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SUMMARY

Pyruvate carboxylase (PC) [EC 6.4.1.1.] is a multi-functional enzyme belonging to
the biotin carboxylase family, enzymes that usc the biotin moiety as a mobilc carboxy-group
carrier between the two catalytic domains. Mammalian PC is located in the mitochondrial
matrix wherc it plays a vital role in gluconcogenesis, lipogencsis and other biosynthetic
pathways. Although ¢cDNA or genomic sequences encoding PC from a number of
organisms have been rceported they have not improved our understanding of the molecular
mechanisms that control the PC expression. This study aimed to unravel the molecular basis
of what controls PC expression at the gene level.

Full length rat PC ¢DNA has been isolated by performing 5° RACE-PCR. Full
length ¢cDNA contains an open reading frame of 3537 bp encoding a polypeptide with a
calculated Mr of 129,848, The inferred protein sequence shows a high degree of sequence
similarity to PC from other species. Three functional domains of rat PC i.c. the biotin
carboxylation domain, the transcarboxylation domain and the biotinyl domain have been
determined by a combination of limited proteolysis, scquence comparisons with PC from
other organisms and with other biotin enzymes. Comparison with the known structure of
the biotin carboxylation subunit of Escherichia coli acetyl-CoA carboxylase, suggested the
functional importance of 11 highly conserved residucs including Cys26S, His271, Lys273,
Glu3l1, Glu324, Asn326, Arg328, GIn330, Val331, Glu332 and Arg377.

The rat PC gene spans over 40 kb comprising ninetecn coding exons and four
S"-untranslated region exons. Organisation of exons in the gene is consistent with the
domain structure of the enzyme, suggesting a close relationship between exons and protein
domains. Fluorescence in sity hybridisation of rat metaphasc chromosomes localised PC to
the long arm of chromosome 1, band 1g43. Five alternate forms of rat PC transcripts
encoding the same enzyme have been identified and they cxhibit tissue-specific expression.
These mRNA isoforms contain the same coding scquence but differ in their 5'-untranslated
regions (UTRs). Dircct comparison of the nuclecotide scquences of 5-UTR exons to
5-UTR sequences of PC mRNA isoforms clearly showed that alternative splicing of
5'-UTR exons of primary transcripts alternatively transcribed from two promoters, generated

the multiple transcripts with 5'-end heterogeneity. Class I mRNAs (rUTR A, rUTR B and
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tUTRC) transcribed from the proximal promoter are cxpressed in gluconeogenic fissues
(Jiver and kidncy) and lipogenic tissues (liver, adipose tissuc and lactating mammary gland).
In contrast, class Il mRNAs (rtUTR D and rUTR E) transcribed from the distal promoter are
constitutively expressed in most fissues.

The proximal promoter lacks TATA and CAAT boxes but includes a sequence that is
typical of an initiator IITP-1 box surrounding the transcription initiation site while the distal
promoter contains three copics of CAAT boxes and multiple Spl binding sites. Several
potential transcription factor binding sites were also identified in both promoters. A scries of
5'-nested deletion constructs of both promoters were fused to a firefly luciferase reporter
gene and transiently expressed in COS-1 cells. The results showed that the 153- and 187-
bp, preceding the transcription initiation sitcs of the proximal and the distal promoters,
respectively were required for basal transcription. The distal promoter was found to drive
the expression of the luciferase reporter genc at a level 4-8-fold higher than the proximal
promoter when transiently expressed in COS-1, CHO-K and HepG2 cell lines. Insulin was
found to sclectively inhibit the expression of the proximal promoter-luciferase reporter gene
by 50% but not the distal promoter, suggesting the presence of an insulin-responsive
element. A half maximum cffect was found at | nM insulin.

Regulation of PC cxpression is developmentally regulated. The abundance of PC
mRNAs was low in fetal liver but increascd by 2-4-fold within 7 days after birth concomitant
with an 8-fold increase in the amount of immunoreactive PC and its activity, and then
decreascd during the weaning period. Reverse-transcriptase polymerase chain reaction (RT-
PCR) analysis indicated that the proximal promoter was activated during the suckling period
and reduced in activity at weaning.

In genetically obese Zucker rats, adipose PC was 4-5 fold increased concomitant
with a 5-6 fold incrcase in mRNA level, whereas a 2-3 fold increase in hepatic PC was
observed in parallel with a 4 fold increasc in its mMRNA. RT-PCR analysis also showed that
the proximal promoter was activated in the hyperlipogenic condition.

Converscly, transcription of the proximal promoter was not detectable in various
liver cell lines suggesting that this promoter was not functional under cell culture conditions.

In rat pancreatic islets and insulinoma cells only rUTR D and rUTR E transcripts, generated
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from the distal promoter of the PC gene, were expressed.  Glucose increased PC transcripts
from the distal promoter when the insulinoma cells were maintained in 10 mM glucose.

From these data it can be concluded that the proximal promoter of the rat PC genc
plays a major role in gluconcogencsis and lipogencsis while the distal promoter 18 necessary
for anaplerosis,

In vitro translation and in vivo polysome profile analysis indicated that rUTR C and
rUTR E transcripts were translated with similar translational efficicncies which arce
substantially greater than that of the rUTR D transcript, suggesting that 5'-UTRs play a role
in translational control.

Full length human PC ¢DNA clones were assembled and cloned upstrcam of the
puromycin resistance gene driven by the very strong promoter of human polypeptide chain
elongation factor-le, in pEFIRES-Puro plasmid. The resulting construct, pEF-PC was
stably transfected into human kidney cells (293T). Becausc puromycin cxerts sclective
pressure on the whole expression cassette, a high dose of puromycin was added to the
culture medium to select only highly expressing clones. Stably pooled clones expressed a
very high level of human PC, up to 4-6% of soluble protein or 20-30 times more than non-
transfected cells.  After the selective precipitation of the mitochondrial extract with 40%
ammonium sulfate, the recombinant human PC can be purified by a single step monomeric
avidin affinity chromatography with an overall yield of 20%. PC purified by this method

yiclded a single band on SDS-PAGE and exhibited a specific activity of 20 U/mg.
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Chapter 1 Introduction and Literature review

:'.L-II_{‘
1.1 GLUCONEOGENESIS AND GLYCOLYSIS R\

Glycolysis is the metabolic pathway by which glucose is converted via fructose-1,6-
biphosphate to pyruvate with the generation of energy in the form of ATP. This sequence of
enzymatic reactions (Fig. 1.1) occurs in the cytosol and plays a key role in energy
metabolism by providing a significant portion of the energy utilised by most living
organisms. Glucose occupies a central role in metabolism, both as a fuel in certain tissues
(e.g. brain, white blood cell and renal medulla) and as a precursor of essential structural
carbohydrate and other biomolecules in most tissues. During fasting, cells must therefore
obtain glucose from either the breakdown of glycogen in liver or by gluconeogenesis in liver
and kidney. The non-carbohydrate precursors that can be converted to glucose include the
glycolysis products lactate and pyruvate, citric acid cycle intermediates, and some amino
acids. However these substances must be converted to oxaloacetate the starting material for
gluconeogenesis.  Gluconeogenesis, in part a reverse pathway of glycolysis occurs
exclusively in liver and kidney cortex utilising most glycolytic enzymes except three steps
including the conversions of pyruvate to oxaloacetate, fructose 1,6-bisphosphate to
fructose-6-phosphate and glucose-6-phosphate to glucose which can not be simply reversed
by pyruvate kinase, phosphofructokinase and hexokinase respectively, due to the large
negative free energy changes in the direction of glycolysis (Krebs, 1954). However cells
overcome this situation by having another four enzymes including pyruvate carboxylase
acting in concert with phosphoenolpyruvate carboxykinase (PEPCK) and
fructose- 1,6-bisphosphatase and glucose-6-phosphatase which bypass the energy barriers as

shown in Fig [.1.

1.2 COORDINATE REGULATION OF GLYCOLYTIC AND
GLUCONEOGENIC ENZYME GENES IN LIVER

Although many other enzymes are involved in the glycolytic and gluconeogeneic
pathways, they catalyse equilibrium reactions which are not rate-limiting step. The contro]
of gluconeogenesis and glycolysis has been comprehensively reviewed (Granner and Pilkis,
1990; Pilkis and Granner, 1992; Lemaigre and Rousseau, 1994). Three substrate cycles,

glucose/glucose-6-phosphate, fructose-6-phosphate/fructose-1,6-bisphosphate and
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Figure 1.1 Schematic diagram of glycolysis and gluconeogenic pathways.
Different enzymes that catalyse different steps in these pathways are shown in
boxes. Fructose-2,6-bisphosphate is an activator of phosphofructokinase and
pyruvate kinase but acts as inhibitor of fructose-1,6-bisphosphatase. PC, pyruvate
carboxylase; PEPCK, phosphoenolpyruvate carboxykinase; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; Kinase/ase, 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase.



Chapter 1 Introduction and Literature review

phosphocnolpyruvate/pyruvate are irreversibly catalysed by different cnzymes (Fig. 1.1) and
are known to be targets for short-term or long-term regulation. Short-term regulation
(seconds to minutes) of hepatic glucose can be achieved via hormonal changes which in tn
alter the enzymatic activity of three enzymes namcly, 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase (bifunctional enzyme) and pyruvate kinase. High concentrations of plasma
glucagon and catecholamines (and a low concentration of plasma insulin) enhance adenylate
cyclase activity which results in a rise in the level of cAMP, and thus increased cAMP-
depcndent protein kinase activity. This signalling cascade results in the phosphorylation of
pyruvate kinase and 6-phosphofructo-2-kinase/fructosce-2,6-bisphosphatasc. This
phosphorylated statc of both enzymes reduces the conversion of phosphoenolpyruvate to
pyruvate and fructose-1,6-bisphosphate to fructose-6-phosphate, thus driving glucose
metabolism to the gluconeogenic direction (Pilkis and Granner, 1992). On the other hand, a
high level of insulin (low levels of glucagon and catecholamine), favours glucose
metabolism to the glycolytic direction i.c. binding of insulin to its receptor which exhibirs
tyrosine kinase activity and activating phosphodiesterasc activity. This results in a reduced
cAMP lcvel and its downstream cffector, which reduces phosphorylation of pyruvate kinase
and 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase.  An increase in the level of
fructosc-1,6-bisphosphate is also known to act as a potent activator of pyruvate kinase. This
can also act to amplify the pyruvate kinasc reaction (Pilkis and Granner, 1992).

Long term regulation (minutes to hours) of glucosc metabolism can also be achicved
via hormonal changes. These occur during starvation, low carbohydrate diet intake, or
prolonged excrcise which lead to high levels of plasma glucagon, catecholamine and
glucocorticoids.  This results in an increased activity of PEPCK, fructose-1,6-
bisphosphatase and glucosc-6-phosphatase and a coordinate decrcase in pyruvate kinase,
phosphofructokinase and glucokinase activitics (Granner and Pilkis, 1990; Pilkis and
Granner 1992).  These changes drive glucose mctabolism in the direction of
gluconeogencsis. However, the opposite effect occurs when animals are fed a carbohydrate-
rich diet which results in an incrcased levels of plasma insulin and a low level of other
hormones. Insulin stimulates transcription of the gencs encoding key glycolytic enzymes

and inhibits transcription of the genes cncoding key gluconeogenic enzymes.  The
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mechanism of how insulin can exert its effect on the transcription of these genes is not well
defined. It has been suggested that the binding of insulin to its receptors, triggers a
signalling cascade resulting in phosphorylation of insulin receptor substratc 1 (IRS-1),
which in turn activates downstream effectors including transcription factors (White and
Hahn, 1994). Glucagon and catecholamine act via cAMP which exerts effccts opposing
insulin by inhibiting transcription of glycolytic enzyme genes while stimulating transcription
of gluconcogenic enzyme genes (Granner and Pilkis, 1990; Pilkis and Granner, 1992). The
mechanism of how cAMP can modulate thc genes cncoding glycolytic and gluconeogenic
cnzymes remains unclear, but it may be mediated throngh a cAMP-responsive element(s)
located in the promoters of thesc genes. Whereas insulin and cAMP affect all the genes
encoding key glycolytic and gluconeogenic enzymes, glucocorticoids have a4 more restricted
action. They play a role in increasing transcription of PEPCK but have a more permissive
effect on glucokinase. This coordinate regulation between genes for key glycolytic and
gluconeogenic cnzymes allows an efficicnt mechanism to control blood glucose under
different physiological conditions. Although most studies have focused on understanding
the rcgulation of genes cncoding key glycolytic and gluconeogenic cnzymes, many attempts
have also been madc to isolatc and characterise the transcriptional units from other genes
whose products are involved in glycolytic and gluconeogenic pathways in order to fully
understand the molccular basics underlying the control of glucosc metabolism (see Tablc 1

and Tablc 2).
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Table I: Genes encoding glycolytic enzymes

Enzyme Gene structure organism reference
single copy gene, rat Magnuson et al., 1989
glucokinase 1so0zymes produced Magnuson and Shelton
by alternate 1989
promoters human Stoffel et al., 1992
Tanizawa et al., 1992
phosphofructokinase | isocnzymcs produced mouse Rongnoparut et al.,
by scparate genes 1991
human Elson et al., 1990
Yamasaki et af., 1991
6-phosphofructo-2- isozymes produced
kinase/fructose-2.6- by separate rat Darville et al., 1989
bisphosphatasc gencs/alternate Darville er al., 1991
promoters
aldolase isoenzymes produced rat Burgess and Penhoet,
by separafc genes 1985
human Tsutsumi ¢t al., 1985
glyceraldehyde-3- single copy gene rat Piechaczyk et al., 1984
phosphate with pseudogenes human Ercolani ez al., 1988
dehydrogenase
phosphoglyccrate isoenzymes produced human Michelson et al., 1985
kinase by separate gencs
phosphoglyccrate isoenzymcs produced rat Ruiz-Luazano et al.,
mutasc by separate genes 1994
human Tsujino et al., 1989
Castella-Escola et al.,
1990
enolase isoenzymes produced rat Sakimura et al., 1987
by scparate genes human Giallongo et al., 1990
Oliva et al., 1991
Peshavaria and Day,
1991
Giallongo et al., 1993
pyruvate kinase 1soenzymes produced rat Noguchi e ul., 1987
by separate gencs human Kanno ez al., 1992
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Table 2: Genes encoding gluconeogenic enzymes

Enzyme Gene structure | organism reference
pyruvate carboxylase single gene/alternate rat chapters 4, §
promoters (Jitapakdee et al.,
1997)
human Carbone et al., 1998
phosphocnol single gene/single rat Beale et al.. 1985
pyruvate carboxykinasc promoter
fructosc bisphosphatase |  single gene/single rat cl-Maghrabi ef al.,
promoter 1991
human el-Maghrabi et al.,
1995
glucose-6-phosphatase single gene/single mouse Shelly et al., 1993
promoter rat Argaud ef al., 1996
human Iei et al., 1993

1.3 TRANSCRIPTIONAL REGULATION OF GLUCONEOGENIC
ENZYME GENE EXPRESSION

1.3.1 PEPCK

PEPCK catalyses the conversion of oxaloacetate to phosphoenolpyruvate.  PEPCK
is regulated by nutrients and hormones. In some mammals there are two isoforms of
PEPCK, ecencoded by separate gencs. PEPCK-C is located in the cytosol whercas
PEPCK-M is located in the mitochondrial matrix. The distribution of PEPCK isozymes has
becn found to vary from specics to species (Hanson and Patel, 1994). Only thc gene
cncoding a PEPCK-C isoform in rat has been extensively studied. PEPCK-C is encoded by
a single copy gene which contains 10 exons and is controiled by a single promoter (Beale ef
al., 1985). The minimal promoter of the genc contains a TATA box, a CCAAT box, a
combined basal enhancer element and a cAMP-responsive element (CRE) all of which are
required for basal transcription (Quinn ef al., 1988). The regulatory region of PEPCK-C
confers a multihormonal response to insulin, cAMP and glucocorticoids, has initially been
shown to be located within the first 600 bp upstream from the transcription initiation site
(Magnuson et al., 1987). Subscquent functional analysis of this promoter revealed the

presence of a number of transcription factor binding sites including a CRE, a glucocorticoid
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regulatory unit (GRU) consisting of glucocorticoid receptor binding sites (GRE) and
accessory factor binding sites (AF1, AF2), an insulin-regulatory element (IRE), a thyroid
hormone rcgulatory element (TRE), as well as other transcription factor binding sites located

within this region (Hanson and Reshef, 1997) [see Fig. 1.2].

GRU

CREB/CREM

! T3 receptor

DBP
Fos/Jun . Fos/dun ,. ,
A C/FB . / A7\ Transcription
A Y L\

RXR

1
ANV,
@

Figure 1.2 Transcription unit of the promoter of PEPCK-C gene (adapted
from Hanson and Reshef, 1997). Different cis-acting clements are shown by ovals,
and the different regulatory proteins that interact with these clements are also shown. CRE,
cAMP regulatory element; TRE, thyroid-hormonc regulatory element; GRE, glucocorticoid
regulatory element; TBP, TATA binding protein; IRE, insulin regulatory element; PPARRE,
peroxisome proliferatory-activated receptor regulatory element; AI-1, accessory factor-1;
C/EBP, CCAAT/cnhancer binding protein; NIF-1, nuclear factor-1; CRLEBP, cAMP
regulatory element binding protein; DBP, D-binding protein; HNF-1 and HNE-3, hepatic
nuclear factor 1 and 3, respectively; GRU, glucocorticoid regulatory unit; GR,

glucocorticoid receptor; RAR, retinoic acid receptor; RXR, retinoic X receptor; ins, insulin,

The increascd plasma insulin following carbohydrate intake decreases the rate of PC
synthesis (Granner et al., 1983) duc to the inhibition of PEPCK transcription (Granner et
al., 1983; Sasaki et al., 1984). In contrast, the clevated plasma glucagon (via cAMP) during
fasting induces PEPCK cxpression (O’Brien and Granner, 1990) via transcriptional
activation (Granner et al., 1983; Sasaki et al., 1984). Glucocorticoids which act as
permissive agents to promote gluconcogenesis, also promote transcription of the PEPCK
gene (Petersen er al., 1989). The actions of these hormones are mediated through hormone
responsive elements located in the promoter of the PEPCK gene. ¢AMP and glucocortioids

not only stimulate transcription of the PEPCK gene but also stabilise PEPCK mRNA against
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degradation (Ifod and Hanson, 1988; Peterscn et al., 1989). The transcriptional regulation
of PEPCK has recently been revicwed by Hanson and Reshef (1997).

1.3.2 Fructose-1,6-bisphosphatase

Fructose-1,6-bisphosphatasc catalyses the conversion of fructose-1,6-bisphosphatc
to fructose-G-phosphate. Starvation and diabetes induce fructose-1,6-hisphosphatase activity
(Kitajima and Uyeda, 1983) and mRNA (cl-Maghrabi ef al., 1988). The genc encoding this
enzyme is comprised of 7 exons spanning over 23 kb. The promoter region of the gene for
fructose-1,6-bisphosphatase contains a conscnsus TATA box and a Spl binding site (cl-
Maghrabi et al, 1991). ¢AMP has been shown to increase level of fructose-
1,6-bisphosphatase mRNA in rat hepatocytes and cxpression of the fructose-1,0-
bisphosphatase promoter-driven luciferase gene, consistent with the presence of a CRE (el-
Maghrabi et al. 1991). In contrast, insulin opposes the action of cAMP by decreasing
mRNA encoding fructose-1,6-bisphosphatasc in primary hepatocytes (el-Maghrabi ef al.,
1991).

1.3.3 Glucose-6-phosphatase

Glucosc-6-phosphatase is a multi-subunit microsomal enzyme which catalyses the
terminal step in the hydrolysis of glucose-6-phosphate to glucose in the pathways of
gluconeogenesis and glycogen breakdown in the liver (Nordlic and Sukalski, 1985). The
cnzyme activity is highly detectable in liver and kidney. Hepatic glucosc-6-phosphatase is
increased during starvation and diabetes (Nordlie et af., 1968; Barzilai and Rossetti, 1993,
Argaud er al., 1996; Massillon et al., 1996). The cDNA and gene (Shelly ef al., 1993; Lei e
al., 1993; Lange et al., 1994, Argaud et al., 1996; Scholl et al., 1996) encoding the catalytic
subunit of glucosc-6-phosphatase have been cloned. Glucocorticoids and cAMP increasce the
level of glucose-6-phosphatase mRNA whilc insulin exerts the opposite effect and also has a
dominant ncgative effect on the transcription of the glucose-6-phosphatasc gene when insulin
is present with glucocorticoids and cAMP (Lange et al., 1994, Argaud et al., 1996). Thc rat
glucose-6-phosphatase gene is comprised of S cxons spaoning 13 kb and the promoter
contains canonical TATA and CCAAT boxes (Argaud et al., 1996). Functional analysis of

promoters of human (Schmoll et al., 1996; Lin et al., 1997; Lin et al., 1998) and mousc
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(Streeper et al., 1997) glucose-6-phosphatase gencs revealed the presence of multihormonal-
responsive units including those for insulin, cAMP and glucocorticoids.
1.4 PYUVATE CARBOXYLASE (PC)

Pyruvatc carboxylase (PC) was first described by Utter and Kcech (1960) in the

course of defining the gluconeogenic pathway in chicken liver. The recaction PC catalyses 1s:

acetyl-CoA, Mg2+
Pyruvate + HCO3 + ATP <#—————® oxaloacetate + ADP + Pi

A few years later, PC from chicken was purified and its gencral properties and

reactions were described (Utter and Keech, 1963; Keech and Utter, 1963).

1.5 BIOLOGICAL ROLES OF PC

PC has been found widely distributed among both vertcbrates and invertebrates, as
well as in many microorganisms (reviewed by Wallace, 1985). In prokaryotes, PC has been
identified in Pseudomonas spp, Rhodobacter spp, Bucillus spp, Rhizobium spp ctc. but not
in Enterobactcriaceac (Wallace, 1985). The last group of bacteria can synthesisc oxaloacetate
directly from phosphoenolpyruvate by phosphoenolpyruvate carboxylase (Ashworth and
Kornberg, 1966). A genetic study has indicated that expression of FE. coli
phosphoenolpyruvate carboxylasc can complement the phenotypic effects of PC-deficiency
in ycast (Florcs and Gancedo, 1997). The anaplerotic role of PC has been shown to be
cssential for normal growth in Rhizobium etli (Dunn et al., 1996). In Rhodobacter
capsulatus, changes in PC specific activity under different growth conditions arc mediated at
the level of enzyme synthesis (Yakunin and Hallenbeck, 1997) while PC activity in Bacillus
stearothermophilus (Cazzulo et al., 1971) and Rhizobium etli (Dunn et «l., 1997) is regulated
by the availability of biotin in the media. Conversion of an inactive form to an active form of
PC in these two organisms has been shown to occur post-translationally through the
biotinylation reaction not the transcriptional step (Dunn et al., 1997).

In Saccharomyces cerevisiae, the two principal pathways for the replenishment of

oxaloacetate levels arc via the carboxylation of pyruvate by PC and from the glyoxylate cycle

8
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(Barnctt and Kornberg, 1960). During growth in the presence of glucose, the cnzymes of
the glyoxylate cycle are repressed (Guncedo, 1992) and PC catalyses the only known
reaction to replenish the TCA cycle in this condition. The highest activity of PC was found
in glucosc-grown cells under anacrobic conditions (Haarasilta and Oura, 1975).

A recent discovery has shown that plants also contain PC which has been suggested
to be an alternative gluconeogenic pathway in addition to the photosynthetic process during
germination (Wurtele and Nikolau, 1990).

In mammals, PC is cxpressed in a tissue-specific manner with its activity found to be
highest in the liver and kidney (gluconeogenic tissucs), in adipose tissuc and lactating
mammary gland (lipogenic tissues) and in pancreatic islets, mederate in brain, heart, adrenal
gland and least in white blood cells and skin fibroblasts (Wallace, 1985; Wexler ef al., 1994;

Jitrapakdee et al., 1996). The roles of PC in these different tissucs are described below.

1.5.1 Gluconeogenesis

In fasting, gluconcogencsis accounts for up to 96% of total glucose production
(Rothman et al., 1991). The presence of very high PC activity together with other
gluconcogenic enzymes including PEPCK, fructose 1,6-bisphosphatasc and glucose 6-
phosphatasc in liver and kidney cortex suggests that the primary role of PC is to participate
in gluconcogenesis in these tissues. During fasting or starvation in which endogenous
glucose 18 required for certain tissucs (brain, white blood cells and kidney medulla), PC
expression together with other gluconeogenic enzymes have been shown to be elevated
(Owen et al., 1976). The reaction catalysed by PC is also known to be a rate-limiting point
in the gluconcogenic pathway, since this step has been shown to be regulated by a number of

metabolites, diets and some hormones (revicwed by Barritt, 1985).

1.5.2 Lipogenesis

PC was first considered to be only a gluconeogenic cnzyme but was soon rccognised
to be expressed at a very high level during the differentiation of adipocytes (Mackall and
Lane, 1977). PC appears to be particularly important in adipose tissue where it contributes

to the generation of a substantial proportion of the NADPH required for lipogencsis (Ballard

9



Figure 1.3 Schematic representation of the anaplerotic functions of PC in
mammalian tissues in relation to the biosynthetic pathways in which
oxaloacetate is utilised. Four major biosynthetic pathways including gluconeogenesis
in liver and kidney, fatty acid synthesis in adipose tissue and lactating mammary gland,
synthesis of neurotransmitter precursors in astrocytes and the generation of metabolic
coupling factor NADPH in pancreatic islets. PC, PC; MDH, malate dehydrogenase; ACC,
acetyl-CoA carboxylase; PEP, phosphoenolpyruvate.
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and Hanson, 1970). As shown in Fig. 1.3, the gencration of NADPII is coupled to thc
transport of mijtochondrial acetyl groups into the cytosol for fatty acid synthesis. Acetyl-
CoA is gencrated in the mitochondria by the oxidative decarboxylation of pyruvate, and
acetyl-groups are transported to the cytoplasm as citrate, which undergocs ATP-dependent
cleavage to acetyl-CoA and oxaloacetate. This pathway requires a continual supply of
oxaloacetate, which is produced by the activity of PC. Acetyl-CoA, a building block for
long chain fatty acid synthesis, is then converted to malonyl-CoA by acetyl-CoA
carboxylasc. Meanwhile the oxaloacetate gencrated in the cytosol from citrate is reduced
with NADH to malate which in turn is oxidatively decarboxylated in a reaction catalysed by
the NADP-dependent malic enzyme (EC 1.1.1.40). The pyruvate thereby produced is taken
up by the mitochondria to be carboxylated to oxaloacetate, while the NADPH produced is

used in the pathway of fatty acid synthesis.

1.5.3 Role of PC in insulin signalling in pancreatic islets

Glucose is a potent stimulator of insulin sccretion from B-pancreatic cells when
extracellular levels are greater than 3 mM. Secrction of insulin in response to a high
concentration of glucose results in the rapid uptake of glucose by B-pancreatic cells morc than
by other ccll types (Heimberg et al., 1993; Sekinc er al., 1994)., This is a feature of
B-pancreatic cells but not o-pancreatic cells (Schuit et al, 1997). Signalling for
glucose-induced insulin release is believed to require aerobic glycolysis plus the TCA cycle
activity (MacDonald, 1981; MacDonald, 1990). Two mitochondrial enzymes, pyruvatc
dehydrogenase and PC have been shown to be clevated when pancreatic islets are grown in
higher than physiological concentrations of glucose, suggesting that both enzymes arc
involved in the regulation of glucose-induced insulin release (MacDonald er al., 1991). It is
known that pancreatic islets contain a concentration of PC equivalent to that in gluconeogenic
tissues, but lack PEPCK activity and its mRNA. This suggests that PC is not present for the
purpose of gluconcogenesis (MacDonald and Chang, 1985; MacDonald et al., 1992). The
rapid uptake of glucosc is thought to hbe mediated through the glucose-scnsing enzyme,
glucokinasc which is rate-limiting for overall glucose utilization in B-pancreatic cells (Liang ez
al., 1992; De Vos et al., 1995). Glucose then undergoes oxidation to pyruvate (Schuit ef al.,

10
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1997) which is subsequently carboxylated by PC (MacDonald, 1995b; Schuit ef al., 1997).
Higher concentrations of glucose also up-regulate the levels of PC protein (MacDonald,
1995a) and its mMRNA (MacDonald et al., 1991; MacDonald, 1995a).

It has been demonstrated that there is a pyruvate/malate shuttle operating across
mitochondrial membrane as shown in Fig. 1.3. The high level of PC permits the rapid
formation of oxaloacetate which is subsequently converted to malate by malic dehydrogenase
(MDH) and exits the mitochondrial membrane to the cytosol where it is decarboxylated to
pyruvate by malic enzyme to produce a putative coupling factor, NADPH (MacDonald,
1995b). Since this pathway occurs as a cycle, this shuttle can generate far more NADPH
than the pentose phosphate pathway. Although the above pathways have been shown to be
linked to insulin secretion, the metabolic signaling mechanism leading to insulin release
remains unknown. However, it has been shown that an increase in glucose metabolism,
which causes a rise in the ratio of ATP/ADP in islets, results in the closure of K,, channels
(Ashcroft et al., 1984), membrane depolarization, and influx of Ca”™, which is required for

eXoCcytosis.

1.5.4 Role of PC in astrocytes

Although four gluconeogenic enzymes including glucose-6-phosphatase (Middleditch
et al., 1998), fructose-1,6-bisphosphatase (Liu and Fromm, 1988), PEPCK (Zimmer and
Magnuson, 1990) and PC (Faff-Michalak and Albrecht, 1991) have been reported in brain,
the specific activities of these enzymes are too low to ensure gluconeogenesis. However
there are a few reports which have demonstrated that lactate, alanine, aspartate or glutamine
could be converted to glycogen in astrocyte cultures (Wiesinger et al., 1997; Schmoll et al.,
1995) but not in neurons due to the absence of PC (Shank et al., 1985).

The anaplerotic role of PC has been proposed to be necessary for the production of
glutamine, the precursor of excitatory amino acid neurotransmitters via the operation of the
glutamate/glutamine cycle (Benjamin and Quastel, 1974; Cooper and Plum, 1987). As
indicated in Fig. 1.3, when glutamate, a neurotransmitter substance is released from the
nerve endings of neurons, it is taken up by astrocytes. Subsequently, glutamate is converted

to glutamine by astrocytic glutamine synthetase and secreted into the extracellular fluid.

I8l



Chapter 1 Introduction and Literature review

Glutamine is then taken up by neurons for conversion to glutamate, aspartate and y-
aminobutyric acid (Cooper and Plum, 1987; Shank et al., 1993; Gamberino et al., 1997).
Oxaloacetate, produced by PC, can also participate in this glutamate/glutamine cycle and a
recent study has shown that PC can alter the rate of de novo astrocytic synthesis of glutamate

by increasing the amount of citric acid cycle intermediates (Gamberino et al., 1997).

1.6 SYNTHESIS AND DEGRADATION

In S. cerevisiae, there are two isozymes of PC encoded by separate genes (PC1 and
PC2) [Walker et al.,1991; Stucka et al., 1991] while in mammals, no tissue-specific
isozymes have been reported. The newly synthesised enzyme undergoes a post-translational
modification in which one biotin moiety is covalently attached to a side chain of a specific
lysine located near the C-terminal of each protomer. This reaction is known as the
biotinylation reaction and is catalysed by biotin ligase [E.C. 6.3.4.1] (also known as
holoenzyme synthetase). A two-step reaction has been shown to convert apoenzyme to
holoenzyme, as indicated in the following equations (Lane et al., 1964).

Biotin + ATP ~&———® Biotinyl 5'-AMP + PPi (1)

Biotinyl 5-AMP apocarboxylase <#——® holocarboxylase + AMP  (2)
Holocarboxylase  synthetase from mammals can biotinylate  bacterial
apocarboxylases (McAllister and Coon, 1966) and vice versa (Lane et al., 1964). Recently,
the genes encoding biotin ligase from E. coli (Howard et al., 1985), 8. cerevisine (Cronan
and Wallace, 1995) and human (Leon-Del-Rio et al., 1995) have been cloned. Recent work
has demonstrated that the biotin carboxyl carrier domain of E. coli acetyl-CoA carboxylase
(ACC) undergoes a conformational change accompanying biotinylation (Chapman-Smith et
al., 1997). The presence of a prosthetic group, biotin on PC allows investigators to detect
the biotinylated enzyme using either avidin or streptavidin conjugated with reporter enzymes.
Deficiency of biotin ligase causes serious developmental and neonatal defects in humans
(Suzuki et al., 1994). The intracellular site of the biotinylation reaction by biotin ligase is not
clear. In 3T3-L1 mouse adipocytes which contain very high levels of PC and ACC, most

holocarboxylase synthetase activity was detected in the cytosol and only 30 percent of

2
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activity was detected in the mitochondrial fraction (Chang and Cohen, 1983). A study with
rat liver yiclded similar results (Cohen et al., [985). [n Jower organisms ie. Sacchuromyces
cerevisive  (Sundaram et al., 1971), Methanobacterium  thermouutotrophicum
(Mulkhopadhyay et al., 1998), Bacillus stearothermophilus (Cazzulo et al., 1971) and
Rhizobium etli (Dunn et al., 1996; Dunn et al., 1997), the availability of biotin in the media
has been shown to greatly cnhance PC activity and this 1s thought to be mediated through
biotinylation of the apoenzyme to the holoenzyme. L-aspartate is known to inhibit PC
activity and biotinylation in yeast through an allosteric effect (Sundaram et al., 1971).

In vertebrates, newly synthesiscd PC contains a lcader sequence at the N-terminus
comprising scveral positively charged and several hydroxylated amino acids (Jitrapakdec et
al., 1996). Upon translocation into thc mitochondria, this targetting sequence undergocs
cleavage resulting in a reduction of subunit molecular weight (Srivastava ef al., 1983). No
further post-translational modifications including phosphorylation (Leiter et al., 1978) have
been reported. In confirmation of carlier studics on the intracellular localisation of PC
(Bottger et al., 1969; Taylor et al., 1971), Rohde et al. (199!1) employed an immunoelectron
microscopic approach to show that rat PC is located exclusively in the mitochondrial matrix
and close to the inner mitochondrial membrane (Rohde er al., 1991). Conversely, PC in §.
cerevisiae was shown to be exclusively cytoplasmic (Rohde et al., 1991). Recent studics
have indicated that the glycolytic and gluconeogenic enzymes present in the cell are
associated in the form of multienzyme complexes (Srere, 1987; Berry er al., 1993). PC is
also found to be specifically associated in a binary complex with mitochondrial aspartate
transferase or malate dehydrogenase, in a ternary complex with aspartatc aminotransfcrase
plus glutamate dchydrogenasc and in a quaternary complex with aspartatc aminotransferase,
glutamate dchydrogenase and malate dehydrogenase (Fahein et af., 1993).  lhese
interactions among PC and other mitochondrial cnzymes are likely to profoundly influence
their characteristics and kinetic properties (Srere, 1987) but are yet to be defined for PC.

The difference in location of PC between vertebrate mitochondria and yeast cytosol
implics distinct features which control the flow of metabolites for gluconcogenesis,
lipogenesis and the anaplerotic roles in these organisms. The vertebrate enzyme is known to

be activated by a short-chain derivative of coenzyme A, prefcrably acetyl-CoA. In contrast,
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the yeast enzymc is most effectively activated by long-chain acyl-CoA dcerivatives such as
palmitoyl CoA and is inhibited by aspartate and 2-oxoglutarate, whereas the mitochondrial
enzyme is not (Osmani et al., 1985).

The half-life of PC in rat liver is about 4.6 days (Weinberg and Utter, 1979,
Weinberg and Utter 1980) which is slightly longer than the value of 3.8 days for the average
turnover time of mitochondrial protein. However in a human cell linc HE(39)1. (Chandler
and Ballard, 1985) and in 3T3-1.1 mouse adipocytes (Chandler and Ballard, 1986), PC has
been shown to have shorter half lives. The degradation of PC in these cell lincs has been
suggested to be mediated via the mitochondrial autophagic/lysosomal degradative pathway

(Chandler and Ballard, 1985).

1.7 BIOTIN CARBOXYIL.ASE FAMILY

The bjotin-dependent enzymes comprisc a diverse group of enzymes, which includes
carboxylases, viz. PC, acetyl-CoA carboxylase (ACC, EC 6.4.1.2), propionyl-CoA
carboxylase (PCC, EC 6.4.1.3), 3-mcthylcrotonyl-CoA carboxylase (MCC, EC 6.4.1.4),
urea carboxylasc (EC 6.3.4.4), geranoyl-CoA carboxylase (EC 6.4.1.5); transcarboxylase
(TC, EC 2.1.3.1); and decarboxylases e.g. oxaloacctate decarboxylase (ODC, EC 4.1.1.3),
glutaconyl-CoA decarboxylasc (EC 4.1.1.70), methylmalonyl-CoA decarboxylasc (EC
4.1.1.41). Each of these enzymes contains the prosthetic group, biotin which is covalently
bound to the ¢-amino group of a specific lysine residue. The rcactions which these hiotin-
dependent enzymes catalyse in different metabolic pathways (Wood and Barden, 1977,
Chandler and Ballard, 1985) are shown in Fig. 1.4.

In mammals only four biotin-dependent carboxylases i.e. ACC, PC, PCC and MCC
have been identificd so tfar (Moss and l.ane, 1972). The biotin carboxylase cnzymes
comprise threc functional components i.c. biotin carboxylase (BC), biotin carboxy! carrier
protein (BCCP) and carboxyl transferasc (CT) which have been found in a wide variety of
organisms. Although these enzymes are involved in diverse metabolic pathways such as
gluconcogenesis, lipogenesis and breakdown of some amino acids, they sharc a common

reaction mechanism.  The reactions involve the ATP-dependent carboxylation of biotin
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Figure 1.4 The reactions catalysed by the biotin-dependent enzymes.

The reactions catalysed by the biotin dependent enzymes are shown (Wood and Barden,
1977) along with known cofactors. Me?” represents a divalent metal cation, acetyl-CoA is
an allosteric activator of PC and citrate is an allosteric activator of acetyl-CoA carboxylase
(Lane et al., 1974)



CARBOXYLASES

pyruvate carboxylase [EC 6.4.1.1]

Me2+, acetyl-CoA
pyruvate + HCO4™ + ATP ~&———— oxaloacetate + ADP + Pi

acetyl-CoA carboxylase [EC 6.4.1.2]
- . Me2+ .
acetyl-CoA + HCO3™ + ATP -—————» malonyl-CoA + ADP + Pi

geranoyl-CoA carboxylase [EC 6.4.1.5]

2
geranoyl-CoA + HCO3™ + ATP - 3-(4-methylpent-3-en-1-yl)-, App , pj
pent-2-enedioyl-CoA

3-methylcrotonyl-CoA carboxylase [EC 6.4.1.4]

M 2+
3-methyicrotonyl-CoA + HCO3™ + ATP - 3-methylglutaconyl-CoA + ADP + Pi

propionyl-CoA carboxylase [EC 6.4.1.3]
2
propionyl-CoA + HCO3 + ATP <—""_ s methyimalony-CoA + ADP + Pi

urea carboxylase [EC 6.3.4.3]

Me2+ .
urea + HCO3™ + ATP ~&———— allophanate + ADP + Pi

DECARBOXYLASES

glutaconoyi-CoA decarhoxylase [EC 4.1.1.70]
glutaconyl-CoA + H* + 2 Na* ~e————— crotonyl-CoA + GOy + 2 Na*
methylmalonyl-CoA decarboxylase [EC 4.1.141)]
methyimalonyl-CoA + H* + 2 Nat ~e————— propionyl-CoA + CO, + 2 Na*

oxaloacetate decarboxylase [6.1.1.3]

oxaloacetate + H¥ + 2 Na* <#————— pyruvate + CO; + 2 Nat

TRANSCARBOXYLASE
transcarboxylase [2.1.3.1]

methylmalonyl-CoA + pyruvate -«———— = propionyl-CoA + oxaloacetate
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which serves as a “swinging arm” in transferring CO, to different acceptor molccules
(Knowles, 1989).

