of IPTG to induce E. coli BL21
codon plus (ADE3) RIL were investigated as follows. The effect of concentrations of
IPTG at 1 and 5 mM was demonstrated by induction of E. coli BL21 codon plus (ADE3)
RIL (argU, ileY, leuW) [Stratagene] bearing wt pET-hPC at 30°C for 3, 4 hours and

overnight. The expression of protein was analysed by SDS-PAGE. The levels of
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Figure 6.5 The effect of complementing for rare codons on hPC
expression. The wild type hPC (wt pET-hPC) was expressed in bacteria
containing tRNAs for rare codons (Rosetta and BL21 RIL strains). (a)
Bacteria were grown at 25°C, 30°C and 37°C after induction with 1 mM
IPTG for 3 hours. (b) The BL21 RIL bearing plasmid pET-hPC and rare
codons was incubated at 30°C after induction with 1 and 5 mM IPTG. Then
cells were harvested at various times, 3 hours, 4 hours and overnight. The
cell lysates were analysed by SDS-PAGE. M = Wide Range Protein
Standard Marker (Mark12, Novex). (-) indicates no induction with IPTG.
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expression of hPC at 1 and 5 mM of IPTG after induction for 3 hours, 4 hours or
overnight were not different and not clearly seen on the Coomassie stain gel (Figure
6.5b). The hPC was not significantly expressed from E. coli Rosetta (ADE3)
pLysS/RARE (argU, argW, ileX, glyT, leuW, proL) and BL21 codon plus (ADE3) RIL
(argU, ileY, leuW). Therefore, the enzymatic activity and avidin blot were not done for
this expressed hPC due to very low levels of hPC. This suggests that either rare codons
in the wild type gene are not the limiting factor for its expression in E. coli or that the
synthetic hPC gene has some other feature (e.g. unfavourable mRNA secondary
structure) that outweighs the optimisation of the hPC codon usage.

6.3.1.4 Effect of overexpression of folding modulators on the in vivo folding of
heterologous protein in E. coli

The level of expression of hPC was not significantly improved by using bacteria
expressing rare tRNAs (Figure 6.5). An alternative explanation for low expression may
be that the protein folding is incorrect and may be affecting the expression level.
Overproduction of heterologous proteins in the cytoplasm of E. coli is often
accompanied by their misfolding and segregation into insoluble aggregates known as
inclusion bodies. The recognition that in vivo protein folding is assisted by molecular
chaperones, which promote the proper isomerisation and cellular targeting of other
polypeptides by transiently interacting with folding intermediates, and by foldases
which accelerate rate-limiting steps along the folding pathway, has provided powerful
tools against the problem of inclusion body formation (Thomas et al., 1997). The best
characterised molecular chaperones in the cytoplasm of E. coli are the ATP-dependent
DnaK-DnaJ-GrpE and GroEL-GroES system (Bukau & Horwich, 1998). DnaK binds
to hydrophobic regions exposed to the solvent by nascent or stress-unfolded
polypeptides, thereby preventing off-pathway reactions leading to aggregation. The

GroEL and GroES are the prokaryotic homologues of eukaryotic Hsp60/Hsp10, which
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harbor an ATPase domain and are thought to assist polypeptide folding by partially
unfolding non-functional conformations that thus escape degradation, and can reinitiate
the folding process (Feldman & Frydman, 2000). Increasing the pool of chaperones
may therefore increase the fraction of protein that acquires a functional conformation.
6.3.1.4.1 Effect of GroEL-GroES (Hsp60) and DnaK-DnaJ-GrpE

(Hsp70) system co-expressed in Rosetta (ADE3) pLysS/RARE and BL21 codon plus

(ADE3) RIL

There is extensive evidence that co-overproduction of the DnaK-Dnal or
GroEL-GroES chaperones can greatly increase the soluble yields of aggregation-prone
proteins. The plasmid pMON 15903 encoding cDNA of GroEL-GroES (Lee & Olins,
1992) and pMON 15904 encoding cDNA of DnaK-Dnal-GrpE (Lee & Olins, 1992)
compatible with plasmid pET-hPC were generated for this purpose. The expression of
hPC was carried out using bacteria co-transformed with plasmids pET-hPC and pMON
15903. Rosetta (ADE3) pLysS/RARE and BL21 codon plus (ADE3) RIL strains were
tested. To do this, transformation of E. coli Rosetta (ADE3) pLysS/RARE and BL21
codon plus (ADE3) RIL bearing plasmid pET-hPC (Section 6.3.1.2) were carried out as
described (Section 2.11.6). The plasmid pMON 15903 was transformed into these
competent cells yielding the expressed bacteria, Rosetta/hPC/GroEL-GroES and
RIL/hPC/GroEL-GroES. The plasmid pMON 15903, containing the origin of
replication pACYC together with compatible kanamycin-resistance was co-transformed
and maintained in bacteria with plasmid pLysS/RARE containing the origin of
replication pACYC, with compatible chloramphenicol-resistance. ~ For the effect of
DnaK-DnaJ-GrpE, plasmid pMON 15904 was transformed into E. coli BL21, yielding
the bacteria BL21/dnaK. The plasmid pET-hPC was re-transformed into the competent
BL21/dnaK cells resulting in E. coli BL21 containing plasmid pMON 15904 and pET-

hPC (BL/hPC/dnaK). The cultivation temperatures for these bacteria
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Rosetta/hPC/GroEL-GroES, RIL/hPC/GroEL-GroES and BL/hPC/dnaK were 30°C and
25°C with 1 mM IPTG for induction of protein. The expression of protein was analysed
by SDS-PAGE.

As shown in Figure 6.6a and b, the level of expression of hPC from
BL/hPC/dnaK, BL/hPC, RIL/hPC/GroEL and Rosetta/hPC/GroEL was extremely low
on Coomassie stained gel at both 30°C and 25°C. The level of co-expression of hPC
from both chaperones was as low as that of BL/hPC. This indicates that co-expression
of hPC with molecular chaperones, GroEL-GroES and DnaK-DnaJ-GrpE in bacteria
BL21, Rosetta and RIL was not suitable for the hPC expression.

6.3.1.4.2 Effect of DnaK-DnaJ-GrpE (Hsp70) co-expressed in AD494
(ADE3)

The co-expression of hPC from a plasmid containing pET-hPC and molecular
chaperones (pMON 15903 and pMON 15904) did not improve the expression of hPC
which is similar to complementing the effect of rare codons by use of E. coli Rosetta
and RIL strains. The #7xB mutant strain, AD494 (Novagen) has potential general utility
for the production of properly folded, active proteins in the E. coli cytoplasm.

This was tested by co-expressing plasmids pMON 15904 (Hsp70) and pET-hPC
in bacteria strain AD494 (Novagen) for the effect of molecular chaperone and trxB
mutant E. coli. However, plasmid pMON 15903 (Hsp60) containing
kanamycin-resistance gene cannot be transformed into AD494 strain containing
kanamycin resistance gene. Also we cannot construct bacteria strain AD494 containing
three plasmids of GroEL-GroES, DnaK-DnaJ-GrpE or tRNA rare codons. The bacteria
AD494 bearing plasmid pMON15904 and pET-hPC was constructed by transformation
of plasmid pMON15904 into competent cells of AD494 followed by transformation of

plasmid pET-hPC into competent cell of AD494/dnaK. The expression of hPC was
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Figure 6.6 The effect of GroEL-GroES (Hsp60) and DnaK
DnaJ-GrpE (Hsp70) system co-expressed in Rosetta (ADE3)
pLysS/RARE and BL21 codon plus (ADE3) RIL. The plasmid wt pET
hPC was co-expressed with chaperones, GroEL-GroES and DnaK-Dnal
GrpE in bacteria resulting in BL/hPC/dnaK, RIL/hPC/GroEL and
Rosetta/hPC/GroEL. The hPC expression from three different bacteria was
compared to E. coli BL21 containing plasmid pET-hPC (BL/hPC) and
partially purified hPC. The bacteria was incubated at 30°C (a) or 25°C (b)
after induction of 1 mM IPTG. The cell lysates were prepared for SDS
PAGE analysis. M = Wide Range Protein Standard Marker (Mark12,
Novex). (+) = after induction, (-) = before induction

Note. The prominent asterisked band, although apparently partially
inducible by IPTG, is not hPC with thioredoxin fusion protein, as is evident
in Figure 6.4b and also many other Westerns not presented here.
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carried out in E. coli AD494/hPC and AD494/hPC/dnaK at 30°C with 1 mM of IPTG
induction. The SDS-PAGE was analysed for the expression of hPC,

Figure 6.7 showed the level of expression of hPC from AD494 and AD494
bearing plasmid pMON 15904 encoding cDNA of DnaK-DnaJ was not seen any PC
band (expected molecular mass, 141 kDa) as partially purified hPC (130 kDa). The
expressed hPC was not significant enough to test on an avidin blot. This result indicates
that the co-expression of pET-hPC and DnaK-Dnal chaperones (plasmid pMON 15904)
in AD494 strain was not achieved in this system.

6.3.2 Expression vector pQE-hPC

6.3.2.1 Optimisation of temperature and concentration of IPTG on growing K12
derived E. coli strain M15 and SG 13009

The expression of hPC with thioredoxin fusion protein in pET 32a (+) system
using E. coli Rosetta (ADE3) pLysS/RARE, BL21 codon plus (ADE3) and AD494 were
shown not to be successful.  Even with the co-expression of GroEL-GroES and
DnaK-Dnal chaperones, the level of expression was hardly seen on the protein gel. An
additional limitation of the T7 and other strong promoter systems is that the target
protein is often unable to reach a native conformation and either partially or completely
segregates within inclusion bodies.  Although this problem was addressed by
co-expressing folding modulators or through fusion protein technology, an alternative
approach is to use pQE plasmid consisting the E. coli phage T5 promoter, two lac
operator sequences and 6 His tag coding sequence.