Given the similar reaction mechanisms which they catalyse, it has been postulated
that biotin carboxylases represent various stages in evolution of these enzymcs, starting from
unifunctional subunits leading to a multifunctional enzyme through successive gene fusions
(Obermaycer and Lynen 1976). Recent studies which have focused on the molecular cloning
and determination of the primary structures deduced from ¢cDNA and gene sequences of the
biotin-dependent cnzymes, have thus madc it possible to identify common amino acid
residues that might play a critical role in the catalytic reaction. Comparisons of amino acid
sequences among the three functional domains of the biotin carboxylases have strongly
supported the evolutionary hypothesis described above (Samols et al., 1988). Recently, the
molecular evolution of biotin carboxylases has been evaluated by constructing a phylogenctic
tree based on amino acid scquence similarities of differcnt biotin enzymes (Toh et al., 1993,
Tu and Hagedorn, 1997). THowever, whether this evolution has occurred through the
process of exon shuffling will remain unknown until the structures of various biotin
carboxylase genes in higher organisms have been determined. Chapter 5 reports the first

genomic structure of a mammalian biotin carboxylase gene, 1.e. the rat PC gene.

1.8 REACTION MECHANISM
The reaction mechanism of PC has been cxtensively reviewed by Attwoed (1995).
The overal) reaction catalysed by PC occurs in two spatially scparated subsites and can be

summarised into two partial reactions (equations 1 and 2) as follows.

o acetyl-CoA, Mg2+
Enz-biotin+ ATP + HCO3" <€——® Enz-biotin-CO5 + ADP + Pi (1)

Enz-biotin-CO5 + pyruvate -«———m oxaloacetate + Enz-biotin (2)

The first partial reaction involves the formation of the enzyme-carboxybiotin complex

most probably via the formation of a very labile carboxyphosphate intermediate (Knowles,
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1989). The cvidence comes from the studies demonstrating that the biotin carboxylase
subunit from E. coli ACC can phosphorylate ADP from carbamyl phosphate, which s an
analogue of carboxyphosphate, to form ATP (Polakis et al.,1974). The obscrvation that
shecp kidney and chicken liver PCs are also capable of catalysing the phosphorylation of
ADP by carbamoyi phosphate, provides further support for such an intermediate (Ashman
and Keech, 1975; Attwood and Graneri, 1991). Support for this proposcd mechanism was
provided by the isolation of a putative cnzyme-bound carboxyphosphate interimediate
(Phillips et al., 1992). In the presence of acetyl-CoA, the carboxyl group is subsequently
transferred to biotin to form carboxybiotin which is the product of the first partial reaction
(Phillips et al., 1992; Attwood, 1993). Further cvidence favouring the existence of a
carboxyphosphate intermediate is to be found in the similarity of the primary structurc of
biotin carboxylase to that region of carbamoylphosphate synthetase (CPS) shown by site-
directed mutagenesis to be involved in the reaction mechanism for the synthesis of
carboxyphosphatc (Stapleton et al., 1996; Javid-Majd et al., 1996).

PC from most specics is allosterically activated by acetyl-CoA. PC isolated from
chicken is absolutely dependent on acetyl-CoA (Utter and Kecch, 1963) while PC isolated
from rat liver (McClure et al, 1971), shcep (Ashman e af., 1972) and Bacillus
stearothermophilus (Libor et al., 1978) is highly dependent on acctyl-CoA as well. In
contrast, yeast PC is less dependent on acetyl-CoA (Cazzulo and Stoppani, 1968). Unlike
other sources, PCs from Pseudomonas citronellolis (Scubert and Remberger 1961),
Aspergillus  niger (Bloom and Johnson, 1962) and M. rthermoautotrophicum
(Mukhopadhyay et al., 1998) are acetyl-CoA independent.

PCs from many sourccs possessc a reactive lysinc residue whose integrity is
esscntial for full enzymatic activity. Modification of the enzyme with amino group-selective
reagents causes the preferential loss of the catalytic activity that is stimulated by the allosteric
activator by acetyl-CoA (Scrutton and White 1973; Ashman ez al., 1973). The loss of acetyl-
CoA-dependent activity is duc to the modification of a single lysinc per active site (Scrutton
and White, 1973). Acetyl-CoA has also been shown to protect the loss of enzyme activity
against this modification (Scrutton and White 1973; Ashman ef al., 1973; Chapman-smith er

al., 1991). This esscntial lysine has been suggested to form part of the acetyl-CoA binding
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site rather than being protected by a conformational change following activator binding
(Chapman-Smith e al., 1991). Sequence comparison of yeast PC to other biotin-dependent
enzymes which bind acetyl-CoA, i.e. ACC and the B-subunit of PCC or propionyl-CoA, i.e.
128 subunit of transcarboxylase (TC), as well as with other acyl-CoA binding enzymes have
so far been unable to identify any putative acetyl-CoA binding sitc on PC.  This may reflect
the fact that ACC and PCC bind acetyl-CoA as a substrate whereas PC binds acetyl-CoA as
an allosteric ligand (Lim et al., 1988).

A number of ionisable groups of the amino acid side chains of the enzyme were
proposed to form part of an active site of thc enzyme to enolise biotin (Attwood and Cleland,
1986; Tipton and Cleland, 1988). Modification of the sidc-chains of lysine (-NII, group)
and cysteine (-SH group) by o-phthalaldehyde results in an inactivation of the first partial
reaction (Wemeberg and Ash, 1993) supporting their crucial role as an i1on-pair (Jitrapakdee
et al., 1996).

In addition to its role in complexing with ATP, Mg** is an esscntial cofactor of the
reaction as revealed by kinetic studies of PC (Kecch and Barritt, 1967; McClure et al., 1971;
Bais and Keech, 1972; Attwood and Granneri, 1992). Evidence in favour of therc being
two extrinsic divalent cation binding sites, in addition to the intrinsic divalent cation (see
bclow) was obtained using clectron paramagnetic rcsonance (EPR) spectroscopy to show
that cxtrinsic Mn** binds to PC in the presence of CrATP, a potent competitive inhibitor of
MgATP (Rced and Scrutton, 1974). Recently, EPR has again been used to demonstrate that
two equivalents of the divalent oxyvanadyl cation, VO™, bind at the first subsite of PC: one
is involved in nucleotide substrate binding, while the other interacts strongly with
bicarbonatc (Werncberg and Ash, 1997). These authors have suggested the roles of this
sccond 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.

Kinctic studics (Ashman ef al., 1972; Barden and Scrutton, 1974) have previously
shown that certain monovalent cations (K*, NH,*, Rb*, Cs* and TI*) arc cffective (3-7 fold)
activators of PC, with an apparent equilibrium-ordered binding interaction with HCO, which

binds first. Recently, direct evidence supporting this rclationship was obtained when
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binding constants for K* and TI*, mcasured by thcir quenching of intrinsic protein
fluorcscence, were shown to agrec well with the activator constants, and HCO,” was shown
to enhance the affinity of chicken PC for TI" by 2-fold (Werncburg and Ash, 1997).
Together these data suggest that the monovalent cation binds in the vicinity of bicarbonate in
the first subsitc. Howecver, it was concluded from a study of the superhyperfine coupling
between the electron spin of VO and the nuclear spin of 11" that this activating monovalent
cation is unlikely to share a ligand with cither the enzymic or nucleotide VO™ cation
(Werneburg and Ash, 1997).

The second partial reaction involves the transfer of the carboxy group from
carboxybiotin to pyruvate to form oxaloacctate. It was proposed that binding of pyruvate
induced the carboxybiotin to move into the sccond subsite where thc carboxybiotin is
destabilised (Easterbrook-Smith er al., 1976). Goodall ef al. (1981) confirmed this proposal
and also showed that a number of pyruvatc analogucs can inducc the translocation of
carboxybiotin to the sccond subsite. This process requires the removal of a proton from
pyruvate, carboxyl group transfer and reprotonation of biotin. There is cvidence of an
involvement of a cysteine-lysine ion pair in the second subsite (Attwood ef al., 1986a).
Werneberg and Ash (1993) reported the presence of a second cysteine-lysine pair, as
revealed by the modification of such an jon pair by o-phthalaldehyde resulting in the loss of
the second partial reaction. Taken together, Attwood (1995) proposed the detail of the

second partial reaction by which the cysteine-lysinc pair stabiliscs the enol form of biotin and

participatcs in the proton transfer between biotin and pyruvate via the -SH group of cysteine.

1.9 STRUCTURE OF PYRUVATE CARBOXYLASE

1.9.1 Primary and domain structure

In the early period of studics, many attempts have been made to obtain primary
structure of PC by protein sequencing. The biotin attachment sitc of PC from avian and
sheep was first reported to be AMKM with biotin covalently attached to the e-amino group of
lysinc via an amidc bond (Rylatt et al., 1977). Similar results were reported at about the
samc time for biotinyl subunit of transcarboxylase and F. coli ACC (Wood and Barden

1977, Sutton et al., 1977). Clcarly members of the family of biotin carboxylases were too
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large to determine their primary structure efficiently and precisely by protein scquencing.
With the development of recombinant DNA technology, more sequences for PC and other
biotin carboxylases were obtained by inferring their primary structures from ¢cDNA and
genomic clones. Freytag and Collier (1984) first determined a partial sequence of human PC
from cDNA cloning. Several years later Lamhonwah et al. (1987) determined the C-terminal
83 amino acid residues of human PC and were able to show that there 1S a significant
homology around the biotin-attachment site of human PC with PCC, ACC and
transcarboxylase. Ycast (S. cerevisiae) PC was the first biotin carboxylase whose complete
amino acid sequence was determined (Lim ef al., 1988). These authors also showed that
there is a significant scquence homology of yeast PC to different regions of other biotin
carboxylases as well as to parts of carbamyl phosphate synthetase and lipoamide
transferases, which share some common substrate binding or functional properties. Taken
together with limited proteolysis studics, these data led to the identification of threc
tunctional domains i.e. ATP/HCO,binding domain, pyruvate-binding domain and the
biotinyl domain (Lim er al., 1988). Some years later, primary structures of PC from
different organisms including bacteria (Dunn et al., 1996; Kondo et al., 1997; Kurnst er al.,
1997, Mukhopadhyay et al., 1998; Koffas et al., 1998), other ycast (Pichia pastoris)
(Mcnendez et al., 1998) mosquito (Tu and Hagedorn, 1997) mouse (Zhang et al., 1993), rat
(Jitrapakdee et al., 1996; Chapter 3, Lehn et al., 1995), human (MacKay er al., 1994,
Wexler et al., 1994; Walker et al., 1995b), have also been shown to contain the same threc
functional domains as yeast PC.
1.9.2 Three-dimensional structure

Native PCs from a number of sources including bacteria, yeast, inscct and
mammals consist of four identical subunits (o) of approximately 120-130 kDa (Wallace and
Easterbrook-Smith, 1985) except for Pseudomonas citronellolis (Goss et al., 1981),
Azobacter  vinelandii  (Scrutton and  Taylor, 1974) and  Methanobacterium
thermoautotrophicum (Mukhopadhyay et al., 1998) in which cach protomer consists of 2
polypeptide chains of 75 kDa (o) and 52 kDa (8) subunits arranged as an (af), structure,
Although the primary structure of PC from a number of organisms have been reported in

recent years, a high resolution three-dimensional structurce of this enzyme has yet to be
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established. This is most likely due to the failure to obtain a sufficient amount of
homogeneous enzyme to be crystallised and studied by X-ray diffraction. The very large
size of PC precludes its structure being determined by NMR. The quaternary structure of
PC has so far been obtained by electron microscopic studies. Electron microscopy has
revealed that the PC from chicken, rat and sheep are indistinguishable tetrahedron-like
structures, composed of two pairs of subunits in different planes orthogonal to each other
(Fig. 1.5A). The opposite pairs contact each other on their convex surfaces with a midline
cleft separating two distinct domains and running along the longitudinal axis of each
monomer. Since this midline cleft becomes less visible in the presence of acetyl-CoA, it has
been suggested that this cleft area might be the active site of the enzyme (Mayer et al., 1980).
Using avidin as a structural probe, Johannssen et al. (1983) localised the biotin moieties in

the midline cleft on the external surface of each subunit, within approximately 3 nm of the
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Figure 1.5 Quaternary structure of vertebrate PC derived from electron
microscopic studies. A, PC consists of four identical subunits arranged as tetrahedron-
like structure with a midline cleft separating two distinct domains and running along the
longitudinal axis of each monomer [reproduced from Mayer et al. (1980)]. B, Exploded
face-view of the enzyme tetramer with an indication of the bound avidin molecule (shaded)
and the sites of the biotin-binding areas indicated by % for the avidin bound to upper pair of
PC subunit, and by ¥ on the avidin bound to the lower pair of PC subunits [reproduced

from Johannssen et al. (1983)].
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intersubunit junction (Fig. 1.5B). PC from Aspergillus nidulans (Osmani et al., 1984), S.
cerevisiae (Rohde et al., 1986) and even Pseudomonas citronellolis (Fuchs et al., 1988) in
which PC is arranged as an (ap), configuration, all appearcd to have a tetrahedron-like
structure with a midline cleft similar to that in the vertebrate enzyme.,

Dilution of shcep (Ashman er al. 1972; Khew-Goodall et al., 1991) and chicken
(Attwood et al., 1993) PC resulted in inactivation of PC activity accompanicd by
dissociationof the active tetramers into inactive dimers and monomers as rcvealed by electron
microscopic and high resolution gel filtration studies. Acetyl-CoA has also been shown to
prevent both the dissociation of the tetrameric enzyme and the associated Joss of activity.
Addition of acetyl-CoA to partially dilution-inactivated enzyme prevented further loss of
enzymatic activity and of tetrameric structure (Khew-Goodall er «f., 1991; Attwood et al.,
1993). This ligand was similarly effective in preventing the cold-induced loss of both
activity and tetrameric structure of chicken PC (Irias et al., 1969). Apart from stabilising the
quaternary structurc of PC, addition of acetyl-CoA was also shown to cause conformational
changes in PC, as revecaled by spectrophotometric (Frey and Utter, 1977), ultracentrifugal

(Taylor er al., 1978) and electron microscopic (Attwood et al., 1986b) studies.

1.10 PHYSIOLOGICAIL STATES THAT ALTER PC EXPRESSION

PC is onc of a number of important metabolic cnzymes whose cxpression is
regulated in a differential manncr between particular tissues to achieve an appropriate overall
response to various physiological and pathological stimuli. Long term regulation involves
changes in the total amount of PC through alterations in the rate of enzyme synthesis in liver,
kidncy and adiposc tissue (Barritt, 1985). Different physiological conditions have heen
shown to alter the level of PC expression: thesc include nutritional alterations, diabetcs,
hormonal changes, neonatal development, adipogenesis and lactation.

1.10.1 Nutrition and xenobiotics

Fasting 1n rats has been shown to induce two- to three-fold increases in

hepatic PC activity (Wimhurst and Manchester, 1970). Similar results bave also been
rcported in other animals ¢.g. cow (Ballard et al., 1968), guinca pig (Soling et al., 1970) and

shecp (Taylor et al.,, 1971; Lemons et al., 1986). Little information is available on the
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effects of refecding starved rats. However, a small increase in total PC activity has been
detccted in kidney. The hormonal mechanisms which regulate the total amount of PC
activity during fasting and refeeding still remain unclear. Increases in the level of PC activity
during the starvation have bcen corrclated  with increascs in the plasma concentration of
glucagon and glucocorticoid (Seitz et al., 1976). PC activity has also been shown to be
reduced by 50% in the diabetes-prone BHE/cdb rats fed a diet containing 6% menhaden oil,
rich in long-chain highly unsaturated fatty acids (Wickwire and Berdanier, 1997).

A recent study in rats has also shown that in both carbon tctrachloride administration-
induced liver degencration and in alloxan-induced diabetic therc is an increase in PC protein
and its activity (Salto et al., 1996). Chronic administration to rats of lipoic acid, a chemical
that has structural similarity to biotin, lowcred the activitics of biotin-dependent carboxylascs
including PC and MCC to 28-36% of those of control animals. The decrcase in these
carboxylases was thought to bec due to the competition for biotin transport into cells by
binding to the biotin transporters in thc cell membrane or displacing biotin from
holocarboxylase synthetase, and was reversed by dietary biotin supplementation (Zempleni
etal., 1997).

Cadmium has long been known to increase the activitics of gluconeogenic enzymes
including hepatic and renal PC in rats (Chapatwala er al., 1980; Chapatwa ef al., 1982). A
recent study demonstrated that PC transcript was up-regulated 2-4 fold in response to
cadmium treatment Caenorhabditis elegans. The mechanism by which cadmium induces PC
cxpression has not yet been ¢lucidated, although it has been suggested that cadmium could
act via cither a cAMP- or a calcium-mediated pathway (Liao and Freedman, 1998).

1.10.2 Diabetes

The rate of hepatic gluconeogenesis is increased dramatically in the diabetic
state, concomitant with an increase in the activities of other key gluconeogenic cnzymes i.e.
PEPCK, fructose-1,6-bisphosphate, glucose-6-phosphatase (Filscll et al., 1969; Wimhurst
and Manchester, 1970) and PC (Weinberg and Utter, 1979). In streptozotocin-induccd
diabetic rats, the hepatic PC activity was increased 2-fold over that of control rats. This
incrcase in enzymatic activity which resulted from an incrcased amount of protein due to an

cnhanced rate of synthesis, is thought to be mediated by a high plasma glucagon to insulin
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ratio (Weinberg and Utter, 1979).  Administration of insulin to diabetic rats brought the
amount of PC and its activity back to the control values.

Apart {rom being both a gluconeogenic and a lipogenic enzyme, PC also plays an
important role in glucose-induced insulin secrction in pancreatic islets as described carlicr.
In the Goto-Kakizaki (GK) rat, a genetic model of non-insulin dependent diabetic mellitus
(NIDDM) in which glucose-induced insulin secretion in pancreatic B-cells is impaired, it has
been found that PC activity was 45% of that in the normal rat islets due to a decrease in the
amount of PC protein. However, administration of’ insulin to GK rats resulted in the
recovery of PC activity to that of normal rat (MacDonald et al., 1996). A low level of
pancreatic PC activity was also concomitant with a decrease in glucose transporter, GLUT2
(Ohneda et al., 1993) and mitochondrial glycerol phosphate dehydrogenasc, another enzyme
believed to play a role in glucosc-induced insulin sccretion (MacDonald et al., 1996).
Down-regulation of these three proteins in the pancreatic p-cell in NIDDM is proposed to be
an adaptive response by the cell to protect itself from a high glucose concentration by
modulating glucose mctabolism (MacDonald et al., 1996).

1.10.3 Hormonal alterations

It has long been known that thyroid hormone affects the hepatic
gluconeogenic rate in rats by increasing the activity of gluconeogenic enzymes, including PC
(Bottger et al., 1970). Experiments carried out by Weinberg and Utter (1979) showed that
hepatic PC activity was incrcased 2-fold in hyperthyroid rats, whereas in hypothyroid rats
PC decreased 2-fold. Inhibition of de novo protein synthesis with actinomycin D reduced
PC activity in thyroxin-treated thyroidectomized rat suggesting that thyroid hormonc
increases the rate of PC synthesis (Bottger, 1970). The mechanism of action of thyroid
hormone on PC expression remains to be defined at the molecular level.

Glucocorticoids have been shown to acutely stimulate gluconeogencsis (Friedmann ex
al., 1967; Rinard ez al., 1969) and rcsult in an increased glucose output by rat hepatocytes
(Jones et al., 1993). It was suggested that glucocorticoids would induce the gluconeogenic
enzymes, PC and PEPCK. Short term treatment of rats with dexamethasonc, an analogue of
glucocorticoids caused an increase in PC activity. It has been suggested (Krause-Friedmann

and Feng, 1996) that glucocorticoids act in relicving the restraint on PC by altering the
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substrate supply and the intramitochondrial concentrations of effectors (Martin et al., 1984)
perhaps via a Ca™ influx-mediated mcchanism, It has also been found that glucocorticoids
are not necessary to maintain basal metabolic gluconeogenic rates in adrenalcctomized rats
(Martin et al., 1984, Ciprés et al., 1994).

Glucagon has long been demonstrated to increase the rate of pyruvate carboxylation
in mitochondria isolated from rat hepatocytes without changing the level of PC (Adam and
Haynes, 1969; Garrison and Haynes, 1975). The effect of glucagon could be detected
within 6 minutes and reached a maximum within 10 minutes aftcr the liver or hepatocytes
were exposed to hormone (Garrison and Haynes, 1975). The precisc mechanism by which
glucagon acts on PC is not well understood. Initially it was suggested that glucagon causcs
an increasc in the transmembrane pH gradient, which in turn stimulates the ratc of pyruvate
transport into the mitochondria (Halestrap, 1978; Thomas and Halestrap, 1981).
Subsequent experiments using a more potent inhibitor of pyruvate transportcr, have shown
that in fact glucagon did not exert its cffect by this mechanism but rather it stimulates the
respiratory chain leading to an activation of pyruvate carboxyiation (I1alestrap and Armston,
1984). Further evidence to support the later hypothesis were obtained from the studies using
an inhibitor of the respiratory chain in mitochondria isolated from rat hepatocytes. This led
to the conclusion that glucagon stimulates respiratory-chain activity via a Ca’ influx
mechanism (McCormack et al., 1990). The increase in respiratory chain activity (O, uptake)
stimulates gluconeogenesis by generating ATP and by providing reducing equivalents to the
cytosol. The increase in O, uptake therefore indirectly stimulates pyruvate uptake into the
mitochondria (Pryor et al., 1987; Owcn and Halestrap, 1993). The mechanism(s) by which
glucagon affccts pyruvate metabolism have recently been reviewed (Krause-Fricdmann and
Feng, 1996).

Adrenalin has also been known to stimulate pyruvate carboxylation by isolated liver
mitochondria (Garrison and Borland, 1979). Little is known about the mechanism of how
adrenalin acts on pyruvate metabolism although it has been shown that adrenalin also acts via

Ca”™ mediated pathway as those of glucagon.

24



Chapter 1 huroduction and Literature review

1.10.4 Postnatal gluconeogenesis
As the maternal circulation provides glucose for the developing fetus,
gluconeogencsis docs not occur in fetal liver but is triggered rapidly soon after birth (Ballard
and Oliver, 1963). The increase in PC activity is accompanicd by incrcases in the activities
of other gluconeogenic enzymes including phosphocnolpyruvate carboxykinase, fructosc-
1,6-bisphosphatasc and glucose-6-phosphatase suggesting the gluconeogenic pathway
begins to function (Ballard and Hanson, 1967; Ycung et al., 1967). In rats, PC activity 18
highest in day 7 after birth (suckling period) and begins to decline in the weaned rat to the
adult level (Yeung et al., 1967). Alteration of plasma glucagon and insulin during weaning
period has been proposcd to involve up-regulation of hepatic PC cxpression (Girard et al.,
1973).
1.10.5 Genetic obesity
In Zucker fatty rats (fa/fa), PC expression has been shown to be elevated 2-5
fold upon the onset of obesity (Lynch et al., 1992). This increcase in PC level is also
accompanicd by an increase in the levels of other lipogenic enzymes including ACC, fatty
acid synthctase and ATP-citrate lyase. Given the lipogenic role of PC, as mentioned above,
it has been proposed that oxaloacetate produced by PC is drastically consumed in obesity,
thus contributing to the hypertrophy of adipose tissuc during the development of obesity
(Lynch et al., 1992).

It has also been shown that during the in vitro differcntiation of mouse 3T3-1.1
preadipocytes to mature adipocytes, this conversion is accompanicd by 1ncreasces in lipogenic
enzymes including fatty acid synthetasc (Ahmad er al., 1979; Student er al., 1980) and PC
(Mackall et al., 1977; Freytag and Ultter, 1980; Zhang et al., 1995). The increasc in PC
activity is concomitant with an increase in the rate of enzyme synthesis (Treytag and Utter,
1980; Freytag and Utter, 1983; Zhang ef al., 1995) and its mRNA (Angus and Lane, 1981,
Freytag and Collier, 1984; Zhang et al., 1995). The turnover of PC in differentiated cells
was similar to that of undifferentiated cells with the enzyme having a half-life of 28-35 hours
(Freytag and Utter, 1983). The induction of PC in this cell line is consistent with its role in
lipogenesis. Recently, it has been shown that cAMP down-regulated the PC mRNA and PC

activity by decrcasing the transcription rate of the PC gene and/or stability of mRNA (Zhang
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et al., 1995). Despitc these decreases in its mRNA and enzyme activity, the level of PC
protein was not affected. The inactivation of PC activity did not involve the loss of biotin
from the holoenzyme but it was suggested that it involved the loss of the active tetramenc
form of the enzyme. The mechanism by which this is effected has not been clucidated.
Thus cAMP not only exerts its effects by inactivating the protein but also affcets the

transcription rate of PC or the stability of its mRNA (Zhang et al., 1995).

1.11 PC DEFICIENCY

Given the diverse functions of PC described above, it is apparcent that PC plays very
significant role in metabolism. This conclusion is supported by the cffects of PC deficiency
whether it occurs in yeast or human. In 8. cerevisiae, a number of mutants have bcen
reported and shown to affect growth phenotype (Walker et al., 1991; Walker and Wallace,
1991; Brewster et al., 1994). Furthermore, defects in both PC1 and PC2 genes resulted in a
failure to grow on glucose minimum mecdia (Stucka et al., 1991; Brewster et al,, 1994). The
same effect has been reported when the single PC gene locus was disrupted in yeast Pichia
pastoris (Menéndez er al., 1998).

In humans, PC deficiency is an autosomal, reccssively-inhcrited disease. Patients
who suffer from the disease have less than 5% of normal PC activity when assayed in skin-
fibroblast cultures (Atkin ef al., 1979)., The main clinjcal featurcs associatcd with this
deficiency are congenital lactic acidosis (Atkin et al.,, 1979) and deterioration of the central
nervous system (Robinson, 1982). Lactic acidosis is associated with the decline in both
gluconeogencsis and citric acid eycle activity leading to an accumulation of alanine, lactate
and pyruvate and a dccrease in oxaloacetatc and glucose (Robinson et al., 1983). Two
groups of patients have been reported. The first group of paticnts suffers from a mild to
modcrate lactic acidaemia, dclayed development and psychomotor rctardation and may
survive many years. This group of patients have some residual immunoreactive PC and its
mRNA detected by Northern blot analysis (known as CRM™ phenotype, patients cxhibit
cross reactive material with anti-PC antibodies) (Robinson ¢t al., 1987). The sccond group
of patients represent a more serious disease, with a severe lactic acidacmia accompanied by

hyperammonaemia, citrullinaemia and hyperlysinaemia, and rarely survive longer than 3
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months after birth. In contrast to the first group, thesc patients lack immunoreactive PC and
its mRNA (CRM™ phenotype) (Robinson et al., 1987; Robinson et al., 1996). The two
forms of the discase have distinct ethnic groups in which they occur (Robinson et al., 1987,
Robinson et al., 1996). The CRM™ phcnotype has been reported among North American
native pcoples whereas the CRM™ pheotype has been reported in United Kingdom and
France (Robinson et al., 1987).

'T'o date four patients carrying different single point mutations including substitutions
of Val 145 -> Ala, Arg 451 -> Cys, Ala 610 -> Thr and Mct 743 -> Ilc in both alleles
respectively have been shown to be responsible for some forms of the disease. The first two
mutations were found within the exons encoding the biotin carboxylation domain (Wexler ef
al., 1998) whereas the last two mutations (Carbone et al., 1998) were identified within the
exons encoding the transcarboxylation domain of the enzyme (sce Fig. 3). The first case
(Vall45Ala) showed barcly detectable levels of immunoreactive PC and its activity,
suggesting this mutation affects protein stability (Wexler ef al., 1998). [n contrast, the other
cascs contained a normal Jevel of immunoreactive PC but lower PC activity suggesting thesc
mutations affect the catalytic activity of thc cnzyme (Wexler er al., 1998; Carbone ef al.,
1998). The carriers who contain heterozygous alleles of these mutations (Val 145 -> Ala,
Arg 451 -> Cys) arc able to survive but PC activity dctected in skin fibroblasts was about
50% of normal (Wexler et al., 1998). However the genotype(s) of the CRM™ phenotype
patients have not becn identified. It has been suggested that the mutation responsible for this
form of discase may hc splicing mutation which results in the abscnce of PC mRNA
(Carbonc et al., 1998). The scverity of PC deficicncy may also be influecnced by
environmental factors such as stress and fasting (Robinson er al., 1996). Another group of
patients, who also show PC deficiency, are those suffering multiple carboxylasc deficiency
due to a defect in the biotin metabolism. This group of paticnts shows elevated levels of
organic actds, which are metabolites of acetyl-CoA, propionyl-CoA and 3-mcthylcrotonyl-

CoA, as well as lacticacidemia.
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1.12 GENE STRUCTURE OF PC

A genc encoding the yeast PC1 isoenzyme was first cloncd by Lim er al
(1988). Walker et al. (1991) and Stucka et al. (1991) independently discovercd that in fact
yeast contains two gencs encoding two isocnzymes (PCIl and PC2). The PC | genc is
located on chromosome VII while the PC 2 gene is located on chromosome I (Walker et al.,
1991; Stucka ef al,, 1991). Neither PCI nor PC2 gene contains an intron. Walker et al.
(1991) found that disruption of the PC1 gene, reduced PC activity of DBY 746 ycast to 10-
20%. In contrast, Stucka et al. (1991) found that disruption of either PC! or PC2 gene in
the W303 strain retained 50% of total PC activity. However, disruption of both gencs
resulted in complete loss of enzyme activity (Stucka er al., 1991; Brewster ef al., 1994). 1t
was found later that there is 2 polymorphism of the PC2 gene in these different yeast straing
used by both groups of investigators, as indicatcd by amino acid differences in the PC2 gene
(Val et al., 1995). The most significant difference is a single base substitution near the 3'-
end of the gene which altcred the reading frame encoding the biotin domain of the enzyme.
This C-terminal variant has been shown to affect in vitro biotinylation of the cnzyme (Val et
al., 1995).

In mosquito, there is evidence for the prescnce of two PC isoforms of similar size
l.e. 133 and 128 kDa. These two isocnzymes cxhibit tissue-specific expression (Tu and
[lagedorn, 1997). However, it is uncertain whether these PC isoforms are the products of
two separate genes or a single genc with allelic polymorphism in the genome (Tu and
Hagedorn, 1997).

Unlike ycast, only one genc has been identified in humans and has been mapped to
the long arm of chromosome 11 by the somatic cell hybrid technique (Freytag and Collier,
1984). Recently, the human PC gecne has been sublocalised to chromosome 11g13.4 by
{luorescence in situ hybridisation (Walker ef al., 1995a). However, thc gene structures for
PC in higher organisms hade not been reported except for the rat gene whose partial
sequence had been determined (Cassady, 1987; Booker, 1990). Chapters 4 and S present
the complete gene structure of rat PC, and represents the first report for a mammalian biotin-
dependent enzyme. The human PC genc structure had recently been reported (Carbone er

al., 1998) follow that of the rat PC gene (Jlitrapakdee et al., 1997). The genomic
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organisation of the PC genes in thesc two mammalian species is discussed in Chapter 5 of

this thesis.

1.13 TRANSCRIPTIONAL REGULATION OF YEAST PC1 AND PC2
GENES

Despite the central importance of PC in intermediary metabolism, little information 1$
known about the transcriptional regulation of PC in eukaryotes. This is mainly due to a lack
of the gene structure, particularly at the 5'-end which contains regulatory clements. In yeast,
although PC1 and PC2 isozymes cxhibit high sequence similarity at both amino acid level
and nucleotide level (Stucka er al., 1991, Val et al., 1995), their 5'~non coding regions are
markedly differcnt, suggesting that both genes are regulated diffcrently (Brewster et al.,
1994). Two copies of TATA boxecs located at positions -117 and -110 relative to the
initiation codon were identified in the PC1 promoter (Lim et al., 1988) but only the
downstrcam TATA box is functiona) and responsible for transcribing PC1 mRNA with
distinct transcription initiation sites (Brewster, 1994). The basal promoter of PC1 is located
within the first 149 bp of the 5-non coding region which consisted of a TATA ¢lement and a
UASI transcription factor binding site (Brewster, 1994). In contrast, Mcnéndez and
Gancedo (1998) have localised the basal promoter of PC1 within the first 330 bp of the
S'-non coding region which consisted of a TATA clement and an UAS] transcription factor
binding sitc whereas the basal promoter of PC2 is located within the first 291 bp of the
5'-non coding region.

PC1 and PC2 appear to carry out different metaholic functions. PC1 expression has
been shown to be relatively constant throughout the main growth phase during growth on
glucose minimal media, while the PC2 cxpression is characterised by a high level of
transcript production in the early growth phasec. Both genes are repressed throughout the
latter stages. During growth on ethanol minimal media, PC1 and PC 2 expression exhibit a
similar pattern i.e. decline from early to mid log phase. However, the level of PCI
expression is 10-fold above the level of PC2 during this fermentative growth (Brewster et al.
1994). Further studies with either PC1 or PC2 null mutants also indicated that the lack of

cither PC gene had little cffect on the level and pattern of expression of the other PC gene,
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suggesting that both genes are regulated differently.  However, the PCI null mutant or
double null mutant of DBY746 showed a strong requirement for L-aspartatc in ethanol
minimal media (Brewster et al., 1994). This strongly suggested that the PCI isoenzyme
plays a crucial role in maintaning growth on ethanol media and morc specifically for the
establishment of glucose-dependent growth on glucose minimal media. In contrast, the role
of PC2 isocnzyme remains unclear but it is believed to support growth on a glycolytic carbon
source (Brewster et al., 1994). Diffcrent carbon sources have also heen shown to affect

PC1 and PC2 expression differently (Brewster et al., 1994; Menéndez and Gancedo, 1998).

1.14 ALTERNATIVE SPLICING IN THE CONTROL OF GENE
EXPRESSION

Lukaryotic pre-mRNAs undergo a scries of nuclear processing cvents. In addition fo
5’ capping with 7-methyl guanosinc (Salditt-Georgieff et al., 1980) and the attachment of a
poly(A) tail to the 3' end of nascent transcripts (Birnstiel ef al., 1985), the intron sequences
must be removed precisely and the exons ligated correctly to avoid disrupting the open
reading framc. A process in which all exons in the genes are incorporated mto maturc
mRNA through the invariant ligation of individual exons is know as ‘constitutive splicing’.
This type of splicing yields a single gene product from each transcriptional unit even when
its coding sequence is split into many cxons. However, therc are many genes for which
individual exons on the transcriptional unit are ligated alternatively to producc different forms
of mature transcripts. This alternative splicing can exclude individual exon scquences from
the mature mRNA in some transcripts but include them in others (Breitbart et al., 1987) [sec
Fig. 1.6]. Altemmative splicing in most cases gcnerates protcin isoforms sharing extensive
regions of identity and differing only in some parts of the proteins, thus allowing for the fine
modulation of protein function. Alternative splicing occurring in the coding regions of the
proteins can affect almost all aspects of the protein function including localisation, or
modulation of protein function (Smith et al., 1989). However, some genes produce
different maturc mRNAs which diverge only at the 5-untranslated region resulting from an

alternative splicing of the 5'-noncoding exons. The S'-untranslated regions are known to be
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Figure 1.6 Modes of alternative splicing (Smith et al., 1989). Exons are shown in boxes.
Splicing pathways are shown by the diagonal lines. Promoters and poly (A) sites are
denoted TATA and AATAA, respectively.
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involved in regulating translational efficicncy (Kozak 1987) and RNA stability (Brawerman,
1987; Raghow 1987). Different modes of alternative splicing are shown in Fig. 1.6 below.
As a mecchanism to regulate gene expression and generatc protein diversity,
alternative splicing has advantages over gene rcarrangement and extensive multigenc
families. It allows for switchcs in protein isoforms or cxpression pattern without changes in

the ccll’s genetic content (Smith ef al., 1989).

1.15 PROMOTER SWITCHING IN BIOTIN CARBOXYILASE GENE

So far there is only one biotin carboxylase gene ie. rat acetyl-CoA carboxylase
(ACC) for which regulation at the gene level has been cxtensively studied. ACC catalyses
the rate-limiting step in the biosynthesis of long chain fatty acids. I.ong term control
mechanisms regulate cellular levels of ACC by modulating expression of the ACC gene.
Studics on the molecular basis of long-tcrm regulation of rat ACC have revealed that ACC is
expressed from two promoters of a single-copy gene, whose transcripts are differentially
spliced to produce maturc mRINA with 5'-end heterogeneity (Luo er al., 1989). Rat ACC
mMRNA can be grouped into two classes. Class I mRNA are transcriptional products of the
promoter I which is inducible and they contain exon 1 as their leading exon. Class IT mRNA
arc transcribed from the constitutively expressed promoter 11, and their leading cxon is cxon
2.

At least five specics of ACC mRNA (Lopez-Cassillas et al., 1989; I.opcz-Cassillas
and Kim, 1989) have been characterised thus far.  All five major specics contain cxon 5,
which has the initiation codon AUG, but differ in their 5" untranslated regions resulting from
different combinations of exons 1 through 4 (lLuo et al., 1989). In spite of this extensive
heterogeneity in their 5" untranslated region, both class I and class II ACC mRNA appear to
have the same open reading frame which consists of 7035 nucleotides. The starting AUG
codon of the open reading frame in exon 5 is common to all the species of ACC mRNA
(Lopez-Casillas et al., 1989; Lopez-Cassillas and Kim, 1989) (Fig. 1.7).

Studies that have employed chimeric constructs by placing a reporter gene under the
control of cither onc of thc ACC gecne promoters have revealed that ACC gene promoter

diversity permits a very precise and selective regulation of ACC gene expression at the level
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of transcription (Luo and Kim 1990). In addition, the in vivo activities of two classes of
ACC mRNA are also highly regulated in a tissue-specific manner (Lopez-Casillas et al.,
1991). It was also found that this 5' untranslated region heterogeneity in the ACC mRNA
affected the translation efficiency (Lopez-Casillas and Kim, 1991). No evidence of alternate
promoters is found in the chicken ACC gene (El Khadir-Mounier ef al., 1996). In human,
two ACC genes encoding 2 isozymes have been reported (Ha et al., 1994; Ha et al., 1996,

Abu-Elheiga et al., 1995).

1.16 PROJECT RATIONALE

The main objective in our laboratory over the years has focused on
understanding the structure and function of PC including the determination of the primary
structure of PC from different organisms including yeast, chicken, rat and human.
Information of the primary structures of PC obtained from different organisms would be
invaluable for identification of structurally important residues which might play a common
role in the catalytic reaction. At the time when this project commenced, partial cDNA clones
encoding human and rat pyruvate carboxylases had been ongoing in our laboratory. Partial
cDNA clones representing half of the full length of rat PC had previously been isolated in by
two former Ph.D. students (A.I. Cassady, 1987 and G.W. Booker, 1990). Meantime, Dr.
M. E.Walker had found several human PC ¢cDNA clones having the same coding sequence
but differing at their 5'-untranslated regions. This raised the possibility that human PC
mRNA could have been alternatively spliced from the 5'-end of the gene. The isolation of
full length rat PC ¢cDNA as well as the identification of multiple transcripts both in human
and rat genes were therefore undertaken as a part of this study.

Determination of PC gene structure would be invaluable for this study. Clearly, the
functional domains of the various biotin-dependent enzymes are related in structure and most
probably resulted from shuffling of exons for individual components of the complex
multifunctional polypeptide by gene fusion during evolution. Comparison of exon/intron
organisation of PC to other biotin carboxylase genes would test such a hypothesis. In
addition, the isolation of the 5'-end of the PC gene would also provide very important

information on the regulatory sequences that modulate PC expression.

5



Chapter 1 Introduction and Literature review

An ultimate goal of this study is to unravel the molecular basis that controls PC
expression under differcnt physiological and pathological circumstances including postnatal
development and in genetic obesity.

The specific aims of this thesis were to

1. Complete isolation of thc cDNA sequence encoding rat PC; determine thc domain
structure and predict the active sites of this enzyme by sequence comparisons with other
biotin enzymes.

2. Identify and characterise multiple mRNA specics gencrated either by the use of
alternative promoters or by differcntial splicing of the primary transcripts from the rat and
human PC genes.

3. Complcte the isolation of the gecne structure for rat PC and determine its
chromosomal localisation.

4. Characterise alternate promoters of rat PC genc by reporter genc analysis,

5. To establish a ribonucleasc protection assay and an RT-PCR assay to mcasure the
level of cach PC mRNA isoform in various tissucs.

6. To investigate the transcriptional and translational regulation of PC expression in
vivo during postnatal development and in genetically obese rats and in different cell lines,

7. To ovcrexpress recombinant human PC in mammalian cells and purify this
recombinant material with the ultimate aim to examine the effect of the identified point

mutations in PC on PC activity.
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MATERIALS

2.1 CHEMICALS The following chemicals were obtained from Sigma Chemical Co.,
St Louis, MO., USA: agarose (typc 1), ampicillin, ATP (disodium, grade 1I),
B-mercaptocthanol, bovine scrum albumin  (BSA), 5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside (BCIG), D-biotin, Coomassie Brilliant Blue (G, R,y,), cycloheximide,
dithiothreitol (DTT), ethidium bromide, ethylenediaminetetraacctic acid (EDTA), guanidium
thiocyanate, bovine pancreatic insulin, lithium chloride, 3-[N-Morpholinojpropanc-sulfonic
acid (MOPS), nicotinamide adeninec dinucleotide (reduced form) [NADH], nitrobluc
tetrazolium  (NBT), phenylmethylsulphonyl fluoride (PMSF),  o-nitrophenyl-g-D-
galactopyranoside (ONPG), polyoxycthylenc-sorbitan monolaurate (Tween-20), puromycin,
rubidium chloride, salmon sperm DNA, sodium dodecyl sulfate (SDS), sodium pyruvate,
glycyl glycine, N,N,N',N'-tetramcthylcthylenediamenc (TEMLD), Tris-
(hydroxymethyl)methylamine (Tris) and Triton X-100. Glycogen was purchascd from
Boehringer Mannheim. Beetle luciferin was purchased from Promega, Madison, WI,
U.S.A. Acrylamide and bisacrylamide werc purchased from BioRad Laboratories Inc.,
Herates, CA, U.S.A.  5-bromo-4-chloro-3-indolyl-3-D-bromogalactopyranoside  (X-gal)
was obtained from Progen Industrics Ltd., Brisbane, Qld. Sephadex G25, Sepharosc CL-
6B and Ficoll 400 wcre purchased from Pharmacia, Uppsala, Sweden. Other fine chemicals

were purchased from Merck Pty. Ltd., Kilsyth, Vic., Australia.

2.2 RADIOCHEMICAILS
[¢-"P] dATP, [0-*’P] dCTP, [a-*P] UTP and [y-*P] ATP were purchased from
Bresatec Ltd., Adelaide, South Australia. NaH"‘CO3 was purchased from Amersham

Australia, North Ryde, NSW, Australia.

2.3 OLIGONUCLEOTIDES

All oligonucleotides used in this study were purchased from Bresatee Ltd., Adclaide,
South Australia. The oligonucieotides used for RACE-PCR, RT-PCR and 1.D-PCR werc
described in Chapters 3, 4 and 5 while the ones that were use to scquence PC cDNA and

gene arc listed below.
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Oligonucleotide name Sequence

PC4 5'-CCGCACAGCTCTGGCAAAGCCCT-3
PCS5 5-GCAGGAAGGGGATGTTGGTCT-3

PC6 5-GGCACAACCATTGATTCGGAT-3'

PC7A 5'-GGTGGGTAGCAGGGGCAATCTC-3'
PC8 S'-GGGACCACTGGAACGCCTGC-3'

PC9 5'-“ACAGCCCCCGTTGCCTCCCCA-3

PC12 5'-GCAGGCGTTCCAGTGGTCCC-3'

PC17 5-GAGATTGCCCCTGCTACCCACC-3
PC18 5-CTTTACACCTCGGACACGGAACTCC-3'
PCI19 5-GCCAGGGCTCTGCTCATCTTGGTG-3'
PC20 5-GACCTGGTCCATGCTCAGATCCAT-3'
PC22 S-GGAGTTCCGTGTCCGAGGTGTAAAG-3'
EMBL/L (lambhda left arm) 5-GGCCTAATACGACTCACTATAGGG-3'
EMBL/R (lambda right arm) 5-GGCCATTTAGGTGACACTATAGAAG-3'
forward scquencing primer 5“GTAAAACGACGGCCAGT-3'

Teverse sequencing primer §-CACACAGGAAACAGCTATGACCATC-3'

2.4 MOLECULAR BIOLOGY KITS

The 5-AmpliFinder RACE kit and Rat GenomeWalker Kit were purchased from
CLONTECH, Palo Alto, CA, US.A. The fmol™ DNA sequencing system, TA cloning
system and luciferase assay system were all purchased from Promega, Madison, WI, USA.
The ribonucleasc protection assay kit (RPA 1), MaxiScriptTM kit and RNA isolation kit
were purchased from Ambion, Houston, TX, USA. The GIGAprime l!abeling kit was
purchased from Bresatec 1.td., Adclaide, South Australia. The Genceclean 11 kit was obtained

from BIO 101, CA, U.S.A.

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

Bresatec Ltd., Adelaide, South Australia. T4 DNA ligase, T4 DNA polymecrase, T4
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polynucleotide kinase, Tag polymerasce and Moloncy murine leukemia virus reverse
transcriptase (MMLV-RT) werce purchased from Promega, Madison, WI, U.S.A. Pwo and
avian mycloblastosis virus reversc transcriptase (AMV-RT) werc purchased from Boehringer
Mannheim. Advantage', Tth polymerasc mix was purchased from CLONTECH, Palo
Alto, CA, U.S.A. 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. “C-labelled molecular weight markers were

purchased from Amersham.

2.6 BACTERIAL STRAINS

E. coli DHSo: supE44AlacU169(p80lacZAMIS) hsdR17 recAl endAA1 gyrA96 thi-

1 relA1 host for recombinant plasmids (New Engiand, Biolabs, CA)
E. coli 1E 392 F cl4dMcrA) hsdR514(r, m") supE44 supF58 lacYl or

A(laclZY)6 galK2 galT22 metB] trpR55. (New England, Biolabs, CA)

2.7 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)
MgSO,, 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% MgS04 and 0.7% (w/v) Bacto-agar.

Long term storage of plasmids in bacteria was prepared by adding 40% glycerol (o an

overnight culture of E. coli in LB-broth and then stored at -80°C.

2.8 MAMMALIAN CELL LINES
African green monkey kidney cell line (COS-1; ATCC:; CRL 1750); human hepatoma
cell line (HepG2; ATCC:HB 8065); human cmbryonic kidney cell line (293T; ATCC: CRL
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1573); human embryonic kidney (293T Tet-On: Clontech); Chinese hamster ovarian line
(CHO-K; ATCC: CCL 61); fetal rat liver cell line (FRLA.1; kind gift from Dr George Yeoh,
Department of Biochemistry, University of Western Australia), rat liver cell lines (Reuber
H35; ATCC: CRL 1548, BRL 3A; ATCC: CRL 1442, McA-RH 777; ATCC: CRL 1601and
FTO3; obtained from the Institute of Cell and Tumor Biology, Heidelberg, Germany); rat
mammary gland carcinoma (Institute of Medical and Veterinary Science, Adelaide); rat
myoblast (L6; ATCC: CRL 1458) and rat insulinoma cell line (obtained from Dr Michael
MacDonald, Children Diabetes Center, University of Wisconsin Medical School, Madison,
Wisconsin, U.S.A.) were used in this thesis.

For long term storage, mammalian cell lines were prepared by freezing cells in 10%

DMSO in fetal calf serum at -80°C or in liquid nitrogen.

2.9 CELL CULTURE MEDIA

Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco), 28 mM NaHCO,, 19 mM
glucose and 20 mM Hepes, pH 7.3.

RPMI 1840 (Gibco) supplemented with 50 mM B-mercaptoethanol, 1 mM sodium
pyruvate, 10 mM Hepes, pH 7.35.

Ham’s F12 with L-glutamine (Gibco) supplemented with 28 mM NaHCO,, pH 7.4
All media was supplemented with 50,000 units/l of gentamycin (Gibco) and filter sterilised
prior to use.

Fetal calf serum : Gibco

2.10 GENOMIC LIBRARIES

I Rat liver genomic library constructed in EMBL3 Sp6/T7 (CLONTECH, Palo
Alto, CA, U.S.A)).

L Rat cosmid genomic library constructed in pWE 15 (CLONTECH, Palo Alto,
CA, U.S.A).
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2.11 PLASMIDS

1. pBluescript II (SK); Stratagenc, La Jolla, CA, U.S.A.

2. pGL-3 basic vector, pGL-3 promoter vector, pGL-2 control vector; pPGEM3Z (+),
Promega, Madison, WI, U.S.A.

3. pRSV-pGal; kindly provided by Dr. K. Surinya, Department of Biochemistry,
University of Adelaide, Adelaide.

4. pT7-hPC50 encoding most of the coding region of the human PC ¢DNA was
given by Dr. M. Walker, University of Adelaide, Adelaide.

5. pIRES1Neo and pBl, CLONTECH, Palo, Alto, CA, U.S.A.

6. pEFIRES-puro obtaincd from Dr. Steven Hobbs, CRC for Cancer Theruapeutics,
Institute of Cancer Rescarch, London, U.K.

7. prGAPDH, kind gift from Dr Tim Sadlon, Decpartment of Biochemistry,

University of Adclaide, Adelaide.

2.12 DNA AND RNA TECHNIQUES
2.12.1 Small scale preparation of plasmid DNA for restriction enzyme digestion, sequencing
and in vitro transcription

A single colony of F. coli was grown in 2 ml of LB broth containing 100 pg/m! of
ampicillin and incubated at 37°C with shaking overnight. One and a half millilitres of
overnight culture were transferred to a 1.5 m! microtube and centrifuged at 13,000 rpm for 2
min. The supcrnatant was discarded and the pellet was suspended in 100 pl of TES solution
[25 mM Tris-11C!1, pH 8.0, 10 mM EDTA pH 8.0, 15% (w/v) sucrose] and left on ice for S
min. Two hundred microlitres of lysis solution [1% (w/v) SDS in 0.2 M NaOH] were then
addced and left on ice for S min. The lysates were then neutralised with 150 pl of 3 M
potassium acetate pH 5.2 and left on ice for 5 min. Cell debris and chromosomal DNA were
removed by centrifugation at 13,000 rpm for 15 min. The supernatant was transferred to a
new tubc and RNA removed by digesting with 4 ul of 10 mg/ml of RNAsc A at 37°C for 30
mun betore being extracted twice with equal volumes of phenol and chloroform [1:1 (v/v)]
The aqucous phase was separated from the organic phasc by centrifugation at 13,000 rpm

for 2 min. The aqueous phase was then transferred to a new tube and extracted once with an
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equal volume of chloroform. The plasmid DNA was precipitated by adding 2 volumes of
cold absolute cthanol and kept at -20°C for 1 h. The plasmid DNA was then recovered hy
centrifugation at 13,000 for 15 min and washed once with 70% cthanol. The pellet was

dried under vacuum and dissolved in 30 pl sterile distilled water.

2.12.2 Large scale preparation of plasmid DNA by phenol/chloroform/PEG precipitation for
transfection

A single colony of E. coli was grown in 10 m} of LB broth containing 100 pg/m!]
ampicillin with vigorous shaking at 37°C for 6 h. Five millilitres of culture were then added
to 250 ml of the same culture medium and grown at 37°C with vigorous shaking at 37°C
overnight. The cells were harvested by centrifugation at S000 g at 4°C for 10 min. Cells
were suspended in 6 ml of TES buffer supplemented with 2 mg/ml lysozyme and left on ice
for 30 min. Twelve millilitres of freshly prepared 0.2 M NaOH-1% (w/v) SDS were then
added, gently mixed and left on ice for 10 min. The lysates were ncutralised by adding 7.5
ml of 3 M potassium acetatc pH 4.8, gently mixed and incubated on ice for 10 min. Cells
debris and chromosomal DNA were removed by centrifugation at 10,000 x g for 15 min at
4°C. The supcrnatant was cxtracted with an equal volume of phencl/chloroform [1:1 (v/v)]
twice, and then an cqual volume of chloroform once. The supernatant containing plasruid
DNA was precipitated by adding 2 volumes of cold absolute cthanol and kept at -20°C for 1
h. The plasmid was rccovered by centrifugation at 10,000 x g for 15 min at 4°C. Thc pellet
was washed once with 70% ethanol and dried under vacuum bhefore being dissolved in 1.6
ml sterile distilled water. The plasmids were further purificd by adding 400 pl of 4 M NaCl
and 800 pl of 33.3% polyethylenc glycol (PEG) 6000, left on ice for 1 h and centrifuged at
10,000 x g for 15 min. The pellet was washed once with 70% ethanol and dried under
vacuumn. The dried pellet was then dissolved in 400 pl of sterile distilled watcr and extracted
twice with an equal volume of phenol/chloroform [1:1 (v/v)] and extracted once with cqual
volume of chloroform. The plasmid was precipitated by adding 2 volumes of cold absolute
cthanol and kept at -20°C for 1 h and centrifuged at 10,000 x g for 15 min. The pellet was

then washed once with 70% cthanol, dried and dissolved in 0.5 ml sterile distilied water.
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2.12.3 Purification of DNA fragments from agarose gel using Geneclean kit

A slice of agarose containing a DNA fragment was excised under UV-
transilluminator and put in 1.5 ml microtube. A half volume of TBE modifier and 4.5
volumes of Nal solution were added to a slicc of gel and incubated at 65°C for 5 min. Five
microlitres of Glassmilk were then added and the DNA allowed to bind at 4°C for 5 min.
Glassmilk-bound DNA was pelleted by centrifugation at 13,000 rpm for 10 sec and washed
3 times with New Wash solution. DNA was eluted from Glassmilk with 20 pl of water by
incubation at 65°C for S min. The Glassmilk was pellcted, as above, and the supernatant

was kept.

2.12.4 Ligation

Plasmid DNA and insert DNA were digested with restriction enzymes that
gencrated compatible ends. The ligation was routinely carried out in a total volume of 20 pl
containing DNA insert : vector = 2:1 (mass ratio), 1X ligation buffer (66 mM Tris-HCI, pH
7.5, 5 mM MgCl,, 1.0 mM DTT, 1.0 mM ATP) and 2 U of T4 DNA ligasc at 14°C

overnight.

2.12.5 Bacterial transformation

A single colony of E. coli DH 5o was grown in 2 ml of LB broth at 37°C
overnight. Overnight culturc (330 ul) was then subcultured into 10 ml of LB broth and
grown to A, of 0.5-0.6. TFive millilitrcs of the culture was transferred to a ncw flask
containing 100 ml of I.B broth and grown to A, of 0.5-0.6. Cells were pcleted by
centrifugation at 5000 x g for 10 min and suspended in 40 ml of transformation buffer-]
(30mM potassium acetate, 100 mM rubidium chloride, 10 mM CaCl,, SO 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 pl) and kept at -

80°C until required.
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Typically, 200 pl of frozen competent cells were thawed out, mixcd with 10 pl of
ligation reaction and left on ice for 30 min. DNA and cells mixture were heat-shocked at
42°C for 2 min. The transformed cells were recovered by incubation in 2 ml of LB broth at
37°C for 45 min beforc plating. The rccombinant clones were distinguished from non-
recombinant clones on the basis of the o-complementation of B-galactosidase (lac Z) gene
expression, using LB platcs containing IPTG as the inducer and X-gal as substrate of §-
galactosidase. Blue colonics indicate the non-recombinant clones while white colonics
indicate the recombinant clones as a result of disruption of the p-galactosidase gene on the

plasmid.

2.12.6 Isvlation of high molecular weight DNA from tissues

One gram of frozen tissue was ground to a powder in liquid nitrogen, suspended in
10 ml of extraction buffer (0.1 M EDTA, pH 8.0, 10 mM Tris-HC, pH 8.0 and 0.5% SDS)
and incubated at 37°C with gentle shaking. Large pieccs of tissues were removed by
centrifugation at 10,000 x g for 10 min. The proteins were digested by adding 100 ul of 10
mg/ml of proteinase K at 50°C for 1.5 h. Another [00 ul of thc same concentration of
proteinase K was addcd and further incubated at the same temperature for 1.5 h. The
protcins were then extracted with an equal volume of phenol/chloroform [1:1 (v/v)] twice,
and then an equal volume of chloroform once. The chromosomal DNA was precipitated by
adding 0.2 volumc of 10 M ammonium acetatc and 2 volumes of cold absolutc cthanol. The
DNAs were spooled {rom solution with a hooked glass rod, washed once with 70% ethanol
and dissolved in 1 mj TE (10 mM Tris-HCI, pH 7.4, 0.1 mM EDTA, pH 8.0). The

chromosomal DNA prepared was used for PCR and Southern blot analysis.

2.12.7 Labelling of DNA with *P
2.12.7.1 End filling of DNA markers
The reaction was carricd out in a total volume of 20 pl containing 1 ug of
DNA marker, 2 ul of 10x T4 DNA polymcrase buffer (33 mM Tris-acctate, pH 7.9, 10 mM
magnesium acetatc and 66 mM potassium acetate), 2 pl of 10 ug/ml BSA, ! ul of 10 mM
DTT, ! ul cach of 2 mM dTTP, dCTP and dGTP, 25 uCi of [a-?P] dCTP, § U of T4 DNA
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polymerasc and water. The reaction was performed at 37°C for 10 min and terminated by
adding 2 ul of 0.5 M EDTA.
2.12.7.2 Labelling 5'-end of oligo by kinasing

The reaction was carricd out in a total volume of 50 ul containing 500 ng of
oligonucleotide, 5 ul of 10x kinasc buffer {500 mM Tris-HCl, pH 7.5, 100 mM MgCl,, 50
mM DTT and 1.0 mM spermidine), 50 pCi of [y-"P]ATP, 10 U of T4 polynucleotide kinase
and water. The reaction was performed at 37°C for 30 min and terminated by adding 2 pl of
0.5 M EDTA. The rcaction volume was brought up to 100 pl with water and then extracted
with equal volume of phenol/chloroform [1:1 (v/v)] twice followed by an cqual volume of
chloroform once. The phosphorylated oligonucleotides were precipitated by adding 0.1
yolume of 3 M sodium acctate pH 5.2 and 2 volumcs of cold absolute cthanol and
centrifuged at 13,000 for 15 min. The pellet was washed once with 70% ethanol, dried
under vacuum and dissolved in 50 pl of water. Labelled oligonucleotide can be added
directly to the prehybridised filter without heat denaturation of probe.

2.12.7.3 Random priming

DNA fragments were labelled with **P using the Giga Prime labelling kit.
Briefly, the reaction was carried out in 20 pl containing 0.5-1.0 ug of heat denatured DNA
template and random dccanucleotide primers. Single strand probes were synthesised as
short fragments by F. coli DNA polymerase [ in the presence of [a-?P] dATP at 37°C for |
h. Labelled DNA fragments were cthanol precipitated in the presence of 0.1 volume of 7.5
M ammonjum acetate and 25 ug ycast tRNA. The probes were recovered by centrifugation
at 13,000 rpm for 15 min and suspended in 100 ul of water. Two microlitres were counied
in a Liquid Scintillation Counter. The specific activity of the probc was approximately 1-5 x
10% cpm/uuig DNA obtained. Labelled probes were heat-denatured at 100°C for 10 min and

incubated on ice for 5 min before adding in hybridisation buffer.

2.12.8 Southern blot hybridisation
Fractionated DNA in agarosc gel was denatured by soaking the gel in 0.5 M NaOH-
1.5 M NaCl 2 x 15 min followed by ncutralisation with 0.5 M Tris-HCI pH 7.4-1.5 M NaCJ

2 x 15 min. A stack of Whatman papers were cut with an arca slightly bigger than the gel,
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soaked in 10x SSC (1.5M NaCl, 0.15 M sodium citrate) and placed in a tray containing 10x
SSC as transfer buffer. The gel was then placed over the Whatman paper, followed by a
sheet of nylon membrane which had been soaked in 10x SSC. A stack of paper towels was
then placed over the nylon membrane. The DNA was allowed to transfer to the membrane
overnight.  The membranc was then washed briefly in 2x SSC and was rcady for
hybridisation.

For detecting specific DNA sequences with oligonucleotide probes (kinase rcaction),
the membrane was prehybridized in a solution containing 5x SSC, 5x Denhardt’s solution
(0.1% polyvinylpyrrolidone, 0.1% BSA, 0.1% Ficoll 400) and 100 pg/m! heat denaturcd
salmon sperm DNA. For detecting specific DNA scquences with polynucleotide probes
(random priming), the membranc was prehybridized in a solution containing 5x Denhardt’s
solution, 1% SDS, 50 mM Tris-HCI, pH 7.4, IM NaCl, 10% PEG6000, 40% deionized
formamide and 100 pg/ml heat denatured salmon specrm DNA.  After incubation of the
membrane in this solution for at least 2 h, 10 ml of fresh solution including probes were then
added and hybridisation was performed for 12 h. The membranc was then washed 2 x15
min in 2x SSC-0.1% SDS at 42°C followed by another 2 x 15 min washing in 0.1x SSC-
0.1% SDS at 42°C.

2.12.9 DNA sequencing
2.72.9.] fmol™ DNA sequencing

The 5'-end of the sequencing primer was labelled in a [0 pl reaction
containing 100 ng of primer, 1x T4 polynucleotide kinase buffer (50 mM Tris-HCI, pH 7.5,
10 mM MgCl,, 5.0 mM DTT, 0.1 mM spcrmidine) and SO uCi of [y-?P]JATP. The reaction
was carried out at 37°C for 30 min beforc inactivating the enzyme by heating at 95-100°C for
2 min. A master mix was then preparcd containing 1-2 pg of plasmid DNA, 5 pl of 5X
scquencing buffer (250 mM Tris-HCI, pH 9.0, 10 mM MgCl,), 1.5 pl of labelled primer and
5U of Tag polymcrase (sequencing grade). The reaction volume was brought up to a final of
17 ul with water. TFour microlitres of master mix were then transferrcd to 0.5 ml microtubes
containing 2 ul cach of ddATP, ddTTP, ddCTP and ddGTP separatcly and overlaid with

100ul of mincral oil. The reaction was subjccted to 30 cycles of amplification. Each cycle
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consists of denaturation at 95°C for 30 scc (2 min for the first cycle), annealing at S0°C for
30 sce and extension at 70°C for | min. In the cases where the length of primer was more
than 24 nucleotides and or with GC content greater than 50%, annealing and extension were
performed at 70°C for 30 sec. Other parameters were essentially the same as described
above. The reaction was terminated by the addition of 4 ul of stop solution (10 mM NaOH,
95% formamide, 0.05% bromphenol bluc, 0.05% xylene cyanole) and heated at 95-100°C
before electrophoresis.
2.12.9.2 Dye Primer sequencing

Plasmid DNA isolated according to the mcthod described in 2.12.1 was
further purified by adding 1 pl of 10 mg/ml RNase A to 20 ul of plasmid sample and
incubating at 37°C for 30 min. Twenty five microlitres of 7.5 M 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 pellct was washed once with 300 pl of 75%
cthanol in 50 mM sodium acctate and once with 100% ethanol. The pellet then was dried
and dissolved in 20 pl of water. The sequencing rcaction 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 primer.
The reaction was adjusted to a fina) volume of 20 pl and overlaid with 100 ul of mineral oil
before being subjected to PCR. The PCR profile consisted of 25 cycles of denaturation at
96°C for 30 sec, anncaling at 50°C for 15 scc and extension at 60°C for 4 min. After the
cycles was completed, the mineral oil was removed and the scquencing products were
precipitated by adding 0.1 volume of 3 M sodium acetate and 2 volumnes of absolute ethanol.
The DNA was precipitated by centrifuging the tube 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, Adclaide.

2.12.10 Isolation of RNA
2.12.10.1 Isolation of RNA using the guanidine method
Total RNA was isolated as described by Chomcezynski and Sacchi (1987),
with some modifications. Approximately 1 g of frozen tissue was homogenised in 10 ml of

denaturation solution (4 M guanidinium thiocyanate, 25 mM sodium citrate pH 7.0, 0.5%
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(v/v) sarkosyl and 0.1 M p-mercaptocthanol) using a Polytron™ at full speed for 1 min. Onc
millilitre of 2 M sodium acetate pH 4.0, 10 ml of phenol and 2 ml of chloroform were added
with vigorous mixing and left on ice for 15 min. The supernatant was removed after
centrifugation at 10,000 x g for 30 min at 4°C. The RNA was isolated from DNA by
precipitation with 2 volumes of isopropanol and centrifugation at 10,000 x g for 30 min at
4°C. The pellet was dissolved in 5 ml TE/SDS, reprecipitated by adding 5 ml of isopropanol
and kept at -20°C for { h. The RNA was pclleted by centrifugation at 10,000 x g for 30 min
at 4°C and redissolved in 2.5 ml TE/SDS. Small RNAs werc precipitated overnight at 0°C
by adding 10 ml of 4 M LiCl. RNA was recovered by centrifugation at 10,000 x g for 30
min at 4°C, dissolved in 1 ml TE/SDS and precipitated with 0.1 volume of 3 M sodium
acctate, pH 5.2 and 2 volumes of cold absolute ethanol. Finally, RNA was recovered by
centrifugation as above, washed with 70% cthanol, vacuum dricd and dissolved in 0.5 ml of

RN Ase-free water.

2.12.10.2. Isolation of RNA using RNAqueous™ kit
Small scalc preparations of RNA werc carried out using RNAqueous™ kit.
Briefly, 50-100 mg of frozen tissuc was ground in liquid nitrogen to a powder. Twelve
volumes of Lysis/Binding solution was then added to the tissue powder and homogenised

with a Polytron™

homogeniscr. An equal volume of 64% ethanol was added to the lysate
and mixed gently. Lysate/ethanol mixture was then applied to the RNAqueous cartridge
filter which was placed in a collection tube and centrifuged at 13,000 rpm for 30 sce. The
supcrnatant was discarded and the cartridge was washed once with 700 u) of Wash Solution
#1 and twice with 500 pl of Wash Solution #2/3. RNA was eluted from the cartridge filter
twice with 60 pul of Elution solution by incubating the tube at 65-70°C for [0 min followed
by centrifugation at 13,000 rpm for 1 min. One-half volume of LiCl precipitation solution
was then added, incubated at -20°C for at least 30 min and centrifuged at 13,000 rpm for 15

min. The pellct was washed with 70% cthanol, vacuum dried and dissolved in 50 ul of

RNAse free water.
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2.13 Quantitaion of DNA and RNA by spectrophotometry
DNA and RNA were quantitated by mcasuring their absorbance at 260 nm. Samples

were routinely measured in a | ml volume.

concentration of DNA (pg/ul) A x 50 x dilution factor

concentration of RNA (pg/ul)

A, x 40 x dilution factor
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Chapter 3 Isolation of full length ¢DNA and domain structure of var PC

3.1 INTRODUCTION

Clcarly, amino acid scquenccs of cukaryotic proteins can be obtaincd from their
mRNAs. Isolation of cDNA would therefore be an effective mcans to gain insight into the
primary structure of proteins by inferring amino acid sequences from codons in the ¢cDNAs.
Also the relatively large size of PC limits the possibility of determining its primary structure
by protein sequencing effectively. Comparisons of primary structures of PC from different
sources and to known structures of other biotin-dependent carboxylases would allow the
identification of structurally important residucs as well as other conserve residues which
might play a common role in the catalytic reaction.

During their Ph.D. candidature, A.I. Cassady and G.W. Booker had previously
isolated partial cDNA clones encoding rat PC by screening a rat liver cDNA library
constructed in lambda phage. Attempts to isolate from this library other cloncs represcnting
the remaining rat PC cDNA were unsuccessful. This is most likely due to the relatively large
size of the rat PC mRNA (approximatcly ~4.2 kb) and the inherent limitations of oligo-dT-
primed ¢cDNA libraries. As an alternative approach, PCR was employed to obtain full length
rat PC ¢cDNA.

PCR is a highly sensitive and specific method to amplify a fragment of DNA in vitro
using a thermostable DNA polymerase. This technique was first introduced by Mullis ef al.
(1985). Modified PCRs were then applied to different arcas of research. As stated above,
obtaining full length transcripts from a ¢cDNA library is rarely achicved if the size of
transcript 15 very large but methods have been developed which utilisc PCR to sclectively
amplify the 5'-end of cDNA. This PCR is known as RACE (rapid amplifiation of ¢cDNA
ends). RACE-PCR was first described by Frohman et al. (1988) and Belyavsky et al.
(1989). This technique combhines three featurcs: reverse transcription of ¢DNA from
mRNA, homopolymeric tailing with tcrminal transferase at the 3'-end of ¢cDNA followed by
PCR with the genc-specific primer and a primer complementary to 2 homopolymeric tail.
Howcver, low cfficiency of the terminal transferasc reaction reduces the power of this
tcchnique. Consequently, a modified RACE-PCR was developed involving the ligation of a
single-stranded oligonucleotide anchor to the 3'-end of the first-strand cDNA using ‘T4 RNA

ligase (Edwards et al., 1991). A Clontech 5'-AmpliFinder RACE kit (Apte and Siebert,
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1993) employing this principle was used as a too] to obtain a full Iength rat PC cDNA clone
as 1llustrated in Fig. 3.1.

Briefly, first strand cDNA is synthesized with the first antisensc gene-specific primer
(GSP1) by AMV reversce transcriptasc. The RNA template is then hydrolysed with NaOH.
Single strand cDNA is purified and ligated to a single-stranded anchor oligonucleotide at the
3'-end. This anchor oligonucleotide contains the phosphate group necessary for ligation at
the 5-end and an Eco Rl restriction site to facilitate cloning, while the 3'-end is blocked with
an amine group to prevent concatamer formation. Semi-nested PCR using an anchor primer
(complementary to anchor adaptor) and a second genc-specific primer (GSP2) internal to
GSP1 1s then performed to increase the specificity of the reaction. Amplificd products can

then be cloned and sequenced.
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Figure 3.1 A, Amplification of the 5'-end of a gene using the
5'-AmpliFINDER RACE method. Pl and P2 are nested gene-specific primers.
Arrows indicate PCR primers, the hatched box indicates the AmpliFINDER anchor. B,
5'-AmpliIFINDER anchor oligonucleotide sequence, at its 5’-end was modifed with an amino
blocking group to prevent concatamer formation; a phosphate group was added to the 5'-end
of the anchor primer which also contains an EcoRI site (underlined). The complementary

region of anchor sequence and anchor primer are bolded.
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3.2 SPECIFIC METHODS
3.2.1 RACE-PCR
3.2.].1 Reverse transcription

Briefly 10 pg of total rat liver RNA were hybridised to 100 ng of ¢cDNA
synthesis primer in a total volume of 10 ul. The rcaction mixture was incubated at 65°C to
disrupt the secondary structure of RNA for 10 min and slowly cooled down to 52°C. The
25 ul master mix containing 9.2 pl of water, 9 pl of 4X reverse transcriptase buffer (1X=42
mM Tris-HCl, pHI 8.3, 8mM MgCl, and 8 mM DTT), 1.6 pl of RNase inhibitor (40 U/ul),
3.7 ul of 10 mM each of ANTP and 0.5 pl of AMV reverse transcriptase (25 U/ul) was made
and pre-warmed at 52°C for 5 min. Twenty microlitres of master mix were then added to the
RNA anncaled primers and incubated at 52°C for 1 h. The reaction was terminated by
adding 1 pl of 0.5 M EDTA pH 7.0. The RNA was hydrolysed by adding 2 pl of 6M NaOH
and incubated at 65°C for 30 min followed by neutralisation with 2 ul of 6M acetic acid.

3.2.1.2 cDNA purification and Anchor ligation

¢DNA was purificd by adding 8 ul of GENO-BIND™ suspension, mixed and
incubated on ice for 10 min with occasional vortexing. The GENO-BIND™-bound ¢DNA
was pellet by centrifugation at 13,000 rpm at 4°C for 10 scc. The supernatant was removed
and the pellet was washed with 80% ethanol and centrifuged as described above. The pellet
was air-dried and then dissolved in 50 pl of DEPC-treated water. cDNA was cluted from
GENO-BIND™ by incubating the tube at 65°C for S min followed by centrifugation at
13,000 rpm for 5 min. The supernatant containing cDNA was transferred to a new tubc and
thc cDNA was precipitated by adding 15 ug of glycogen, S ul of 2 M sodium acctate and
100! of 95% ethanol. After 2 h of incubation at -20°C, the cDNA was pelleted by
centrifugation at 13,000 rpm at 4°C for |5 min, washed once with 80% ethanol, air-dried
and dissolved in 6 ul of DEPC-treated water. The ligation of adaptor at the 5’-end of single-
stranded cDNA was performed in a 0.5 m! microtube containing 2.5 ul of purified cDNA,
2ul of AmpliIFINDER Anchor (4 pmol), 5 pl of 2X T4 RNA ligase buffer (100 mM Tris-
HCI, pll 7.4, 10 mM MgCl,, 1 mM hexamine cobalt chloride, 10 uM ATP and 50%
PEG6000) and 0.5 ul of T4 RNA ligase (20 U/ul). The ligation reaction was incubated at

room temperature (~20-25°C) for 16-20 h.
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3.2.1.3 PCR amplification

Hot start PCR was carried out to enhance the specificity of PCR
amplification. In brief, 48 ul of the reaction mixture containing 10 mM Tris, pH 8.3, 50 mM
KCl, 1.5 mM MgCl,, 0.2 mM cach of dNTP, 0.01% gelatin, 2.5 U of Tag polymerase and
1.0 pl of anchor-ligated cDNA were assembled in a 0.5 mJ microtube and overlaid with 2
drops of mineral oil. The reaction was heated at 82°C for 1 min beforc adding 1 pl of each
primer (nested gene-specific and AmpliFINDER Anchor primer, 100 ng/ul of each) and
proceeding with the PCR. The thermal profile consisted of 35 cycles of denaturation at 94°C
45 sec, annealing at 60°C for 45 scc and extension at 72°C for 2 min (7 min for the final

extension). The PCR products were analyscd by running on 2% agarose gel.

3.2.2 Sequence unalyses by computer

BLAST searches (Altschul ef al., 1997) were made courtesy of the NCBI (Bethesda,
MD, U.S.A.) of the non-redundant databasc comprising the Protcin Data Basc (PDB) plus
GenBank (releasc no. 91) plus GenBankupdate plus EMBI. (releasc no. 43) plus EMBL
update by TBLASTN, and on the non-redundant database comprising PDP plus SwissProt
plus SPupdate plus PIR plus GenPept plus GPupdatc by BLASTP, with an overlapping
senies of 11 fragments, each of approximately, 200 residucs, from the rat PC primary

structure as the "query’ sequenccs.
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3.3 RESULTS
3.3.1 Isolation of cDNA by RACE-PCR

Two antisense primers were used to synthesize two regions of PC cDNA from total
rat liver RNA. The first region was synthesised with a primer designed from a conserved
sequence of mouse (Zhang ef al., 1993) and human (Wexler ef al., 1994; MacKay et al.,
1994) PC ¢cDNA; MRACE I (GSP 1) (nucleotide positions +358 to +380) followed by PCR
with another internally conserved antisensc primer; MRACE 1T (GSP2) (Fig.3.2)
corresponding to nucleotide positions +124 to +150 of mouse (Zhang er al., 1993) and
human (Wexler ef wl., 1994 and MacKay er al., 1994) PC ¢cDNAs and adaptor primer. A
smear pattern was observed using an annealing temperature of 60°C (data not shown).
Iowever, increasing the annealing temperature to 65°C improved specific amplification, i.e.
discrete bands ~ 0.2 kb were seen upon agarosc gel electrophoresis (Fig. 3.3).  These
individuals bands were then purified from the gel, digested with EcoRI and cloned into
FcoRI-digested pBluescript.  Sequencing of one of many clones [designated as RACL
(Anchor/MRACE II)], showed high scquence homology to both human and rat PC ¢cDNA
within the coding region. However, sequences at the S'-UTR were different from those of
mousc (Zhang et al., 1993) and human PC cDNAs (Wexler ef al., 1994; MacKay et al.,
1994). Indeed, scquence divergence at the 5-UTR was observed in different clones,
suggesting that they were alternatively spliced at the 5'-non-coding region. Characterisation
of these multiple transcripts in full detail is described in Chapter 4 of this thesis.

The sccond region of cDNA was synthesised with the PC1 primer (GSP1) dcsigned
from the 5-end of ARL 2.53 (Booker, 1990), followed by PCR with a nested antisensc
primer, PC2 (GSP2), external to the PC1 binding region of ARL 2.53 clonc (Booker, 1990)
(Fig. 3.2) and an adaptor primer. PCR reactions were carried out under different conditions,
including various annealing temperatures (55°C, 60°C and 65°C) and different amounts of
Tag DNA polymcrase (2U and 4U), to get the longest PCR products which might overlap
with the 5’-end of the RACE (Anchor/MRACE 1I) clone. Multiple bands of different sizes
were observed after agarosc gel clectrophoresis (Fig. 3.4A). Southern blot hybridisation

with an oligonucleotide (PC3), internal to PC2 was carricd out to verify the specificity of
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Figure 3.2 Schematic diagram of overlapping lambda phage clones
representing the C-terminal region of the rat PC isolated by Cassady (1987)
and Booker (1990) relative to the primary structure of the enzyme based on
mouse (Zhang et al., 1993) and human (Wexler et al., 1994; MacKay et al.,
1994) PCs. Nucleotide sequences at the 5-end of ARL 2.53 and thosc of the conserved
sequence at the 5'-end of the ATP/HCO, domain of mouse and human PCs are shown.
PC1, PC2, PC3, MRACE I, MRACE II and HUM 19 primer binding sites used for RACE-
PCR are indicated by arrows. Different lambda phage clones are boxed. The ATP/HCO,’,
pyruvate and biotinyl domains are also indicated.
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Figure 3.3  RACE-PCR products amplified with anchor/MRACE II primers using
different dilutions of cDNA (UD, undiluted; 1:10, 1 in 10 dilution), were analysed by
2% agarose gel electrophoresis. M, markers.
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Figure 3.4 A, RACE-PCR products obtained from Anchor/PC1/PC2 primers amplified with different annealing temperatures (55°C,
60°C and 65°C) and different units of Tag polymerase, and subsequently analysed by 0.7% agarose gel electrophoresis.

B, Autoradiogram of Southern blot analysis of RACE-PCR products in A, probed with 32p_labelled internal oligonucleotide
probe, PC3. Arrows (1 to 4) indicate the fragments that were reamplified and sequenced.
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PCR. As indicated in Fig. 3.4B, all fragments scen on the gel were hybridised to the probe,
suggesting that they all represented rat PC ¢cDNA.

Direet sequencing of thesc bands, indicated that they were truncated transcripts
possibly due to premature termination during cDNA synthesis. The longest products of size
0.7 kb, 0.9 kb, 1.1 kb and 1.5 kb werc individually purified from the gel, reamplified (Fig.
3.5A) and sequenced in both directions as shown in Fig. 3.5B. However, sequencing at the
5'-end of the 1.5 kb product, designated RACE (Anchor/PC2) and the 3'-end of RACE
(Anchor/MRACE II) fragments showed that they had not overlapped.  Approximately 200
nucleotides were missing from the junction between them, bascd on the cDNA scquences of
mouse (Zhang et al., 1993) and human PC (Wexler ef al., 1994; MacKay et al., 1994). This
gap was finally filled by performing another RT-PCR. The ¢cDNA synthesis primer, PC7A
was designed from the S'-cnd of RACE (Anchor/PC2) fragment and uscd for reverse
transcription followed by PCR with an antiscnse primer (PC8), cxternal to PC7A binding
sitc of RACE (Anchor/PC2) fragment and sense primer (PC9) designed from the 3'-end of
RACE (Anchor/MRACE 1I) fragment. A 0.4 kb product [RT-PCR (PCS8/PC9)], which
overlapped the above clones, was generated (Fig. 3.6). A summary of the overlapping
lambda clones and the PCR fragments spanning an entire rat PC ¢cDNA are shown in Fig.

3.7.