The E. coli host cells in this system contain multiple copies of the plasmid
pREP4, which carries the /acl gene encoding the lac repressor (K12 derived E. coli
strains M15 [pREP4] and SG13009 [pREP4]). The multiple copies of pREP4 present in
the host cells ensure high levels of lac repressor and tight regulation of protein

expression. The expression from pQE vector is rapidly induced by the addition of
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Figure 6.7 The effect of DnaK-DnaJ-GrpE (Hsp70) co-expressed in
AD494 (ADE3). The bacteria AD494 containing plasmid wt pET-hPC and
AD494 containing plasmid wt pET-hPC and DnaK-Dnal-GrpE were
induced for hPC expression. The bacteria were incubated at 30°C after
induction of 1 mM IPTG. The cell lysates were prepared for SDS-PAGE
analysis. M = Wide Range Protein Standard Marker (Mark12, Novex).
(+) = after induction, (-) = before induction
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IPTG, which inactivates the repressor and clears the promoter. The special double
operator system in this system, in combination with the high levels of lac repressor
provided by pREP4, permits some control over the level of expression.

Since the optimisation of the pET32a (+) system did not result in an elevated
level of hPC synthesis, we were interested to see if changing the pET vector which
expressed protein as thioredoxin fusion protein to pQE vector would improve
expression. To do this, plasmid wt pQE-hPC encoding full-length hPC was constructed
(Section 6.2.1) and transformed into K12 derived E. coli strains M15 and SG 13009.
Maximum accumulation of soluble products is best achieved by testing expression in
several strains and at several temperatures, and picking the combination that works best.
Thus, the expression of hPC using pQE system was optimised as described below.

For the optimisation of expression of protein in E. coli M15 and SG13009 cell
bearing pQE-hPC, bacteria were induced with different concentrations of IPTG, 2 and 5
mM at 30°C and 37°C for 3 hours. As the optimisation of IPTG to induce the
expression of hPC in bacteria using pET system was 1 mM (Section 6.3.1.1), the
concentrations of IPTG induced in this pQE system were 2 and 5 mM. The cell lysates
were prepared (Section 3.2.11) and analysed by SDS-PAGE followed by Western blot
probed with avidin alkaline phosphatase.

As shown in Figure 6.8a the level of expression of hPC (expected molecular
mass, 130 kDa) was clearly seen on a Coomassie stained gel for both bacteria M15 and
SG13009 incubated at 30°C and slightly seen on that incubated at 37°C. The
concentrations of 2 and 5 mM IPTG to induce hPC gave similar expression. A similar
result was seen on an avidin blot (Figure 6.8b). This suggests that hPC was expressed
from bacteria M15 and SG13009 bearing plasmid pQE-hPC which was incubated at

30°C and induced with 2 mM IPTG.
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Figure 6.8 The expression of hPC (wt pQE-hPC) in E. coli M15 and
SG13009 cell. The bacteria M15 and SG13009 bearing plasmid pQE-hPC
(Section 6.2.1) were incubated at different concentrations of IPTG, 2 or 5
mM for induction at 30°C and 37°C for 3 hours . The cell lysates were
prepared for SDS-PAGE analysis. The expression of hPC is shown on
Coomassie gel (a) and avidin blot (b).



Expression of hPC in Bacteria and Yeast

To test the effect of temperature of incubation on expression of hPC, bacteria
M15 and SG13009 bearing plasmid pQE-hPC were incubated at 4°C, 25°C, 30°C and
37°C with 2 mM of IPTG. The cultures were induced with 2 mM IPTG at 25°C, 30°C
and 37°C for 3 hours except the culture at 4°C which was induced overnight. The cell
lysates were prepared (Section 3.2.11) and analysed for SDS-PAGE followed by
Western blot probed with avidin alkaline phosphatase. The hPC expression was clearly
seen on Coomassie stained gel at 4°C, 25°C and 30°C but not 37°C (Figure 6.9a). A
similar result was seen on an avidin blot (Figure 6.9b). The presence of expressed hPC
at lower molecular weight than 116 kDa as shown on the avidin blot, indicates that
degradation of hPC during expression might be contributing to the problem of inactive
enzyme or misfolding. Nevertheless, these data show that bacteria M15 and SG13009
bearing plasmid pQE-hPC expressed hPC at significant levels at 30°C following the
induction with 2 mM IPTG for 3 hours.

6.3.2.2 Enzymatic assay of hPC from bacteria M15 and SG13009 bearing
POE-hPC

To test the activity of hPC expressed by bacteria M15 and SG13009 bearing
plasmid pQE-hPC incubated at 25°C and 30°C, cell lysates were prepared and analysed
using the radiochemical assay (Section 6.2.4). The specific activities of hPC from both
bacteria M15 and SG13009 incubated at 25°C and 30°C were negligible compared to
the cell lysate of hPC expressed in 293 T as a positive control (Figure 6.9¢).

6.3.2.3 Optimisation of temperature on growing MI15 pLysS/Rare codon and
SG13009 pLysS/Rare codon

It was clearly demonstrated that hPC was expressed from bacteria M15 and
SG13009 bearing plasmid pQE-hPC at 30°C with the induction of 2 mM IPTG for 3
hours. However, this hPC was inactive. Inactive hPC expressed in E. coli system using

pQE vector might result from poor mRNA translation fidelity due to the effect of rare
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Figure 6.9 The effect of temperature on expression of hPC (wild type
pQE-hPC) in E. coli M15 and SG13009. The bacteria M15 and SG13009
bearing plasmid pQE-hPC (Section 6.2.1) were incubated at various
temperatures, 4°C, 25°C, 30°C and 37°C with 2 mM of IPTG for induction
for 3 hours. The cell lysates were prepared for SDS-PAGE analysis. The
expression of hPC was shown on Coomassie gel (a) and avidin blot (b). The
enzymatic activity (Section 6.2.5) of expressed hPC in 50 ug of whole cell
lysate was analysed using a radiochemical assay, compared to 1 pg of hPC
expressed in 293T (c).
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codons. To test this possibility, the bacteria M15 and SG13009 containing pLysS/Rare
codon were constructed (Section 6.2.2) and plasmid pQE-hPC was transformed into
these competent cells. All three plasmids are compatible and stable in the host cell with
three different antibiotic resistance genes.  The MI15/pLysS/Rare codon and
SG13009/pLysS/Rare codon cells bearing plasmid pQE-hPC were incubated at 30°C
with induction by 2 mM IPTG for 3 hours and overnight. The expression of hPC was
analysed by SDS-PAGE and the lysates were prepared for the analysis of enzymatic
activity using radiochemical assay (Section 6.2.2).

As shown in Figure 6.10a, hPC expression in M15/ pLysS/Rare codon was not
present without IPTG, but it was expressed following induction with 2 mM IPTG for 3
hours and slightly increased by induction overnight. A similar result was seen in
SG13009/pLysS/Rare codon. The level of hPC expression from M15/ pLysS/Rare
codon was slightly better than from MI15 (Figure 6.9a) at different incubation
temperatures (4°C, 25°C, 30°C and 37°C). However, the specific activity of hPC from
M15/pLysS/Rare codon and SG13009/pLysS/Rare codon incubated at 30°C following
induction with IPTG for 3hours or overnight was negligible compared to the cell lysate
of hPC expressed in 293T as a positive control (Figure 6.10b). This result shows that
the hPC was expressed significantly in E. coli M15 and SG13009 using plasmid
pQE-hPC but was not functional.

6.3.3 Expression of vector pVT-hPC in yeast Saccharomyces cerevisiae

The expression from the pET system was very low compared to the expression
of hPC in M15/pLysS/Rare codon and SG13009/pLysS/Rare codon bearing the plasmid
pQE-hPC. Although, an increased level of hPC expression was achieved by using the
pQE system, the enzymatic activity of hPC was still negligible. Unfortunately, the
failure of hPC to form its correct tertiary structure may preclude the use of bacterial

expression to detect even the most rudimentary level of activity. hPC expression in
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Figure 6.10 The effect of compensating for rare codons on expression
of hPC (wild type pQE-hPC) in E. coli M15 and SG13009 cell. The
bacteria M15 and SG13009 were co-transformed with plasmid pQE-hPC
and pLysS/Rare codon (Section 6.3.2). The bacteria were incubated at 30°C
with the induction of 2 mM IPTG for 3 hours and overnight. The cell
lysates were prepared for SDS-PAGE analysis. (a) The level of expression
of hPC was compared to bacteria M15 bearing only plasmid pQE-hPC on
Coomassie gel. (b) The enzymatic activity (Section 6.2.5) of expressed hPC
in 50 pg of whole cell lysate was analysed using a radiochemical assay,
compared to 1 pg of hPC expressed in 293T.
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yeast Saccharomyces cerevisiae 1s another possibility, since yeast genes are structurally
and functionally related to genes in higher eukaryotes. Furthermore, yeasts are not only
safe, easy to manipulate, but their cultivation is both inexpensive and can be easily be
scaled up. Therefore, the expression of hPC in yeast was investigated by using the
pVT100-U vector controlled by a constitutive alcohol dehydrogenase promoter to drive
transcription (Vernet et al., 1987). The vector pVT-hPC was constructed by Dr. S.
Jitrapakdee and transformed into yeast strain W303 (Section 2.11.9). The whole cell
lysate was prepared (Section 2.11.10) and analysed by SDS-PAGE followed by Western
blot.

The expression of hPC in yeast Saccharomyces cerevisiae was achieved as
shown in Figure 6.11a in six different clones of yeast containing plasmid pVT-hPC.
The hPC band (expected molecular mass, 130 kDa) was hard to see because of the
endogenous PC expressed in yeast. In addition, another protein also was expressed at
the same size as hPC. However, the avidin blot showed the slightly increased
expression levels of hPC from six different clones, compared to the background PC
from yeast bearing just the parental vector (Figure 6.11b). This indicates that the level
of expressed hPC in yeast was not sufficient to analyse the activity of hPC, due to the
endogenous level of PC in yeast strain W303.