3.3.2 ¢cDNA sequence and inferred amino acid sequence of rat PC

The nucleotide sequences of the RACE (Anchor/MRACE 1I), RT-PCR (PC8/PC9)
and RACE (Anchor/PC2) were determined both directions.  Together with nucleotide
sequences of ARL 2.53, ARL 2.35 and ARL 1.1 which had previously been sequenced
(Cassady, 1987; Booker, 1990), the complete nucleotide sequence spanning the entire
coding region of rat PC was obtained. Fig. 3.8 shows the complete nucleotide sequence of
the rat PC cDNA cncompassing 4024 nucleotides and including a 5'-UTR, coding region,
stop codon and 3'-untranslated region. The largest open reading frame was 3537
nucleotides including the stop codon, encoding a polypeptide of 1178 amino acid residues

with a calculated M, of 129,848. The 3'-untranslated region of rat PC is 421 nucleotides
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Figure 3.5 A, The 1.5 kb (lane 1), 1.1 kb (lane 2), 0.9 kb (lane 3) and 0.7 kb (lane 4) PCR products shown in Fig. 3.4 were reamplified using
the same sets of primers, and analysed by 1.5% agarose gel electrophoresis; M, markers.
B, Sequencing strategy of these 4 PCR products with different primers. Arrows indicate the direction of sequencing.
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Figure 3.6 RT-PCR products, amplified with PC 8/PC 9 primers using different
dilutions of cDNA (UD, undiluted; 1:10, [ in 10 dilution) were analysed by 2% agarose gel
electrophoresis. M, markers.
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Figure 3.7  Schematic diagram of the isolation of full length rat PC ¢cDNA which was deduced from three
overlapping clones, ARL 1.1, ARL2.35 and ARL 2.53 and from three overlapping PCR fragments, RACE
(Anchor/PC2), RT-PCR (PC8/PC9) and RACE (Anchor/MRACEII), which extend further to the N-terminal part
of PC. The PCR products were named after the primers used in PCR amplification. Three functional domains within the
coding region [Biotin carboxylation domain (BCD), transcarboxylation domain (TCD) and the biotinyl domain
(BIOTIN)}, the ATG start codon, the TGA stop codon, poly(A) tail and the relative length of each clone are shown.



Figure 3.8 Complete nucleotide sequence and inferred amino acid sequence of rat PC.

Amino acid residues are numbered at the left; nucleotide sequence positions are numbcred at
the right. The predicted mitochondrial targeting sequence is shown in the black box. The
domain boundaries, identified by highly significant degrees of similarity with other biotin
enzymes, are indicated by square brackets. The conserved putative metal-binding motif
(HXHXH) at residues 769-773 is identified by asterisks. The amino acid residues, which
were identified by Edman degradation sequence analysis of the Mr approximately 75,000
chymotryptic fragment (Booker, 1990), are shown in a grey box. The putative carboxyl
binding site (EXWGGATFDVAMRFLYECPWXRL) (Samols et al., 1988) within the
transcarboxylation domain is underlined. The biotin attachment site (AMKM) is in bold

type.
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GTTCCCTGTCAGTGGAGGCAACGGCOGTCAGAGGCGREGGCCACGGCTTGAGGCEACGGGELGAAL
ATGCTGAAGTTCCAAACAGTTCGAGGBBGCCTGAGGCTCCTGGGTBTCOGCLGATCCTCCACAGECCCOGTTGCCTCCCCAAAT GTCCAE
FE A AR 1 A 2P v A S P N VR

F O

G CTGGAGTACAAGOCCAT CAAGAAAGT AATGGTGGCCAACAGAGGTGAGATTGLCATCCAAGT GTTTAGTGCCTGCACAGAGCTGGET
CRCEGGEYKGfgIKKVMVANRGE:AIRVFRACTELG
L

CCTGTGCAAGCCTACCTGCACATTECAGACATCAT TAAGGTGGCLAAGGAGAATGETGTAGATGCTGTGCACCCTGGCTATGGGTTC
GﬁTPVQ%YLHlPDlIKGVAKENGVDAVHPGYCF

TOCGCACAGTGGCTGTCTACTCEGACCAGGACACAGGLCAGAT GCACCGBCAGAAA SCTGAT SAAGCCTACCTTATTGGLCGTGGALTG
AT A AT T T A G W h R K A D E A YL 16 & &

CTCTCAGAGAGAGCAGACT TGCLLAGGCCTGCCAAGATGCTGGAGT CCRATTCATTGGTCCAAGLCCAGAGGTGETCCCCAAGATGEGA
LS ERADTFAQACQDAGVYVYTREFTI(GP §PEVVRKMGSG
GACAAGGT GGAAGCOCGGOCCATTGCCATTGCTECAGSCOTTCCAGT SGTCECTGECACT AATTCCCCCATCAATTCCCTGCATGAGGCA
D KV EARAIL AL AAGVPVV PG TNSPI NSLHTEA
CACGAGTTCTCTAACACCTATGGTTTCC T ATTATCTTCAAGGCTGECT ATGGAGSTGGGEGCCGTGGLATOAGAG TGTGCATAGCTAC
W EF&NTVYGT FPI I F KAAYEGG® GRGMZ®RUWVVHS Y
GAGGAGCTGEAAGAGAATTACACCCGGGCCTACTCTGAGGCCTT GGLAGCCT TGGGAATGGGRCATTGTTTGTGGAGAAATTCATTCAG
E E L E ENY T RAVY S EALAATFG GNTGA A LS VEK ?- £
AAGCCAAGACACATTGAGGTGCAGAT CCTAGGEGACCAAT ATGGGAACATCTTGCACTTGTATCAGCGEGACTGCT CCATCCAGCEGCEE
<P R Kk I EVQULGEDQYGNTI TLHLYETZ RDCS I gRR
CACCAGAAGGTCGTCGAGATTACCCCTGCTACCCACCTGRACCCCCAACTTOGGTCACGOTT CACCAGTGACTCTGT CAAACTT52CAAS
H O KVVETIAPATHLTD PQLPRSRL TSODS SVEKTLAKEK
CAGGTTGGCTATGAGAATGCAGBCACTGTOGAGTT CCTGGTGEACAAGCATGECAAGCACTACTTCATCGAGGTCAATTCCOGCCTGIAG
Q VvV G6GYENAGTVTETFLVDEKTHGEGT KHYTF I EVNSRLDQAQ
GTGEAGCACACGGTCACTGAGGAGATTACAGATGTGGACCTGGTCCATGCTCAGATCCAT BTCTCOGAAGGCOGGAGCL T SCCTGACCTE
VEH ™V T EEI TDVOLVHAQ!I HVSEeEGR SLPDL
GGGCTGCGGCAGGAAAACATCCGAATCAATGGTTGTGECATTCAGTGTCGGGTCACCACT GAGGACCETGCACGCAGCTTOCAGCCAGAC
G L RGCENILRINGT CAIQCU RVTTTEO IPARTST FQ®0D
ACTGGCOGCATT GAGETTTT CCGEAGTGETGA GG GCATGGGTATCCGCCTGGACAATGCCTCAGCATTCCAGGSACETGT CATATCCOCE
TG R | EV FRGSGETG G MG! RLDNATGSATEFQG AV 1 §Pp
CACTATGACTCOCT GETCGTCAAAGTCATTGCCCATGACAAAGACSACCCTACAGCT GCACCAAGATGAGCAGAGCCCTGGCGGAGTTC
R YDGSL LVKVI AHGKDHSPTAAT KMGBET®RATLATE.H-F
CGTGTOCGAGGTGTAAAGACCAACATCCCCTTCCTGEAGAATGTTCTCAACAACCAGCAGTTCCTAGCRGGCATTGTGGACACCAGTTC
RV EGY KTNIPFLQNVULUNNGQREFLAG! VDTQETEF
ATCGATGAGAACOCCGAGCTGTTCCAGCTGCGGCET GCACAGAACCGGACOCAGAAGTTGET ACATT ACLTTGGACACGTCATGGTCAAT
" D ENTPE LFlQLRPAGQNT I RUAQKXKTLTLHYL & HV M VAN
GGCACTACCACTCCAATCCCIGT CAAGGT CAGTCLCAGCCCTGTGGACCCCATTGTTCCTGTGGTGLCCATAGGOOCACCCCCAGCTERT
G F T TP I PV KVSPS PVDPI VPVVYP, GPPP AG
TTCAGAGACATCCTTCTGCGAGAGGGGCCAGAGGECTTTGCEAGAGCTGTGCOGAAT CACCAGGSGCTGCT GCTAATGGACACAACCTTC
FR DI LLRTETGTPTEGGTFARAVRNBOQG L LMDT~TT?:=
CEBGATECCCACCABTCACT ACTTGCCACTAGAGTGLGCACACACGATCTCAAAAAGATT GLACCCTACGTTGCCCACAACTTCAACAAC
R C AHOGS L LATR RVRTHDULI KTKT I APYV AHNTERNHN

CYCTTCAGCATAGAGAACTGOGGAGBAGCCACATTFGACGTGBCCATGLOCTTCTTGTATGAGTGLLCCTBRCAGCOGCTCCAGGAGCTC
LIF S I E_N WGG A T F D VA M R F L Y E C P WREPR (QE L

CGGGAGCTCAT CCCCAACATCCCATTOCAGATGLTACT GAGGGGGGCCAATGCTGTGGGCTACACCAACTACCCTGACAACGTGGTCTTC
RE LI PN I PFQMUL LRGANAVGY T NYZ®PDNVVF
AAGTTCTGTGAGGTGGCCAAAGAGAATGGCATGGACGTCTTCOGGATCTTIGALTOCCTTAACTACCTGCCAAACAT GCTOLT GGGCATE
K FC EV A KENGMDV FRI £F9SLKNYLP NMILTLGHM
GAAGCAGCTGGTAGTGCTGRGGATGT GGTGGAAGLTGCCATCTCCTACACGGGTGACGTGGCTGACCCCAGTCGCACTAAATALTLACTG
E A AGS AGGV VEAAI)ISY TGDV ADPSRT K VY S .
GAGTACTACATGGGETTAGCTGAAGAACTGETGCGAGTCGECACTCACATCCTCTGCATT AAGGACATGGCASGCCTGCTGAAGCETGCA
EYyYYy M 6t AE ELV R AGTH I LCI KDMAGLL K P A
GCATGCACCATGCTGGTCAGCTOCCTCLGGGACCGGTTCCCCGACCTCCLACTGCACATCCATACCTATCACACATCAGGGTCAGGTETG
A CT ML VS SLRDRFPDLPLH QTQQ’J"SGSGV
GCAGCCATGTTGGCCTGTGCACAAGCTGGGGCTGATGTTETGGATGTGGCAGT CGACTCTATGTLT GGGATGACCTCATAGCCCAGCATG
A AMLACAQAGADVY VDV AV DSMSGEMTS QP S M
GGGGRCOCTGET GGCCTGTACCAAAGGGACTCCTCTGGACACAGAGTTACCLCTGGAGCATGTGTTTGACTACACTGAGTATTGGGAAGGE
A LVACTK GTP LDTEV PLERVFDYZ< S EVYWTEZQ G
GCTCGGOGGT; GTATGCAGCCTTTGAT TGCACGGCTACCAT GAAGTCTGECAACTCAGACGTGTATGAGAATGAGATCCCAGGGESCCAG
A RGLY AAFDZCTATMIK SGENISDVYENEIPGEGQ
TACACCAACCTACACTT CCAGGCCCACAGLATGGGACTTGGCTCCAAGTTCAAGGAGGTCAAGAAGGCLTATGT GSAGGCTAACCAGATG
Y T N LB FQAHKRS MG LGS KF X EV KKAYVE A NQWM
CTGGGGGACCTCATCAAGGTGACACCATCETCCAAGATTGYGGGGGA™CY GGCLCAGTTCATGGTGCAGAACGGE TGAGCCGGGCAGAG
~e¢eDL 1 KV TP S§S5SKI VGEDLAJGFMVYV QNGL § R A E
CGCAGAAGCTCAGGCAGAAGAGCTGTCCTTCCCCOGCTCTGTGGTGGAGTTCCTGCAGGGLTACATTEGLATTCCCCATBGGRGTTTCCIT
A E A QA EE LSF RSV VEFLQGY | GV PHGTG GTFP
GAACCCTTCCGTTCT AAGGTGCTAAAGGACCTGCCAAGAATAGAAGGGAGGCCTGGAGCCTLCCTOCCTCOCTTGAACCTGAAGGAGCTG
EP FRS KVL KOLPR )»EGRPGASL®PPLNLK:ZL
GAGAAGGACCTGATTGATAGGCATGGAGAGGAGGT GACCLCAGAGGACGTTCTCTETGCAGCCATGTACCCTEATGTCTTTGCTCAGTC
EKDLII DRHGEE VTP EDVLSAAMYZPODV F AQTF
AAAGACTTCACGGLTACCTTTGGCECCCTOGATAGCCTGAATACTCGTCTCTTTCTTCAAGGACCCAAAATTGCAGAGEAGTTTGAGETT
K CFTATUFG®PiLDSLNTRLFLQE? KI A EEF EV
GAGCTGGAACGGGGCAAGACCTTGCACATCAAAGCCCTGGLT GTAAGCIACCTGAACCGTGITGGCCAGAGGCAGGTGTTCT T GAALTC
E L £€ER G K TLH I K ALAVSDLNRAGQRIQVFTF E L
AATGGGCAGCTTCGATCCATTCTGGTTAAAGACACOCAGGCCATGAAGGAGAYGCACTTCCATCCCAAGGOCTTGAAGCATGTGAAGGGE
N 6 QLR S I LVKDTDQRAMEKEMUHEFHPI{K AL KDV KTE
CAAAT GGGGCCOCTATGCCTGGOAAGGTCATAGACGTCAAGGT GRCAGCAGGAGCCAAGGT GETTAAGGECIAGICCCTCTGTGTGLTC
QI 6 AP MPGKV I DV KV AAGAKVYVKSGGEPLTZCVL
AGCGCCATGAAGATGGAGACTGTGGTGACTTCGCUCATGEAGGGCACTATCOGAAAGGTTCACGTGACCAAGGACATGACT CTGRAAGGE
§ AMKME TV VI SPMEGSGT IR KVHVTKIMTYT L EG6
GgTGSCC.L'CATOCEAGéGATlTGéﬁTGATCTTACTCEAGACTGG(‘AGCCI'GGO:AACCCTACCCCAAGCCI'CFCAACAGAAGC‘TGTGCAGCC

AGGGCAGGCCCAGGCAGTACCTGAGLTAGLCCTTGAGGTCCTGTOCCATGGGACAGCACACALACTACCTGCAATGGCLCT CCCATCCC
TTCAGCTATTTGYCCTTGTCTTGLTGGCAAGGCAGTTCTCACATATTCATCTCT TGLCAAATAAGGETCTGCTCCTCGTGEGAGACCACA
GGTGTACAGTAGGTGGCCTTGTACCTGGGAGAGHGG TTCTACCTCT SEaGGTAGAGEGAAGAAGACCTAATTCATAGGTCLTGEGAAA™T
TGCTCAATAAAAGTGGCCTTCCCTTGCCTTCCAAAAAAAAAADAA AAAAAAAAADAAAAAAAAAAAAAADAAAAAAAAAALAAAAAA
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Chapter 3 Isolation of full length cDNA and domain siructure of rat PC

long with a conscnsus polyadenylation signal (AATAAA) located 27 nucleotides 5' to a long
poly (A) tail.

As a muclear-cncoded protein (Freytag et al., 1984; Walker et al., 1995a; Webb et al.,
1997), PC is synthesised as a precursor protein in the cytosol and translocated to the
mitochondrial matrix with a consequent reduction of molccular weight (Srivastava et al.,
1983). Many imported mitochondrial proteins arc synthesized with an N-terminal leader
sequence of 20-80 amino acid residues which typically contain several positively charged
and several hydroxylated amino acids and no acidic amino acids (Hendrick et al., 1989), as
is also the case with rat PC. The mature N-terminal sequence of the rat PC was previously
reported from peptide sequencing to be Ser-Gly-Pro-Val-Ala-Pro-Leu-Asn-Val-l.cu-Leu-
Leu-Glu-Tyr-Pro (Thampy et al., 1988). This report scems to conflict with previous studics
which have shown that the N-terminus of mature PC of othcr species were N-terminally
blocked (Rylatt et al., 1977; Lim et al., 1988). In addition, this sequence was not found in
the amino acid sequence inferred from the cDNA and nor does it exhibit any significant
sequence identity with any biotin-dependent enzyme in the non-redundant databascs. The
proteolytic cleavage at the N-terminus of premature PC during the transiocation to
mitochondria is likely to occur between Scr 20 and Thr 21. Cleavage at this sitc is a
common fcature of most mitochondrially imported proteins with their targeting sequence
always ending two residues after an arginine (Hendrick et al., 1989). The mitochondrial
targeting sequence of rat PC showed high sequence similarity with mouse (Zhang et al.,
1993) and human (Wexler et al,, 1994; MacKay et al., 1994), namely 95% and 80%
respectively. The inferred protcin sequence of rat PC is 96.6% identical with mouse (Zhang
et al., 1993) and 96.3% identical with human PCs (Wexler et al., 1994; MacKay et al.,
1994), 68.4% identical with mosquito PC (Tu and Hagedorn, 1997) and 53.3% identical
with yeast PC isoenzyme PC1 (Lim et al., 1988) and PC2 (Stucka er al., 1991; Val et al.,
1995).

Comparison of the entire primary structure of rat PC to PC from other specics,
rcvealed that rat PC also contained three functional domains i.e. thc N-terminal region

(residues 1-488), central region (residues 601-918) and C-terminal region (residues 1103-
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Chapter 3 Isolation of full length cDNA and domain struciure of rat PC

1178) corresponding to the ATP/HCO, binding domain, pyruvate-binding domain and the
biotin carrier domain, respectively.

While this part of the study was submitted for publication in the Biochemical Journal
in carly November, 1995, Lehn and coworkers independently published rat PC ¢DNA
sequence in latc November in the same year (Lehn er al., 1995). However, three residuc
differences were obscrved in the above report including Pro** (Ser in this thesis), Asp®®
(lle) and Gly”” (Arg). These residucs reported in this thesis however are highly conserved

across mammalian specics (Jitrapakdee and Wallace, 1999).
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Chapter 3 Isolation of full length cDNA and domain structure of rat PC

3.4 DISCUSSION
3.4.1 Domain structure of rat PC

Although biotin-dependent carboxylases participate in different arrays of metabolic
pathways, thcy share many common featurc of their reaction mechanisms, which involve
two partial rcactions: the carboxylation of the covalently attached biotin moicty and
transcarboxylation from the carboxy-biotin to an acceptor molccule. Comparison of primary
structures of PC to other biotin-dependent enzymes would be important to identify some
common motifs that might be catalytically or structurally significant.  Furthermore
comparison of the primary structure of PC to the known 3-dimensional structure of any
biotin carboxylase or other homologue proteins would enable prediction of the gencral
overall structure of PC.
3.4.1.1 Biotin carboxylase (BC) domain

Multiple sequence alignment of the N-terminal region of PC from rat, human (Wexler
et al., 1994; MacKay et al., 1994; Walker et al., 1995b), mosquito (Tu and Iagendorn,
1997), bacterial (Dunn et al., 1996, Kunst et al., 1997), o-subunit of propionyl-CoA
carboxylase (Browncer et al., 1989), yeast ACC (Al-Fcel ct al., 1992), the biotin carhoxylasc
(BC) subunit of L. coli ACC (Li and Cronan, 1992a) and carbamoy! phosphate synthetase
from E£. coli (Nyunoya and l.usty, 1983) and ycast (Lusty et al., 1983) were made and is
shown in Fig. 3.9. Also shown are the sccondary structure clements identified from the X-
ray crystal structure of the £. coli BC subunit of ACC (Waldrop e al., 1994). It is clear
from this scquence alignment that these sequences arc highly conserved and align well with
the sccondary structurc of BC, implying that overall folding of these proteins is likely to be
conserved. This region of yeast PC had originally becn shown to have significant homology
to other ATP-binding proteins, the carbamyl phosphate synthetasc and ACC (Lim et al.,
1988). At the time no other complete cDNA scquences of other biotin carboxylases were
available and the 3-D structure of BC subunit of E. coli ACC and carbamoyl phosphate
synthetase had not been dectermined. The alignment made in this chapter extends the
boundary of previously described homologous regions (Lim ef al., 1988) to the N-tcrminus
of the E. coli BC subunit, which corresponds to residue 33 of the inferred sequence of rat

PC. The proposed boundary betwecn thc BC and transcarboxylase (TC) domains is
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consistent with the results of limited proteolysis experiments. Pure native rat PC, when
digested with chymotrypsin, is cleaved into two fragments (Booker, 1990). The N-terminal
scquence of the large fragment (Mr~75,000 Da) containing the biotin moiety was determined
as  Gln-Leu-Arg-Pro-Ala-Gln-Asn-Arg-Ala-Gln-lys-Leu-Leu-His-Tyr-Leu-Gly  (Booker,
1990). This N-terminal sequence matches cxactly to the residues inferred from ¢DNA-
derived scqueces for residucs Gin 489 to Gly 505, and places the chymotrypsin-labile
peptide bond between Phe 488 and Gln 489 (Fig. 3.8). This corresponds to the C-terminal
extent of the secquence conservation and the structure of the BC subunit of F. coli ACC. It
scems not unrcasonable to call this conserved structural and functional unit within PC as the
‘BC domain’ since it probably forms the first partial reaction site.

The residucs highlighted as white text in Fig. 3.9 are thosc that are likely to play an
important role in catalysis. The positions of these residues within the structure of the BC
subunit of thel. coli ACC arc shown in Fig. 3.10. Waldrop et al. (1994) identificd the
active site pocket containing His*** (equivalent to His?” in rat PC), Lys’™ (Lys*"), Glu*"
(GIn*h), Glu™® (Glu™!), Asn™® (Asn™), Arg”? (Arg™), GIn®* (GIn™), Val™ (Val™"),
Glu' (Glu**?) and Arg™ (Arg®”") as these residues are appropriately placed to interact with
an enzyme-bound biotin or phosphate molecule. Previous studies proposcd a number of
ionisable groups on thc amino acid side chains of PC which would form part of the active
site to cnolise biotin and thus render it capable of fixing CO, to a biotin molecule (Attwood
and Cleland, 1986; Tipton and Cleland, 1988; Attwood, 1995). Recent chemical
modification studies have implicated the presence of an cssential cysteine-lysine ion pair of
chicken PC (Werneburg and Ash, 1993). Modification with o-pthalaldchyde resulted in
inactivation of the first partial reaction (Wernberg and Ash, 1993). Although the cDNA

265

sequence for chicken PC is not available, the sulphydry!l group of Cys*® (Cys™ in rat) is
4.2 angstroms from the e-amino group of Lys™ (Lys™ in rat), which is sufficiently close to
allow for cross-linking of these two residues by o-pthalaldehyde. Indeed, these Cys and
Lys residues are invariant within all other biotin carboxylases shown in Fig. 3.9 and arc
likely to play a role in the enolisation of biotin in the first partial reaction. Mutation of these

Cys and Lys individually to Ala in yeast PC1 isozyme dramatically diminished its activity,

confirming the crucial role of thesc two residucs in the catalytic reaction (Nezic and Wallace,
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Figure 3.9 Multiple sequence alignment of the biotin carboxylation domain of PC to
other biotin-dependent enzymes. The amino acid sequences from a representative selection
of eukaryotic and prokaryotic examples of PC and other biotin-dependent enzymes and other
enzymes shown by w-BLAST search (Altschul er al., 1997) to be related, were compared
using Clustal W. (Thompson et al., 1994). The highly conserved amino acid residues found
in different groups of enzymes are showed by shaded boxes. The open boxes represent the
residues of ACC and CPS of E. coli superimposed using the Homology/Insight program
[Molecular Simulations Inc., San Diego, CA] (see Fig. 3.11) The Cys and Lys pair is
indicated by asterisks. Also shown are the a-helices (o) and p-strands (B) observed in the
X-ray crystal structure of the BC subunit of E. coli ACC (Waldrop et al.,, 1994) Sources:
PC H. sapiens (human) [Wexler et al., 1994; MacKay et al., 1994; Walker et al., 1995b],
PC Aedes aegypti (mosquito) [Tu and Hagedorn, 1997], S. cerevisiae PC1 [Lim et al.,
1988)], PC Bacillus subrilis [Kunst et al., 1997], PC Rhizobium etli [Dunn et al., 1996],

PCC (Propionyl-CoA carboxylase a—subunit) rat [Browner et al., 1989]; ACC S. cerevisiae

[Al-Feel et al., 1992]; ACC E. coli [Li and Cronan, 1992a]; CPS E. coli [Nyunoya and
Lusty, 1983], CPS S. cerevisiae [Lusty et al., 1983].



PC H.sapiens 33 -EYKP-IKKYMVANR---~--—m-- GETATRVFRAC--------- TELGIRTVATYSEQDTGQ- -MHRQK-~ADEAYLIGRG-~-—-~- LAPVGQAY LHIPDIIKVAKENNVDAVHPGYG--- 119
PC R.norvegicus 33  ~EYKP-IXKVMVANR-—=~---no-- GEIAIRVFRAC--—-~---~ TELGIRTVAVYSEQDTGQ-~-MHRQK-~ADEAYLIGRG-~-~--- LAPVQAYLH1PDIIKVAKENGVDAVHPGYG--~ 119
PC  A.gegypti 34 -EYKP-IRSVLVANR-=----uo—- GEIAIRVFRAC----noo oo NELGIRSYAVYSEQDKMH- -MHRQK -~ADESYMVGKG---- - - - LAPVEAYLSIPEIIRVCKENDVDAVHPGYG--- 120
PC S.cerevisige 21 -KILVANR- - - ccmem o= GEIPIRIFRTA---—<-- ~HEL SMQTVATYSHEDRLS- -THKQK--ADEAYVIGEV----- GQYTPVGAYLAIDEITSIAQKHQVDFIHPGYG--- 103
PC B.subtilis 1 MSQQS-IQKVLVANR-=--oemnv-= GEIATRIFRAC------ -~~TELNIRTVAVYSKEDSGS~-YHRYK--ADEAYLVGE G-—-~~--- KPIDAYLDIEGIIDIAKRNKVDAIHPGYG--- 88
PC R.etli 1 MP-XSKILVANR -~ -~ =mcc o SEIATRVFRAA~---=-=-~ NELGIKTVAIWAEEDKLA--LHRFK--ADESYQVGRGPHLAR -OLGPTESYL SIDEVIRVAKL SGADATHPGYG--- 91
PCC R. norvegicus 38 T-FDKILIANR-=-~---—cn- GETACRVIKTCmmmnm =~ RKMGIRTVAIHSDVDASS - -VHYKM--ADEAVCVGP -~ - - -~ -- APTSKSYLNMDAIMEAIKKTGAQAVHPGY G-~ 120
ACC S.cerevisiae 58 ~V-ISKILTANN--=~=nnx-=c GIAAVKEIRSVRKWAYET FGDORTVQFVAMATPEDLEANAEY IRM- ~ADQYIEVPGG-—- -~ - —- TNNNNYANVOLIVDIAERADVDAVWAGNG--- 152
ACC £.coli 1 -LDKIVIANR- -~~~ ETALRILRAC----~---~ KELGIKTVAVHSSAD L--K:¥El-—hDETVCIGPA -------- PSVKSYLNTPATTSAREYTCAVAIHPOYG- -~ 83
CPS E.coli 1 MPKRID-IKSILIUGAGPIVIGQACERDYSGAQACKAL ~---~---~ REEGYRVILVN- -SNAAT ~ - IMTOPEMADATYIE -~~~ - - ncmmemmmn PIHWEVVRKITEKERPDAVLPTMGGQT 94
(PS S.cerevisise 21 -KPQLYEGVNSVLVIGSGGLSIGQAGEFDYSGSQAIKAL--------~ KEDNKFTILYN--PRIAT- -NQTSHSLADKIYYL - cmmeom e mme - PVTPEYITYITELERPDATLLTFGGQT 115
[EB3E] [eusooaunon [BEBBBAE] boaas]  [BEPSBE] [cooconon] B3
PC H.sapiens 120 --FLSERADFAQACQDAG--VRFIGPSPEYVRKMGDKVEARATA TAAGYPVYPGTEGP~-—=~m = m e e mme oo V-ERYEEVKAFTDTYGFPITIKAAFGGGGRGMRYVHSYEELEEN 216
PC R. norvegicus 120 ~-FLSERADFAQACQDAG--VRFIGPSPEVVRKMGDKVEARATATAAGYPYYPGTNSP~— - ~ommemmmme oo T -NSLHEAHEFSNTYGFPIIFKAAYGGGGRGMRYVHSYEELEEN 216
PC A, oegypti 121 --FLSERSDFAQAVIDAG--LRFIGPSPKVVQQMGDKVAARKAATEAGYPIVPGTDGP -~ - == - o e m e oo V-TTKEFALDFCKKHGLPVIFKAAYGGGGRGMRYVRKMEEVEDN 217
PC  S.cerevisige 104 --FLSENSEFADKVVKAG--ITWIGPPAEVIDSVGDKVSARNLAAKANVPTYPGTPGP -~ oo - oo commm I-ETVEEALOFVNEYGYPYIIKAAFGGGGRGMRVVREGDDVADA 200
PC B.subfilis 89 --FLSENIHFARRCEEEG--TVFIGPKSEHLDMFGDKVKAREQAEKAGIPYIPGSDGP~~~-cmmme o ccmmmo oo A-ETLEAVEQFGQANGYPTIIKASLGGGGRGMRIVRSESEVKEA 185
PC R.etli 92 --LLSESPEFVDACNKAG--IIFIGPKADTMRQLGNKVAARNLATSVGYPYVPATEPL~= - mmm oo mmamcmmccmmm o P-ODMA EVAKMAAATGYPYML KASWGGGGRGMRVIRSEADLAKE 188
PCCa R. norvegicus121 --FLSENKEFAKCLAAED--VTFIGPDTHATQAMGDK IESKLLAKRAKYNTIPGFDGY~---cc—mcommccmea oo an L-KDADEAVRIAREIGYPVMIKASAGGGGRGMRIPWDDEETRDG 217
ACC 5.cerevisige 153 --HASENPLLPEKLSQSKRKVIFIGPPGNAMRSLGOKISSTIVAQSAKVPCIPWSGTGVDTVHVDEKTGLVSVODDIYQKGCCTSPEDGLQKAKRIGFPYMIKASEGGGGKGIRQVEREEDFIAL 275
ACC E_coli 84 --FLSENANFAEQVERSG=-FIFIGPRAETIRIMGDK VSETARMRRAGYPCFPTSOGP~ - == o oo m o e memmme e LGDDMDKN GYPVTIKASGGGGGRGMRVVRGDAELAQS] 181
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1999). Taken together, it suggested that the BC domain represents a conscrved structural
motif forming the first partial rcaction subsite.  Interestingly, the P-loop mouf
[GXXXXGK(T/S)] commonly, though not universally, found in ATP- and GTP-binding
proteins (Saratc et al., 1990) is not present in rat or other PC sequences. However, the
scquence GGGRGMRVYV between Gly'” and Val*® of rat PC is found without variation in
all of these PC scquences and in E. coli ACC, and with only conservative changes in rat
ACC and PCC. In the £. coli BC structure (Waldrop et al., 1994), the corresponding
residucs Gly'® to Val'”' are sufficicntly mobile not to be seen in the X-ray crystal structure
(Fig. 3.10). Indeed, the above rcgion forms part of thc B-domain which protrudes out of
the main body and is not involved in ATP-binding as had previously been suggested (Kondo
et al., 1991; Cronan and Li, 1992a).

Recent analyses have revealed very extensive similarities between the folds of BC
subunit of £. coli ACC and an other family member of ADP-forming peptide synthctases
represented by D-alanine ligase, an enzyme that catalyses the ATP-dependent ligation of two
D-alanine residucs as part of bacterial cell wall synthesis and by glutathione synthetase, an
enzyme that catalyses thc ATP-dependent synthcsis of glutathione from o-L-glutamyl-L-
cysteine and glycine (Artymiuk et al., 1996). The reactions these three cnzymes catalyse are
similar in some aspects, coupling the conversion of ATP to ADP to form a carbon-nitrogen
bond between a carboxy! group and an amino group: biotin carboxylase ligates ATP-
activated bicarbonate to the N[’ ureido nitrogen of biotin to form carboxybiotin; glutathione
synthetase ligatcs the ATP-activated carboxyl of a-Glu-Cys to the amino group of glycine to
preduce glutathione; and D-alanine ligasc ligates the ATP-activated carboxyl group of D-
alanine to thc amino group of anothcr D-alanine. The similaritics between BC and
glutathione synthctase and DD-ligase is wide-ranging and involves a total of 9 a-helices and
13 B-strands all with identical scquence order and topology. Remarkably, similarities were
observed when the equivalant secondary structure elements and cquivalent C, atoms of these
three enzymes are supcrimposed (Artymiuk ef af. 1996). The similarities were also observed
near the positions of the active sites of these three enzymes. The mechanism that these
enzymes catalyse are also similar: glutathione synthetase and D-alanine ligase rcactions

proceed through an acylphosphate intermediate (Gushima ef al., 1983), whereas biotin
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carboxylasc reaction is bclieved to procced through the formation of carboxyphosphate
intermediate (Ogita and Knowles, 1988). Given the similar structures and the mechanism of
the reaction that these three enzymes catalyse, it was proposed thesc enzymcs might share a
common evolutionary ancestor despite the amino acid sequence similarities between these
two familics of ATP-binding enzymes not being very high (Artymiuk et al., 1996).
Recently, the X-ray crystal structure of carbamoy! phosphate synthetase, an enzyme
that catalyses the formation of carbamoyl phosphate from bicarbonate, glutamine and two
molccules of MgATP through the formation of a carboxyphosphate intermediate has been
solved (Thoden et al., 1997). This carboxyphosphate is believed to be an intcrmediate in the
PC reaction (Ogita and Knowles, 1988; Attwood, 1995). The first three domains in each
half of the large subunit wherc the formation of carboxyphosphate occurs, show remarkably
similar structure to those observed in the BC subunit of E.coli ACC (Thoden et al., 1997)
(Fig. 3.11). This part of the molecule also displayed a similar structure to other ATP-
binding proteins, D-alanine ligase (Fan et al., 1994), glutathione synthetase (Yamaguchi et
al., 1993) and succinyl-CoA synthetase (Wolodko et al., 1994), Not only is the structurc of
the Targe subunit of CPS similar to the BC subunit of £. coli ACC, but some residucs

"and Glu®*? are also identical to those

forming part of the active site including Arg*®, Asn®
found in the BC subunit of E. coli ACC. These residucs are equivalent to Arg™?, Asn?" and
Glu®™ in BC subunit of E. coli ACC where thcy have been shown to surround a phosphate
molecule (Waldrop et al., 1994). Those residucs are also equivalent to Arg'®, Asn™ and
Glu** in mammalian PC. In addition to thesc identical residucs, there arc many others

where the substitutions arc conscrvative e.g. Lys or Arg, Asp or Glu, Val, Leu, Ile or Met

etc (sec Fig. 3.9).

3.4.1.2 Transcarboxylation domain

Except for the sequence similarities between lipoyl domain and biotiny! domains (see
below), there are no other significant sequence similarities between PC and cither pyruvate
dehydrogenase (EC 1.2.4.1) or pyruvate decarboxylase (EC 4.1.1.1). However, there 13
extensive homology within the transcarboxylation domain of PC and other biotin-dependent

pyruvate-binding enzymes, viz. the 5S subunit of transcarboxylase and oxaloacetate
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Figure 3.11 The X-ray crystal structures of the E. coli CPS and biotin carboxylase
subunit of E. coli ACC. A schematic representation of the three-dimensional structure of the
large subunit of E. coli CPS (Thoden et al., 1997)[A] and the biotin carboxylase subunit of
E. coli ACC (Waldrop et al., 1954) [B], showing the arrangement of B-strands and o-helices
gencrated with MOLSCRIPT (Kraulis, 1991) and Raster3D (Merrit and Murphy, 1994;
Bacon and Anderson, 1988). Regions of structural similarity between these two enzymes
determined by superimposition using Homology/Insight (Molecular Simulations Inc. San
Diego, CA] are indicated by the same colours. Red (corresponding to the residues 1-142 of
CPS and residues 1-130 of E. coli ACC as shown in Fig. 3.9), green (residues 143-211 and
residues 131-206) and yellow (residues 212-401 and residues 207-406).






Chapter 3 Isolation of full length cDNA and domain structure of rat PC

decarboxylase. Lim et al. (1988) previously identified the homology between residues 559
to 913 of yeast PC1 to the N-terminal region of the 5S subunit of transcarboxylasc [EC
2.1.3.1] from Propionibacterium shermanii (Thornton et al., 1993) and to the a-subunit of
oxaloacetate decarboxylasc from Klebsiella pnewnoniae (Schware er al., 1988), wherein
these two enzymes are known to bind pyruvate. The residues 602 to 918 of rat PC also
show significant homology to the N-terminal regions of the above enzymes. Quite
rcmarkably, residues 605-627 (namely- ENWGGATFDVAMREFLYECPWRRIL-) of rat PC
conform to a consensus motif EXWGGATXDXXXRFLECPWXRL which 1s present m
PCs from human (Wexler et al., 1994, MacKay et al., 1994), mosquito (Tu and Hagedorn,
1997), 8. cerevisiae (Lim er al., 1988), Rhizobium etli (Dunn et al., 1996), M.
thermoautotrophicum (Mukhopadhyay et al., 1998) and Bacillus subtilis (Li et al., 1998) and
as well as to the oxaloacetatc-metabolizing biotin-dependent cnzymes of bacterial origin
described above (Fig. 3.12). In the SS subunit of P. shermunii transcarboxylase, it has been
shown that Trp”™ (corresponding to the underlined Trp above) is involved with the pyruvate
binding site (Kumar et al., 1988). In the presence of pyruvate, this tryptophan is protected
from madifiation by the tryptophan-specific reagent 2,4-dinitrophenyl sulphenyl chloride,
suggesting that this residue 1s directly involved or near the pyruvate binding sitc of the
enzyme.

PC is known to be a metalloprotein, containing tightly bound either Mn™ as in the
case of vertebrate PC (Scrutton ef al., 1973 and Wallace and Easterbrook-Smith, 1985), or
Zn* for ycast PC (Scrutton et al., 1970) and this appears to play a structural role rather than
a catalytic role (Carver et al., 1988). Chclating of Mn** hy 1,10-phenanthroline causcs the
loss of enzymatic activity resulting from the destabilisation of the active tetrameric structure
of the enzyme (Carver ef al., 1988). A recent study by Dimroth and Thorner (1992) has
shown that oxaloacetate decarboxylase (ODC) contains a bound Zn*'. Given the high level
of sequence similarity between ODC and PC, it is very likely that both cnzymes would
contain a putative metal binding sitc in the pyruvate binding domain. The motif HXH
(Vallee et al., 1990) or HXXEH or HEXXH (Jiang and Bond, 1992) arc know to be part of
the metal binding sites of carbonic anhydrasc and metalloproteinase, respectively. Movzier et

al. (1991) have shown that a 24-residuc tryptic peptide of protein kinase C inhibitor-1
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Figure 3.12 Multiple sequence alignment of the transcarboxylation domains of PC from
different organisms, decarboxylasc enzymes and 3-hydroxyl-3-methylgiutaryl-CoA lyase
shown by y-BLAST search (Altschul ef al., 1997) to be related, were compared using
Clustal W. (Thompson et al., 1994). The highly conserved amino acid residues found in
different groups of enzymes are shown by shaded boxes. The putative pyruvate binding-site
is asterisked. Sources: PC H. sapiens (human) [Wexler ez al., 1994; MacKay er al., 1994,
Walker et al., 1995b], PC Aedes aegypti (mosquito) [Tu and Hagedorn, 1997], PC A.
terreus [Li et al., 1998], S. cerevisiae PC1 [Lim et al., 1988], PC R. etli [Dunn et al..
1996], PC Bacillus subtilis [Kunst et al., 1997]), PC M. thermoautotrophicum
(Mukhopadhyay e? al., 1998]; TC, 5S subunit of P. shermanii [Thornton et al., 1993}, ODC
(Oxaloacetate decarboxylase a-subunit) Klebsiella pneumoniae [Schwartz et al., 1988], ODC
Salmonella typhimurium [Woehlke et al., 1992]; 3-hydroxyl-3-methylglutaryl-CoA lyase
(HMG-lyase) rat (R. norvegicus) [Cullingford et al., 1998] and chicken (G. gallus) [Mitchell
et al., 1993).
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(PKCI-1) containing the sequence HVHLH, as well as a number of synthctic peptides
containing various length segments of thc PKCI-1 scquence spanning the HVHLH site,
would bind a single Zn” ion. The consensus scquence HXHXH corresponding to the

residues 769-773 of the rat PC (Fig. 3.8 and Fig. 3.12) is consistent with the motifs for

these other metal-binding enzymes described above. W-BLLAST searches (Altschul ef al.,

1997) also reveal a significant degree of similarity with 3-hydroxyl-3-methylglutaryl-CoA
lyasc from rat (Cullingford et «l., 1998) and chicken (Mitchell et al., 1993).