6.3.4 Expression from vector pVI-hPC without a mitochondrial targeting sequence
(pVI-hPC-21) in yeast

It was shown that hPC was expressed at slightly elevated levels in yeast (Figure
6.11). In a study on the intracellular localisation of PC using an immunoelectron
microscopy approach, rat PC was found to be located exclusively in the mitochondrial
matrix and close to the inner mitochondrial membrane (Rohde et al., 1991).
Conversely, PC in S. cerevisiae was shown to be exclusively cytoplasmic (Rohde et al.,

1991). As yeast grown on glucose based media may have relatively few mitochondria
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Figure 6.11 The expression of hPC (pVT-hPC) in yeast
Saccharomyces cerevisiae. The plasmid pVT-hPC was constructed and
transformed into yeast that were cultured at 30°C overnight (Section 2.11.9).
Cell lysates were prepared (Section 2.11.10) for SDS-PAGE analysis. (a)
The hPC expression from six different clones of yeast bearing plasmid
pVT-hPC are shown on Coomassie gel. (b) The hPC was expressed at
different levels compared to endogenous PC from the yeast strain W303
bearing the parent vector pVT100-U, shown by an avidin blot. M = Wide
Range Protein Standard Marker (Mark12, Novex) for Coomassie stained gel
and Prestained Protein Marker (New England Biolab) for the blots.
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(Wallace et al., 1968) this may lead to a problem in overexpressing a heterologous
protein there. Therefore, the mitochondrial targeting sequence of hPC might not be
advantageous for expression of hPC in yeast. To test this proposal, the vector pVT-hPC
encoding cDNA of full-length hPC without the first 21 N-terminal residues of hPC
(containing the mitochondrial targeting sequence) [pVT-hPC-21] was constructed
(Section 6.2.3) and transformed into yeast (Section 2.11.9). The lysate was prepared
(Section 2.11.10) and analysed by SDS-PAGE followed by Western blot.

As shown in Figure 6.12a the expression of hPC on Coomassie stained gel was
not clearly seen in any of six different clones of yeast (wt hPC/pVT 3/1, 3/2, 3/3, 2/1,
2/2 and 2/3). However, expression of hPC in yeast was clearly seen on the avidin blot,
but only the expression level from yeast clone wt hPC/pVT 2/1 was higher than other
clones (Figure 6.12b). This result suggests that full-length hPC without mitochondrial
targeting sequence was significantly expressed in S. cerevisiae but the amount of
protein was still not enough for physical studies.
6.3.5 Expression of vector myc-tagged pVT-hPC without mitochondrial targeting
sequence (myc pV1-hPC-21) in yeast

The hPC was expressed to some extent in yeast bearing vector pVT-hPC without
mitochondrial targeting sequence, pVT-hPC-21 (Figure 6.12). Since the level of
expression was not good compared to the level of endogenous PC in yeast, the addition
of a myc tag to hPC might be useful for the purification of hPC. This would allow
removal of endogenous PC during purification. To do this, the vector myc tagged
pVT-hPC without mitochondrial targeting sequence (myc pVT-hPC-21) was
constructed (Section 6.2.4) and transformed into yeast (Section 2.11.9). The lysate was
prepared (Section 2.11.10) and analysed by SDS-PAGE followed by Western blot. The
immunoblot was probed with monoclonal anti myc (dilution 1:1000) and goat anti

mouse conjugated to horseradish peroxidase (dilution 1:4000).
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Figure 6.12  The expression from vector pVT-hPC without
mitochondrial targeting sequence of hPC (pVT-hPC-21) in yeast
Saccharomyces cerevisiae. The vector pVT-hPC-21 encoding ¢cDNA of
full-length  hPC without the first 21 N-terminal residues of hPC
(mitochondrial targeting sequence) was constructed (Section 6.2.3) and
transformed into yeast (Section 2.11.9). The lysates were prepared (Section
2.11.10) and analysed by SDS-PAGE followed by Western blot. (a) The
expression of hPC was hardly seen on Coomassie gel. (b) All six different
clones of yeast bearing plasmid pVT-hPC without mitochondrial targeting
sequence are shown to express hPC at different levels compared to the
parent vector in yeast W303 on avidin blot. M = Wide Range Protein
Standard Marker (Mark12, Novex) for Coomassie stained gel and Prestained
Protein Marker (New England Biolab) for the blots.
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As shown in Figure 6.13, three different clones of yeast W303 bearing vector
myc pVT-hPC-21 generally produced insufficient hPC to detect on a Coomassie stained
gel (Figure 6.13a). The avidin blot did not clearly show any improvement in the
amount of expressed myc tag hPC compared to endogenous PC in parent yeast strain
W303 bearing vector pVT100-U (Figure 6.13b). However, the anti myc blot analysis
clearly showed that hPC in pVT100-U vector from three different clones were
expressed in S. cerevisiae compared to the host strain yeastW303 (Figure 6.13c). This
indicates that the level of expression of myc-tagged hPC was not sufficient for further

steps of purification and enzymatic activity assay.
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Figure 6.13 The expression from vector myc tagged pVT-hPC
without mitochondrial targeting sequence of hPC (myc pVT-hPC-21) in
yeast Saccharomyces cerevisiae. The vector myc tag pVT-hPC encoding
cDNA of full-length hPC without the first 21 N-terminal residues of hPC as
a mitochondrial targeting sequence was constructed (Section 6.2.4) and
transformed into yeast (Section 2.11.9). The lysates were prepared (Section
2.11.10) and analysed by SDS-PAGE followed by Western blot. (a) The
expression of hPC was not obvious on Coomassie gel. (b) Three different
clones of yeast bearing plasmid myc pVT-hPC-21 were tested for PC
expression and compared to the parent vector in yeast W303 (negative) and
partially purified hPC (positive) on avidin blot. (c) The anti-myc blot
showed the myc tag hPC expressed in three clones of yeast compared to
yeast bearing parental vector, pVT100-U. M = Wide Range Protein
Standard Marker (Mark12, Novex) for Coomassie stained gel and Prestained
Protein Marker (New England Biolab) for the blots.
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6.4 DISCUSSION

Until now, hPC has been successfully expressed in a mammalian cell line,
293T and active hPC purified from a mitochondrial extract (Jitrapakdee et al., 1999).
This procedure is well established but with only limited amounts of cultured cells
available it leads normally to low production yields as a result of losses from the various
purification steps. Such a procedure is expensive and time consuming.

In this study, we revealed that it is possible to obtain some hPC from E. coli by
expressing hPC in the BL21 strain bearing plasmid pET-hPC (Figure 6.3). A study of
E. coli codon usage analysis 2.0 by Morris Maduro
(http://128.111.208.226/codonUsage/usage2.0c.html) revealed that 15% of codon
usages in the hPC sequence are below the threshold 10% of E. coli for same amino acid
(Appendix II).

A preferred codon is thought to optimise translation, and highly expressed genes
usually have extreme codon bias (Ikemura, 1985; Sharp ef al., 1986). It has been shown
that minor codons such as AGA, AGG, CUA, UCA, AGU, ACA, GGA, CCC and AUA
are used preferentially within the first 25 codons in E. coli genes, termed as the minor
codon modulator hypothesis (Chen & Inouye, 1990). When the cell growth reaches the
stationary phase, the concentration of tRNA molecules for minor codons becomes
extremely limited. This causes ribosome stalling at minor codon sites, inhibiting the
effective entry of a ribosome at the initiation site, thereby resulting in a decrease in the
rate of translation. The minor codons within this critical limit from the initiation codon
are thought to play an important role in regulating gene expression (Chen & Inoue,
1994). In E. coli it has been shown that the codon usage bias is weaker and the
synonymous substitution rate is lower in the initiation site than in the rest of the gene
(Ohno et al., 2001). Since even a single minor codon in the initiation site can reduce

gene expression as a result of limited availability of tRNAs depending on the growth
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phase (Chen & Inouye, 1990; Chen & Inoue, 1994) minor codons probably also have a
negative effect on gene expression. However, the expression of hPC in T7 driven
Rosetta (Novagen) and BL21 RIL (Stratagene) did not improve the level of expression.
This indicates that the level of hPC expression is not greatly affected by codon
preferences and may be affected by the coding sequence in other ways that are not yet
well understood. It has been reported that not only the number of rare codons, but also
their context and distribution within a given gene appear to influence expression levels
(Kurland & Gallant, 1996).

In recent years, protein folding and assembly in living cells have been shown to
be facilitated by molecular chaperones and catalysts of protein folding (Gething &
Sambrook, 1992). Chaperones, with broad specificity capable of assisting the folding of
a range of different proteins, have been identified in various cellular compartments,
such as the cytoplasm, endoplasmic reticulum and in mitochondria and chloroplasts
(Gething & Sambrook, 1992). 1 have attempted to determine whether the expression of
hPC could require molecular chaperones to facilitate either subunit folding or assembly.
The GroEL-GroES and DnaK-Dnal were co-expressed in the Rosetta, BL21RIL, BL.21
(DE3) and AD494 strains. Only BL21 RIL cells bearing the GroEL-GroES system
expressed hPC in whole cell lysate and then only slightly, indicating that the
GroEL-GroES and DnaK-Dnal system also did not seem to play a major role in
improving the in vivo folding or assembly of hPC in Rosetta, BL21RIL, BL21 (DE3)
and AD494.