3.4.1.3 Biotinyl domain

The biotin attachment site of PC was first identified from sheep and avian species by
peptide sequencing (Rylatt et al., 1977). The conscrved motif consists of the tetrapeptide,
AMKM with a single biotin covalently attached to the e-amino group of the lysine via an
amidce bond. With the advance of recombinant DNA technology, more sequence information
from a whole range of different biotin-dependent enzymces were obtained by sequencing
cDNA or genomic cloncs. Lim et al. (1988) have shown that the carboxyl-terminal portion
of ycast PC shows high sequence similarity with the area surrounding the lipoy! attachment
regions of E. coli pyruvate dchydrogenase. This sequence similarity between these two
groups of cnzymes suggests an analogous role for both biotin and lipoic acid in acting as a
‘swinging arm’ between active sites (Lim ef al., 1988).

For rat PC, the potential biotinyl domain was located between residues 1103 and
1178 with the biotinylated lysine located 35 residucs upstream from the C-terminus, in
common with many biotin-dependent enzymes (Samols et al., 1988). Thampy ef al. (1988)
reported the sequence of 24 amino acid residucs around the biotin attachment of rat PC by
peptide sequencing.  However, seven amino acid differences were noted betwecn the
previously rcported peptide sequence (Thampy et ¢l., 1988) and the sequence inferred from
cDNA in this thesis. The sequence inferred from cDNA in this region is also identical with
other mammalian PC (Zhang et al., 1993; Wexlcr et al., 1994; and MacKay et al., 1994).
Thercfore it is very likely that the previous reported sequence (Thampy ef al., 1988) was

incorrect, perhaps duc to impuritics being present.
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Chapter 3 Isolation of full length cDNA and domain structure of rat PC

A number of residues within the biotinyl domain of rat PC showed significant
identity with the biotinyl domain of PC from different species and other biotin-containing
enzymes (Fig. 3.13), suggesting that they fold to a similar structure. The crystal structure of
the C-terminal 80 residues of the biotin carboxyl carrier subunit of E. coli ACC
(holoenzyme) by Athappily and Hendrickson (1995) revealed that this domain adopts the
same basic fold as the lipoyl domains of E. coli pyruvate dehydrogenase (Dardel et al., 1993;
Green et al., 1995). The structure of the holoprotein is very similar to that of the apoprotein,
determined by NMR (Yao et al., 1997) with small local conformational changes observed in
the B turn that contains lysine residue modified in the biotin ligation reaction. Chemical
modification and proteolysis studies of apo-and holo- enzymes also indicates a
conformational change accompanies biotinylation (Chapman-Smith et al., 1997). The recent
determination by NMR of the three dimensional structure of the entire 1.3S subunit of P.
shermanii transcarboxylase, which functions as the carboxyl group carrier of this enzyme,
also showed that the C-terminal half of this subunit is folded into a compact domain
consistent with the fold found in both the carboxyl carrier protein of E. coli ACC and in the
lipoyl domains, to which this domain exhibits only 26-30% sequence similarity (Reddy et
al., 1998). Therefore, it is predictable that the biotinyl domain of yeast PC would fold to a
similar structure to the lipoyl domains (Brocklehurst and Perham, 1993), as there are
remarkable sequence similarities between these two families of proteins (Lim et al., 1988).

A number of highly conserved residues flanking the biotin attachment site of different
biotin-dependent enzymes, are highlighted in Fig. 3.13. Since it has long been shown that
the holocarboxylase synthetase from mammals can biotinylate bacterial apocarboxylases
(McAllister and Coon, 1966) and that mammalian apocarboxylases are biotinylated by
bacterial biotin ligase in vitro (Lane et al., 1964), this sequence conservation may reflect a
molecular mechanism, common to all of the biotin-enzymes in interacting with biotin ligase
or holocarboxylase synthetase (Chapman-Smith and Cronan, 1999). Although the AMKM
motif is highly conserved across biotin-enzymes, substitution of either methionine flanking
the biotinylated lysine of 1.3S biotinyl subunit of P. shermanii transcarboxylase and o-
subunit of human PCC (Leon-Del-Rio and Gravel, 1994), had no effect on biotinylation

efficiency (Shenoy et al., 1988). However, substitutions of the methionines flanking the
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Figure 3.13 Multiple sequence aligment of the biotinyl domains of various biotin carboxylases. The highly conserved residues
are indicated by shaded boxes. Biolinylated lysine is shown by italics. Also shown are the B-strands (arrows) observed in the crystal
structure of biotin carboxyl carrier protein of E. coli ACC (Athappily and Hendrickson, 1995) and in the NMR swucture of the 1.3 §
subunit of P. shermanii transcarboxylase (Reddy ¢ al., 1998). Sources PC H. sapiens (Wexler et al., 1994: MacKay er al., 1994: Walker
et al., 1995b), PC Aedes aegvpti (mosquito) [Tu and Hagedorn, 1997], PC A. terreus (Li et al., 1998] S. cerevisiae PC1 [Lim er al., 1988],
PC R etli [Dun et al., 1996], PC Bacillus subtilis [Kunst et al., 1997), PC M. thermoautotrophicum (Mukhopadhyay er al., 1998): TC, 1.3
S subunit of P. shermanii [Maloy et al., 1979]: ODC (Oxaloacetate decarboxylase o-subunit) Klebsiella pneumoniae {Schwartz er al.,
1988]: PCCa (Propionyl-CoA carboxylase ¢—subunit) human [Lamhonwah er al., 1986]: ACC] human [Ha er al., 1994], ACC §.
cerevisiae [Al-Feel et al., 1992]; ACC E. coli (Li and Cronan, 1992a).
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Chapter 3 Isolation of full length cDNA and domain structure of rat PC

targeted lysine of the biotin carboxyl carrier protein of K. coli ACC did affect the
biotinylation reaction (Rech et al., 1998). The roles of highly conscrved residues in the
yeast PC1 biotin domain peptide arc currently being investigated in this laboratory (S.
Polyak, personal communication). In yeast PC, it has been demonstrated that 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).

The central putative transcarboxylation domain in rat PC is linked to the N-tcrminal
biotin carboxylation domain and to the C-terminal biotinyl domain by proline-rich sequences.
Of the 65 proline residues in rat PC, 13 are located between rcsidues 492 and 550, just
C-terminal of the biotin carboxylation domain, whercas 11 are located between residucs 941
and 1042, just C-tcrminal of the transcarboxylation domain. There arc also 9 alanine and 7
glycine residucs located between the biotin carboxylation domain and the transcarboxylation
domain. A further 12 alanine and 11 glycine residucs occur between the transcarboxylation
domain and the biotinyl domain. However, in gencral they are not distributed in as close
proximity to the prolincs as seen in the a-subunit of oxaloacetate decarboxylase from K.
pneumoniae (Schwarz ef gl., 1988) and in the biotin carrier protein of P. shermanii
transcarboxylase (Samols et al., 1988). The motif PX(P/A) found approximately 30
residues upstrcam of the biotin binding site (cxcept for M. thermoautotrophicum and B.
subtilis PCs), has becn proposed to provide flexibility for movement of the biotin prosthetic
group between catalytic centres In a manner analogous to the highly mobile Pro-Ala
sequences in lipoated protein (Radford er al., 1989). Bccause PC is composed of three
domains that must fold together to form a single active site, it is reasonable to cxpect the
presence of two proline-rich regions capable of forming hinge-like structures. In the a-
subunit of human PCC, it has been shown that thc PMP motif (26 residucs N-terminal of the
target lysine) is critical for biotinylation. Delction of this motif abolished biotinylation

(Leon-Del-Rio and Gravel, 1994).
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Chapter 4 characterisation of multiple transcripts of rat and human PC

4.1 INTRODUCTION

It is clear that PC plays an important role in differcnt arrays of metabolic pathways in
mammals. It would not be surprising, thercfore if there were tissue-specific isoforms of PC,
as occurs with lactate dchydrogenase or other ubiquitous cnzymes.  Although there is
evidence for the prescnce of tissue-specific isoenzymes of PC in shecp liver and kidney
based on a kinetic studiy (Ashman et al., 1972), thc authors could not isolate intact isozymes
from both tissues. Such cvidence could also reflect impurities of the enzyme derived from
these sourccs. Indeed, no cvidence for the existence of multiple bands which reflect
different mRNAs encoding PC were detected by Northern blot analysis of RNA isolated
from different human tissues (Wexlcr et al., 1994).

However, there is a number of eukaryotic genes whose primary transcripts undergo
diffcrential splicing at the 5'-end of the 5'-untranslated region (UTR) exon, thus producing
hetcrogeneity at the S-end of the mRNAs (Breitbart ef al., 1987). A morc complex situation
can cxist if thosc transcripts arc derived from alternate promoters. Also, if the size of the
5-UTRs of these multiple mRNA isoforms is relatively small compared with the coding
region, conventional Northern blot analysis will not be ablc to discriminate between thesc
limited size differences.

Primer cxtension analysis is routincly used to identify and map the 5'-cnd of the
transcript of a gene. This technique involves hybridisation of an antisense primer near the
S'-end of RNA followed by reverse transcription reaction to ¢cDNA. The size of the
extended cDNA product(s) can then be determined by running the cDNA on high resolving
gel electrophoresis. However, the nucleotide sequence at the 5-end cannot be obtained
unless the extended product(s) is cloned and scquenced. If the abundancy of the transcript
of intercst is also very low even though poly(A) RNA is used, a reproducible result is stil]
difficult to obtain.

With the development of RACE-PCR as described in Chapter 3, this difficulty can be
overcome.  Since this tcchnique combines primer cxtension with PCR to enhance the
sensitivity, it 1s possible to detcrmine the 5'-cnd of rare transcripts.  With the engincered
restriction sites at the S'-end of both primers, the PCR products representing different

5'-ends of the transcripts can then be cloned and scquenced. In this chapter, RACE-PCR
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was successfully employed to identify multiple transcripts encoding PC both in rat and

human.
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4.2 SPECIFIC METHODS
4.2.1 Northern blot analysis

Fifty micrograms of total RNA were precipitated with 0.1 volume of 3M
sodium acetatc pH 5.2 together with 2 volumes of cold absolute ethanol and incubated at
-20°C for | h. The RNA pellet was then dissolved in 4.5 pul of water, 2.0 ul of 5x MOPS
buffer (0.1M 3-(N-morpholino) propancsulfonic acid, 25 mM sodium acetatc, 5 mM
EDTA), 3.5ul of formaldehyde, 10 pl of formamide, 0.5 ul of 10 ug/ml ethidium bromide
and 2 pl of RNA loading buffer, and then the RNA was denatured at 70°C for 15 min. RNA
was electrophoresed on 1% agarose gel containing 2.2 M formaldehyde using 1x MOPS
buffer as running buffer at 80 V for 4 h. The gel containing fractionated RNA was washed 3
x 10 min with water and transferred to the nylon membrane using 10x SSC as transfer
buffer, overnight. RNA was fixed on the nylon mcmbrane by UV-crosslinking. The
membrane was incubated at 42°C overnight in 100 ml of hybridisation solution containing
50% formamide, 5x Denhardt’s solution, 5x SSPE (0.9 M NaCl, 50 mM Nall,PO, pH 7.7
and 5 mM EDTA), [% (w/v) SDS and 200 pg/ml sonicated salmon sperm DNA. The
membrane was then transferrcd to 20 ml of fresh solution containing the appropriate probe
and further incubated at 42°C overnight. The membrane was then washed in 2x SSC-0.1%
SDS for 2 x 15 min at room temperature, and subsequently washed in the same solution for
2 x 15 min at 42°C. The stringent wash was performed twice with 0.1 x SSC-0.1% SDS

for 15 min at 42°C. The membranc was autoradiographed at -70°C for 2-7 days.

4.2.2 Multiplex reverse transcriptase polymerase chain reaction (RT-PCR)
The f{irst strand cDNA for PCR was synthesized as follows: 10 ug of total
RNA from diffcrent rat tissues were hybridized with 100 ng of cDNA synthesis primer
(PC8) (5' GGGACCACTGGAACGCCTGC 3") [positions +484 to +503] in a total
volume of 10 pl at 65°C for 5 min. The primed cDNA was then brought up to 30 ul with the
following final concentrations: 25 units of Moloney murine lcukemia virus reverse

transcriptase (MMLYV), 1.0 mM cach of ANTPs, 64 units of RNasec inhijbitor, 42 mM Tris-

HCI, pH 8.3, 8 mM MgCl7 and 8 mM DTT. Reverse transcription was carricd out at 420C
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for 1 h. The reaction was then terminated by adding 1 pl of 0.5 M EDTA pH 7.5. RNA

was hydrolysed with 2 pl of 6 M NaOH at 659C for 30 min and neutralized with 2 ul of 6 M
acetic acid. c¢DNA was subsequently purified with BresaClean Kit and then cthanol
precipitation in the presence of glycogen. The cDNA pellet was resuspended in 10u] of
sterile distilled water. PCR was performed in a total volume of 50 pl containing 50 mM

KCI, 10 mM Tris-HCI, pH 9, 1.5 mM MgClp, 0.1% Triton X-100, 200 mM each of

dNTPs, 1ul of 1:100 dilution of cDNA, 2 units of Tug DNA polymerase, 100 ng of each
primer. The PCR primers were as follows:
5" GGCGAATTCCGATGGCAATCTCACCTCTGTTGGC 3' (MRACE 1I) which was
dirccted to a common coding sequence of hoth classes of PC ¢DNAs [positions +127 to
+150, with an FEcoRI restriction site attached at the S' end] and the specific primers
S' GCCAATGACCTCGGGTGGAGCAG 3' for the class 1 type of PC ¢cDNA (oligo A)
and 5' GGCTTGAGGCGACGGGGCGAAG 3' for the class I type of PC cDNA (oligo

B). Samples were amplified for 35 cycles with denaturation at 940C, 45 see (2 min for an

initial denaturation), annealing at 659C, 45 sec and extension at 720C, 45 sce.  Aliquots (S
ul) from the RT-PCR reactions were electrophoresed on 2.5 % agarose gel. ‘The products
were confirmed by Southern blot hybridization with an internal oligonucleotide probe

(5" ACAGCCCCCGTTGCCTCCCCA 3" [positions +61 to +81].
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4.3 RESCULTS AND DISCUSSION
4.3.] Multiple rat tissue Northern blot analysis

Northern blot analysis was initially carried out with different rat tissues to determine
whether there is any evidence for the presence of multiple PC mRNA isoforms transcribed
from the PC gene. Total RNA preparations from different adult rat tissucs were isolated,
clectrophoresed on a formaldehyde gel and probed with a combination of different PC cDNA
fragments (Fig. 3.7; Chapter 3). As shown in Fig. 4.1, only a singlc band was detected that
was approximately 4.0 kb in length, in agrcement with the size of the PC ¢cDNA.  The
expression of PC mRNA exhibits a tissue-specific pattern, being most abundant in liver and
kidney, which are the gluconeogenic tissues. The levels of PC mRNA in these tissues arc
also consistent with those in human liver and kidncy (Wexler er al., 1994). The level of rat
PC mRNA was also substantial in adiposc tissue and brain, in keeping with the rclatively
high levels of PC activity in these tissues (Wallace, 1985). This is not surprising because
adipose PC plays a role in lipogenesis in the cxport of mitochondrial acetyl-CoA to the
cytosol as citrate for the de novo biosynthesis of fatty acids (Ballard and Hanson, 1970). In
brain, where PC is localised in glial cells (Gamberino et al., 1997) the enzyme plays an
anaplerotic role in the transfer of acctyl groups from mitochondria to the cytosol for the
biosynthesis of several neurotransmitter substances. Moderate cxpression was detected in
adrenal gland, heart and lactating mammary gland. A very low level of cxpression was
found in skeletal muscle and spleen, suggesting that the anaplerotic function of PC may be

less important for normal function of these tissues.

4.3.2 Identification of multiple PC mRNA isoforms in different rat tissues by RACE-PCR
Although Northern analysis did not identify multiple bands reflecting cxistence of
multiple PC mRNA isoforms, RACE-PCR was carried out for the reason mentioned above.
Ideally, any transcripts which differ only at their 5'-UTRs can be obtaincd by reversc
transcription using a primer derived from the coding regions. As indicated in Iiig. 4.2,
different cDNAs with hetcrogeneity at the 5'-end are subscquently ligated to a single-strand
anchor adaptor. An anchor primer containing the sequence that 1s complementary to the

anchor adaptor together with nested gene specific primers can then be used to selectively
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Figure 4.1  Northern blot analysis of PC mRNA in different rat tissues. Samplcs
of total RNA (40 pg) from ditferent rat tissues were electrophoresed, blotted onto nylon
membrane and hybridised with combination ot ¢cDNA fragments encoding rat PC (A).
Integrity of RNAs was assessed by stripping the membrane and reprobing with cDNA
encoding rat GAPDH (B). RNA loading was assessed by comparison with the 18S and
28S rRNA bands revealed by ethidium bromide (C).



Figure 4.2 Schematic diagram of the S5'-RACE PCR procedure used to
obtain S'-ends of rat PC mRNAs. Transcripts divergent at their S“UTRs were
reverse-transcribed with a cDNA synthesis primer. Following reverse transcription, an
anchor adaptor was ligated to the 5'-end of cDNAs using T4 RNA ligase and PCR-amplified
with 5'-nested primer and anchor primer. PCR products were confirmed by probing with an
oligonucleotide internal to the nested PCR primer.



AUG start codon
5 ——————————— | A AAA

«—mmmm cDNA synthesis primer

AUG start codon
5 ' m| AAAAAA
<« cDNA synthesis primer
reverse transcription
5
3= . S
AUG
S I 2 7 7 7 7 P —————| /. \ A AA A
3 ZIZZZZ T I Z 7777 T 7 R &
‘ RNA hydrolysis
3' ] 5
3'mmmmm S 3 mmmm 5| adapter ligation
3 - 5
3" — S 5
3 NI T YT 77777 77 777 7 . '
PCR
anchor primer
5 mm—->
J I 5' A
5 5" nested psnmcr
3 N Z 77777777777 77 R, 5
I 5' nested primer
Hybridization HERLE
Y i 32p probe
ave I 1
H == I 3’
3" E— * 5
AUG | |
5 777777777 '

3 7777277777777 . '

Cloning and Sequencing
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PCR-amplify the 5-UTRs of ¢DNAs. The products arc analysed by agarosc gel
clectrophoresis and can be confirmed by probing with an oligonucleotide internal to the
nested PCR primer (Fig. 4.2). This 5-RACE-PCR works in the same way as that described
in Chapter 3 except that the cDNA synthesis primer is usually designed to be not too far
downstream from the AUG initiation codon to avoid premature termination during the
reverse transcription step. 5-RACE-PCR was performed using the same set of primers that
were used to generatc RACLE (Anchor/MRACE 1) fragment described in Chapter 3 (see Fig.
3.2) but with different RNAs extracted from four tissues e.g. liver, kidney, adipose tissuc
and brain, The cDNA synthesis primer (MRACE I) was designed from the coding region of
rat PC cDNA (Chapter 3), and reverse transcribed following the schematic diagram in Fig.
4.2. The initial PCR profile was carricd out by annealing at 60"C, however a smecared
pattcrn was obtajned after agarosc gel electrophoresis (data not shown). Increasing the
anncaling temperaturc to 65°C improved the specificity of the rcaction. Southern blot
hybridisation with the third specific nested oligonucleotide probe corresponding to residues
24-30 of rat PC (HUMI9, derived from human sequence but also conserved in rat
sequence), was employed to verify the authenticity of the products. As shown in Fig 4.3,
multiple bands hybridised strongly to thc probe in all four tissucs examined, confirming the
existence of multiple transcripts. The sizes of these products were relatively small, ranging

between 0.2-0.3 kb.

4.3.3 Cloning and sequencing of RACE products

Individual bands hybridising to the probc were gel purifed, cloned and sequenced.
Nuclcotide sequence analysis clearly showed that five distinct species of rat PC mRNAs
were present.  Comparison of the nucleotide sequences of these five alternative forms
showed that they contained the same coding sequence i.c. 150 bp downstream from the ATG
initiation codon encoding the first 50 N-terminal residucs of rat PC as described in Chapter
3, but differed at their S-UTRs. Thesc rat PC mRNAs isoforms were designated as rUTR
A, rUTR B, rUTR C, rUTR D and rtUTR E, respectively. The 5'-UTR of these PC mRNA
isoforms are 222 bp, 113 bp, 95 bp, 96 bp and 59 bp in length, respectively (I'ig. 4.4).

These rat PC mRNA isoforms can be grouped into 2 classes according to their sequence
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Figure 4.3  Southern blot analysis of 5'-RACE products representing the 5'-

ends of rat PC mRNAs, probed with 32P-labeled HUM 19 primer (internal to
MRACE II sequence). RACE-PCR products were performed from 1:10 dilution
of ¢cDNA synthesised from total RNA extracted from rat liver, kidney, brain and
adipose tissue. M, DNA marker.



Figure 4.4 The nucleotide sequences of the 5'-UTRs and coding regions of
5'-RACE-PCR clones encoding rat PC mRNAs. Sequence homology within each
class of rat PC mRNA is boxed, the inferred amino acid sequence is shown as single letters.
The dashed lines are introduced to maximise alignment of these sequences. Arrows
represent the positions of the primer binding sites used for multiplex RT-PCR analysis.
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homology at the 5'-UTR. rUTR A, rUTR B and rUTR C arc grouped in a class I due to the
presence of a common 95 hp region (boxed) while rlUTR D and rUTR E are grouped in a
class II due to the presence of a common 59 bp (boxed). Within class I, TUTR A is
distinguished by the presence of a 109 bp insert located immediately 5° of the ATG initiation
codon and 3’ of the 18 bp inscrt which is also common to rUTR B but not to rUTR C (Fig.
4.4). Within class II, tUTR D is distinguished from rUTR E by a 37 bp insert immediatcly
5' of the ATG initiation codon. The sequence diversity observed among these S forms of rat
PC mRNA was immediately upstream from the ATG initiation codon, suggesting that the
splice junction between the 5-UTR cxon(s) and the first coding exon occurs at this position.
Nonc of the 5-UTR of thesc mRNAs falls under the consensus scquence

GCGCC(A/G)CCATG inferred by Kozak (1987).

4.3.4 Distribution of rat PC mRNA isoforms in various tissues

In order to investigatc the tissue distribution of these PC mRNA isoforms isolated by
RACE-PCR, a multiplex RT-PCR assay was developed such that these mRINA isoforms can
be detected simultaneously. The schematic diagram of this multiplex RT-PCR is illustrated
in Ing. 4.5. Ideally, reversc transcription of these five mRINA isoforms can be performed
using the PC8 primer located downstream from the AUG initiation codon, as the cDNA
synthesis primer becausc these mRNA isoforms contain the same coding scquence.
Following ¢cDNA synthesis, different cDNAs representing differcnt isoforms of the PC
mRNAs, which diverge at their 5'-UTRs, can then be PCR-amplifed using specific primers
towards each class of the transcripts (oligo A for class I transcripts and oligo B for class 11
transcript).  Since these transcripts have differcnt insertion sequences upstream from the
AUG initiation codon, the different sizes of fragments which are unique to cach mRNA
isoforms can be distinguished by electrophoresis on a high pereent agarose gel (2.5%). The
primer binding sites rclative to the S'-UTR of different PC mRNA isoforms are shown in
Fig. 4.4.

As shown in Fig. 4.6 A, products of the expected size, 253 bp, 219 bp and 182 bp
representing rlUJTR C, rUTR D and rUTR E, respectively were generated from different

tissues. The rat PC mRNA isoforms cxhibited tissue-specific expression. rUTR D was the
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Figure 4.5 Schematic diagram of multiplex RT-PCR analysis. Different
sequences at the 5'-UTRs of rat PC mRNA isoforms are shown by different hatched boxes.
The positions of primers relative to the position of PC mRNAs are shown by arrows. The
different sizes of PCR products obtained with different pairs of primers are also shown.
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most abundant transcript in all tissues examined, except in ovaries and bone marrow where
the level of expression was significantly lower. I.ikewise, rUTR X was also detccted in
most tissues but in much lower abundancy than rUTR D. Interestingly, this form was not
detected in epididymis, skeletal muscle or bone marrow. rUTR C was only cxpressed in
certain tissues, 1.c. highly abundant in epididymal fat, abdominal fat, liver, kidncy and
lactating mammary gland but only moderately expressed in epididymis, adrenal gland and
lung (Fig.4.6).

Southern blot analysis using an oligonucleotide probe (Fig. 4.6 B) against the
common coding rcgion of rat PC mRNA confirmed that these PCR products represented
different PC mRNA isoforms. However, 380 bp and 271 bp products representing rlUUTR A
and rtUTR B wcre not detected in all tissues examined, cven upon Southern blot
hybridisation. This suggested that the expression of thesc two isoforms is much lower than
the other three forms. Therefore, another primer, oligo C (Fig. 4.4) was designed such that
it will bind to only rfUTR A and rUTR B. As expected, 183 bp and 292 bp products
representing both forms were detected by ethidium bromide staining in epididymal fat tissue
but not in other tissues (Fig. 4.6 C). However, these 2 forms were detected upon Southern
blot hybridisation in other tissues i.e. cpididymis, abdominal fat tissuc, liver, kidney,
lactating and lactating mammary gland, suggesting that their concentrations arc very low
(I'ig. 4.6 D). The tissuc-specific expression of these PC mRNA isoforms in various rat
lissues are summariscd in Table 4.1.

From this expression pattern, 1t is clear that class [ transeripts ({UTR A, rUTR B and
rUTR C) are always co-expressed together. Likewisec rtUTR D and tUTR E comprising
class II transcript are usually co-expressed. This suggests that expression of rat PC mRNA
isoforms may be under the control of two promoters that would be differentially cxpressed in
different tissues. It is likely that thc 5'-flanking rcgion of the sequence encoding class I
transcripts is tissue-specific promoter, specifically cxpressed in lipogenic tissues (fat tissues,
lactating mammary gland and liver) and gluconeogenic tissucs (liver and kidney). On the
other hand, the sequence upstream of the class II transcripts would be a housekeeping

promoter which is expressed in most tissucs.
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Figure 4.6 Multiplex RT-PCR analysis of rat PC mRNA isoforms
expressed in different tissues. Total RNAs were reverse transcribed and subjected to
PCR with oligo A, oligo B and MRACE 1I (A), and PCR with oligo C and MRACE 1I (C)
and analysed by electrophoresis on a 2.5% agarose gel, followed by Southern blot analysis
using an internal oligonucleotide probe, HUM19 corresponding to a common coding region
(B and D, respectively). In these tissues, GAPDH ¢DNA was also synthesised and used as
an internal control for RT-PCR, (E).
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Chupter 4 characterisation of multiple transeripts of rai and human PC

Table 4.1 Distribution of different PC mRNA isoforms

in different rat tissues

Class 1 Class II
transcripts transcripts
Tissue rUTRA | fUIRB | tUTRC | rUTRD | rUTRE

Abdominal fat + + + + +
Epididymal fat pads + + + + -
Lactating mammary gland + + + + +
Kidney + + + + +
Liver + + + + +
Epididymis + + - s -
Adrenal gland - - - + ¥
Brain - - - F n
Splecn - - - ¥ +
Tung : - : ¥ ¥
Heart . - - + T
Testis - - - T n
Skeletal muscle . - - T
Ovaries - - - ¥
Bone marrow - - - - -

4.3.5 Multiple rat PC mRNA isoforms are transcribed from a single copy gene

To determine whether the identified rat PC mRNA isoforms arc the product of a
singlc gene, a cDNA probe corresponding to residues 551 to 907 of the transcarboxylation
domain (Chapter 3) of the enzyme was used as a probe in a Southern blot analysis of
restriction-digested rat genomic DNA. Only one restriction fragment of length 6 kb (BamHI)
or 12 kb (Hindlll) was detected (Fig. 4.7). A singlc band was also seen when a ¢cDNA
probe corresponding to the biotinyl domain was used (Cassady, 1987). The uniquencss of

fragment recognition with a ¢cDNA probe in two different digests strongly suggests the
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Figure 4.7  Analysis of copy number of PC gene using Southern blot of rat
genomic DNA. Rat liver genomic DNA was digested with either Bam HI or Hind 111
and electrophoresed on 1% agarose gel (A). The DNAs were transferred to nylon
membrane and probed with cDNA fragment corresponding to the transcarboxylation
domain of the enzyme (Chapter 3) (B).
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existence of only one copy of the PC gene per haploid genome. 1t is very likely that these
multiple PC mRNA isoforms must arise by differcntial splicing of the 3*-UTR exons of the

primary transcripts.

4.3.6 Identification of multiple PC mRNA isoforms in human liver by RACE-PCR

The presence of multiple transcripts of PC in differcnt rat tissues raises the possibility
of there being multiple transcripts of human PC. Additional evidence came from a
previously obtained result in this laboratory by Dr M. Walker. She found scveral ¢cDNA
clones encoding human PC contained the same coding sequence but differed at the 5'-UTRs
ranging in length from 0.5 kb to 1.5 kb. It was later found that some of these clones were
chimeric and contained unrelated sequences of other genes ligated to the coding sequence of
human PC. This situation is likely to have occurred during the library construction and has
bcen reported by many investigators. To climinate this artifact, RACE-PCR was carried out
with human liver RNA.

Identification of multiple transcripts of human PC was cssentially the same as that
described for rat PC. In bricf, total RNA of human liver was reversc transcribed with
HUMI1S5 primer designed from thc published human PC cDNA sequence (Wexler et al.,
1994; MacKay er al., 1994; Walker et al., 1995b) [see Fig. 4.8] and amplified by PCR with
HUM 19 and anchor primer using different dilutions i.e. 1:40, 1:80, 1:160 and 1:320 of
cDNA template. Southern blot hybridisation with an intcrnal oligonucleotide probe, HUM16
(Fig. 4.8) was carricd out to verify the authenticity of the amplificd products.

As showed in Fig. 4.9, different patterns of discretc bands werc generated from
different dilutions of cDNA. These bands were individually purified and cloned.
Scquencing of the resulting cloncs revealed the presence of two different species of human
PC mRNAs namely, hUTR A and hUTR B. Both hUTR A and hUTR B contained a
common 130 bp of coding sequence and this corrcsponded to the N-terminal region of
human cDNA (Wcexler et al., 1994; MacKay et al., 1994; Walker et al., 1995b) but differing
in their 5-UTR. hUTR A contained 201 bp while hUTR B contained 13] bp upstrcam from
the ATG initiation codon (Fig. 4.10). Sequencing of other bands present in Fig. 4.9
revealed these to be truncated versions of either hUTR A or hUTR B. The 5-UTR of hUTR
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ATGCTGAAGTTCCGAACAGTCCATGGGGGCCTGAGGCTCCTGGGAATCCGCCGAACCTCCACCGCCCCCGLTGLC

CACGACTTCAAGGCTTGTCAGGTACCCCCGGACTCCRAGGACCCTTAGGCGGCTTIGGAGGTGCCGGGGGCGACGG

M L K FRTVHGSGL RLLGI1I RRTSTAPA A
et

HUM 16

TCCCCAAATGTCCGGCGCCTGGAGTATAAGCCCATCAAGAAAGTCATGGTGGCCAACAGAGGTGAGATTGCCATC
AGGGGTTTACAGGCCGCGGACCTCATATTCGGGTAGTTICTTTCAGTACCACCGGTTGTCTCCACTCTAACGGATAG
S P NVRRUL EY K P I K KVMVA N R GE | A |

HUM 19

CGTGTGTTCCGGGCCTGCACGGAGCTGGGCATCCGCACCGTAGCCATCTACTCTGAGCAGGACACGGGCCAGATG
GCACACAAGGCCCGGACGTGCCTCGACCCGTAGGCGTGGCATCGGTAGATGAGACTCGTCCTGTGCCCGGTCTAC

RV FRACT ELG I RT VA I Y S EQ DT GQ M
~t-

HUM 15

Figure 4.8  Nucleotide sequence of the 5'-end of coding region of human PC cDNA
sequence (Wexler ef al., 1994; MacKay et al., 1994; Walker ef al., 1995b). Inferred
amino acid sequences are shown by single capital letters. Primer binding sites used for
cDNA synthesis and PCR are shown by arrows.
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Figure 4.9  Southern blot analysis of 5'-RACE products represented human

PC mRNAs were probed with the 32P-labelled HUM19 primer (internal to
MRACE 1II sequence). RACE-PCR products were generated from different
dilutions of cDNA (1:40, 1:80, 1:160 and 1:320) synthesised from total liver RNA.
M, DNA markers.



~201 -180

GTTTGCCAAAGGAGTCCGGGCC hUTR A
-160 -140 -129 -100
TGACGCTGGAAGATGGGAATGGCCAAAAGAATAAACCATTTCCTCTTACTTACCGAATGAAAAGCTTGCTTCATCTTGGCGTTCAAGAC hUTR A
-80 -69 -49 -20 -1
TCTCTAATATGATTCCACCTGTTGGGCTCTTTCTTCCATTTGCCTCCGCAGATAGTGTCTGCCTTCTGGAGAGCTGACCAAACACTAAGG hUTR A
GGGTTCTTACCCATTTAAAGTT TGACCAAACACTAAGG kidney 1
ATG CTGAAGTTCCGAACAGTCCATGGGGGCCTGAGGCTCCTGGGAATCCGCCGAACCTCCACCGCCCCCGCTGCCTCCCCARATGTCLCGG hUTR A
M L KFRTVHOGGL RLULGI RRTSTAPAASPNUVHR R kidney 1
-131 -100
AGTTCTGGAAAGTCATTGACAGGGGATTAACCTAGAACATCA hUTR B
-80 -69 -40 -2 -1
ATTATAAACAGGCAGCAGGCCTCAGGCCCAGACTTGGGTGTTACAGGAACAGTGTGGCCTUTCTGGAACTCTGCAGACCAACTGCCGTG hUTR B
GGCAGGCAGCAGGCCTCAGG-CCAGACTTGGGTGTTACAGGAACAGTGTGGCCTCTCTGGAACTCTGCAGACCAACTGCCGTG kidney 2
ATG CTGAAGTTCCGAACAGTCCATGGGGGCCTGAGGCTCCTGGGAATCCGCCGAACCTCCACCGCCCCCGCTGCCTCLCCAAATGTCCGG hUTR B
M L KFRTVHOGGLRLLGI RRTSTAPAASPNUVR R kidney 2

Figure 4,10 The nucleotide sequences of 5'-UTRs and coding regions of 5'-RACE-PCR clones encoding human PC mRNAs.
Nucleotide sequences are shown by capitals and inferred amino acid sequences are shown as single capitals. Also shown are the
alignments of the 5'-UTRs of both classes of human PC mRNAs to those isolated from kidney cDNA libraries (kidney { and kidney

2) previously reported by Wexler ef al. (1994) and MacKay et al., (1994), respectively. The dash in kidney 2 sequence is introduced
to maximise alignment of these sequences.
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A was identical to nucleotide -1 to -16 (relative to the initiation codon) of the 5'-UTR
reported by Wexler ez al. (1994) (Fig. 4.10, kidney 1) followed by 24 different nucleotides,
and then an additional 161 nucleotides. Attempts to PCR amplify the 5'-UTR reported by
Wexler et al. (1994) from either liver or kidney RNAs using primers corresponding to
nucleotides -40 to -17 (sense) and nucleotides 4355 to +357 (antisensc) (Wexler et al.,
1994) were unsuccesstul. These findings suggested that nucleotides -40 to -17 prior to the
ATG initiation codon of the reported sequence (Wexler et al., 1994) do not represent the
5-UTR of human PC mRNA. The 5-UTR of hUTR B was identical to the one described
by MacKay et al. (1994) (Fig. 4.10, kidney 2), except for the insertion of a single nucleotide
(C) at position -63, two nuclcotide changes at position -82 and -83, followed by an
additiona) 48 nucleotides. The sequence differcnces among these multiple forms are again
obscrved immediately upstrcam from the ATG initiation codon, suggesting that the splice
junction between the 5'-UTR exon(s) and the first coding exon occurs at this position. As it
has previously been shown by somatic cell hybrids (Freytag and Collier, 1984) and
fluorescence in situ hybridisation (Walker et al., 1995a), that there is only onc genc for PC
in the human genome, these two species of human PC mRNA isoforms must arise by
differential splicing from the first coding exon of the PC genc.

Unfortunately, no good quality human RNA extracted from diffecrent tissucs was
available at the time of this study, hence further investigation of the expression pattern of

these two human PC mRNA isoforms was not carricd out.
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Chapter S organisation, alternate splicing and chromosomal localisation of rat PCgene

5.1 INTRODUCTION

It has long been proposed that biotin carboxylases arose by fusion events within 2
pool of ancestral genes (Obermayer and Lynen 1976). Determination of the gene structures
of mammalian biotin carboxylases provides an opportunity to explore this evolutionary
relationship between various enzymes in the biotin carboxylase family. A comparison of the
genc structure to different tissue-specific mRNA isoforms described in Chapter 4 would
explain how the alternative splicing of the primary transcript of the gene can result in the
production of these multiple transcripts with 5'-end heterogeneity. In addition, isolation of
the promoter and the upstream cis-acting elements of the PC gene would also provide an
excellent opportunity to investigate transcriptional regulation of the rat PC gene using a
variety of molecular biology tools e.g. reporter gene analysis, DNase I footprinting, gel shift
analysis.

Dr AL Cassady (1987) had previously screened a rat genomic library with a cDNA
probe corresponding to the biotinyl domain of rat PC and this yielded one positive clone,
ARG 1.2, Characterisation of this clone by Southern blot analysis and DNA sequencing
revealed that the last 3'-end exons encoding the biotiny! domain of rat PC were located in
this clone (Cassady, 1987). At the time, complete cDNA sequences corresponding to the
transcarboxylase and the biotin carboxylase domains were not available. Thus determination
of exons encoding these two domains could not be precisely mapped although Booker
(1990) tried to map an additional 7 exons in this clone on the basis of conformity to the

splice acceptor and donor consensus sequences of Cech (1983).

Long-distance PCR and Gene walking

The isolation of the gene of interest from a gecnomic library construcied in lambda
bacteriophage is a time-consuming process and involves the screening several million
plaques. Sometimes the fragments of the gene are not found in the library, no matter how
many plaques are screened. Although other libraries have been developed inciuding cosmid,
yeast artificial chromosome (Y AC) or even bacterial artificial chromosome (BAC) in order 1o
reduce the number of clones to be screened, a number of investigators still face the problem

of insert deletion from these libraries. Long-distance or long-range PCR has been developed
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in order to eliminate this problem. LD-PCR was first described by Barnes (1994) and
Cheng et al. (1994). This special feature of PCR requires the use of two different DNA
polymerases i.e. ordinary stable polymerase e.g. Tag polymerase or Tth polymerase and a
high fidelity polymerase e.g. Vent polymerase. This allows amplification of significantly
longer fragments, up to 35 kb (Barnes, 1994) which is beyond the limit of ordinary Tag
polymerase. Ideally, any fragments of the gene can be amplified from a genomic DNA
template using primers that are designed from the cDNA sequence. However, more than cne
PCR reaction is needed if the gene of interest spans several hundred kilobases. Also,
without knowledge of the intron/exon boundaries of the gene, it is difficult to design primers
that do not cross intron/exon junctions. Several PCR-based methods are available for
walking from a known region to an unknown region in cloned or uncloned genomic DNA.
These include inverse PCR (Ochman et al., 1988), randomly primed PCR (Parker et al.,
1991) and adaptor ligation PCR (Rosenthal and Jones, 1990; Riley et al., 1990; Lagerstrom
et al., 1991; Jones and Winistorfer, 1993). However, these methods have not been
successfully applied to walking into uncloned genomic DNA.