There is extensive evidence that co-overproduction of the GroEL-GroES and
DnaK-Dnal chaperones can greatly increase the soluble yields of aggregation—prone
proteins (De Bernardez Clark et al., 1999; Lilie et al, 1998). The process does not
involve dissolution of preformed recombinant inclusion bodies but is related to

improving folding of newly synthesized protein chains (Thomas & Baneyx, 1996).
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These authors also point out that “it is important, however, that the beneficial effect
associated with an increase in the intracellular concentration of DnaK-Dnal and
GroEL-GroES is highly dependent on the nature of the overproduced protein, and that
success is by no means guaranteed”.

For this study, an alternative way to attempt the hPC expression in E. coli is to
change the vector system using the pQE expression vector containing a 6 His affinity
tag, which can be repressed by the presence of high levels of lac repressor. The
thioredoxin fusion protein in the pET system did not improve the expression of hPC.
Thus, pQE system with no fusion protein is another vector with which to attempt
improving hPC expression. The hPC with its N-terminal 6-His tag expressed in 293T
was found to be active (Chapter 4) thereby indicating that histidine would be unlikely to
affect the activity of hPC expressed in bacteria. As shown in Figure 6.8, the K12
derived E. coli M15 and SG13009 bearing the plasmid pQE-hPC exhibited some
increase in the hPC band around 116 kDa on SDS-PAGE analysis. The level of hPC
expression with the TS lac-driven expression (pQE system) was higher than using the
T7-driven expression (pET system).

Initiation of translation of E. coli mRNAs requires a Shine Dalgarno (SD)
sequence complementary to the 3° end of the 16s rRNA and of consensus
5’-UAAGGAGG-3’, followed by an initiation codon, which is most commonly AUG.
Because of the close coupling between transcription and translation in prokaryotes,
engineering of the translation initiation region is a powerful tool for modulating gene
expression in a promoter-independent fasion (Ringquist ef al., 1992). This also means
that stable mRNA secondary structures encompassing the SD sequence and/or the
initiation codon can dramatically reduce gene expression by interfering with ribosome

binding. The pET and pQE vectors are commercial products which are both expected to
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be good for SD sequence and initiation codon. Thus, the SD sequence is unlikely to
cause the reduction of hPC expression.

In an attempt to explain my result with both expression systems, we propose that
the sequences from the ribosome binding site (SD sequence) and the following 30-40
codons of the hPC gene might prevent mRNA from forming the correct secondary
structure or stem-loops resulting in reduction of translation efficiency. This hypothesis
assumes that the ribosomes are blocked by a number of stem-loops occurring with high
free energy. This result (Figure 6.14) is based on the predicted mRNA structure by
www.genebee.msu.su/cgi-bin/nph-rma2.pl.  The results show that the numbers of
stem-loops in sequences of pET/hPC (17 stems) with free energy of structure —105.5
kcal/mol were higher than in pQE/hPC (13 stems, -67 kcal/mol). It is likely that the
protein expression in the pET system was less efficient because of the problem of
secondary mRNA structure, resulting in reduced mRNA levels. Subsequent protein
expression may be first reduced by the overall decrease in mRNA levels and secondly
by the reduced efficiency of mRNA translation due to the mRNA secondary structure
blocking ribosome binding. The expression of several genes in E. coli appeared
inversely related to the stability of the secondary structure of their ribosome binding
sites (de Smit & van Duin, 1990).

During the early days of recombinant DNA technology, it was thought that a
strong promoter and a start codon at the beginning of the gene would be sufficient for
good expression in E. coli. Since then it has been learned that the requirements for
efficient translation are a good deal more complicated. In addition to a promoter and a
start codon, good expression requires that the mRNA encoding the protein to be
expressed contains a ribosome-binding site that is not blocked by mRNA secondary
structure (de Smit & van Duin, 1990). These secondary structures can possibly be

disrupted by RNA helicases such as the DEAD protein of E. coli. It was shown that

155



(b)

(a)

Free energy of pET-hPC Free energy of pQE-hPC

= -105.5 kcal/mol with 17 stems = -67 kcal/mol with 13 stems

Figure 6.14 The predicted mRNA structure of human PC
sequence expressed in pET and pQE vectors. The predicted
secondary structure of first 75 amino acids from full-length hPC
expressed in pET 32 a (+) vector, (pET-hPC) [a] was compared to that
of pQE-hPC (b) using ‘v conehec sy su/eer-bin/nph ra2 pl, The
free energy of structure of first 75 amino acids of hPC of pET-hPC (17
stems) and pQE-hPC (13 stems) were —105.5 and —67 kcal/mol
respectively.
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overexpression of the DEAD protein stimulated 3-galactosidase expression 30 fold from
the T7 promoter, but not from the /ac promoter (Iost & Dreyfus, 1994).

Protein expression at reduced growth temperatures has been widely used to
improve the folding of recombinant proteins (Baneyx, 1999). Because non-native
polypeptides are a preferred substrate for cellular proteases, growth experiments were
performed at different temperatures (4°C, 25°C, 30°C and 37°C). As expected, the level
of hPC expression in pQE system was quite similar at the lower temperatures, but not at
a higher temperature (37°C) [Figure 6.9]. Accumulation of intact hPC was favoured
when T35 lac-driven expression was carried out at 4°C, 25°C or 30°C (Figure 6.9). The
simplest explanation for this result is that protease cleavage sites become shielded
owing to more efficient folding of the protein in the cytoplasm at low temperatures
(Mujacic et al., 1999).

The level of hPC expression in E. coli M15 and SG13009 bearing the plasmid
encoding rare codons was similar to that in M15 (Figure 6.10). Moreover, there was no
difference in the expression level of hPC when growth following the induction with
IPTG was longer. The activity of hPC was negative for all expressed hPCs from both
M15 and SG13009 (Figure 6.9¢) including when there was co-expression of rare codons
tRNAs (Figure 6.10b). These results suggest that the pQE system improved the level
of hPC expression and also that the expressed hPC is biotinylated as shown on the
avidin blot, but that these some degradation of the protein. The degradation of PC may
occur due to its misfolding or to the assembly process resulting in inactive hPC.
Together with protein misfolding, proteolytic degradation and toxicity can be serious
impediments to the efficient production of recombinant gene products in E. coli.

Heterologous expression of proteins in E. coli and yeast has two great
advantages over the mammalian expression systems, namely the speed of producing

overexpressing strains and the ease and cheapness of large-scale production.

156



Expression of hPC in Bacteria and Yeast

Expression of hPC in E. coli was a real possibility when the level of expression was
improved by T5 lac promoter of pQE system. However, this system failed to produce
functional hPC as assessed by radiochemical assay of hPC in the whole cell lysate.
Proteins expressed in F. coli may also lack proper biological function and antigenicity
because of the absence of eukaryotic post-translational modifications. However, except
for biotinylation which did occur, post-translational modifications of PC including
phosphorylation have not been reported (Leiter et al., 1978) indicating that the failure of
expressed hPC to be active in E. coli is likely to be due to an incorrect folding or
assembly problem.

In this study, the expression of hPC in yeast Saccharomyces cerevisiae was
attempted using the pVT-hPC vector containing cDNA of hPC and the pVT-hPC-21
vector containing cDNA of hPC without the mitochondrial targeting sequence. The
level of hPC was slightly elevated compared to the endogenous yeast PC in yeast strain
W303. The level of expression was slightly increased again from the plasmid
pVT-hPC-21. Unfortunately, the low level of expression hPC compared to the
background PC from yeast strain W303 indicating that this was not a useful source for
hPC enzymatic activity. This suggests that the yeast system using the pVT100-U vector
to express full-length hPC in Saccharomyces cerevisiae was unable to improve the
expression and specific activity of hPC, as the mammalian system 293T cell line does
(Jitrapakdee et al., 1999). The level of expression of both full-length hPC and the
version minus mitochondrial targeting sequence is not significantly different, indicating
that the mitochondrial targeting sequence might not be important in transcriptional or
translational efficiency of mRNA.

A similar result was obtained using the plasmid myc pVT-hPC-21 containing
cDNA of hPC without the mitochondrial targeting sequence but with a myc tag. It was

clearly shown that hPC with myc tag in pVT100-U vector was expressed in S.

157



Expression of hPC in Bacteria and Yeast

cerevisiae compared to the host strain yeast W303 on the anti myc blot (Figure 6.13c).
The expression level in S. cerevisiae was significantly lower than in the E. coli system
using the pQE vector (Figure 6.10a). This result revealed that the yeast strain W303
might have been suboptimal for the expression of hPC. Because the expression of
recombinant proteins can be highly strain and species-specific (Romanos et al., 1992),
hPC might express in other vectors and suitable strains of yeast or may express in the
methylotrophic yeast P. pastoris.

“Some proteins, which cannot be expressed efficiently in bacteria, S. cerevisiae
or baculovirus, have been successfully produced in functionally active form in P.
pastoris (Cereghino et al., 2002). There are many reasons for the popularity of the P.
pastoris expression system, but two are most compelling. The first is an unusually
efficient and tightly regulated promoter from the alcohol oxidase I gene (4A0X1) that is
used to drive the expression of the foreign gene (Hwang ef al, 2000). The A0XI
promoter is strongly repressed in cells grown on glucose and most other carbon sources,
the ability to repress expression of foreign proteins is advantageous if the protein is
toxic to the cell. The second reason why this is such a popular system is that,
physiologically, P. pastoris prefers a respiratory rather than a fermentative mode of
growth in which ethanol and acetic acid quickly reach toxic levels in the high cell
density environment of a fermenter”’(Cereghino et al., 2002; Cereghino & Cregg, 2000).