Recently, a PCR-based method for walking in uncloned genomic DNA has been
described (Siebert er al., 1995). This special feature includes several new PCR technologies
i.e. adaptor ligation, vectorette PCR (Lagerstrom et al., 1991), suppression PCR (Lukyanov
et al., 1994) and is commercially available from Clontech. Briefly, a special adaptor is
ligated to the ends of DNA fragments generated by digestion of genomic DNA with five
different enzymes i.e. EcoRV, Scal, Dral, Pvull and Sspl separately (Fig. 5.1). One end of
the adaptor is blunt so that it can ligate to both ends of DNA fragments. The “vectorette”
feature of the adaptor is the presence of an amine group on the 3'-end of the lower strand.
This blocks polymerase catalysing the extension of the lower adaptor strand thereby
preventing the generation of a primer binding site unless a defincd, gene-specific primer
extends a DNA strand opposite to the upper strand of the adaptor. Suppression PCR
involves the use of adaptor sequences such that the upper strand is longer than the lower
strand. In the event where non-specific amplification occurs and creates double-stranded
DNA with a double-stranded adaptor at both ends, a “panhandle structure” will form during

the annealing step due to the presence of inverted terminal repeats at both ends of the
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Figure 5.1 Schematic diagram of Genome Walking kit. Genomic DNA is
digested separately with five restriction enzymes that generate blunt ends followed by
ligation with the adaptor sequence. One end of the adaptor sequence contains an inverted
repeat sequence which upon denaturation and annealing during PCR, can form a “panhandle
structure” which prevents non-specific amplification. Primary PCR using the first adaptor
primer (AP1) and a gene-specific primer 1 is carried out and followed by secondary PCR
using the second adaptor primer (AP2) and a second gene-specific (or nested) primer with
Tth polymerase. PCR products can then be analysed by agarose gel electrophoresis.
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adaptor. This structure is more stable than the primer-template hybrid thus suppressing
exponential amplification of non-specific molecules. However, in the case where specific
extension from gene-specific primer occurs, double-stranded DNA with a double-stranded
adaptor at one end cannot form this structure. PCR can then proceed normally. Secondary
PCR using nested primers at both ends can then be done to increase the specificity of the
amplification reaction. The longest PCR fragment obtained from one of these five libraries
can then be analysed. Multiple walks can be done if the PCR product does not contain the
full length of the gene.

In this chapter, both this PCR-based technique and library screening were used to

successfully obtain the complete structure of the rat PC gene.
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5.2 SPECIFIC METHODS
5.2.1 Screening of lambda genomic libraries

A single colony of E. coli LE 392 was grown overnight in 20 ml of LB broth
supplemented with 0.2 % maltose and 10 mM MgSO, at 37°C. Cells were pelleted by
centrifugation at 5000 x g for 10 min and suspended in 5 ml of 10 mM MgSO,. Two
hundred microlitres of suspended cells were infected with 5 x 10 lambda phage particles at
37°C for 20 min. Twenty millilitres of top agar (0.7% agarose in NZCYM) were then added
to the E. coli/phage mixture and immediately poured onto LMM agar plates. The plates were
then inverted and incubated at 37°C for 6-9 h or until plaques were visible. Duplicate nylon
membranes were placed over the agar plates allowing plaques to transfer for 5 min. The
membranes were then soaked in 0.5 M NaOH-1.5 M NaCl for 2 x 5 min, in 0.5 M Tris pH
7.4-1.5M NaCl for 2 x 5 min and finally washed in 10 x SSC for 5 min. The DNA on the
membrane was fixed by UV-crosslinking. The hybridisation was performed at 42°C in
hybridisation solution containing 40% formamide, 1% (w/v) SDS, 50 mM Tris-HCl, pH
7.4, 10% (w/v) PEG 6000 and 100 ug/ml sonicated salmon sperm DNA for 6 h. Fresh
solution was then replaced with heat-dcnatured probes and further incubated at the same
temperature overnight. The membranes were washed for 2 x 30 min in 2x SSC-0.1 % SDS,
2 x 30 min in O.1x SSC-0.1% SDS, and 2 x 30 min at 55°C. The blots wecre
autoradiographed at -70°C for 1-2 days. The positive clones were picked from the LMM
plates and the phage were eluted overnight in phage storage buffer (10 mM Tris-HCl pH
7.4, 100 mM NaCl, 10 mM MgCl, and 0.05% gelatin). Different dilutions of phage were

replated through the secondary and the tertiary screenings until a single plague was obtained.

5.2.2 Small scale preparation of lambda bacteriophage DNA
A single colony of E. coli LE 392 was grown overnight in LB supplemented
with 10 mM MgSO,. An overnight culture was diluted with LB plus 10 mM MgSG, to A,
of 0.1-0.2. Ten mullilitres of diluted culture were transferred to a 250 m] flask along with a
single fresh plaque punched out from the LMM plate. The culture was grown at 37°C for 6
h or unti] the culture became clear due to the lysis of E. coli by phage. Two drops of

chloroform were added and the lysate was centrifuged at 5000 x g for 10 min. The
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supernatant was taken and mixed with an egual volume of phage storage buffer. The
bacterial DNA was digested by adding 20 pul of 10 mg/ml DNasel at 37°C for 1 h. The
phage were precipitated by adding 1.8 ml of 4 M NaCl and 2 g of solid PEG 6000, and then
incubated on ice for 1 h. The phage were recovered by centrifugation at 10,000 x g for 15
min at 4°C. The pellet was suspended in 0.3 ml phage storage buffer in a 1.5 ml microtube.
PEG 6000 was removed by extraction with 0.3 ml chloroform twice followed by 0.3 ml of
phenol and chloroform [1:1 (v/v)]. The phage DNA was precipitated by adding 0.] volume
of 3 M sodium acetate pH 5.2 followed by 2 volumes of cold absolute ethanol, and then kept
at -20°C for 1 h. The phage DNA was pelleted by centrifugation at 10,000 x g for 15 min
and washed with 70% ethanol. The pellet was dissolved in 400 pl water containing 20
mg/ml RNase A and incubated at 37°C for 30 min. The phage DNA was subsequently

purified by phenol/chloroform extraction and ethanol precipitation as described above.

5.2.3 Screening of cosmid genomic library

Ten to twenty thousand bacterial colonies were plated onto nylon membranes
(master filters) on 100 mm LB plates containing 50 pg/ml ampicillin and incubated for 8 h or
more at 37°C until colonies were formed (1 mm in diameter). The nylon membranes were
then removed and placed with the colonies side up onto a sterile Whatman paper. A new
nylon membrane (replica filter) was pre-wetted on LB plates and placed over thc master
filter. Another sterile Whatman paper was then placed over the replica filter and pressed
firmly with a glass plate. The replica filter was then removed from the master filter. A
second membrane was then placed over the master filter as described above. The master and
both replica filters were placed over new LB-agar plates and incubated at 37°C until colonies
were visible. The replica filters with the colonies side up were sequentially placed on
Whatman papers previously pre-wetted with 0.5 M NaOH for 1 min twice and with 1 M
Tris-HCIl pH 7.4 for | min. The filters were then placed on a third set of papers pre-wetted
with 1 M Tris-HCI pH 7.4 and 1.5 M NaCl for | min before being soaked in the same

solution for 5 min. The filters were air-dried and fixed by UV-cross linking.
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5.2.4 Long distance PCR (LD-PCR)

LD-PCR was performed both with genomic DNA and with the Rat Genome
Walker kit. For LD-PCR using genomic DNA as template, the reaction was carried out in a
total volume of 50 ul containing 1X 7th PCR buffer (40 mM Tris-HCI, pH 9.3 at 25°C, 15
mM potassium acetate), 1.1 mM magnesium acetate, 0.2 mM of each dNTP, 0.25 uM each
primer, 100 ng of genomic DNA and 1 ul of 50X Advantage™ 7Tth polymerase mix. The
reaction mixture was subjected to 42 rounds of PCR amplification. The PCR profile
consisted of an initial denaturation at 94°C for ! min followed by 7 cycles of denaturation at
94°C for 30 sec, annealing and extension at 72°C for 6 min, 35 cycles of denaturation at
94°C for 30 sec, annealing and extension at 68°C for 6 min, and followed by the final
extension at 68°C for 12 min.

For the reactions performed with the Rat Genome Walker kit, the PCR was carried
out as follows. The primary PCR was carried out in a total volume of 50 gl containing 1X
Tth PCR buffer, 1.1 mM magnesium acetate, 0.2 mM each dNTP, 0.25 uM AP1 primer and
the first gene-specific primer (GSP1), 1 pl each of the Dral, EcoRV, Pvull, Scal or Sspl
libraries, and 1 pl of SOX Advantage™ 7th polymerase mix. The PCR profile consisted of 7
cycles of denaturation at 94°C for 25 sec, annealing and extension at 72°C for 6 min, 36
cycles of denaturation at 94°C for 25 sec, annealing and extension at 67°C for 6 min, and
followed by the final extension at 67°C for 12 min. One microlitre of the primary PCR
product was then diluted to 1:50 with water, and 1 pl was used as template for the secondary
PCR using the conditions as described above except the primers were AP2 and the second
gene-specific primer (GSP2). The PCR program consisted of 3 cycles of denaturation at
94°C for 25 sec, annealing and extension at 72°C for 6 min, 22 cycles of denaturation at
94°C for 25 sec, annealing and extension at 67°C for 5 min, and the final extension at 67°C

for 12 min.
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5.3 RESULTS

5.3.1 Organisation of the coding exons

The nucleotide sequence of the ARG 1.2 previously determined by Booker (1590)
was directly compared with the complete ¢cDNA sequence reported in Chapter 3. This
identified 7 additional cxons located upstream from the last 3'-exon encompassing the
biotinyl domain of the rat PC (Cassady, 1987). These 10 exons corresponded to 2/3 of the
rat PC cDNA sequence (Fig. 5.2). However the exons encoding the biotin carboxylation
domain of the rat PC are not present in this lambda clone.

The first attempt to isolaie a segment of the PC gene from rat genomic DNA by PCR
was caried out using primers randomly chosen from the cDNA sequence since no
information on the PC gene structure of any mammalian species was available at the time.
The first pair of primers including PC9 (corresponding to positions +61 to +81 relative to an
initiation codon, sense primer) and PC8 (corresponding to positions +484 to +503; antisense
primer) and a second pair of primers including PC12 [comresponding to positions +484 to
+503, sense primer (complementary to PC8)] and PC7A (corresponding to positions +826
to +847) were used to PCR amplify genomic DNA using ordinary Tag polymerase. Upon
amplification, single bands 0.75 kb and 0.60 kb product were generated from both pairs of
primers respectively. Using PC9 and PC7A as primers in another PCR reaction, a 1.35 kb
fragment which corresponded to the sum of the above fragments was obtained, suggesting
that they are specific products (Fig. 5.3A). This .35 kb fragment was purified from the gel
and directly sequenced in both directions. Comparison of its sequence to the cDNA
sequence revealed that this fragment encompassed 6 exons and 5 introns (Fig. 5.3B)
corresponding to half of the biotin carboxylation domain. The positions of the above primer
binding sites which were revealed after sequencing are also shown in Fig. 5.3B.

The second attempt to PCR-amplify genomic DNA using the same sense primer (PC
9) and an antisense primer directed against the 5'-end of ARG 1.2 clone with long-range
enzyme (Advantage Tth polymerase mix) failed to give any product, even though the
extension time in each cycle was increased up to 20 min, as recommended by the
manufacturer for amplification up to 20-40 kb fragments. This suggested the presence of

very large intron(s) between the last exon located in the 1.35 kb fragment and the first exon
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Figure 5.2  Schematic diagram of the lambda genomic clone, ARG 1.2
previously isolated and sequenced by Cassady (1987) and Booker (1990) relative
to the gene structure and cDNA of rat PC. Boxes represent exons relative to cDNA
structure. BC, biotin carboxylation domain; TC, transcarboxylation domain; BIO,
biotinyl domain; MT, mitochondrial targetting sequence.
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located in the ARG 1.2 clone. Since the first exon of ARG 1.2 clone was completely
determined and corresponded to a fragment of the enzyme between T457 and L504, the 3'-
end of the upstream exon must therefore end at K456. A new antisense primer (PC18,
5-CTTTACACCTCGGACACGGAACTCC-3Y), corresponding to the segment between
residues E449 and Lys 456 (cDNA positions +1344 to +1368), was designed and used
together with the PC9 sense primer in long-distance PCR. This would avoid amplifcation of
very large intron that might be located in front of the first exon of the ARG 1.2 clone if that
was the case. Upon amplification, an 8.0 kb fragment was generated with minor bands of
2.0 kb to 0.5 kb (Fig. 5.4A). Secondary PCR with nested primers [PC17, complementary
to PC7A (Fig. 5.4A)] and PC 19 [corresponding to the segment between T441 and A448
(positions +1320 to +1343), 5"-GCCAGGGCTCTGCTCATCTTGGTG-3"] was carried out
using the primary PCR product as template. A single strong band of 6.65 kb was generated,
suggesting specific amplification. Both the 8.0 kb and 6.65 kb PCR fragments were
purified from the gel and partially sequenced using primers from both ends. Comparison of
their nucleotide sequences with the cDNA sequence of PC confirmed that they are specific
products. The 6.65 kb PCR fragment contained 3 additional exons downstream from the
first 6 cxons identified within the 1.35 kb fragment. The positions of the above primer
binding sites which were revealed after sequencing are also shown in Fig. 5.4B.

However, the gap representing the intron between the 3'-end of the 8.0 kb fragment
and 5'-end of the ARG 1.2 was still missing. Therefore, library screcning was undertaken to
search for this fragment. Approximately 750,000 plaques were screened with a mixture of
the 3'-end fragment of the 8.0 kb PCR product and the 5'-end of ARG 1.2 as probes. The
aim was to isolate any clones that contained sequences corresponding to the 3'-end of the 8.0
kb PCR product and the 5'-end of ARG1.2 clone. One positive clone, ARG 15 was found to
hybridise to both probes after tertiary screening. Phage DNA from this plaque was digested
with Sacl which released the insert sizes of 5.0, 3.2, 1.8, 1.0 and 0.7 kb from the left and
right arms of lambda phage (Fig. 5.5A) and followed by Southern blot hybridisation using
both the 3'-end of the 8.0 kb fragment and the 5-end of ARG 1.2 as probes separately. As
shown in Fig. 5.5B and 5.5C, the 5.0 kb fragment hybridised to the 5-end of ARG 1.2
clone while the 1.0 kb fragment hybridised to the 3'-end of the 8.0 kb PCR product. Partial
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Figure 5.5 Southern analysis of the ARG 15 clone. Phage DNA isolated from
this clone was digested with Sacl and analysed by 0.7% agarose gel electrophoresis (A) and
by Southemn blot hybridisation with cither a 2.0 kb probe amplified from the 3'-end of the
8.0 kb PCR product (B) or a 0.7 kb probe amplified from the 5'-end of the ARG 1.2 clone
(C). Overlapping regions of this clone and both probes are also indicated (D).
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sequencing from both ends of this clone using primers that are complementary with the left
and right arms of lambda DNA (sequences shown in Chapter 2), showed that the insert of
this clone overlapped with the 3'-end of the 8.0 kb PCR product and the 5'-end of ARG 1.2
clone by approximately 1.0 kb and 0.5 kb, respectively (Fig. 5.5D). The 5-end of this
clone contained only one exon which overlapped with the last exon identified in the 8.0 kb
PCR preduct and adjoins a very large intron approximately 10 kb followed by a single cxon
located at the 3' end which also overlapped with the first exon of ARG 1.2 clone.

When all of these fragments isolated by PCR, LD-PCR and library screening were
assembled and compared with the full length cDNA sequence, the complete structure of the
coding exons was obtained. As shown in Fig. 5.6, the coding region of the rat PC gene is
comprised of nineteen exons spanning approximately 23 kb. Exon 2 is the first coding exon
beginning immediately with the ATG initiation codon. This exon spans 138 bp downstream,
encoding the mitochondrial targetting sequence and part of the biotin carboxylation domain.
The biotin carboxylation domain and the transcarboxylation domain are encoded by exons 2-
10 and exons 13-16, respectively (Fig. 5.6). The last three exons, exons 18-20, encode the
biotiny]l domain of the enzyme as well as the 3'-untranslated region including the
polyadenylation signal. The polypeptide segment linking the biotin carboxylation domain
and the transcarboxylation domain is encoded by exons 11 and 12, while that linking the
transcarboxylation domatin and the biotinyl domain was encoded by exon 17. All coding
exons sequences are in agreement with the cDNA sequence reported in Chapter 3. Different
DNA fragments generated by PCR and LD-PCR with different pairs of primers are
summarised in Table 5.1.

The sizes of the introns are relatively small, being less than 1.0 kb except for introns
I, J and K which were 3.0 kb, 2.1 kb and 10.0 kb, respectively (Table 5.2). The sequences
surrounding the intron-exon boundaries are shown in Table 5.2 together with the amino acid
ranges encoded by these exons. The intron-exon splice junction sequences matched the
consensus sequences: each intron begins with a GT dinucleotide and ends with an AG
dinucleotide, sequences thought to be necessary for correct RNA splicing (Breathnach and

Chambon. 1981).
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Figure 5.6 Structure of the rat PC gene. A, overlapping lambda phage clones
(ARG 1.2, ARG 15 and ARG 2) and PCR products (A, B, C, D and E) and non-overlapping
fragments (F and G) spanning over 40 kb of the gene are indicated. B, organization of
exons and introns of the gene. The positions of exons are shown in boxes and numbered.
The initiation codon (ATG) and stop codon (TGA) are shown. C, the structure of PC cDNA
(Chapter 3). The regions encoding the threc functional domains are indicated. MT,
mitochondrial targetting sequence; BC, biotin carboxylation domain; TC, transcarboxylation
domain; BIO, biotiny] domain.
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Chapter 5 organisation, alternaie splicing and chromeosomal localisation of rat PCgene

Table 5.1

Oligonucleotides used for PCR, LD-PCR and Southern blot analysis.
Underlines indicate the restriction sites (GAATTC, EcoRI; GGATCC, BamHI, GGTACC,

Kpn I introduced at the 5’ end to facilitate cloning.

oligonucleotide | fragments
name amplified oligonucleotide sequence
by PCR or
LD-PCR (kb)
PCS 5'-ACAGCCCCCGTTGCCTCCCCA-3
PC18 A (8.0) 5-CTTTACACCTCGGACACGGAACTCC-3'
RAGE I 5'-GATACCCAGCTCTGTGCAGGCACGAAACAC-3'
RAGE 2? B (55) 5'-GGCGAATTCCACCATTACTTTCTTGATGGGCTTGTA-3'
RAGE 5 $-CTCCTAGCTGGCATCCAGGTTCTC-3'
Oligo A C (1.5) 5-GCCAATGACCTCGGGTGGAGCAG-3'
PC 24! 5-TACCTTGTACCAGCAGCCAAACACC-3'
PC 257 D (4.0) S-ATCGTGCTGCACACAGAGGACGTGTT-3'
PC 34’ 5'-GGATAGGCGGCAAGATTCCTGAAGCAGC-3'
PC 35° E (3.6) 5'-AAAGGATCCAACCCAGCCAGGAGTGAGGTGGAG-3'
PC 38! S'-CATTGGTGCAATCAGCTCTCCAGAA-3'
PC 39° F (1.2) 5-AGCTCTCCAGAAGGCAGATGCTAG-3'
PC 32 5'-CTTCGCCCCGTCGCCTCAAGCCGT-3'
PC 332 G (1.1) 5-CCGTGGCCGCCGCCTCTGACGG-3'
Oligo B - 5'-GGCTTGAGGCGACGGGGCGAAG-3'
Ohgo C - 5'-CGTCTCATGAAGTTTCTTCCTG-3'

indicate GSPI and GSP 2 used for LD-PCR.

5.3.2 5°-Untranslated region exons and alternative splicing

As described in Chapter 4, multiple rat PC mRNA isoforms with 5'-end
heterogeneity were identified and exhibited tissue-specific expression. To understand the
origin of these heterogeneous mRNAs and to determine the mechanisms of PC gene
expression, the 5'-end of the rat PC was also isolated using PCR-based gene walking as
described earlier.

The first walk towards the 5'-end, upstream from the first coding exon, was carried
out using 1st and 2nd gene-specific primer (GSP1 and GSP2), namely RAGE] and
RAGE?2. These two primers were designed from nucleotide sequences within exon 2.
Upon secondary PCR, single strong bands were generated from Dral, Pvull, Scal and Sspl
libraries with size of 0.9 kb, 4.8 kb, 5.0 kb and 0.6 kb, respectively, but not the EcoRV
library (Fig. 5.7A). These four fragments were hybridised to an internal oligo probe (PC9)
confirming specificity of the nested PCR (Fig. 5.7B). To verify if any of these fragments
contained S'-UTR exons corresponding to the 5-UTRs of rat PC mRNA identified by
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Table 5.2
Exon-intron boundaries of the rat PC gene.
Lowercase letters indicate the intron sequence, and uppercase letters indicate the exon

sequence. Positions of splice sites are relative to the cDNA sequence (Chapter 3).

Exon Exon/intron boundaries

Number Residues 5'-Donor sitc Intron name/size 3'Acceptor site
1D SUTR GCGAAG- ND cttcagCTAGCC
1C S'UTR CCAATG- ND ccteagATGCTG
1B S'UTR GAACAGgtatgg A/~4.3 kb tattagGTACAT
1A SUTR GAGACGgtacga B/-1.3kb cetcagATGCTG
2 M,-G, ACAGAGgtaaat C/116 bp tcctagGTGAGA
3 G- Kup GCCAAGgtagag D/173 bp ttecagGAGAAT
4 E wGm CTGCAGgtgaca E/99 bp ccaacagGCGTTC
5 G, 53-Eay, TACGAGgtaacg F/131 bp ccetagGAGCTG
6 E; Loy TCCTAGgtgagt G/177 bp teccagGGGAC
7 Gas-Qun AAGCAGgtgags H/~1.0 kb 2tgcagGTTGGC
8 Vang-Daay TACAGAgtgage I/~3.0 kb ttgcagTGTGGA
9 V343-Eays ATTGAGgtzags! 3/~2.1 kb ccagagGTTTTC
10 Vaue-Kass GTAAAGgtgaga K/~10 kb ttgcagACCAAC
11 T s9-Lises ACCTTGgtugc L/250 bp ccccagGACAC
12 Giys-Lazs CCATAGgtagg M/180 bp accctagGCCCA
13 Giys- Ko CTTCAAgtaagc N/450 bp tgccagGTTCTG
14 | S ATTAAGgtzcca O/128 bp tcecagGACATG
15 Dugo-Tea ACACAGgtagga P/180 bp ccacagAGGTAC
16 Eayi-Kis ATCAAGgtgage Q/90 bp cttcagGTGACA
17 VK TCTAAGgtaggg R/76 bp cctcagGTGCTA
18 Voer-E gy TITGAGgtcagt S/202 bp ctecagGTTGAG
19 Vs Kyms ATGAAGgtacag T/83 bp ctgeagGAGATG
20 E.q-Ey s GCCCTCC -

3' UTR

"ND, not determined

RACE-PCR, Southem blot analysis was carried out. Different oligonucleotide probes (A, B
and C) directed against various regions of the different 5'-UTRs of rat PC mRNAs (see Fig.
5.8) were used to localise potential exons. Oligo C hybridised strongly to the 4.8 kb and the

5.0 kb fragments amplifed from Pvull and Scal libraries (Fig. 5.7C). Since oligo C did not
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Figure 5.7 Isolation of exon 1A of the rat PC gene by PCR based-Gene
Walking. Different sizes of PCR fragments were generated from different restriction
libraries (Dral, EcoRV, Pvull, Scal and Sspl) upon secondary PCR amplification and
analysed by electrophoresis on a 1.5% agarose gel (A) followed by Southern blot analysis
using different oligonucleotide probes directed against the coding region (B) and the
5'-UTRs of different rat PC mRNAs (C and D).
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CLASS I rat PC cDNA

probe A
-222 - -110

[ GGGCCAATGACCTCGGGTGGAGCAGTTGCTGCCTGTGGATCCTCCAACACGTCCTCTGTGTGCAGCACGATTAGGTGTTTGGCTGCTGGTACAAGTAATTGTTCCAGAACAG
-109 -1
GTACATAGAGGAGGAGGCAAGCACACTGCACCAATCTGGCAATGAGCCGGTCCCCTGGCATGATCTCACCTGTTGTCACCCTTGTTTCAGGAAGAAACTTCATGAGALG ATG

probe C
-113 -1

[ GGGCCAATGACCTCGGGTGGAGCAGTTGCTGCCTGTGGATCCTCCAACACGTCCTCTGTGTGCAGCACGATTAGGT GTTTGGCTGCTGGTACAAGKLTAATTGT TCCAGAACAG ATG

-95 -1
[ GGGCCAATGACCTCGGGTGGAGCAGTTGCTGCCTGTGGATCCTCCAACACGTCCTCTGTGTGCAGCACGAT TAGGT GTTTGGCT GCT GGTACAAG - - - ~= === === - ATG

CLASS II rat PC cDNA
96 probe B -37 1

[GTCAGTGGAGGCAACGG CCGTCAGAGGCGGCGGCCACGGCTTGAGGCGACGGGGCGAAGE TAGCATCTGCCTTCTGGAGAGCTGATTGCACCAATG  ATG

-59 -1
| GTCAGTGGAGGCAACGG CCGTCAGAGGLGGLGGCCACGGLTTGAGGCGACGGGGCGAAG) =~ - =~ — o= m e ATG

rUtR A

ruTR B

rUTR C

Figure 5.8  Positions of vligonucleotide probes used to localise §'-UTR exons. Only 5'-UTRs of different PC mRNA isoforms (rfUTR A,
rUTR B, tUTR C, rUTR D and rUTR E) are shown. Different oligonucleotide probes directed against different portions of the 5'-UTRs are

shown by arrows.
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hybridise to the 0.9 kb and the 0.6 kb fragments derived from Dral and Sspl libraries, this
indicated that the first non-coding exon is located at least 0.9 kb upstream from the first
coding exon. In contrast, oligos A and B did not hybridise to any of these fragments (Fig.
5.7D) suggesting that these 4 fragments do not contain further exons corresponding to the
5'-UTRs. Nucleotide sequence analysis of the 5.0 kb fragment showed later that it
contained only one exon namely exon 1A, located 4.3 kb upstrcam from the first coding
exon. This exon corresponded to positions -1 to -109 (relative to the AUG initiation codon)
of the 5'-UTR of tUTR A. Itis likely that the next upstream exon would correspond to the
region -110 to -222 of the 5'-UTR of rUTR A (or -1 to -113 of rfUTR B and -1 to -95 of
rUTR C) (see Fig. 5.8). Thercfore PCR was carried out using primers derived from the
3'-end of the 5.0 kb fragment (RAGE 5) and from the most 5-end of tUTR A (oligo A).
The oligo A binding site 1s also common with rtUTR B and rtUTR C. As shown in Fig. 5.9,
a single strong band of 1.5 kb fragment (C in Fig. 5.6) was generated with this pair of
primers. Nucleotide sequence analysis of this fragment revealed the presence of an
additional upstream exon, namely exon |B which corresponded to the regions -110 to -222
of tUTR A and -1 to -113 of rUTR B and -1 to -95 of rtUTR E, as expected.

Further 5’-end fragments were obtained by PCR-based gene walking using PC24
and PC25 designed from the 5'-end of the above 1.5 kb fragment C (Fig. 5.6) containing
exon 1B, as GSP1 and GSP2 primers yielded single discrete bands of 1.1 kb, 2.0 kb, 1.0
kb and 4.0 kb from the Dral, Pvull, Scal and Sspl libraries but not from the EcoRV library
(Fig. 5.10A). Southern analysis using oligo probe B (Fig. 5.8) showed that it did not
hybridise to any of these four fragments suggesting that these PCR products did not contain
additional 5'-UTR exons (Fig. 5.10B). Walking towards the S'-end of the rat PC gene
using either the PCR-based Genome Walker kit with primers designed from the 5'-end of the
4.0 kb PCR product derived from Sspl library (flanking sequence of exon 1B) [fragment D,
Fig. 5.6] or screening the lambda genomic library using exon 1B flanking sequence as
probe, identified further PCR fragments or lambda clones [fragment E and ARG 2, Fig. 5.6)
extending towards the 5'-end of the gene already over 10 kb. However, none of these
hybridised with probe B. Two possible explanations can be drawn from this experiment,

either the presence of a very large intron lies between exons 1B and further upstream 5'-
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Figure 5.9  Isolation of exon 1B of the rat PC gene by PCR using a primer
designed from the most 5'-end of class I PC mRNA (oligo A) or most 5'-end of

class II PC mRNA (oligo B) and 5’-end of 5.0 kb fragment amplified from
Scal library in Fig. 5.7.
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Figure 5.10 Isolation of the 5'-flanking region of exon 1B (putative proximal promoter) of the rat PC
gene by PCR based-Gene Walking. Different sized PCR fragments were generated from different restriction
libraries (Dral, Pvull, Scal and Sspl) upon secondary amplification using AP2 and a GSP2 primer designed from
the 5'-end of the 1.3 kb PCR product in Fig. 5.9. prUTR C, plasmid containing oligo B sequence (+ve control)
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UTR exon(s), or the probe B crosses intron/exon boundarics. From sequence aligment of
the 5'-UTRs of rUTR D and rUTR E, it is likely that there are two more upstream exons:
one encoding regions -1 to -37 of rtUTR D but spliced out in rUTR E, and another encoding
regions -38 to -96 of TUTR D and -1 to -59 of rUTR E (see Fig. 5.8). Since probe B
corresponded to both regions, hybridisation of the probe to an intron/exon boundary of the
gene can be ruled out.

A rat genomic library constructed in cosmid vector pWE 15 and containing very large
inserts up to 50-100 kb, was then screencd. Approximately 2,000,000 cosmid clones were
screened with either the 4.0 kb PCR fragment containing exon 1B (fragment D, Fig 5.6) or
oligoprobe B. This attempt again failed to detect any positive clone, suggesting this 1s a poor
quality of cosmid library.

Given the difficulty getting overlapping fragments or clones which contained the rest
of the gene, an alternative short-cut PCR method has been used such that only genomic
fragments containing the sequences corresponding to the 5-UTR of rtUTR D and rUTR E
will be isolated from Rat Genone Walker kit. The first gene-specific primer (GSP1) (PC38)
was designed from positions -1 to -24 of 5'-UTR of rUTR D and used with AP] for the
primary PCR. This was followed by secondary PCR using the AP2 primer and second
gene-specific primer (GSP2) (PC39) designed from positions -14 to -37. The 5'-end of this
primer has 12 bp overlapping with the 3'-end of PC38 (see Fig. 5.11A). As indicated in
Fig. 5.11B, discrete bands of sizes 0.35 kb, 1.7 kb, 0.2 kb and 0.32 kb were generated
from Dral, EcoRV, Pvull and Sspl but not Scal libraries upon secondary PCR. Nucleotide
scquence analysis from the 5'-end of the longest fragment derived from the EcoRV library
showed that this 1.7 kb fragment did not contain sequence corresponding to positions -38 to
-96 but corresponded to positions -14 to -37 of 5'-UTR of rtUTR D. Indeed, 2 bp upstream
from the 3'-end of the PC39 binding site corresponded to an AG dinucleotide, the conserved
sequence of the intron/exon splice junction (Breathnach and Chambon, 1981). A DNA
fragment of the identical size and sequence was also obtained from PCR-amplified genomic
DNA using a primer derived from the 5-end of the 1.7 kb PCR fragment amplified from the
EcoRV library and PC38 primer (data not shown). However, exact size of this intron was

not determined.
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Figure 5.11 Isolation of exon 1C of the rat PC gene by PCR based-Gene Walking. A,
Positions of PC38 and PC39 binding sites relative to 5'-end of rtUTR D (predicted exon 1C)
used as GSP! and GSP2 in PCR. B, Different sized PCR fragments were generated from
different restriction libraries (Dral, EcoRV, Pvull and Sspl) upon secondary amplification
using primers, AP2 and PC39.



Chapter 5 organisation, alternate splicing and chromosomal localisation of rat PCgene

Finally, the genomic fragment encompassing the last exon corresponding to the most
5'-end of UTRs of rUTR D and E was isolated by the same strategy as that described for
exon 1C. The first gene-specific primer (GSP 1) (PC32) was designed from positions -37
to -60 of the 5'-end of rtUTR D (corresponding to positions -1 to -24 of 5'-end of rUTR E)
(see Fig. 5.12A) and was used with AP1 primer for the primary PCR. This was followed
by a secondary PCR using the AP2 primer and a second gene-specific primer (GSP 2)
(PC33) designed from positions -57 to -78 of 5'-UTR of rUTR D (corresponding to
positions -21 to -42 of the 5'-end of rUTR E). As shown in Fig. 5.12B, similar sizes of
fragment (1.1 kb) were generated from Dral and Sspl but not from the other libraries.
Nucleotide sequence analysis of these two fragments showed that they contain sequences
corresponding to the positions -37 to -96 and -1 to -59 of the 5'-end of rUTR D and rUTR
E, respectively. A DNA fragment of the same size and sequence was also obtained from
PCR-amplified genomic DNA using a primer derived from the 5'-end of the 1.1 kb PCR
fragment amplified from the Dral library, and PC33 primer (data not shown). However, the
intron/exon boundaries at the 3'-end of exons 1C and 1D were missing due to an inability to
get an overlapping fragment either by PCR or by screening genomic libraries.

As indicated in Fig. 5.13, a direct comparison of the nucleotide sequences of four
5'-UTR exons to the 5'-UTRs of PC mRNA isoforms, identified by RACE-PCR in Chapter
4, allowed an explanation of how the altemative splicing of these upstream non-coding
exons can result in the production of multiple transcripts with S'-end heterogeneity. As
shown in Fig. 5.14, class I transcripts (tUTR A, rUTR B or rUTR C) were generated by
joining exon !B to one or more of the downstream exons. rUTR A was generated by
joining exons 1B, 1A, to the first coding exon (exon 2), while rUTR B was generated by
joining exon 1B directly to exon 2, and skipping exon 1A. Interestingly, rtUTR C was
generated by the same mechanism as rtUTR B except that an internal donor site within ¢xon
1B (see Fig. 5.13) was used in joining to exon 2 directly. These two functional donor sites
within exon 1B were each followed by a dinucleotide GT and were thus consistent with the
consensus splice junction (Breathnach and Chambon, 1981). The use of an intermal donor
within the 5'-UTR exon has also been reported for the 3-hydroxy-3-methylglutaryl-CoA

reductase gene in which four internal donor sites in the same exon can be spliced to the same
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Figure 5.12 Isolation of exon 1D of the rat PC gene by PCR based-Gene
Walking. A, Positions of PC32 and PC33 binding site relative to 5-UTRs of rUTR D
and rUTR E (predicted exon 1D) used as GSP1 and GSP2 in PCR. B, Different sized
PCR fragments were generated from different restriction libraries (Dral, EcoRV,
Pvull, Scal and Sspl) upon secondary amplification using the primers, AP2 and PC33 .



Figure S.13 Alignment of exons 1D, 1C, 1B, 1A and 2 of PC gene with
5-UTRs of rUTR A, rUTR B, rUTR C, rUTR D and rUTR E transcripts.
The upper line indicates the genomic sequence and the lower line indicates the cDNA
sequence. The altermative S’ donor sites within exon |B are boxed. Lowercase letters
indicate the intron sequence. The amino acid residues encoded from the first coding exon are
shown by capital letters.



Exon 10
GTTCCCTGTCAGTGGAGGCAACGGCCGTCAGAGGCGGCGGCCACGGCTTGAGGCGACGGGGCGAAG

GTTCCCTGTCAGTGGAGGLCAACGGLCGTCAGAGGCGGLGGCCACGGLTTGAGGCGACGGGGCRAAG

Exon 1C
cttcagCTAGCATCTGCCTTCTGGAGAGCTGATTGCACCAATG

CTAGCATCYGCCTTCTGGAGAGCTGATTGCACCAATG

Exon 1B
attctgcGGGCCAATGACCTCGGGTGGAGCAGTTGCTGCCTGTGGATCCTCCAACACGTCCTCTGTGTGTAGCACGATTAGGTGTTTGGCTGCTGGTACHAGGTRATTGTTCCAGAAGAGHatg

.................................................................................................................

GGGCCAATGACCTCGGGTGGAGCAGTTGLTGCCTGTGGATCCTCCAACACGTCCTCTGTGTGCAGCACGATTAGGTGTTTGGCTGCTGGTACAAGGTAATTGTTCCAGAACAG

Exon 1A
tattagGTACATAGAGGAGGAGGCAAGCACACTGCACCAATCTGGCAATGAGCCGGTCCCCTGGCATGATCTCACCTGTTGTCACCCTTGTTTCAGGAAGAAACYTCATGAGACGgtacga

.............................................................................................................

GTACATAGAGGAGGAGGCAAGCACACTGCACCAATCTGGCAATGAGCCGGTCCCCTGOCATGATCTCACCTGTTGTCACCCTTGTTTCAGGAAGAAACYTCATGAGACG

Exon 2
cctcagATGCTAAAGTTCCAAACAGTTCGAGGGGGCCTGAGGCTCCTCGGTGTCCGCCGATCCTCCACAGCCCCCGTTGLCTCCCCAAATGTCCGGCGTCTGGAGTACAAGCCCATC

...............................................................................................................

ATGCTAAAGTTCCAAACAGTTCGAGGGGGCCTGAGGCTCCTCGOTGTCCGLCGATCCTCCACAGCCCCCGTTGCCTCCCCAAATGTCCGGCGTCTGGAGTACAAGCCCATC
M L K FQTVRGGLRILLGVRRSSTAPVASPNVRRLTEYZKZPI

AAGAAAGTAATGGTGGCCAACAGAGgtaaat

AAGAAAGTAATGGTGGCCAACAGAG
K K V M V A NR



Figure 5.14 Alternative splicing of 5' untranslated region exons of the rat
PC gene. Class I ({UTR A, rUTR B and rUTRC) and class II (fUTR D and rUTR E)
transcripts are generated by alternative usage of exons 1D, 1C, 1B and !A. Exons 1D, 1C,
1B, 1A, 2 and 3 are shown as boxes. Arrow indicates the ATG initiation codon. The
proximal promoter (P1) and distal promoter (P2) that mediate the production of multiple
mRNA isoforms are shown.
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3"-acceptor site (Reynolds et al., 1985). On the other hand, the class II transcripts (fUTR D
and rUTR E) were generated as follows: rtUTR D was generated by joining exons 1D, 1C,
and 2 while rUTR E was generated by joining exon 1D directly to exon 2, and skipping exon
1C.

Taken together with the tissue-specific expression of different PC mRNA isoforms,
it is very clear that there are two different primary transcripts, alternatively transcribed from
two promoters. The first transcript is initiated from the distal promoter (P2) flanking exon
1D, and undergoes differential splicing to produce two mature transcripts, rtUTR D and
tUTR E. These transcripts are ubiquitously expressed. On the other hand, the second
transcript appears to imitiate from the proximal promoter (P1) flanking exon IB, and
undergoes differential splicing to produce three mature transcripts, rtUTR A, rUTR B and
rCTR C. These transcripts were restricted to gluconeogenic tissues (liver and kidney) and

lipogenic tissues (adipose tissue, lactating mammary gland and liver) (see Chapter 4)

5.3.4 Chromosomal localisation of the rat PC gene

In collaboration with Dr. Graham Webb, Department of Animal Science, The
University of Adelaide, fluorescence in situ hybridisation (FISH) was carried out in order to
map the PC gene on the rat chromosomes (Webb ez al., 1997). In brief, chromosomes were
derived from culture of the skin fibroblasts of a newborn male Wistar rat. A 4.0 kb EcoRI-
BamHI fragment encompassing cxons 11 to 18 of rat PC gene was used as probe and
hybridised in situ to the metaphase chromosomes. As indicated in Fig. 5.15, the probe
hybridised over a broad, bright R-band, distally located on rat chromosome ! which is the
largest chromosome. By comparison with standard ideograms of the chromosomes of
Rartus norvegicus (Rgnne et al., 1987), the target band was identified on the long arm at
1g4. The sub-bands 1g41-43 could not be distinguished, but the location of 16 of the 21

grains photographed, indicated that the PC gene is likely to be in sub-band 1g43 (Fig. 5.15).
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Figure 5.15 FISH of PC probe to rat chromosome 1 from different slides. The two
left chromosomel are from the same cell, as is the next pair. The ideograms shows the
bands conventionally labeled but drawn as observed with PPD11 banding. The arrow to
the ideogram indicates the probable localisation of the PC gene, and the bar across it
shows the range of all signal grains photographed. The subband 1q42 is shown with a
dotted line on the ideogram; it was not seen in this study.
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5.4 DISCUSSION

In this chapter, the complete structure of the rat PC gene has been isolated by
screening genomic libraries and by performing PCR. The entire gene spans over 40 kb and
consists of nineteen coding exons and four S'-UTR exons. Recently, the human PC gene
structure has been reported (Carbone ef al,, 1998). The organisation of intron/exon
boundaries is highly conserved between rat and human genes i.e. both genes contain
nineteen coding exons and eighteen introns from the start codon (Fig. 5.16). Béth rat and
human PC genes contain a large intron separating exons 10 and 11 of rat (intron K) and
exons 9 and 10 of human (intron 9), which occurs at the boundary of the biotin
carboxylation domain and the transcarboxylation domain of PC. However, in rat this intron
1s about 10 kb while in human this intron is about 3 kb. This difference in the size of this
intron accounts for the larger size of the rat PC gene relative to the human gene. The
placement of a relatively large intron between the exons encoding the biotin carboxylase and
the transcarboxylase domains of both rat and human PC genes, suggests a close relationship
between exon boundaries and protein domains. In rat, this region is also consistent with the
highly susceptible chymotrypsin cleavage site that separates these two domains (Chapter 3).

Each of the coding exons was comparably sized in the rat and the human genes, with
the exception of exon 13 (relative to equivalent exon 12 in the human gene) which is larger in
rat. In the rat gene, the putative pyruvate-binding motif,
[-ENWGGATFDVAMRFLYECPWRRL-] (residues 605-627) is encoded by this exon while
in the human gene, this motif was interrupted by intron 12 (corresponding to the underlined
G) thus splitting another half of pyruvate binding-site to exon 13. In the rat PC gene, the
corresponding intron is located downstream by approximately 156 nucleotides, such that this
motif remains uninterrrupted.

Clearly there are many proteins in which some structural part of the molecule
resembles a part of other proteins in the same family or even in an unrelated family, and
where this appears to have resulted from gene duplication and rearrangement (Doolittle,
1995). This enables the rearrangment of protein domains with different functions. In the
case of the biotin carboxylase family, it has been proposed that this group of enzymes has

evolved into complex multifunctional proteins from smaller monofunctional precursors
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Figure 5.16 Comparison of genomic structure of rat and human PC genes.
The human PC gene consists of 19 coding exons (Carbone et al., 1998) and is organised in
the same manner as in the rat genc which includes two alternate promoters (P1 and P2).
Two alternate promoters (P1 and P2), located upstream from the first coding exon of human
PC gene, are likely to control alternate transcription of a single PC gene (Chapter 4).
Different point mutations on the human PC gene, recently reported to be responsible for
some forms of the PC deficiency (Wexler et al., 1998; Carbone et al., 1998), are also
shown. Boxes represent exon sequence. The cDNA structure is also shown; BC, biotin
carboxylation domain; TC, transcarboxylation domain; BIO, biotin carboxyl carrier domain.

5'-UTR, S'-untranslated region exon.
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through successive gene fusions (Obermayer and Lynen, 1976), perhaps via recombination
and rearrangement of primordial genes encoding different functional domains of biotin
carboxylases as shown in Fig. 5.17. In Eubacteria like B. stearothermophilus (Kondo et al.,
1997)and R. etli (Dunn et al., 1996) or a lower cukaryote like yeast, there would seem to
have been a fusion of the ancestral genes encoding the biotin carboxylase (BC),
transcarboxylase [TC (Pyr)] and biotin carboxyl carrier (BCCP) components (in order as for
PC) encoding a single polypeptide. In Archacbacteria like M. thermoautotrophicum
(Mukhopadhyay er al., 1998) which is distantly related to Eubacteria, there appears to have
been a fusion of genes encoding TC (Pyr) and BCCP components encoding a 75 kDa
biotinylated subunit (PYCB or B-subunit). In contrast, the gene encoding a 52 kDa non-
biotinylated subunit (PYCA or o-subunit) was located approximately 727 kb or about half a
genome apart from the gene encoding PYCB. The amino acid sequence of the PYCA
subunit corresponded to that of the biotin carboxylase domain, whereas thc amuno acid
sequence of the PYCB subunit corresponded to those of the transcarboxylation and the biotin
carboxyl carrier domains of PC from a number of species which possess a single
polypeptide in each subunit. However, in higher eukaryotes, there may have been an
interruption of these primordial or ancestral genes encoding different components of biotin
carboxylase by introns (Palmer and Logson, 1991) during evolution. It is widely accepted
that the introns that are present in in eukaryotic genes can enhance the rate of evolution
through recombination events between intron sequences of different genes followed by
divergence of the duplicated gene thereby creating new combinations of independent, folded
protein domains (Watson et al., 1987).

The same scenario might be predicted with the ACC and PCC encoding genes. For
E. coli ACC, the gene encoding the BCCP subunit has been found to be fused to the biotin
carboxylase subunit, and cotranscribed as a bicistronic mRNA (Li and Cronan, 1992a)
whereas the carboxytransferase subunit (TC:ACC) is encoded by another two genes (Li and
Cronan, 1992b). However in eukaryotes, homologues of these three subunits of ACC are
located within the same polypeptide (Lopez-Casillas et al., 1988) and hence form three
discrete domains rather than subunits. This suggests fusion of the genes encoding these

threc subunits during evolution of eukaryotes. It is noted that there is a rearrangement of the
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gene encoding the biotin carboxylase and the biotin carboxyl carrier components in E. coli
ACC and mammalian ACC. In E. coli, the gene encoding the biotin carboxy! carrier subunit
is located upstream from the biotin carboxylase subunit whereas in mammals, the gene
encoding the biotin carboxylase domain is located upstream from the biotin carboxyl carrier
domain followed by the carboxyltransferase domain on a single mRNA. Since PC and ACC
use a different acceptor molecule in the transcarboxylation reaction (pyruvate and acetyl-CoA
respectively), this would explain the marked difference in the amino acid sequence in this
region of the enzyme. This further suggests that the exons encoding these two parts of both
enzymes were derived from different ancestral genes [TC (Pyr) and TC (ACC) in Fig. 5.16].
In contrast, the amino acid sequences within the BC and BCCP domains of both enzymes
have a high sequence similarity as would be expected from the same reaction mechanism
they catalyse, suggesting that the genes encoding these two domains were derived from the
same ancestral genes.

The same prediction could also be expected with mammalian PCC but with a more
complicated pattern. PCC consists of two subunits, the o-subunit containing the biotin
carboxylase and the biotin carboxyl carrier domains, which show strong sequence
similarities to the same regions of PC and ACC, while the B-subunit contains the
carboxyltransferase domain. In humans these two subunits are located on different
chromosomes (Lamhonwah et al., 1986). This could suggest that the ancestral genes
encoding the biotin carboxylase and the biotin carboxyl carrier domains are recombined on
the same locus of the chromosome thus forming an o-subunit encoding the PCC gene
whereas another ancestral gene encoding carboxyltransferase exons [TC (PCC)), which
differs from those of PC and ACC, is shuffled on another chromosome. It is noted that the
organisation of the biotin carboxylase and the biotin carboxyl carrier domains on the mRNAs
encoding ACC and the o-subunit of PCC are in the same order i.e. the biotin carboxylation
domain is located upstream from the biotin carboxyl carrier domain. It seems possible that
different recombination events of these ancestral genes have created a variety of biotin
carboxylase enzymes with diverse functions.

Although there are segments of the transcarboxylation domain of rat PC that share a

high degree of amino acid sequence similarity to that of the SS subunit of P. shermanii
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Figure 5.17 Schematic diagram represents possible evolutionary pathway of
various biotin carboxylase enzyme through gene fusion. Exons encoding
different functional domains found in the ancestral gene are shown by boxes. BC, biotin
carboxylase, TC, transcarboxylase; BCCP, biotin carboxyl carrier protein. mRNA encoding

different biotin carboxylases are also showr.
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transcarboxylase (Thornton er al., 1993), the overall sequence similarity is not high. It
would appear that the remainder of the PC gene is not modular, but more data regarding the
functional and structural units within PC are required. Whether the biotin carboxylase family
1s derived from duplication and rearrangement of common ancestral genes, determination of
exorn/intron structures of other biotin carboxylases will greatly address this question. No
complete structure of another mammalian biotin carboxylase gene has yet been published.
Only three studies have reported the isolation of the 5'-UTR exons of rat (Luo er al., 1989),
sheep (Barber et al., 1995) and chicken (El Khadir-Mounier et al., 1996) ACC, thus limiting
the comparison of ¢xon/intron organisation of PC to those of other biotin carboxylases.

The genes encoding PC, glutathione S-transferase (placental, pi type, GST3), and
glycogen-related muscle phosphorylase (PYGM) appear to be syntenic in the rat, mouse and
humans. PC and GST3 were mapped at band 1g43 in rat (Levan er al., 1992) and very close
to the centromere of chromosome 19 in mouse (Poirer and Guenet, 1996) and all three genes
were mapped at band 11g13 in human (Board et al., 1989; Szepetowski et al., 1992; Walker
et al., 1995a). Since PYGM gene has been mapped to 143 centimorgan on rat chromosome
1 (Jacob et al., 1995), and 0O centimorgan on mouse chromosome 19 (Poirer and Guenet,
1996), these data suggest that the PC gene is likely to map between 135 and 155
centrimorgan in the rat. The only other gene which has been mapped to 1¢43 in the rat, and
to 11913 in humans, encodes protein phosphatase 1, catalytic subunit, alpha, PPPI1CA,
which maps to chromosome 7 in the mouse (Show et al., 1996). This indicates that PC,
GST3 and PYGM genes are near the interface of segments in the rat derived from mouse
chromosomes 19 and 7.

The use of alternate promoters in controlling gene expression has been reported in
many genes. In most cases, altemate promoters are located in front of coding exons and
thus alternate transcription from different promoters would affect the primary structure of the
proteins to be translated. These different protein isoforms can have different properties or
different subcellular localisation. The biological role of such changes can be dramatically
amplified when the protein isoforms thus produced are themselves important regulatory
molecules such as transcription factors, hormone receptors, and ion channels (Smith et al.,

1989). However, in some other genes, including rat PC, alternative splicing occurs at the
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5'-UTR thus maintaining the primary structures of enzymes. The presence of two tissue-
specific promoters of the rat PC gene suggests that its expression can be modulated at the
transcriptional level. Tissue-specific transcription factors (trans-acting factors) that are
present in particular cell types are known to play a major role in activating or repressing
particular genes through binding to specific sequences located near the promoter.

Regulation of rat PC expression 1s perhaps not only limited in the transcriptional step
since transcripts from the same promoter do undergo differential splicing pathways i.e. some
mature transcripts cxclude particular exon sequences from the others. This further suggests
that regulation of PC expression could also be mediated through a post-transcriptional step.
It is known that different S'-UTRs of mRNA which result from alternative splicing can affect
either stability (Brawerman, 1987, Raghow, 1987) or translational efficiency of the
transcripts (Kozak, 1988). Investigation of the physiological roles of alternate promoters of
rat PC and the role of 5'-UTR of different rat PC mRNA isoforms will be described in later
Chapters of this thesis.

Although the structural organisation of the human PC gene has been reported by
Carbone et al. (1998), the authors were not able to isolate the S'-UTR exons of the gene
which correspond to the 5-UTR of human PC mRNA reported in Chapter 4. However, it 1s
very likely that a set of 5-UTR exons upstream of the coding exons parallel to the one
described in rat gene will give rise to alternatively spliced 5'-UTR versions of human PC
mRNAs and may be located several kilobases upstream from the first coding exon as in the
rat gene.

It is well defined that splicing of primary transcripts (or nuclear pre-mRNA
transcripts) involve the assembly of essential factors known as small nuclear RNAs together
with small nuclear riboproteins to form a spiceosome (Maniatis and Recd, 1987; Guthrie,
1988). There is evidence to suggest that the factors found in different cell types and stages
of development acting in concert with essential splicing factors described above determine
alternate splicing pathways of the primary transcripts (Breitbart er al., 1987; Leff er al.,
1987; Tsurushita et al., 1988) although the nature of this diffcrence in the splicing

environment found in cell-type or developmental-specific stages is still unclear.
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6.1 INTRODUCTION

Precisc spatial and temporal control of gene expression is essential for the
development and survival of all living organisms. Immense efforts are being invested into
unravelling the complex molecular mechanisms which regulate the ‘on-off’ switches inherent
in all genomes. Regulation of gene expression relies upon the recruitment at the promoter of
the gene of transcription factors, which in tum modulate transcription under different
environmental, metabolic or developmental states of the cell. Isolation and characterisation
of the sequence at the 5'-end of the gene will therefore provide information regarding the
regulatory elements that mediate interaction with transcription factors. Availability of a
number of molecular biology techniques e.g. reporter gene analysis, site-directed
mutagenesis, gel mobility shift and DNase protection assays, allows investigators to disscct
particular sequences that play a crucial role in transcriptional regulation.

Studies in Chapter 4 described the identification of multiple rat PC transcripts
exhibiting 5'-end heterogencity which were expressed in a tissue-specific manner. This
suggests that rat PC mRNAs are transcribed from altemnate promoters. Isolation of the
5'-end of the rat PC gene in Chapter 5, clearly demonstrated that these multiplc mRNAs are
generated by altemate splicing. Since class I transcripts (fUTR A, rtUTR B and rUTR C)
contain an identical sequence at their most 5'-end, and likewise with class II transcripts
(rtUTR D and rUTR E), it is very likely that the flanking sequences at the S'-end of exons 1B
and 1C are active as promoters, and thus are responsible for initiating the transcription of
two primary transcripts which then undergo differential splicing. To test whether these two
tlanking sequences rescmble typical eukaryotic promoters, DNA sequence analyses were
performed. Reporter gene analysis was also carried out Dy excising these putative promoter
fragments and fusing them to the luciferase reporter gene. This was followed by 5'-end

deletion analysis to identify the minimal promoter region required for basal transcription.

6.2 SPECIFIC METHODS
6.2.1 Transient transfection of reporter gene constructs
Reporter gene constructs were transfected into the cells by the electroporation

method. Briefly, 5 x 106 cells for COS-1 were suspended in 0.5 m] of cold electroporation

%4



Chapter 6 Partial characterisation of rat PC promoters

buffer containing 20 mM Hepes, pH 7.5, 137 mM NaCl, 5 mM XCl, 0.7 mM Na,HPO,, 6
mM dextrose. Cells were mixed with 10 pmole of each construct, 2 ug of pRSV-pGal and
250 pg of carrier DNA (salmon sperm DNA) and transferred to a 1.0 ml cuvette (Bio-Rad)
and subsequently electroporated in the case of COS-1 cells, with a 250-volt pulse at 960
microfarads using the Gene Pulser (Bio-Rad). Transfected cells were then maintained in the
same medium at 37°C for 24 h. Transfection of HepG2 cell was essentially the same as
described for COS-1 cells except that 10 ug of pRSV-BGal and 500 pg of carrier DNA were
used. Transfection of CHO-K1 cells was also performed in a similar manner to that for
HepG2 cells except that the electroporation buffer was substituted with PBS and the cells
electroporated with a 1800-volt pulse at 25 microfarads. Transfected HepG2 and CHO-K1
cells were maintained at 37°C for 48 h in DMEM or F12/Ham's media supplemented with

10% fetal calf serum respectively.

6.2.2 Luciferase and B-galactosidase Assays

Transfected cells were harvested from Petri dishes by scraping with a pipette
and transferred to a 10 ml tube. Cells were harvested by centrifugation at 1300 x g for 5
min, washed with PBS before being suspended in 100 pl of 1x cell culture lysis buffer
(Promega) and frozen. Lysates were thawed and centrifuged at 13,000 x g for 5 min. An
aliquot of supernatant equivalent to 100 pg of total protein was added to a 5 ml test tube and
placed in the luminometer (Berthold model LB 9502 luminometer). Three hundred
microlitres of luciferase reaction buffer (39 mM glycyl glycine, 23.3 mM MgSO04, 7.8 mM
ATP pH 7.0) and 300 ul of 111 uM beetle luciferin were then injected, and the luciferase
activity measured.

B-galactosidase activity was assayed using o-nitrophenyl-8-D-galactopyranoside
(ONPG) as substrate (Herbomel et al., 1984). Briefly, 100 pg of protein were added to
0.5ml of reaction buffer containing 100 mM phosphate buffer, pH 7.3, 10 mM KCI, 1 mM
MgCl, and 50 mM B-mercaptoethanol) followed by adding 100 ul of 2 mg/ml ONPG. The
reactions were incubated at 37°C for 1 h and terminated by adding 1 ml of 1M Na,CO,.
B-galactosidase activity was deterrnined as A, /ug protein/h x 100. To normalisc the

transfection efficiency of each experiment, the luciferase activity was divided by the
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R-galactosidase activity expressed as units per microgram of protein. The maps of luciferase

and B-galactosidase expression plasmids are shown in Fig. 6.1 and 6.2, respectively.
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Figure 6.1  Map of pGL-3 basic plasmid. The maltiple cloning site is located 5’-
upstream from the cDNA encoding the firefly luciferase cDNA (luc+) followed by SV40
late poly adenylation signal. The origin of replication (ori) and ampicillin resistance gene
(Amp”) allow plasmids to be propagated and selected in E. coli. fI ori allows production
of single stranded DNA for mutagenesis. The plasmid also contains a synthetic poly(A)
upstream from the multiple cloning site to terminate spurious transcription which may
injtiate within the vector backbone.
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Figure 6.2 Map of pRSV-3gal plasmid. The lacZ gene encoding B-galactosidase
driven by the Rous Sarcoma virus promoter (pRSV) is shown. Also shown are the

origin of replication (ori), Ampicillin resistant gene (Amp") and SV40
polyadenylation signal [SV 40 poly(A)].
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6.3 RESULTS
6.3.1 Nucleotide sequence analysis of the rat PC proximal promoter

To identify the putative promoter and cis-acting elcments that flank cxon 1B, the
1.1-kb fragment isolated from the Dral library (Fig. 5.10A, Chapter 5) was cloned into
pBluescript (pDral #6) and sequenced in both directions. As shown in Fig. 6.3, no
canonical TATA box or CAAT box was observed in the first 100 bp upstream from the
transcription initiation site, although an inverted CAAT box was observed at -220. Ncar the
transcription initiation site (+1), the motif 5-ATTCTGC'1GGGCCA-3' very closely
resemnbled the initiator element HIP-1 box (housekeeping initiator protein 1) with consensus
sequence 5'-ATTCN, ,,GCCA-3' (Means and Farnham, 1990). Computcr-assisied analysis
revealed a number of potential transcription factor binding sites for AP2, Spl, cAMP-
responsive element binding protein (CREB), nuclear factor 1 (NF 1), hepatic nuclear factor 4
(HNF-4), c-Myb, c-Myec, and PEA 3 (Faisst and Meyer, 1992). Interestingly, there was an
insulin-responsive element (IRE) that overlaps the Spl binding site located at position -138.
This motif was first identified as IRE-A clement in the promoter of glyceraldehyde-3-
phosphate dehydrogenase gene (Nasrin ef al., 1991). At position -198, the sequence closely
matched that of the fat-specific element 1 (FSE1) [S-TCAGGGCCAGGAACTG-3'] of the
fatty acid synthase gene (Hsu ef al., 1996). There were also elcven copies of the unusual
pyrimidine motif, TCCCC or TCCCCC arranged as direct or inverted repeats throughout the

proximal promoter of the rat PC gene (Fig. 6.3).

6.3.2 Construction gf the promoter-reporter gene fusion plasmids

The reporter gene used in this experiment was the firefly luciferase, cloned in the
pGL-3 basic vector (Fig. 6.1). This plasmid contains no promoter or cis-acting element,
thus any DNA fragment that exhibits promoter activity would drive the expression of the
luciferase upon transfection inte appropriate mammalian cell lines. A series of 5'-flanking
proximal promoter deletion constructs ranging in length from -1153 to -116 were generated.
The pDral#6 plasmid containing the 1.1 kb upstream flanking sequence of exon 1B was
used as parental plasmid for constructing the promoter-reporter gene fusion plasmid. Due to

the presence of an internal Kpnl site within the insert, subcloning of a whole insert with
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Figure 6.3 Nucleotide sequence of the S'-flanking sequence of exon 1B
(proximal promoter) of rat PC. The transcription initiation site is designated as +1.
Putative transcription factor binding sites are shown. Exon sequences are shown in italics.
HIP-1 box (Means and Famham, 1990) is shown in a black box. Different putative
transcription factor binding sites for NF-1, c-Myb, ¢c-Myc, HNF-4, CREB, Spl, AP2,
PEA3 (Faisst and Meyer, 1992) and FSE1 (Hsu et al., 1996) are underlined. Putative IRE
(Nasrin er al., 1991) is shown by lines above the sequences. The unusual motif TCCCC or
TCCCCC or their inverted repeats are shown by open boxes.
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Kpnl and BamHI as a single fragment was not possible. As indicated in Fig. 6.4, pDral#6
was therefore excised as two fragments as Kpnl-Sphl and Sphl-BamHI fragments,
respectively, by digesting with Kpnl, Sphl and BamHI, and cloning into the Kpnl-BglIl
sites of pGL-3 basic. This resulted in the pGL-P1 construct which contained the full length
promoter. The first deletion construct was made by digesting pDra 1#6 with Hindlll then
religated and this eliminated the 5'-end Hindlll fragment. The insert was then excised as
two fragments, Kpnl-Pstl and Psifl-BamHI fragments with Kpnl, Pstl and BamHI
digestions and cloned into Kpnl-Bgl sites of pGL-3 basic to generate pGL-P1AHIndIlI
construct. Further deletion was carried out by digesting the pGL-P1AHindIII construct with
Xhol and this resulted in the pGL-P1AXhol construct. A further deletion construct was
generated by digesting pDral#6 with Kpnl and BamHI and cloned into Kpnl-Bg!II sites of
pGL-3 basic and resulted in the pGL-P1aKpn] construct. Since there were no further
restriction sites downstream from the Kpnl site, further deletion constructs were generated
by PCR using genomic DNA as template. DelB
(5-TCCCGGTACCATGGCTGCCAGTGGCCCTTGAT-3" or DelA
(5-TCCCGGTACCATGGCTGCCAGTGGCCCTTGAT-3") primers with a Kpnl
restriction site attached at the S'-end (underlined) were designed, and together with PC28
primer were used in PCR to generate 2 further dcletion constructs. Both PCR products were
then digested with Kpnl and BamHI and cloned into the Kpnl-BglIlI sites of pGL-3 basic,
resulting in pGL-P1AA and pGL-P1AB constructs, containing only 153 bp and 116 bp of

5'-flanking sequence upstream from the transcription initiation site, respectively.

6.3.3 Expression of the deleted proximal promoter-reporter gene fusion plasmids

The African green monkey kidney cell line 1 (COS-1), was chosen as a host for
transfecting the chimeric gene constructs for several reasons. First, since COS-1 cells were
derived from kidney, the same cell type in which PC is expressed (gluconeogenic tissue).
Second, this cell line was transformed with the large SV-40 T antigen thus expressing large
amounts of this antigen and since the pGL-3 basic vector contzing the SV-40 antigen receptor
this allows its replication in COS-1 cells. This cell line is also fast-growing and highly

transfectable using a number of transfection methods.
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Figure 6.4 Generation of chimeric gene constructs containing deleted rat
PC proximal promoter fused to luciferase reporter gene. pDral#6 was uscd as
the parental plamid to gencrate 5'-nested deletions which were cloned at the multiple cloning
sites 1n front of the luciferase rcporter gene in the pGL-3 basic plasmid. This yielded
plasmids, pGl.-P1, pGL-P1AHindlll, pGL-P1AXhol and pGl.-P1AKpnl. Shorter deletion
constructs were generated by PCR from pDra I with del A or del B primer together with
PC28 primer and cloned in pGL-3 basic plasmid, resulting in pGL-P1AA and pGL-P1AB.
Different restriction sites present in the proximal promoter are shown.
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Six constructs were transicntly transfected into COS-1 cells by electroporation.  As
indicated in Fig. 6.5, expression of the longest construct, pGL-P1 was substantially higher
than the promoterless construct (pGL-3 basic), confirming that this promoter fragment was
active. However, deletion of the region between -1153 to -785 (pGL-3-PlAHindlll
construct) resulted in an increase in luciferase activity up to 143% relative to pGL-Pl.
Further deletion of the region between -785 to -686 (pGL-P1AXhol) caused only a small
increase in relative promoter activity, whereas deletion of the region to -323 (pGL-P1AKpnl
construct) lead to a dramatic increase in activity up to 240% relative to pGL-P1. These
results suggested that negative regulatory elements reside in sequences between -1153 and
-323. Additional deletions between -323 and -153 (pGL-PlAA), lead to a relative decrease
in promoter activity to 195%. However, further deletion to -116 (pGL-P1AB) resulted in a
marked decrease in relative activity to only 37%, which was very close to that of the
promoterless construct suggesting the core promoter is located within the first 153 bp
upstream from the transcription initiation site (Fig. 6.5). Examination of the DNA sequence
in this region (-153 to -116) revealed the presence of only one potential Spl binding site
although the HIP-1 box was stll intact. This Sp! site may be an important element for

transcription of the proximal promoter.

6.3.4 Nucleotide sequence analysis of the distal promoter

To identify the putative promoter and cis-acting elements that flank exon 1D, the
1.1kb fragment isolated from Sspl library (Fig. 5.12B, Chapter 5) was cloned into pPGEM3Z
(pGEM-1.2) and sequenced in both directions: As indicated in Fig. 6.6, nucleotide
sequence analysis of the 1.1 kb flanking region of exon 1D identified three copies of CAAT
boxes located at positions -64, -94 and -224 relative to the second transcription initiation site
identified by RACE-PCR in Chapter 4. Again, no classical TATA box was found in the first
100 bp of this promoter. Several putative transcription factor binding sites including c-Mye,
Spl, AP1, AP2, PPAR and PuF (Faisst and Meyer, 1992) were indentified in this region.
A potentia] IRE (Nasrin et al., 1991) located at positions -228 to -236, which again

overlapped the Spl binding site, was also found in this promoter. These potential
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Figure 6.5 Analysis of promoter activities of deletion constructs containing
different lengths of proximal promoter fused to the luciferase reporter gene.
These constructs were transiently expressed in COS-1 cells. The luciferase activity of each
construct was normalised in comparison with co-expressed (-galactosidase activity. The
relative Juciferase activities shown are the means + the standard deviations for tripicate
determinations. Relative luciferase activities are shown as a percentage of the activity in
relative to pGL-P1 construct, which was arbitrarily set to 100%. The different putative
transcription factor binding sites relative to the promoter are also shown.
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Figure 6.6 Nucleotide sequence of the 5'-flanking sequence of exon 1D
(distal promoter). The transcription initiation site is designated as +1. Putative
transcription factor binding sites are shown. Exon sequences are shown by italics. Different
putative transcription factor binding sites including c-Myc, Spl, AP1, AP2, PPAR, PuF
(Faisst and Meyer, 1992) are underlined. Three potential CCAAT boxes are shown by
bolded underlines. A putative IRE (Nasrin et al., 1991) is shown by a line above the

sequences.
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transcription factor binding sites seemed to cluster together within the first 400 bp in contrast

with that seen in the proximal promoter.

6.3.5 Construction of the distal promoter-reporter gene fusion plasmids

The pGEM-1.2 plasmid, containing the 1.1 kb upstream flanking sequence of exon
1D was used as a parental plasmid for constructing the promoter-reporter gene fusion
plasmids. Due to the presence of Kpnl and Sacl within the 1.1 kb fragment, a whole insert
could not be excised as a single fragment and subcloned directly into pGL-3 basic vector.
As indicated in Fig. 6.7, the 5'-end Sall-Xba] fragment was initially subcloned into Sall-
Xbal-digested pBluescript to provide a polylinker that is compatible with that of the pGL-3
basic vector. This fragment was then excised with Kpnl and Xbal together with the Xbal-
BamHI which was subcloned from pGEM-1.2. These two fragments were then ligated into
Kpnl-Bglll-digested pGL-3 basic and this resulted in the pGL-P2 construct which contained
the full length promoter. Other 5'-end deletion constructs were generated by digesting
pGEM-1.2 with Sacl and BamHI or Kpnl and BamHI, and ligating the excised 3' fragments
to either Sacl-BgllI or Kpnl-Bglll-digested pGL-3 basic, respectively. Further deletion
constructs were created at the XAol and Sall sites respectively. These two constructs were
generated by digesting pGEM-1.2 with Xhol and BamHI or Sail and BamHI respectively,
and cloning into pBluescript to provide the polylinker that is compatible to that of pGL-3
basic. The inserts of these two constructs were then excised from pBluescript with Kpnl
and BamHI and ligated into Kpnl/BglIl sites of pGL-3 basic, thereby forming pGL-
P2AXhol and pGL-P2ASall constructs respectively. The last construct, containing the
shortest fragment, was generated by digesting pGEM-1.2 with PsI followed by religation of
the vector to generate the pGEM-1.2APst] construct. Finally, the insert of this construct was
excised with Sacl and BamHI and cloned into Sacl and Bg/lI sites of pGL-3 basic, and

resulted in the pGL-P2APstI construct.

6.3.6 Expression of the deleted distal promoter-reporter gene fusion plasrids
Strnilar studies to those described 1n section 6.3.3 were also carried out to identify

the minimum sequence required for basal transcription from the distal promoter in COS-1
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Figure 6.7 Generation of chimeric gene constructs containing deleted rat
PC distal promoter fused to luciferase reporter gene. pGEM-1.2 was used as the
parenta] plasmid to generate 5'-nested deletions cloned into the multiple cloning site upstcam
of the luciferase reporter gene in the pGL-3 basic plasmid. This yielded plasmids pGL-P2,
pGL-P2ASacl, pGL-P2AKpnl, pGL-P2AXhol, pGL-P2ASall and pGL-P2APst containing
different lengths of promoter fused to luciferase reporter gene. Different restriction sites

present in the proximal promoter are shown,
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cells. Six constructs containing different lengths of the distal promoter (Fig. 6.8), warsi
transiently transfected into COS-1 cells. Expression of the longest construct was much
higher than the promoterless construct. Deletion of the region between -1151 to -653
(pGL-P2ASac]) resulted in 2 decreasc in relative promoter activity to 68%. However,
further deletions of the region -653 to -550 (pGL-P2AKpnI) and -550 to -400
(pGL-P2aXhol) recovered the relative activities up to 117% and 161% respectively,
suggesting that repressor(s) may be located within these regions. Progressive deletion to -
187 (pGL-P2ASall) led to a decrease in relative activity to 85% (Fig. 6.8). Further deletion
to -35 (pGL-P2APst]) caused a further loss of promoter activity to only 3.5%, suggesting
that the core promoter is located within the first 187 bp. This included the two CCAAT

boxes and AP2 binding site.

6.3.7 Expression of the proximal promoter and the distal promoter in different cell lines
Comparison of luciferase activities detected from both promoters in COS-1 cells
showed that the distal promoter drives the expression of the reporter gene at a higher level
than the proximal promoter. However, this could reflect a difference in the transfection
cfficiency of cells of different passage number of cell culture since transfection experiments
of both promoters were not performed at the same time. Therefore, the highest expressing
constructs of the proximal (pGL-P1AKpnI) and the distal promoters (pGL-P2aXhol) were
each transiently transfected into different cell lines including COS-1, HepG2 and CHO-K
cells in the same experiments and compared. As shown in Fig. 6.9, expression from the
distal promoter was 8-9-fold higher than the proximal promoter in COS-1 cells, whereas the
expression from the distal promoter was about 4-5-fold higher than the proximal promoter in
both HepG2 and CHO-K1 cell lines. This difference in fold-response of the distal promoter
over the proximal promoter could reflect different availability of basal transcription factors
present in the different cell types, nevertheless the distal promoter was stronger than the

proximal promoter in these three cell lines.
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Figure 6.8 Analysis of promoter activities of deletion constructs containing
different lengths of distal promoter fused to the luciferase reporter gene.
Thesc constructs were transiently expressed in COS-1 cells. The luciferase activity of each
construct was normalised in comparison with co-expressed B-galactosidase activity. The
rclative luciferasc activitics shown are thc means 3 thc standard deviations for tripicate
determinations. Relative luciferase activities arc shown as a percentage of the activity in
relative to pGL-P2 construct, which was arbitrarily set to 100%. The diffcrent putative
transcription factor binding sites relative to the promoter are also shown.
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Figure 6.9 Expression of luciferase from pGL-P1AKpnl construct
(proximal promoter) and pGL-P2AXhol construct (distal promoter)
transiently transfected into COS-1, CHO-K1 and HepG2 cells. The luciferase
activity of each construct was normalised in comparison with co-expressed p-galactosidase
activity. The relative luciferase activities shown are the means + the standard error of means
of tripicate determinations. Relative luciferase activity of the pGL-P1AKprl construct is
shown as a percentage of the activity in relative to pGL-P2AXho 1 construct, which was
arbitrarily set to 100%.
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6.3.8 Regulation of PC promoters by insulin

The presence of a potential insulin-responsive element (IRE) located in both
promoters of the rat PC gene raised the possibility that PC transcripts may be regulated by
insulin through the binding of an insulin-responsive protein that could bind to this potential
IRE and modulate PC transcription. To test this, both full length promoters (pGL-P1 and
pGL-P2) were transiently transfected into COS-1 cells. The transfected cells were then
recovered in serum-containing media (DMEM plus 10% fetal calf serum) for 24 h, since the
serum contains a number of undefined substances including growth factors, hormones and
certainly insulin. To avoid misinterpretaion of the result due to the endogenous insulin
present in the serum, the transfected cells were maintained 1n serum-free media containing
different concentrations of insulin i.e. 0.1 nM, 1.0 nM, 10 nM and 100 nM over the next 24
h. The pRSV-fgal expressing B-galactosidase and pGL-3 promoter containing SV40
promoter were also included in the experiment to serve as negative control. As shown in
Table 6.1, insulin inhibited expression of the luciferase reporter gene from the pGL-Pl
construct (proximal promoter) transfected into COS-1 cells in a dose-dependent manner. A
small response to insulin was observed at the lowest concentration (0.1 nM), and
progressively more inhibition was observed when the concentration of insulin was increased
to 1.0 nM and 10.0 nM, respectively. The maximum inhibition (50%) of the luciferase
activity was noted when the transfected cells were maintained at 100 nM concentration of
insulin with a half maximum effect seen at 1 nM concentration. In contrast, insulin did not
affect expression of the luciferase from the distal promoter construct (pGL-P2). COS-1 cells
transfected with either pRSV-pgal or pGL-3 promoter were not affected by insulin (data not
shown). This suggested that insulin specifically inhibited luciferase expression from the

proximal promoter.
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TABLE 6.1
Effect of insulin on luciferase expression from the pGL-P1 and pGL-P2

chimeric gene constructs.
COS-1 cells were transfected with pRSV-BGal and pGL-P1 or pGL-P2 and
plasmids, and cultured in serum-free media containing 0, 0.1, 1.0, 10.0 and 100.0 oM

insulin for 24 h. Relative promoter activities of both constructs are represented as fold

response to the control value (no insulin) and results are mean + the standard deviations for

triplicate determinations.

Insulin (nM) T
Construct 0 0.1 1.0 10.0 100
pGL-P1 1.0+0.22 0.8840.25 | 0.75+0.21 0.63+0.18 0.4840.15
pGL-P2 1.0+0.28 1.0+0.21 L 0.97+0.15 1.1+0.30 0.95+0.18
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6.4 DISCUSSION

Regulation of rat PC expression at the gene level, revealed a complex transcriptional
mechanism involving alternate usage of two promoters. The proximal promoter Is
responsible for the production of rUTR A, rUTR B and rUTR C transcripts and is restricted
to gluconeogenic tissues and lipogenic tissues, and thus may be considered to be a tissue-
specific promoter. In contrast, the distal promoter is responsible for the production of rUTR
D and rUTR E transcripts, the transcripts that are expressed 1n most tissue types, and thus
exhibits the characteristics of a housekeeping promoter. Nucleotide sequence analysis of the
proximal promoter revealed no canonical TATA box, a sequence that is typical of eukaryotic
promoters. The TATA box is usually located near positions -30 to -25 relative to the
transcription initiation site (Benoist and Chambon, 1981), and is known to be recognised by
a TATA binding protein (TBP) followed by the assembly of the transcription initiation
complex which precisely positions RNA polymerase II to initiate transcription (Roeder,
1996). Mutation of the TATA box to other sequences has been shown to affect correct
ranscription initiation and yield a low level of transcription for a number of genes
(Breathnach and Chambon, 1981), indicating the importance of this sequence.

Despite the critical role of the TATA box, a number of genes regulated by promoters
lacking a TATA box, designated ‘TATA-less’, is now known to be very large (Azizkhan e
al., 1993). One of these groups is the ‘housekeeping genes’, so called because they encode
proteins required for cellular metabolism. Although these genes do not contain a TATA box,
TBP has been shown to be required for their in vitro transcription (Pugh and Tjian, 1990;
Smale et al., 1990; Pugh and Tjian, 1991), indicating that transcription by RNA polymerase
Il can be positioned through other motifs, in addition to the TATA box. The initiator element
motif, which was first described in thc mouse terminal dcoxynucleotidyl transferase TATA-
less gene, has been shown to be sufficient to promote a low level of specific transcription in
vitro (Smale and Baltimore, 1989; Roeder, 1991). Such a motif has been shown to be
mediated through binding of another factor known as the TATA-binding protein-associated
factor to direct basal transcription (Martinez ez al., 1994). However, no such element was
found in both promoters of the rat PC gene. Indeed, near the transcription initiation site, the

sequence resembling a HIP-1 box found in the TATA-less promoter of mouse dihydrofolate

104



Chapter 6 Partial characterisation of rat PC promoters

reductase (DHFR) gene (Means and Famham, 1993) was identified in the rat PC proximal
promoter. This HIP-1 box 1n mouse DHFR promoter has been shown to position the
protein called ‘housekeeping initiator binding protein 1 (HIP-1)". Binding of this protein to
the HIP-1 box positions RNA polymerase II to start transcription (Means and Farnham,
1993). The HIP-1 motif has also been found in the DHFR genes of hamster (Mitchelle er
al., 1986) and human (Chen et al., 1984). Other non-TATA box containing genes have also
been found to have this sequence motif, including genes encoding SV40 late protein (Ghosp
et al., 1978), hypoxanthine phosphoribosyl transferase (Melton et al., 1986), Ki-RAS
(Hoffman et al., 1987), 3-phosphoglycerate kinase (Singer-Sam et al., 1984), osteonectin
(McVey et al., 1988), interferon regulatory factor 1 (Miyamoto et al., 1988), SURF-1
(William and Fried, 1986) and transcobalamin IT (Li ez al., 1995) (Fig. 6.10).

The presence of multiple GC boxes located upstream of the transcription injtiation
site is also known to be another feature of TATA-less promoter genes (McKnight and Tjian,
1986) and the multiple GC box plays a role in transcription (Blake et al, 1990). In the
mouse DHFR gene, transcription cannot occur if the upstream Spl binding site is deleted
(Means and Farnham, 1993). Although multiple GC boxes were found upstream of the
HIP-1 box of the proximal promoter of rat PC gene, only onc copy matches the consensus
sequence. Deletion of this potential Spl binding site (pGL-P!AP!) markedly abolished
transcription of the reporter gene even though the HIP-1 box was still intact, suggesting a
critical role of Sp1 in the transcription of the rat PC gere.