The low protein expression levels obtained in S. cerevisiae may also be due to
low levels of transcription or translation efficiency. The translation efficiency may be
influenced by the availability of tRNA subsets since S. cerevisiae uses predominantly
only 25 out of 61 possible codons, and the restricted use of only these preferred codons
might limit expression levels (Bennetzen & Hall, 1982). An analysis of codon usage in
human PC was conducted using CUSP

[http://bioweb.pasteur.fr/seqanal/interfaces/cusp.html] and compared with those
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tabulated for 6,216 ORFs contained in the Saccharomyces Genome Database
[http://genome-www.Stanford.edu/Saccharomyces] by I Michael Cherry
(cherry@genome.Stanford.edu) with the GCG program CodonFrequency. Of the 72
arginines in hPC only 8 are encoded by AGG which represents 48.3% of arginines in
yeast, 3 by AGA (27.6%) while 32 are encoded by CGA, CGC and CGT which together
account for only 9.7% of yeast preferred codons. Similarly, of the 104 leucines in hPC,
only 6 are encoded by TTG and 0 by TTA which each represent 28% of yeast codons
for leucine, while 21 are encoded by CTC and 73 by CTG which represent 6% and 11%
(respectively) of leucine codons in yeast. These results, presented in Appendix III,
suggest that a bias of codon usage in hPC may have adversely affected its expression in
Saccharomyces cerevisiae.

In summary, attempts to express cDNA for full-length hPC clones in E. coli
expression using a T7-driven vector and taking into account various effects such as
codon usage, and the possible need for GroEL-GroES and DnaK-Dnal chaperones
achieved only very low levels of expression. However, we have succeeded in
expressing the hPC protein in E. coli by changing the vector system to a TS lac-driven
vector (pQE system). Although the expression of hPC increased to detectable levels,
the expressed hPC was catalytically inactive presumably because it was unfolded or
unable to assemble in the E. coli system. We did not improve hPC expression in the S.
cerevisiae system whether we tried to express hPC with or without the mitochondrial

targeting sequence.
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CHAPTER 7

Pyruvate carboxylase is a member of the biotin dependent family of enzymes
found widely throughout nature. The comparison of primary structures has shown that
with the exception of several bacterial species PC from a wide range of species contains
three functional domains ie. the biotin carboxylation domain (N-terminal region), the
transcarboxylation domain (central region) and the biotin carboxyl carrier domain
(C-terminal region). Because of its importance in the intermediary metabolism of both
prokaryotes and eukaryotes, PC has been of particular interest to our research laboratory
with respect to its reaction mechanism, its subunit structure, the relationship between its
structure and activity, and the regulation of its catalytic activity. With the advent of
recombinant DNA technology, a boom in the availability of protein primary sequences
has occurred. These, in combination with the availability of a human PC clone and a
series of monoclonal antibodies against sheep PC developed in our laboratory, has led
to this investigation of PC structure. The characterisation by epitope mapping of human
PC along with studies on functional aspects of human PC may identify residues

important in substrate binding, catalysis or for maintaining the correct conformation.

Epitope mapping of mAb6 on human PC

As described in Chapter 3, three of our monoclonal antibodies (mAb6, 12 and
42) strongly cross-reacted with human PC, and specifically and efficiently inhibited the
acetylCoA-dependent activity of human PC.

The availability of cloned human PC ¢cDNA has made it possible to successfully
express human PC fragments and map the epitope of mAb6. By using monoclonal
antibody 6 as a probe in cross-reactive binding measurements, its epitope on human PC

was identified as LKDLPRYV (amino acids 968-974), a continuous epitope in the proline
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rich region of amino acids 951-1000, located between the central transcarboxylation
domain and the C-terminal biotin carboxyl carrier domain (Chapter 3). Site-directed
mutagenesis was used to introduce mutations into this epitope. Mutant D970A was
found to completely abolish the binding of antibody and also to reduce the
acetylCoA-dependent activity of human PC to 50% (Chapter 4).

The purification of this mutant protein would be essential for kinetic and
physicochemical analysis to investigate the role of this critical residue in the context of
full-length human PC to see if the defect in functional activity is not just a secondary
consequence of defective domain folding. The mutation might also influence the
assembly of human PC into active tetramer as a previous immunoelectron microscopy
study (Rohde & Carey, unpublished work) localised mAb6 binding close to the
intersubunit association region of the native tetramer. For example, it would be
interesting to investigate the higher order assembly of the mutant and determine the
ratio of active (tetramer) versus inactive (dimer or monomer) forms of this mutant using
high-resolution gel permeation chromatography or ultracentrifugation.

The location of mAb6’s epitope in the proline rich region at the junction
between the transcarboxylation and the biotin carboxyl carrier domains is possibly
associated with the mobility of this BCC domain in the catalytic reaction of PC.
Structural analysis of complexes between a protein antigen and an antibody shows that
typically between 14 and 21 residues are implicated in each epitope and most of the
binding energy can be accounted for by only 3 to 10 side chains (Clackson & Wells,
1995). The blocking of enzyme activity by antibody 6 might occur at an area around
the epitope containing 14-21 residues, which efficiently inhibits the activity of human
PC. Thus, the deletion of the 7 amino acids of this epitope or up to 20 residues

upstream or downstream from this epitope region might result in complete loss of PC
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activity. This might be useful to further investigate the possible role of this epitope as a
linker region of the BCC domain’s movement in catalysis.

Studies of the deletion of four consecutive alanine residues adjacent to the lipoyl
domain of pyruvate dehydrogenase (PDH) of E. coli showed that a small deletion of the
PDH linker could result in complete loss of protein function in vivo (Cronan, 2002).
This evidence supports the possibility that this epitope be further investigated as a
potential linker in the BCC domain of human PC. Mobile linker and loop regions are of
interest and have been studied extensively in £. coli BCCP and E. coli PDH (Cronan,
2002; Radford et al., 1989a; Radford et al., 1989b). The structure of such regions
cannot be determined by the currently available techniques and is a major unsolved
problem of structural biology (Cronan, 2002). The mAb6’s epitope might be an
alternative way to gain more structural insight into the critical residues close to this
potential linker of the BCC domain’s movement in the catalytic reaction of PC.
Currently, the three dimensional structure and linker residues of PC in this region have
not been studied, and knowledge of this would be advantageous in understanding its

structural and functional role in PC’s catalytic reaction mechanism.

Epitope mapping of mAbI2 and 42 on human PC

As described in Chapter 3 and 5, the epitopes of mAb12 and 42 were revealed as
discontinuous epitopes contained within the minimal C-terminal 80 residues of the
biotin carboxyl carrier domain (BCC) of human PC. Studies with cross-reactive
binding measurements (Western blot) and point mutations, based on not only the
sequence alignment of human PC, yeast PC;104 and BCCP of E. coli ACC but also on
the predicted structure of human PC in this domain, showed that the alanine substitution
of Met''"®, Met!'*®, Leu!'®® and Glu''® results in reduction of the binding of mAb12.

1143

However, the most significant contributor to the binding of mAb12 is Met For
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mAb42, the alanine substitutions of Ser''*', Met''? or Leu''® most significantly

1119 1165

account for reduction of this mAb’s binding to human PC while Lys " “and Asp " are
likely to be modest contributors to mAb42’s binding. Therefore, mAb42 appears to
bind to the BCC domain of hPC at the surface area of the biotin-binding containing

Met!*, Asp“65, Leu''®®, Lys1119 and Ser''*! which are close to the biotin moiety.

However, the mAb12’s epitope appears to be somewhat more centred on the opposite

1143 1168

side of the biotin-binding and the Met "™ and Leu ™ might also be part of the overlap
of these epitopes.

The reduction in binding affinities, which occurred as a result of the various
mutations, was in most cases likely to be caused by changes in the direct interaction of
the mAb with the altered residue. Alternatively, perhaps most likely in the case of
Leu''®®, the mutation may have affected the secondary or tertiary structure of the biotin
carboxyl carrier domain of human PC resulting in the secondary consequence of a
conformational change in the epitope and hence reduction of the binding affinity.
Therefore, in the future it would be valuable to measure the enzymatic activity of the
eight mutant full-length hPC expressed in 293T cell lines, in order to specify the effects
of critical residues of these epitopes on the catalytic activity of human PC.
Furthermore, purification and kinetic analysis of these mutants compared to wild type in
terms of the interaction of the substrates in the two partial reactions would further
investigate the roles of these residues in the catalytic reaction.

Mutations in one of its subunits and expressed in the presence of endogenous PC
could affect function in a variety of ways, including PC assembly, substrate binding,
catalytic efficiency of the overall reaction, or catalytic efficiency in either of the partial
reactions. For example, mutations in the subunits of PC could lead to loss of structure

and hence the ability to assemble PC into tetramers. If the introduction of a mutation

affects the ability of the mutant BCC of human PC to permit assembly, full-length
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mutant PC might exhibit different ratios of monomer, dimer or tetramer. This could be
assayed, if the overall catalytic activity of PC was affected. Chemical cross-linking of
mutant subunits may promote the assembly of PC and increase the activity of the
mutant compared to that of the wild type. This will imply that the introduced residues
change the ability of mutant PC to assemble and affect the overall catalytic activity.

No structural information for this region is yet available from
X-ray-crystallographic or NMR experiments with the BCC domain of human PC.
Further work to investigate the epitope map of these two antibodies on the biotin
carboxyl carrier domain using NMR or crystallography would be advantageous to
precisely define the structural residues of these epitopes. The structure of the BCC
domain once determined would be useful to provide more details of quaternary
structure, which may allow us to solve the structure and function relation of PC.

As the size of PC appears to limit its suitability for detailed three-dimensional
structure by NMR study, a further study would be to attempt expression of other
domains of human PC, such as biotin carboxylation domain (residues 1-488) (Chapter
3), in sufficient quantities for analysis by crystallography. In addition, the functional
significance of this region such as the first subsites could be tested in purified form after
expression in a suitable system. With the knowledge of the three-dimensional structure
of the domains of PC, together with site-directed mutagenesis to probe the role of
specific amino acid residues in the catalytic reaction a model could be assembled to
provide an overall structure and may allow us to understand the relationship of structure

to function.

164



Discussion

Expression of functional human PC in bacteria and yeast

The expression of full-length hPC in a bacterial system was attempted in many
ways to obtain functional hPC which can be used for kinetic and physicochemical
studies. The attempts to improve the level of expression and/or quality of the functional
hPC in bacterial system were described in Chapter 6. Although the expression of hPC
increased to detectable levels, the expressed hPC remained inactive.

It has long been clear that the codon preferences of E. coli are quite different
from those of mammalian systems and that can lead to problems when trying to express
a mammalian gene product in bacteria. The clustering of rare codons can lead to
ribosomal pausing and frameshifting, which reduces the quantity of the desired gene
product and leads to the production of truncated products (Shatzman, 1995). However,
the expression of hPC in T7 driven Rosetta (Novagen) and BL21 RIL (Stratagene) E.
coli strains did not improve the level of expression. The level of hPC expression in T7
driven system (pET vector) was not greatly affected by codon preferences and may be
affected by the coding sequence in other ways that are not yet well understood. It has
been reported that not only the number of rare codons, but also their context and
distribution within a given gene appear to influence expression levels (Kurland &
Gallant, 1996). Moreover, the thioredoxin fusion gene in pET vector did not enhance
the level of hPC expression.

In E. coli, two molecular chaperone machines, GroEL-GroES and DnaK-Dnal, a
ubiquitous class of proteins, play important roles in protein folding by assisting other
polypeptides to reach a proper conformation or cellular location without themselves
becoming part of the final structure (Hartl et al,, 1994; Hendrick & Hartl, 1993).
Currently, no definitive correlation has been established between amino acid sequence
of a protein and its propensity to aggregate in vivo. Nevertheless, it has been shown that

even small changes in primary structure can significantly affect solubility, presumably
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by altering folding pathways (Thomas & Baneyx, 1996). For example, the insertion of
a 30 amino acid segment from the S’ region of Hepatitis B surface antigen (HbsAg)
between the HbsAg preS2 sequence and [-galactosidase domains makes the resulting
preS2-S’-fB-galactosidase fusion protein highly susceptible to aggregation, while a
fusion protein between these two domains is significantly soluble in wild type E. coli
strains (Lee et al., 1990). However, our results showed that production of components
of either GroEL-GroES or DnaK-DnaJ molecular chaperone machines did not play a
major role in improving the in vivo folding or assembly of hPC in Rosetta, BL21RIL,
BL21 (DE3) and AD494. Other groups have also shown that the overexpression of
some enzymes of the E. coli folding machinery such as GroES-GroEL chaperonins,
disulfide-isomerase DsbA and proline-cis-trans-isomerase (PPlase) did not increase the
yield of soluble antibody fragments (Duenas et al., 1994). The degree of successful in
vivo folding appears to depend very much on the primary sequence of the variable
domains (Knappik & Pluckthun, 1995). It is now recognised that aggregation in vivo is
not a function of the solubility and stability of the native state of the protein, but of
those of its folding intermediates in their particular environment (Hockney, 1994).
Accumulation of expressed hPC was somewhat favoured when T5/lac driven
expression (pQE vector) was carried out at lower temperatures in bacterial culture. The
main difference between the T7 and T5/lac driven expression system is that the
T7-driven (pET vector) is based on the thioredoxin fusion protein, while the
T5/lac-driven expression system (pQE vector) consists of the E. coli phage T5
promoter, two lac operator sequences and a 6 His tag coding sequence. The special
double operator system in this pQE system, in combination with the high levels of lac
repressor provided by pREP4 from E. coli host cell, permits some control over the level
of expression. Expression of hPC in E. coli was a real possibility when the level of

expression was improved by TS5 lac promoter of pQE system and also that the expressed
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hPC was biotinylated, albeit with some degraded protein. However, the expressed hPC
was not active in E. coli, and this is likely to be due to an incorrect folding or assembly
problem.

Unlike many mammalian culture expression systems, yeast expression systems
use completely synthetic growth media with no animal derived components in any part
of the process. Yeast production is therefore relatively simple and can be more efficient
than mammalian cell culture. Yeast is an excellent organism for the overproduction of
multipolypeptide complexes, especially those of autologous origin (Burgers, 1999).

Unfortunately, the yeast system using pVT100-U vector controlled by a
constitutive alcohol dehydrogenase promoter to express full-length hPC in
Saccharomyces cerevisiae was unable to improve the expression and specific activity of
hPC. The levels of expression of both full-length hPC and the version minus
mitochondrial targeting sequence are not significantly different, indicating that the
mitochondrial targeting sequence might not be important in transcriptional or
translational efficiency of mRNA. The low protein expression levels obtained in S.
cerevisiae may also be due to low levels of transcription or translation efficiency.
Because the expression of recombinant proteins can be highly strain and
species-specific (Romanos et al., 1992), it may be worth trying to express hPC from the
GAL promoter, which is an inducible promoter, and in different strains of yeast. An
inducible expression system in yeast is very valuable as constitutive expression can be
deleterious to cell growth (Burgers, 1999). For example, DNA polymerase is
overexpressed constitutively, however, vigorous overproduction is observed when
expression is induced after sufficient growth of the cells (Gerik et al., 1997).

Other approaches could be employed for the expression of functional hPC. For
instance, the yeast RFCI gene encoding the large subunit of the five subunit replication

factor C cannot be expressed in F. coli at a detectable level (Burgers, 1999).
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Overproduction of multisubunit factors in baculovirus has in general been successful
(Roy & Jones, 1996). This evidence suggests the possibility that expression of
tetrameric, functional hPC could be developed in a baculovirus system using insect
cells. Recombinant baculoviruses can direct heterologous gene expression for longer
periods of time during the infection process (Shatzman, 1995). Expression of a wide
variety of mammalian gene products has been achieved using this system and shown to
be stable for long periods of time, even in the absence of selection (Shatzman, 1995).
The possibility of successful expression of PC in this system is also supported by the
observation that a retroviral expression system for hPC was successfully used to analyse
the effect of a hPC mutation found in the Ojibwa population (Amerindian pyruvate
carboxylase deficiency). This mutant had decreased activity, decreased level of
expression and inefficient import into the mitochondria (Carbone & Robinson, 2003).
Obviously, a suitable vector system to express functional hPC is essential for
further study of the indirect role of the identified epitopes, in combination with the
mutagenesis study. Information from structural studies may lead to further
understanding of the catalytic reaction of PC and be helpful in understanding the
mechanism of mutations which cause PC deficiency in humans. Ultimately, gene
therapy might be developed as a method to treat these patients, based on this

information.
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APPENDIX 1

All the work of producing and characterising of monoclonal antibodies against sheep

PC presented in this Appendix was done by Carey (1988).

1.1 The effect of oxaloacetate on the inhibition of sPC activity by mAb6, 12 and 42 is
summarised in Table 1.1.1 and Table 1.1.2.

sPC (3.6 mUnits, 23 units/ mg) was incubated with 350 ng, 600 ng and 2.8 ug
of antibodies 6, 12 and 42 respectively in the presence of increasing concentrations of
oxaloacetate (0, 1, 2, and 10 mM) for 1 hour at 30°C in 0.1 M Tris pH 7.2, 250 uM
acetyl-CoA (incubation volume = 75 ul). After incubation the activity of the enzyme
was determined by radiochemical assay. The values given are mean sPC activity
expressed as mUnits/ml * the standard deviation about the mean for three replicates.
The percentage inhibition by the antibodies at each concentration of oxaloacetate tested
(shown in brackets) is derived from the value where no antibody was present for that

particular oxaloacetate concentration (ie. Zero inhibition).

Table 1.1.1 The effect of oxaloacetate on the inhibition of sPC activity by mAb6
and 12.

Oxaloacetate mM _
Antibody o 1 2 10
0 366 11.5 319+19.5 23546.5 81 £3.0
()] 0) 0) 0)
6 154 +£27.5 38+0 27+5.0 12+0.5
(58) (88) (88) (85)
12 154 £19.0 2884+ 1.0 232+£5.0 81 £9.5

(58) (10) (D ©)

Table 1.1.2 The effect of oxaloacetate on the inhibition of sPC activity by mAb42.

Oxaloacetate mM
~ Antibody 0 T2 10
0 173 +£1.0 118£3.5 109+3.5 42+4.0
0) ) W) )
42 4125 219+ 1.0 179 £0 64x+1.5
(76) (64) (52)

(86)
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1.2 The effect of pyruvate on the inhibition of sPC activity by mAb6, 12 and 42 is
summarised in Table 1.2.1 and 1.2.2.

sPC (3.6 mUnits, 23 units/ mg) was incubated with 350 ng, 600 ng and 2.8 ug of
antibodies 6, 12 and 42 respectively in the presence of increasing concentrations of
pyruvate (0, 1, 2, and 10 mM) for 1 hour at 30°C in 0.1 M Tris pH 7.2, 250 uM
acetyl-CoA (incubation volume = 75 ul). After incubation, the activity of the enzyme
was determined by radiochemical assay. Since pyruvate was present in the samples
being assayed, the concentration of pyruvate in the assay mix was adjusted to maintain a
concentration of 10 mM during the assays. The values given are mean sPC activity
expressed as mUnits/ml * the standard deviation about the mean for three replicates.
The percentage inhibition by the antibodies at each concentration of pyruvate tested
(shown in brackets) is derived from the value where no antibody was present for that

particular pyruvate concentration (ie. Zero inhibition).

Table 1.2.1 The effect of pyruvate on the inhibition of sPC activity by mAb6 and
12.

Pyalvzte mM

Antibody 0 | 2 10
0 260+ 12.5 301+5.0 286+ 16.5 293+£6.0
® 0 ) 0)
6 88+ 16.6 113+ 1.5 97+ 11.1 80+19.5
(66) (64) (66) (73)
12 831 6.0 64 £2.0 58£10.5 59+12.5

(68) (79) (80) (80)

Table 1.2.2 The effect of pyruvate on the inhibition of sPC activity by mAb42.
Pyruvate —mM

"~ Antibody 0 1 2 10
0 140+245 1544165 160£55 150+13.0

V)] 0) (V] (V)
42 37425 28+35  26+05  20+0.5

74 (82) 84) &7
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1.3 The effects of Mg”* and MgATP” on the inhibition of sPC activity by mAb6, 12 and
42 are summarised in Table 1.3.1 and 1.3.2.

sPC (1.83 mUnits, 23 units/ mg) was incubated with 350 ng, 600 ng and 2.8 pg
of antibodies 6,12 and 42 respectively in the presence of either Mg®" (7 mM) or both
Mg”" and ATP (sodium salt) of concentrations 7 mM and 2.5 mM respectively in 0.1 M
Tris pH 7.2, 250 uM acetyl-CoA. After a one hour incubation at 30°C the activity of the
enzyme was determined by radiochemical assay. Since either Mg”" or MgATPz' was
present in the samples being assayed, the concentrations of MgCl, and ATP (sodium
salt) in the assay mix were adjusted to maintain a concentration of 7 mM MgCl, and 2.5
mM ATP during the assays. The values given are mean sPC activity expressed as
mUnits/ml + the standard deviation about the mean for three replicates. The percentage
inhibition by the antibodies at each concentration of Mg** or MgATP” tested (shown in
brackets) is derived from the value where no antibody was present for that particular

Mg2+ or MgATPz' concentration (ie. Zero inhibition).

Table 1.3.1 The effect of Mg2+ and MgATP*on the inhibition of sPC activity by
mAb6 and 12.

~ Antibody 0 Mg> MgATP>
0 183£1.5 203+120 136+7.0
) (0) )
6 52465  30+3.0 20+4.5
(72) (85) (85)
12 50£50  61%15 52415
(73) (70 (62)

Table 1.3.2 The effect of Mg2+ and MgATPz'on the inhibition of sPC activity by
mAb42. The effect of enzyme activity in the presence of Mg?" or MgATP* and
antibody is indicated by asterisk.

TAntibody 0 Mg®  MgATPT
0 117+165 115125 99 +5.0
0) 0) )
42 3343.0 30+1.4 109+ 1.5
(72) (74) (10)*
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1.4 Competitive ELISA to determine the position of binding of monoclonal antibodies,
anti-biotin and avidin relative to each other on sPC.

Competition ELISA was to determine whether antibodies shared the same area
of binding on sPC. The microtiterplates were coated for 1 hour at 37°C with 50 ul of a
10 pg/ml of sPC (in the presence of 500 uM acetyl-CoA). The wells were subsequently
blocked with 0.5% w/v gelatin for 1 hour at 37°C. After washing with PBS/0.05%
Tween 20, dilutions of the challenge antibodies or tested antibodies being tested
(indicated below) were added in 50 pl and incubated for 1 hour at room temperature.
After incubation excess antibody was removed by washing with PBS/0.05% Tween 20.
The second antibody conjugated to horseradish peroxidase was directed towards mouse
and goat when mAbs or anti-biotin antibody respectively was used as test antibody.
After incubation, washing and colour development of the reaction were determine at
450 nm.
Table 1.4 Competitive ELISA between mAbs, anti-biotin and avidin with sPC. The
values presented in this table are the binding of test antibody to the antigen in the
presence of challenging antibody or avidin, as a percentage of the binding of test

antibody alone.

“Challenge antibody ~ Goat mAb6 mAbl2  mAb42
anti-biotin (20 ng/ml) (20 ng/ml) (100 ng/ml)
(1:5000) S
None 100 100 100 100
Goat anti-biotin (1:100) - 92 O 33%
Avidin (11.8 pg/ml) 0 98 1% 3*
mAb6 (1 pg/ml) 112 - nd nd
mAb12 (1 ug/ml) 75% nd - nd

mAb42 (1 ng/ml) 69% nd nd nd

nd = not determined

* = competition with challenge antibody causes a significant change in the
binding of test antibody
The following dilutions of serum and concentrations of antibodies and avidin were

used: Test Challenge
Goat anti biotin 1:5000 1:100
Avidin - 11.8 pg/ml
MADbOG, 12 20 ng/ml 1 pg/ml
MADb42 100 ng/ml 1 wg/ml

Avidin was used as challenge only.
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1.5 The effect of biotin on the inhibition of sPC activity by mAb6, 12 and 42

Monoclonal antibodies (0-2 pg) were incubated in 0.1 M Tris-Cl pH 7.2 and 200
UM acetyl-CoA for 30 minutes at 30°C in the presence and absence of 5 nmoles (77
M) of biotin for mAb6 and 12 or 25 nmoles (385 uM) of biotin for mAb42 (incubation
volume = 65 ul). sPC (1.3 mUnits, 40 units/mg, 0.77nM) was added to the antibodies
and incubated for a further 60 minutes at 30°C. After this time the enzyme activity was
determined radiochemically. The activity of the enzyme was expressed as a percentage

of the activity of sPC incubated without antibody or biotin.

Table 1.5 The effect of biotin on the inhibition of sPC activity by mAb6, 12 and 42.

ug of antibodies 0 025pg O05ug 075pg lpg 1Spg 2ug
" Ab6-biotin 100 46 25 25 24 24 23
AbG-+biotin 112 50 37 26 25 24 24
Ab12-biotin 87 62 27 25 24 25 25
Ab12+biotin 110 75 54 27 25 25 25
Ab42-biotin 100 ; = 112 100 74 50

Ab42+biotin 105 - - 110 100 75 48
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1.6 Diagram of Binding Loci of Monoclonal Antibodies on SPC (Carey, 1988)

Figure 1.6 This diagram summarised the putative binding loci of the monoclonal
antibodies 6, 12 and 42 on one subunit of sPC in relation to the biotin prosthetic group

(B) and the regions occupied by anti-biotin 1gG (AAA) and avidin (Y ¥ 7).
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1.7 Localisation of the active site of pyruvate carboxylase by electron microscopic

examination of avidin-enzyme complexes by Johannssen et al. (1983)

Figure 1.7 Exploded face-view of the enzyme tetramer [Mayer et al., (1980)] with an
indication of the bound avidin molecule (shaded) with the sites of the biotin-binding
areas indicated (% on the avidin bound to the upper pair of pyruvate carboxylases
subunits, ¢ on the avidin bound to the lower pair of pyruvate carboxylase subunits)

[reproduced from Johannssen et al. (1983)].
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APPENDIX II

Analysis of E. coli codon usage in human PC sequence by Morris Mauro using
(http://128.111.208.226/codonUsage/usage2.0c.html) showed that 15% of codon usages
in human PC sequence are below the threshold 10% of E. coli for same amino acids.
Colors: [ = less than 10% of codons for same amino acid; [l = at least 10%

Fraction of sense codons below threshold (10) = 185/1178 =15%

1l
Freq. I
_.|||..“||II| [nbone ol kool bl

accgaccat 1‘(‘(1(JL( agoeeg l\(‘aad(]l(lgdiggag‘l
cccocccatagraaactaaliicaggatcet
(:c\,ccaL(:C:ngtgccgacqgccathcc

acatsag

COdOll ttatgct l((‘[(’LIJ

ggiycaactQocagcgaccac
A‘nino Ac]d MLKFRTVHGGLRLLGIRRTSTAPAASPNYRRLEYKPIKKYMVANRGELAT
20 30 40 50

Position 10

100
d
N L .
0 |.||I|||| Il || || ||.||||-I| i

cagtcgtagcgacaggattgcgagecacaccaggggtcagecgegegegtccac
Codon qtbgecgcatgtgctcoctacaaacgatagaacaacattygggtactacatate
tgegecgggcoceccacceotyggaeqogguyggaatactecccecegecggecgecca

Amino Acid RYFRACTELGIRTVATYSEQDTGQMHRQKADEAYLIGRGLAPVQAYLHLIP

Position 60 70 80 90 100

100

|
d
=1 ||||I| 1
o I atsoe bl S el e st

aaaagqaqaangqccgrar(‘tgcgqlgchcggggut‘agracgwgcaag
Codon attatcaaaatactacgagbtcagcatcacgaacgtigtigegecattgatg
ccecggcocggevatagelecgeatgageccgceccgtagegtitigacaagecgga

Amino Acid PIIKVAKENNVDAVHPGYGFLSERADFAQACQDAGVRFIGPSPEVVRKMG

Position 110 120 130 140 150

100

Codon | | I |
= b bt )
il“llll““lll Ll il

gagggcgagaggggcggcgaggcaatecggegttaatgtcaatagqyglgqg

Codon aalacgeoctcteecgrcktcgecaccteclaacaatcacagtetlbtaccagqgy
cgggegreattgttctoctcatcocguegtgeegocacececcocoggetgta

Amino Acid PKYEARAIAIARGVEVVEGTDAPTTSLHEANEFSNTYGEPIIFKARYGGG

Position 160 170 180 190 200
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100
% i bl
o A1t o.oo.o Moo Ml

acgaagoecatggcogatacgttggcggrgaggctggatagacccaggea
Codon gqgglglttagaaataaaacgcacaclcclgagectlttaattaacgatatatt
gtcegggaecacngggggtcocgocaglgectaltgggtgggeecggagecgqggcy

Amino Acid GRGMRVVHSYEELEENYTRAY SEATLAAFGNGALFVEKFIEKPRHIRVQTL

Position 210 220 230 240 250

100

=
Freq.
0 || I“l Jitthn | ..|..|I||| |

ggctgaaccectgegttacceecagggageggecgeoccoccaccaagtgacya
Codon gadagatraraagqgctdqqaaattatccccaracatchtcgactacca
gcgtgccgcgcgaccccgggcgggcgtcccccgcqqtgtgcccctgacta

Amino Acid GPOYGNILHLYERDCSIQRRHQKVVEIAPAAHLOPOLRTRLTSDSVKLAK

Position 260 270 280 290 300

100

| W

d

BT l“ Il II ||\
R

cgatgacagaggtoggacgactt ncodl(r(qq(agaqgaagg(raxgcar
Codon atgaaacgeiatttagagaaathtatacyglaltaacticaatcatabttacata
gaaagaaaet qchqccnLCCLLC(.LLL(quq(l/'g(clqg(ccdr‘grrtq:r

Amino Acid ¢VGYENAGTYEFLYDRUGKEY FIEVNSRLOVEHTVTERTTEVDLVHAQLH

Position 310 320 330 340 350
100
1 !
Codon
o 50 |
eq- I l I I .
o111l i ey
ggggaaccacgacedanc aaqrr‘[m"r aaggcgcatccqgagecaggicay

Codon tcaguglcat aaalbgltaggeotaggtecacaaccgglacacggraltggyg
gtgegeacugeggaueceneghtocgogeacageongcoccggeecclagegea
Amino Acid VAEGRSTLPDLGLROENTRINGCAIQCRVITEDPARS FGPDTGRIEVERSG

Position 360 370 380 390 400

| :
Freq. I | I
I“I ldul. M I|u||| andlh

ggagacegagrhgtegygatocetgtbtoogagagegagecaggaasaaagcqagl

Codon agltglgrtaacccbagebbo aanctttartcagaaacccccatggeteal
gogecacglLLioocaacocogaececocoggecacteccacoogeccggecygaetgygc

Amino Acid FGHMGIRLINASAFQGAVISPHYDSLLVKVIAHGKDHPTAATKMS RALAEF
Position 410 420 430 440 450
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100

]
0 L)L
o ettt Rt

"gcO(lﬂaaaﬂl’ﬁ(agcn1crrcgqaqqacLaqqa(,q:\_ ceegcacygecan
Codon 4 ctbaathbaaaatbtcgcochacattaaacatltalyccaageaal

2 ggtgececgqgegackgc cqcr((J(,dqgtu(z(jrach(agg

Amino Acid RVRGYKTNIAFLONVLNKOQELAGTVDTQFIDENPELFOLRPAQNRAQKL

Position 460 470 480 490 500

100

Cod
=il It ||||
o LI aret ol Bt T LA .

rtoeraega gagn(}t‘aa(‘a(‘gafra(‘a(‘achchg:dqcc_gqqIa(]ICC(,:](J(
Codon gaalga’rl’nrvt‘rc‘cfttacqc ccacttcoccotetlge glhgatthgaqgc
gececectengactaceghboccocgooeecocgootectageacgay t(,dr,‘(‘ggaggt

Amino Acid LHYLGUVMUNGPITPIPVKASPSPTOPVYVRPAVPIGPFPAGFRDTLLREGE

Position 510 520 530 540 550
100

=l (ol bl
LI 0L Sbfl It

Codon

actte
gagzo

golhtakggoc Jl]k]r;;gchccrgc.

Amino Acid Z3FARAVRNEFGLLLMDIY FRDANQSLLATRYRTHDLEKIALYVAHNFSX
Position 560 570 580 590 600
100
Codon
50
Freq.
0y __|||||| I II ..| . Ll |
Ct.ad‘l',q!ljnlt' g g
Codon “tgraagaygaacls - o
3 (.]l\i]EiARQtCCC:}‘r‘.LZLJ|\jl,~'
Amino Acid LESMENWGGATFOVANRFLYECPHRRLOE FPQMLLRGANAYG
Position 610 620 630 640 650
Codon
50
Freq. I I I
|I| ||| I||I| I||I .. I|I_.| III
Laat -
Codon aca-en
g o ] . g
A[n]no Acld YTRYPDRYY S KPCREVAKENGHY DY ERVEDSINYL2PNMLLGMEARGSATGYV
Position 660 670 680 690 700
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DA I A !.-44,.

Amino Acid ear 2T 00 a s s s L SRR
Position 710 720 730 740 750

100 |

Codon
Freq.

[ e SR I I SR I

RIS IR AR

Amino ACld ACTMLY A3LROKY P oL LHIHTHDT SGACYAAY

TARTRORGADYVVIVAADY
Position 760 770 780 790 800

100l |

Codon

Freq. >0

Codon

Amino Acid »a5x
Position $10 820 830

840 850

100

I {
Cod
ol ||| il lmi ||..hu o

Codon

FEAT3E

a0t
:rr”

Ammo Acid ¢ TGHADVTRHETFOSEDY TN LEYGAHEHG LG
Position 860) 870 /8]0

EASNVERAYVEARSM

/U0 900

100

| | |
M b i

Freq. |
II| h Il 111 T T |

Codon - : o - . d
Amino Acid 0 wvTEas R THN G S R ARARAGA GV E L
Position 910 920 930 940 950
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100
Codon
Freq. I | I
0l II I.. Illll I ll..l |I|l ||| .I.l
. i CHETRN e 3 llff::
Codon .,("-a-..‘y,,,
%/ i 0 ! WS IS BV
Amino Acid ¥ isv ¥ VORHELGE
Position 960} 970 980 99 1000
Codon
Freq. I i I
lll llcll II: 'l 'l I III
: q

FYATESIPFISALNTRL LGS

Amino Acid E
Position 1010 1020 1030 1040 1050

100

z_ B 113 | l
Cod
" ||'” |" L "
ollll. ihl Lkl lLli NIRRT T

JAcAwIraTant
raatoar
ggec

Codon :‘;

At LCatag ACA

soeLlgolggugraqageag

'T’:——

Amino Acid : VSR LERAGQRGVT IR LY GOLRES T LVEOTGANMKEMI S
Position 1060 1070 1080 1090 1100
100
Codon
- I i | | l
Il II a.ll III |l||l ll..| i
o T 2 aagar
Codon - .
. 3 3 gotoggan g
Amimo Acid wrzar GEYWIDIEVVAGRKVARGOPLIVLSAMNMET VYT
Position 1nio 1120 1130 1140 1150
100
Codon
50
Freq. l I
ol Ml |||I||||l| I|I
- LA s el TacTag
Codon ' iy e
L Lo i
AminoAcid SPMETTVREY- TOMTIEGDDL ILETR
Position 1160 1170 1180
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2341 gcagccatg gectgtgcccaggctggagetgatgtggtggat

A A ML ACA AOQA AGA ADV V D 795
2386 gtggcagctgattccatgtctgggatgacttcacagecccagecatyg

vV A A D S M S GM T S Q P S M 810
2431 ggggcc gtggcctgtaccagagggactcccecctggacacagag

G A L v A CTUR G T P L D T E 825
2476 gtgcccatggagcgcgtgtttgactacagtgagtactgggagggg

vV P M E R V F D Y S8 E Y W E G 840
2521 gctegggga tacgcggccttcgactgcacggccaccatgaag

A R G L Y A A F D CTA T M K 855
2566 tctggcaactcggacgtgtatgaaaatgagatcccagggggccag

S ¢ N S DV Y ENE I P G G Q 870
2611 tacaccaac cacttccaggcccacagcatggggcttggcetcece

Yy T N L. H F Q A H §$ M G L G S 885
2656 aagttcaaggaggtcaagaaggcctatgtggaggccaaccagatg

K F K E VvV K K A Y V E A N Q M 900
2701 ggcgatctcatcaaggtgacgccctecctecaagatcgtgggg

L ¢ b L I KV T P S S8 K I V G 915
2746 gac gcccagtttatggtgcagaatggattgagcecgggcagag

D L. A Q FM V Q NG L S8 R A E 930
2791 gccgaagctcaggcggaagag tcctttceccegetecegtggtyg

A E A Q A E E L S F P R S V V 945
2836 gagttc cagggctacatcggtgtcccccatggggggttccecce

E F L,.. G Y I G VP HG G F P 960
2881 gaaccctttcgctctaaggta aaggac ccaagggtggag

E P F R S K Vv L X D L P R V E 975
2926 gggcggcctggagecctccctecctecce gat caggca

G R P G A § L P P L DL Q A L 990
2971 gagaaggag gtagaccggcatggggaggaggtgacgccggaa

E K E L v b R.H G E E V T P E 1005
3016 gatgtgctctcagcagctatgtaccccgatgtgtttgeccactte

D v L. s A A M Y P D V F A H F 1020
3061 aaggacttcactgccacctttggccce gatagc aatact

K D F T A T F G P L D S L N T 1035
3106 cgcctcttc cagggacccaagatcgcagaggagtttgaggtg

R L F L Q G P K I A E E F E V 1050
3151 gag gagcggggcaagacyg cacatcaaagcc gccgtg

E L E R G K T L H I XK A L A V 1065
3196 agcgac aaccgggccggccagaggcaggtettcectttgagete

S DL N R A G Q R Q V F F E L 1080
3241 aatgggcag cggtccatcttggtcaaggacacccaggecatg

N ¢ ¢ L R 8 I L VvV K D T Q A M 109
3286 aaggagatgcacttccaccccaaggccctaaaggacgtgaagggce

K E M H F H P K A L K D V K G 1110
3331 cagatcggggcgcccatgcctgggaaggtgatagacatcaaagtg

9 I ¢ A P M P G KV I DI K V 1125
3376 gtggcaggggccaaggtggccaagggccagcece tgtgtgctc

vV A G A K V A K G Q@ P L C VvV L 1140
3421 agtgccatgaagatggagactgtggtgacctcacccatggagggt

S A M XK M E T V V T S P M E G 1155
3466 actgtccgcaaggttcatgtgaccaaggacatgaca gaaggt

T V R K VvV H v T K b M T L E G 1170
3511 gacgacctcatcctggagatcgagtga

D D L I L E I E * 1178
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