Other putative transcription factor binding sites for AP2, which is known to regulate
the efficiency of transcription, presumably by altering the rate or conformation of polymerase
attachment (Imagawa et al., 1987; Mitchell et al., 1987) were also found to be located
between the Spl and HIP-] binding sites in the proximal promoter of the rat PC gene. The
presence of a putative liver-enriched transcription factor binding site for HNF-4 and 2 fat-
specific element 1 (FSE1), is consistent with the gluconeogenic and lipogenic roles of this
promoter, which is only transcriptionally active in these tissue types. It is not suprising to
see the presence of a putative cAMP-responsive element (CREB) in the proximal promoter of
the rat PC gene as it is known that other gluconeogenic enzyme genes are up-regulated by

cAMP (Pilkis and Granner, 1992). The cAMP-responsive element in conjunction with
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CCAAT/enhancer binding proteins have been identified in the promoter of the PEPCK
promoter and have been shown to mediate transcription of the PEPCK genc (Liu et al..
1991; Roesler et al., 1993; Roesler et al., 1994; O’Brien et al., 1994). It has been suggested
that a cAMP-mediated pathway may be an important mechanism in response to cadmium-
induced PC gene expression in the rat (Chapatawa et al., 1980; Chapatawa et al., 1982) and
more recently in C. elegans (Liao and Freedman, 1998).

The presence of TCCCC or TCCCCC or their inverted repeats (11 copies)
throughout this promoter raises the possibility that they might act as the repressor. As
deletion progressed, these motifs were removed. However, computer analysis failed to
identify any negative elements in the transcription factor data bases that match up to this
motif.

Very much like the proximal promoter, 2 TATA box was not identified in the distal
promoter. The DNA sequence near the transcription initiation site did not resemble any other
alternative initiator elements in the databases. Nevertheless, when this promoter was cloned
upstream from the reporter gene, it can drive luciferase reporter gene expression at a very
high level suggesting that transcription initiation can function through other motifs located
within this promoter region. As with other TATA-less promoters, multiple Spl binding sites
were located within the 1 kb upstream from the transcription initiation site.  Most
interestingly, one of these Spl binding sites overlapped a putative IRE, as found in the
proximal promoter. In contrast with the proximal promoter, three copies of CCAAT boxes
were found in the dista] promoter. The CCAAT box is known to be another common
element which 1s usually located between 80 and 100 bp upstream of the transcription
initiation site of eukaryotic encoding proteins (Bucher, 1990) and may be present in one or a
few copies (van Huijsduijnen ez al., 1990). Many studies have demonstrated the importance
of CCAAT boxes to promoter function, both for constitutively expressed genes and
developmentally regulated genes (Maniatis et al., 1987; Knight et al., 1987). To date,
several transcription factors have been isolated that bind to the CCAAT motif. The most well
characterised is the CCAAT-binding factor (CBF or CP1 or NF-Y) (Dorn et al., 1987,
Chodosh et al., 1988; Maity er al., 1988) which recognises CCAAT boxes in a large number
of other genes (Santoro et al., 1988; Landschulz ez al., 1988). Mutations in the CCAAT box
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cause a several-fold decrease in transcriptional activity both in vive and in vitro (Maity and
Crombrugghe, 1998). Binding of CBF to its recognition motif may regulate transcription
from various promoters by cooperative interactions with other transcription factors that bind
to a specific promoter (Maity and Crombrugghe, 1998) but the mechanisms are not yet
understood. Deletion analysis demonstrated that the CCAAT box at -224 is not required for
basal transcription, while two proximal CCAAT boxes located at -94 and -64 and may be an
AP2 binding site were required for basal transcription.

The distal promoter is a stronger promoter than the proximal promoter when assayed
in different cell types, consistent with the in vivo expression data presented in Chapter 4, i.e.
transcripts generated from the distal promoter are expressed in wide variety of tissues.
Therefore, 1t is very likely that the distal promoter of the rat PC gene acts as a housekeeping
promoter which only requires general transcription factor(s) present in a wide variety of cell
types.

In mammals, insulin is the principal hormone controlling blood glucose and acts by
stimulating glucose influx and metabolism in muscle and adipocytes and inhibiting
gluconeogenesis by the liver (Granner and Pilkis, 1992). Insulin has been shown to affect
PC expression in vivo. In diabetic rats, in which the activity of hepatic PC was 2 times
higher than in control animals, administration of insulin decreased PC activity to the control
level (Weinberg and Utter, 1980). The action of insulin is mediated through the insulin
receptor, a transmembrane glycoprotein with intrinsic protein tyrosine kinase activity. It is
known that binding of insulin to its receptor triggers signal transduction pathways. This
involves phosphorylation of the insulin receptor substrate 1 (IRS-1), which in turns activates
several downstream effectors including transcription factors (White and Kahn, 1994). The
IRE was originally identified in the promoter of the human GAPDH gene and was comprised
of two distinct binding regions i.e. IRE-A and IRE-B. Insulin-responsive binding protein
(IRE-ABP), which bound to the IRE-A, has been identified as a member of the HMG box
transcription factor family (Nasrin et al., 1991). IRE-ABP also exhibits high sequence
similarity to the testis-determining factor, SRY gene, within the HMG box region.
Furthermore, SRY protein was also capable of binding to IRE-A, suggesting that this motif

1s a candidatc SRY-response element (Nasrin ez al., 1991).
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Although both promoters contain identical putative IRE  seguences,
5-CCCGCCTCT-3" only the proximal promoter responded to insulin, suggesting that
insulin action may be directed through another unidentified element located only in the
proximal promoter. Alternatively, promoter context may be important for functional activity
of this sequence. Nevertheless, selective inhibition by insulin of the proximal promoter,
which is active in gluconeogenic tissues, indicates that PC expression can be negatively
regulated at the transcriptional level.

Insulin also down-regulates expression of another gluconeogenic enzyme gene,
PEPCK both in vivo and in vitro (Andreone et al., 1982; Granner et al., 1983; Sasaki er al.,
1984). Analysis of the rat PEPCK promoter has demonstrated that multihormonal regulatory
regions are required to manifest the full response to insulin, cAMP and glucocorticoids (Liu
et al., 1991; Lucas et al., 1991; Giralt et al., 1991; Imai et al., 1990; Forest et al., 1990;
O’Brien et al., 1990; O’Brien et al.,, 1991). The IRE found in the PEPCK promoter (Forest
et al., 1990; O’Brien et al., 1990) is different from that found in the GAPDH promoter,
suggesting that both elements identified in these two genes bind different IRE binding
proteins. In the PEPCK gene, the distal IRE has been found to coincide with a
glucocorticoid accessory factor element (AF2) (O’Brien er al., 1990) which could provide a
mechanism for the dominant negative effect that insulin has on glucocorticoid-stimulated
PEPCK gere transcription (Magnuson et al., 1987). Recently, IRE-binding proteins bound
to an IRE in the PEPCK promoter have been identified to be a family of C/EBP proteins and
an unidentified 20-kDa factor termed p20-C/IBP. These proteins also bound to a cAMP-
responsive element on the PEPCK promoter with the same pattern to that of the IRE but with
different conformations (O’Brien et al., 1994). There are several different IREs identified in
other genes whose products are regulated by insulin, including insulin-like growth factor
binding protein-1 (Suwanickul et al., 1993), o-amylase (Johnson et al., 1993), glucagon
(Philippe, 1991) and c-fos (Boxer et al., 1989), but none of these IRE motifs are found in
the proximal promoter of rat PC. A summary of IRE sequences of these genes are shown in
Fig. 6.11.

In conclusion, a number of putative transcniption factor binding sites for both

ubiquitous and tissue-specific factors and IRE have been identified in the proximal and distal
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promoters of the rat PC gene. Although preliminary deletion analysis on both of these
promoters have suggested possible functional roles for some of these binding sites,
functional analysis is still required. Therefore, future experiments would involve site-

directed mutagenesis, footprinting and gel retardation assay.
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Chapter 7 Regulation of PC expression in vivo

7.1 INTRODUCTION

The anaplerotic role of PC is to meet the cell’s demand for oxaloacetate. The
regulation of glucose metabolism is very important during different pathophysiological states
l.e. starvation, the weaning period and in diabetes. An animal cells must have control
mechanisms in order to maintain glucose homeostasis during such periods. At the onset of
gluconeogenesis after the birth of a rat, the marked increases in gluconeogeneic enzymes i.e.
PEPCK, PC, fructose-1, 6-bisphosphatase and glucose-6-phosphatase are observed
primarily in the liver. This coordinate increase in the levels of thesc enzymes can cnsure
gluconeogenesis will occur effectively. Although the mechanisms involved in PEPCK
induction have been studied intensively and shown to be regulated at the transcriptional level
(Hanson and Patel, 1994), the mechanisms that control the production of PC during
postnatal development are unknown. The studies on the isolation of cDNA (Chapter 3 and
4) of rat PC indicated that although there is only one copy of the PC gene revealed by
fluorescense in situ hybridisation (Chapter 5) and Southemn analysis (Chapter 4), it generates
several isoforms of PC mRNA, which diverge at their 5'-UTRs but share the same open
rcading frame encoding a 1178-residue polypeptide. Two tissue-specific promoters are
responsible for the production of five mature transcripts. Transcripts generated from the
proximal promoter are restricted to gluconeogenec and lipogenic tissues, whereas transcripts
generated from the distal promoter are expressed in a wide variety of tissues (Chapter 4).
Key questions that remain unanswered are which promoter of the rat PC gene is activated or
repressed under different physiological conditions and whether the 5'-UTRs of different PC
mRNAs can modulate their translation.

To gain a further insight into the molecular mechanisms that regulate PC cxpression
in vivo and in vifro, the role of trancriptional regulation during postnatal development, in
genetically obesc rats and in different cultured cells have been investigated. To assess the
physiological role of the two promoters of the PC genc, the PC mRNAs have been analysed
by means of an RT-PCR assay that identifies each one of the multiple forms comprising the
PC mRNA population. The roles of the different 5'-UTRs of the several rat PC mRNAs on

their translation were also investigated.



Chapter 7 Regulation of PC expression in vivo

7.2 SPECIFIC METHODS
7.2.1 Animals

Sprague-Dawley rats were bred and housed at a constant temperature of 25°C
in the animal house, University of Adelaide, and were subjected to treatments approved by
the Animal Ethics Committee of the University of Adelaide. Studies were performed on rat
fetuses at 20 days of gestation, on 1 and 7 day old suckling rats, and on 28 day old weaned
rats fed with complete standard chow. Litters of 8 or 12 weeks old Zucker rats were
obtained from Monash University, Clayton, Victoria. Tissues were quickly removed from
the sacrificed animals, snap frozen in liquid nitrogen and stored at -80°C.

7.2.2 Cell culture

Different rat ccll lines were routinely cultured as follows. BRL 3A (ATCC:
CRL 1442), Reuber H35 (ATCC: CRL 1548), McA-RH7777 (ATCC: CRL 1601), L6
myoblast (ATCC: CRL 1458), rat mammary gland carcinomna cell line (obtained from
Institute of Mcdical and Veterinary Science, Adelaide, Australia), FTO3 (obtained from the
Institute of Cell and Tumour Biology, Heidelberg, Germany), fetal rat liver hepatoma cell
line (FRLA4.1; gift from Dr G. Yeoh, Department of Biochemistry, University of Western
Australia, Nedlands) were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum, 100 pg/m! streptomycin, and 100 units/mi
penicillin at 37°C in a humidified atmosphere of 5% CO,.

Pancreatic islets were isolated from well-fed Sprague-Dawley rats weighing 300 g as
described previously (MacDonald et al., 19952). Islets were immediately homogenised in
RNAzol B (Tel-Test Inc., Friendswood, TX) or maintained for 24 h in RPMI 1640 culture
medium containing 10% fetal calf serum and homogenised in RNAzol B. The pancreatic
islet RNA samples were prepared in the laboratory of Professor M.J. MacDonald,
Children’s Diabetes Center, University of Wisconsin Medical School, Madison, Wisconsin
and transported to Adelaide in dried ice. Rat insulinoma (INS-1) cells were also obtained
from Professor M.J. MacDonald and maintained in Adelaide in RPMI 1640 medium
containing 50 yM B-mercaptoethanol, 1 mM pyruvate, 10 mM Hepes buffer, pH 7.35 and

10% fetal calf serum.
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7.2.3 Ribonuclease Protection Aassay

The pRPC3 plasmid was constructed by subcloning a 0.3 kb Sacl-Psil
fragment of RACE (Anchor/PC 2) PCR product amplified from rat PC ¢cDNA (Chapter 3) to
Sacl-Psfl digested pBluescript. The pB-actin plasmid was constructed by RT-PCR as
follows : rat brain RNA was annealed to a cDNA synthesis primer designed from the coding
region of rat f~actin mRNA
[S-TCTTCATGGTGCTAGGAGCCAG-3'] (Nudel et al., 1983) and reverse transcribed.
The cDNA was subjected to PCR with a sense primer [B-actin (+)]
(5-AACTTGGATCCCCTGGAGAAGAGCTATGAGCTG-3" with a BamHI restriction
site attached at the 5'-end, underlined) and an antisense primer [B-actin (-)]
(5'-TCCCGGGTACCAGACAGCACTGTGTTTGGCA-3', with a Kpnl restriction site
attached at the 5'-end, underlined) (Nudel er al., 1983). The PCR products were double-
digested with Kpnl and BamH], cloned into Kpnl-BamHI digested pBluescript and
sequenced.

The above plasmids were linearised by digestion with Ecl/136 and BamHI
respectively and purified. The antisense riboprobes were synthesised using the MaxiScript
kit (Ambion, TX) with T7 RNA polymerase in the presence of 50 uCi of [o-2P UTP] (8000
mCi/mmole). Full length probe was gel purified and eluted. The ribonuclease protection
analysis was performed using a ribonuclease protection assay kit (Ambion, TX). Briefly, 10
ug of total RNA were hybridised with approximately 1 x 10° cpm of each probe at 45°C for
18 h. Probe and unhybridized RNAs were digested with RNase A and T1 for 30 min at
37°C. The 201 bp protected fragment representing B-actin mRNA and the 341 bp protected
fragment representing the common coding region of different PC mRNAs (see Fig. 7.1)
were denatured and separated by electrophoresis on a 6% acrylamide-8 M urea gel at 350 V
for 2 h. The gel was dried and placed in the Phosphorlmager screen overnight. The
intensities of hybridisation bands were quantitated by PhosphorImager analysis using the
ImageQuant Software (Molecular Dynamics). Uneven loading of RNA samples analysed

was corrected by comparison with B-actin bands quantitated by PhosphorImager analysis.
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Figure 7.1 Schematic diagram of the generation of riboprobes used for the
ribonuclease protection analysis. (A), pRPC 3 plasmid containing 0.3 kb PssI-Sacl
fragment of rat PC cDNA cloned in pBlucscript. The plasmid was linearised with Ec/136I
and transcribed in vitro in the presence of [o-"’PJUTP with T7 RNA polymerase. This
yielded a 403 bp antisense riboprobe (including the polylinker region of pBluescript) which
upon hybridisation to PC mRNAs and digestion with RNase generated a 341 bp protected
fragment. (B), pB-actin plasmid containing 0.2 kb Kpnl-BamHI] fragment of rat B-actin
cDNA cloned in pBluescript. The plasmid was linearised with BamHI and transcribed in
vitro in the presence of [o-*’PJUTP with T7 RNA polymerase. This yielded a 208 bp
antisense riboprobe (including the polylinker region of pBluescript) which upon
hybridisation to B-actin mRNA and digestion with RNase generated a 201 bp protected
fragment.
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7.2.4 Reverse transcriptase polymerase chain reaction (RT-PCR)

Detection of expression of different PC mRNA isoforms by RT-PCR was
performed essentially the same as that described in Chapter 4, except that the 8-actin mRNA
replaced GAPDH mRNA as an internal contro] for cDNA synthesis and PCR rcactions. The
c¢DNA synthesis primer and PCR primers used to amplify f-actin mRINA were the same set
as those used to synthesise pB-actin (see section 7.2.3). The PCR products were analyzed
on 2.5% agarose gel electrophoresis.

7.2.5 Preparation of tissue homogenate and PC assay

One gram of frozen liver was ground to a powder in liquid nitrogen and
homogenised in 4 volumes of extraction buffer (0.25 M sucrose, 0.1 mM EDTA, 20 mM
Tris-HC], pH 7.2, 0.5 mM DTT and 0.5 mM PMSF) at 4°C. The homogenate was freeze-
dried and reconstituted in 3 ml of 50 mM Tris-acetate pH 7.0, S mM ATP, 5 mM MgCl, and
0.5 mM EDTA. The homogenate was centrifuged at 20,000 x g for 20 min at 4°C and the
supernatant containing PC was kept at -80°C. For adipose tissue, 1-2 g of epididymal fat
pads were homogenised as described above and fat was removed from the homogenate by
centrifugation at 10,000 x g for 5 min at 4°C. The aqueous extract was removed from the
cell debris, freeze-dried and subsequently reconstituted as described above. Twenty
micrograms of total protein were assayed for PC activity. The PC activity was assayed by a
radioactive CO,-fixation assay previously described (Ballard and Hanson, 1967; Ballard er
al., 1970) except that the reaction was coupled with the conversion of oxaloacetate to malate
by 2 units of malic dehydrogenase in the presence of 0.1 mM NADH. The reaction was
assayed at 30°C for 2 min. One unit of PC is defined as the conversion of 1 umole of
NaH'"“CO, to malate per minute and the PC activity is defined as milliunits per milligram of
total protein.

7.2.6 SDS-PAGE and Western analysis

Total protein from liver homogenate (20 pg) was subjected to reducing
discontinuous SDS-PAGE on a 4% stacking gel and 7.5% polyacrylamide separating gel
(Laecmmli, 1970). The separated proteins were transferred to nitrocellulose filters using a
semi-dry electroblotter (Multiphor II Novablot, Pharmacia, Uppsala, Sweden). Membranes

were blocked with 1% bovine serum albumin in 10 mM Tris-HCl pH 7.5, 150 mM NaCl
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and 0.05% Tween 20. The membrane was reacted for 2 h with 1:20,000 dilution of anti-
chicken PC rabbit IgG polyclonal antibodies which cross-react with rat PC (Rohde ef al.,
1991). The secondary anti-rabbit antibodies conjugated with alkaline phosphatase were then
reacted with the primary antibodies for 2 h. The immunoprecipitate bands were visualised
by adding nitroblue tetrazolium (NBT) and S-bromo-4-chloro-3-indoyl phosphate (BCIP)
and quantitated by laser densitometer (Molecular Dynamics). To correct variations between
blots due to different incubation times with NBT and BCIP, a known amount of purified rat
PC was also run as an internal contro! such that the intensities of immunoprecipitated bands
between different experiments could be compared.
7.2.7 In vitro translation

In vitro translation was performed with rabbit reticulocyte lysates. The
cDNA encoding the biotin carboxylation (BC) domain of the rat PC was generated by RT-
PCR using a forward primer directed against residues 1 to 9 of rat PC with a BamHI
restriction site attached at the 5'-end (underlined)
(5-CCAAAGGATCCATGCTGAAGTTCCAAACAGTTCGAGG-3") and a reverse primer
directed against residues 482 to 489 together with stop codons (bold) and Kpnl restriction
site (underlined)
(5'-TCCCGGTACCTTATCACTGGAACAGCTCGGGGTTCTCATCG-3Y). RT-PCR
conditions were the same as described above. The PCR product was then digested with
BamHI and Kpnl and cloned into BamHI and Kpnl sites of pGEM3ZS (+/-) and sequenced.
The 5'-UTRs of rtUTR C, D and E which had previously been cloned in pBluescript
(Chapter 4) were then excised with EcoRI and Bsu36I and inserted in frame in front of the
coding region of the above construct. Finally, the 3'-UTR and poly(A) tail of rat PC ¢cDNA
were excised from ARL 2.35 clones (Chapter 3) and fused to the 3'-end of the above
constructs at Kpnl site. This resulted in the final constructs containing different 5-UTRs of
rUTR C, D and E of the rat PC mRNAs (Chapter 4) respectively, fused to the BC domain
followed by the 3'-UTR and poly(A) tail. A schematic diagram of the construction of these
plasmids is shown in Fig. 7.2. The RNAs were transcribed from 1.5 pg of either circular or
linearised plasmids, with T7 RNA polymerase in the presence of m7Gppp(5’). Free
m7Gppp(5)G was removed by LiCl precipitation. Capped mRNAs (0.2 ug) were then
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subjected to translation in vitro with rabbit reticulocyte lysate (Promega). Briefly, the
reaction contained 25 pl of rabbit reticulocyte lysate, 1 ul of 1mM amino acid mixture minus
methionine, 20 uCi of [**S] methionine, 40 U of RNase inhijbitor, capped mRNA and
adjusted to a final volume of 50 pl with water. The reaction was incubated at 30°C for 60
min. The synthesised proteins were analysed by reducing discontinuous SDS/PAGE
(12.5% separating gel, 4% stacking gel). The drnied gel was exposed to a Phosphorlmager
screen overnight before being quantitated as above.
7.2.8 Isolation of polysome bound RNAs

Rat livers were homogenised in 3 ml of buffer A containing 10 mM Hepes,
pH 7.4, 100 mM KCl, 5 mM MgCl,, 2% Triton X-100, 100 pg/ml cycloheximide and
20,000 units of RNase inhibitor. Nuclei and unbroken cells were removed by centrifugation
at 10,000x g at 4°C for 5 min. One ml of cytosolic supematant was then overlaid on 11 ml
of 15% to 45% sucrose gradient in buffer A and centrifuged at 40,000 rpm at 4°C for 2 h in
a Ti60 rotor (Beckman). One ml fractions were collected manually from the bottom 1o the
top of the tube. As a control, an equal portion of cytosolic supernatant was adjusted to 20
mM EDTA but lacking MgCl,. RNA in each fraction was extracted with phenol/chloroform

and following ethanol precipitation, was subjected to RT-PCR analysis.
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Figure 7.2 Generation of the BC domain of the rat PC fused to its
5'-UTRs, 3'-UTR and poly(A) tail. RT-PCR was used to generate the BC domain
which was subsequently fused to different 5'-UTR, and to a common 3'-UTR and poly(A)
tail of rat PC ¢cDNA (Chapter 3). PCR primers are shown by arrows, stop codons
introduced at the 3’-end of antisense primer are indicated by asterisks. The coding region of
mRNA encoding three domains, i.e. the biotin carboxylation domain (BC), the
transcarboxylation domain (TC) and the biotinyl domain (BIO) are also shown.
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7.3 RESULTS
7.3.1 Establishment of linearity of the RNase protection assay and Western analysis for
detecting PC mRNAs and PC protein

Initially, the amounts of total RNA (5, 10, 15 and 20 ug) used in the RNasc
protection assay were titrated with excess amounts of either fB-actin or PC riboprobes
(50,000 cpm each) to ensure the maximurm sensitivity and linearity of the assay system. AS
shown in Fig. 7.3 A, B and C, linear relationships between the intensities of protected probe
bands and different amounts of total RNAs were observed, both with B-actin and PC probes
indicating the validity of the system. However, Jower amounts of RNAs would be required
if both B-actin and PC transcripts could be detected simultaneously by adding both probes in
the same reaction tube. This would also minimise variation between samples. As indicated
in Fig 7.3 A and D, detection of both transcripts by adding B-actin and PC probes in the
same assay tube still gave reliable results, i.c. linearity between intensities of the protected
fragments and amounts of total RINA was still observed. Ten micrograms of total RNA were
used throughout the following experiments, as this amount of RNA gave enough sensitivity
1o be detected on both the Phospholmager screen and X-ray film.

The Western analysis for PC in liver homogenates is based on an immunological
reaction of polyclonal antibodies (raised against chicken PC, but also cross reactive with rat
PC) to PC immobilised on nitrocellulose after SDS-PAGE, followed by an addition of goat
anti-rabbit IgG antibodies conjugated with alkaline phosphatase. As shown in Fig. 7.4,
there is linearity between the intensities of the immunoreactive bands (~130 kDa) over
different amounts of total protein analysed. Twenty micrograms of total protein were used

throughout the following experiments.

7.3.2 Developmental regulation of PC expression in postmatal rat liver

Previous studies have shown that PC activity in fetal rat liver is barely detectable but
increased markedly during the suckling period (Ballard and Hanson, 1967; Yeung et al.,
1967). To determine whether this regulation occurs at the transcriptional, translational or
post-translational steps, the levels of PC protein were measured by Western immunoblot and

by PC activity assay, while the levels of PC transcripts were measured using both a
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Figure 7.3 Establishment of linearity of the RNase protection analysis for
PC and B-actin mRNAs. Fifty thousands cpm (count per minute) of each probes were
hybridised with different amounts of total RNA (5, 10, 15 and 20 ug) separately or in the
same tube. The protected fragments representing PC and B-actin transcripts were analysed
on 6% acrylamide-8M urea gel and exposed to the PhosphorImager screen overnight (A).
The intensities of the protected fragments on the Phosphorlmager screen were quantitated
using ImageQuant software and plotted in B (B-actin probe), C (PC probe) and D (B-actin
and PC probes). Linear equations obtained from these assays are also shown.
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Figure 7.4 Establishment of linearity of the Western blot for PC proteins.
(A) Different amounts of total protein in a liver homogenate were separated on reducing
SDS-PAGE. The scparated proteins were transferred to nitrocellulose and reacted with
1:20,000 dilution of anti-chicken PC polyclona] antibodies followed by addition of goat anti-
rabbit antibodies conjugated with alkaline phosphatase. The intensities of the immunoreactive
PC bands were visualised by adding NBT and BCIP and quantitated by densitometer. The
results are plotted in (B), where the linear equation obtained from the quantitation is also
shown.
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ribonuclease protection assay and RT-PCR in different aged rats i.e. late gestation (2 days
before birth), suckling period (1 day and 7 day pups). weaned rats (28 days) and adults.

As seen in Fig. 7.5 A and 7.5 C, the levels of PC protein were very low in 20-day
fetal rat liver but rapidly increased 4-fold within 1 day after birth and by 8-fold at day 7.
However, PC levels had decreased by the time of weaning to approximately adult levels.
The increase in immunoreactive PC protein during the suckling period is concomitant with a
similar increase in PC activity (4-fold and 8-fold incrcase) as indicated in Fig. 7.5 C,
indicating that post-translational modification is not responsible for the increase in PC
activity. The amount of immunoreactive PC protein was also decreased to the same level in
weaned rats and in adults as that seen in 1 day pups (see Fig. 7.5 A and 7.5 Q).
Ribonuclease protection assay using a riboprobe synthesised from the common coding
sequence of different forms of PC mRNA clearly showed that although both PC protein and
PC activity were low in fetal liver, its transcripts were readily detectable (Fig. 7.5B). The
abundance of PC transcripts was increased by 2-fold and 4-fold in 1 day and 7 day pups
respectively (Fig. 7.5 C). However, the increases in the amounts of PC transcripts are not
as dramatic as those observed with the increases in PC protein (4-fold and 8-fold),
suggesting that translational control might play a role in accelerating the rate of enzyme
synthesis. The abundance of PC transcripts is also decreased during weaning and in aduits
as seen with the level of PC protein and PC activity (Fig. 7.5 B and 7.5 C).

Because the pool of rat PC mRNAs is comprised of multiple transcripts generated
from alternate promoters (Chapter 4), the RNase protection assay results only reflect an
overall transcriptional activity of the gene. Since the sizes of the 5'-UTRs of different rat PC
mRNA isoforms are relatively small compared to the common coding region of the messages
(4.0 kb), conventional Northern analysis using a probe synthesised from the coding region
cannot differentiate between these subtle size differences. Therefore, semi-quantitative RT-
PCR was also performed to identify which promoter of the PC gene was being used to
control the expression. Two sense primers directed against the most 5'-UTR of class I and
class IT PC transcripts (Fig. 4.5, Chapter 4) and an antisense primer directed to a common
coding region of the different transcripts were used to selectively amplify by PCR the 5'-

ends of the different PC ¢cDNA species. Different amounts of RNAs were titrated in a RT-
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Figure 7.5 Western immunoblot analysis of PC, its activity and
ribonuclease protection assay of PC mRNAs in rat livers during postnatal
development. Livers from rats of different ages (20 day gestation (n=4), 1 day pups
(n=6), 7 day pups {n=6) and 28 day pups (n=5) and adult (n=3), were removed and liver
homogenates and RNAs were prepared. (A) Total proteins from liver homogenates (20 pg)
were analyzed by Western immunoblot probing with anti-chicken PC antibodies (23). (B)
Total RNAs were subjected to a ribonuclease protection assay using an antisense riboprobe
synthesized from the common coding region of PC and B-actin riboprobe (internal control).
Only two samples from each group are shown in this assay (C) Amounts of PC protein, and
PC transcripts were estimated by scanning densitometry from their respective Western
immunoblots (A) and ribonuclease protection assay (B). PC activities in different ages of rats
were also assayed and their fold increases are also shown on the graph. Results are
expressed as relative fold increase over the value for the 20 day gestation stage. They are
means + standard errors of means. T, birth.
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PCR assay and it was found that using a 1:100 dilution of cDNA synthesized from 10 pg of
starting RNA gave reliable results (data not shown). The different sizes of PCR products
expected are shown in Fig. 4.5. As shown in Fig. 7.6, in 20-day fetal liver, rtUTR D, the
major form transcribed from the distal promoter was detectable in a greater abundance than
rUTR C, transcribed from the proximal promoter. The level of rtUTR C was incrcased in
I-day and 7-day pups respectively. It is interesting to note that although rUTR D was
accumulated in adult concomitant with a decrease of rtUTR C (Fig. 7.6), the level of PC and
its activity were decreased (Fig 7.5A and 7.5C). This suggested that the translation of rtUTR
D produced during such a period is less efficient than tUTR C. However, rtUTR A and B,
minor forms transcribed from the proximal promoter were not detectable and this 1s

consistent with the results described in Chapter 4.

7.3.3 Overexpression of PC in genetically obese rats

In genetically obese Zucker rats, it has been reported that PC levels are 2-5 fold
increased in the adipose tissue of obese animals (ob/ob) (Lynch et al., 1992). To investigate
whether this increasc in the amount of PC is due to an enhanced transcriptional activity of the
gene, ribonuclease protection assays and RT-PCR were performed as previously described
above. In adipose tissue of obese rats, PC transcripts were increased 5- to 6-fold higher
than those of their lean litter mates, whereas B-actin message was not affected (Fig. 7.7 A).
RT-PCR clearly showed that the increase in PC mRNA levels was mainly due to an increasc
in tTUTR C transcript, with a decrease in tUTR D and rUTR E transcripts between the two
groups of rats (Fig. 7.7 B). In livers isolated from the obese rats, PC transcripts were also
increased. A four-fold difference was observed between the two groups of animals (see Fig
7.7 A). RT-PCR analysis revealed the increase in hepatic PC mRNA again resulted from an
increase in TUTR C (see Fig 7.7 B) with little change in rUTR D and rUTR E.

An increase in PC transcripts in both adipose tissue and Jiver was concomitant with
an increase in the amount of PC detected by Western immunoblot. As shown in Fig. 7.7 C,
the levels of adipose PC in obese rats were 4-5-fold higher than those of their lean litter
mates but immunoreactive hepatic PC in obese rats was only 2-3-fold higher than in their

lean litter mates.
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Figure 7.6  RT-PCR analysis of different species of PC mRNA isoforms in rat
liver during postnatal development. Total RNAs were extracted from rat livers of
different ages as described in Fig. 7.5 and subjected to RT-PCR using (A) PC primers;
C, D and E, for rtUTR C, rUTR D and rUTR E transcripts, respectively and (B) p -actin
primers (internal control).
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Figure 7.7 Expression of PC in lean and obese Zucker rats. Livers and adipose
tissues from 12 week lean (n=4) and obese (n=4) rats were analyzed by (A) ribonuclease
protection assay, (B) RT-PCR, and (C) Western immunoblot. The results for only two
animals of each group are shown in the figure. C, D and E for rtUTR C, rtUTR D and
rUTR E transcripts respectively.
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7.3.4 Expression pattern of PC transcripts in cultured cells and in pancreatic islets

Although PC was expressed in every cell line as detected by Western immunoblot
(data not shown), the expression patterns of PC transcripts in liver cell lines were different
from that of an intact liver. rUTR C generated from the proximal promoter was not
detectable even though 100 times more cDNAs were used in RT-PCR, but rUTR D and
rUTR E transcribed from the distal promoter were detectable by RT-PCR (Fig. 7.8 A). It is
unlikely that the primer binding site was absent or deleted since all of these cell lines were
independently derived from different sources. It is likely that the proximal promoter driving
expression of rtUTR C in liver is not functional under these cell culture conditions.

PC expression has been shown to be activated upon glucose-induced insulin
secretion in pancreatic islets (MacDonald, 1995a) and insulinoma (INS-1) cells (Brun et al.,
1996). RT-PCR was performed on RNA extracted from these two cell types. Only rUTR D
and rUTR E were detected in both cell types (see Fig. 7.8 B) suggesting that the distal
promoter plays a role in anaplerosis. To test whether glucose can increase transcription of
the distal promoter, INS-1 cells were initially maintained in RPMI glucose-free medium
containing 1 mM glucose for 48 days. The cells were then maintained in the same glucose-
free media supplemented with 1, 10, and 20 mM glucose. As shown in Fig. 7.8 B, glucose
dramatically increased the level of rtUTR D and rUTR E when the INS-1 cells were switched

from a 1 mM to a 10.0 mM concentration (Fig. 7.8 B).

7.3.5 5'-UTRs of different PC transcripts modulate their translation

A possible role of the different 5'-UTRs could be to determine the translational
efficiency of the mRNA species. I carried out experiments using both in vitro translation
with a reticulocyte lysate system and an in vivo polysome profile analysis.

Due to the lack of convenient restriction sites to join them together, there was
considerable difficulty in constructing a full length rat PC cDNA clone from the different
lambda clones and PCR fragments. Therefore, three constructs were generated that
contained different 5'-UTRs (95-bp, rUTR C; 96-bp, rUTR D and 59-bp, rUTR E),
followed by an open reading frame encoding the 490 residues of the biotin carboxylation

(BC) domain plus the 3'-UTR and the poly(A) tail of rat PC ¢cDNA (see Fig. 7.2 and 7.9 A).
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Figure 7.8  RT-PCR analysis of PC mRNA isoforms in different rat cell lines. Total
RNAs from (A) liver cells (BRL3A, FRL 4.1, FTO3, McA-RH 777 and Reuber H35),
myoblast (L6) and mammary gland carcinoma cells (RMC), (B) primary culture of pancreatic
islets grown for 48 h in RPMI supplemented with 10 mM glucose and INS-1 cells maintained
in RPMI supplemented with 1 mM, 10 mM and 20 mM of glucose respectively, were analyzed
by RT-PCR with PC primers and p-actin primers (internal control). D and E, rtUTR D and
rUTR E, respectively.
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When translated with reticulocyte lysate, each mRNA transcribed from the above constructs
yielded a single protein band, of molecular weight approximately 5t kDa, as predicted (Fig.
7.9 B). The amounts of the 51 kDa band being translated from rUTR C and rUTR E were
comparable. However, rtUTR D yielded the same protein band but with a 5-6-fold less
efficiency than rUTR C and rUTR E.

A polysome profile analysis of different PC mRNA isoforms of 7-day pup livers is
shown in Fig. 7.10. rUTR C was distributed at the bottom to the middie of the gradient,
associated with polysome fractions (lanes 1 to 7), suggesting that this transcript is
translationally active. Likewise, rtUTR E was mostly found in the bottom to the middle of
the gradient (lanes 3 to 7) but with less abundancy than rUTR C. In contrast, rUTR D is
found primarily in the upper portions of gradient, indicating a lower degree of translation for
this transcript. It is therefore likely that most PC protein will be synthesised from rUTR C
which is the predominant form being produced during the immediate postnatal gluconeogenic
period. The release of ribosomes from the mRNAs by EDTA treatment caused the all

transcripts to be found near the top of gradient (Fig. 7.10, lanes 11 and 12).
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Figure 7.9 5'-UTR of rat PC transcripts affect translation efficiency in
Vitro.

A, the synthctic RNASs corresponding to tUTR C, D and E transcripts, respectively used for
the in vitro translation assay with reticulocyte lysates, arc represented schematically as
follows: Bluc represcnts open reading frame (ORF) encoding for the biotin carboxylation
(BC) domain common to all transcripts, the heige region represents the common 3'-UTR and
the poly(A) tail downstream of the BC domain. The stop codon is indicated by an asterisk.
Different 5'-UTRs are indicated by differcnt colours. B, the above transcripts were subjected
to in vitro translation with rabbit reticulocyte lysates. The labeled peptides being synthesized
were analyzed by SDS-PAGE and autoradiographed. M, "C labcled markers; C, D and E,
rUTR C, rUTR D and rUTR E, respectively.
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Figure 7.10 Polysome profile analysis of different PC mRNAs in livers. The
polysomes were isolated from 7-day pup livers by sucrose density gradient
centrifugation in the absence or presence of EDTA. 1 ml fractions were collected
manually from the bottom (45% sucrose) to the top (15% sucrose) of the tube (lanes 1
to 12). RNA from each gradient fraction was subjected to RT-PCR using PC primers.
Lane | represents the bottom of gradient; Lane 12 represents the top of the gradient
(dissociated polysomes). C, D and E, for rUTR C, rUTR D and rUTR E respectively.
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7.4 DISCUSSION

It is well known that gluconeogenesis is markedly increased in the liver during
fasting and diabetes (Pilkis er al., 1988). The suckling period constitutes another
physiological sitnation associated with an active gluconeogenesis in liver and kidney (Girard
et al., 1992). Gluconeogenesis does not begin in the livers of mammals until immediately
after birth (Ballard and Oliver, 1965); the matemnal circulation provides glucose for the
developing fetus. Of the four gluconeogenic enzymes present in liver (PC, PEPCK,
fructose-1,6-bisphosphatase and glucose-6-phosphatase), PC and PEPCK are present in the
liver at negligible levels before birth but appear rapidly after birth (Ballard and Hanson,
1967; Yeung et al., 1967) consistent with the onset of gluconeogenesis. The increase in PC
activity has also been observed in livers of the developing guinea pig, rabbit, pig, dog, cow,
sheep and human (Barritt, 1985). Regulation of PC gene expression during postnatal
development is a complicated process, involving switching of two promoters. rUTR C
generated from the proximal promoter, is the major form which is increased during the
suckling pertod. This is concomitant with an increased amount of PC and its activity.
During this period it has been shown that gluconeogenesis occurred at the highest rate
(Ballard and Oliver, 1965). This suggests that the proximal promoter of PC gene is activated
to supply the demand of cells producing PC to fully participate in gliconeogenesis during
such a period. However, during the weaning period and in adults when the gluconeogenic
rate has decreased, the proximal promoter activity was decreased and transcript C declined.
Therefore, it can be concluded that changes in the level of PC protein, which appear to be
principally due to alterations in transcription of the gene constitute a long-term mechanism
for the regulation of gluconeogenesis during postnatal development.

It is interesting to note that the mechanism which results in an increase in PEPCK
activity during development is very similar to that of PC. PEPCK mRNA begins to
accumulate in fetal rat livers on the day before birth and rapidly rises in concentration during
the first day after birth (Garcia-Ruiz et al., 1978; Bevenisty and Reshef, 1987, McGrane et
al., 1990). This increase in PEPCK mRNA leve] is due mainly to the enhanced rate of gene
transcription (Loosc er al., 1986; McGrane ef al., 1990). The rate of PEPCK synthesis in

the livers of rats during the perinatal period is slower than the synthesis of PEPCK mRNA,
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suggesting that translational regulation plays an important role in the expression of PEPCK
in the liver at birth (van Roon er al., 1988). A change in the chromatin structure of the
PEPCK gene during development has been suggested to initiate expression of PEPCK. The
PEPCK gene appears to be in a compact conformation which is resistant to nuclease
digestion (a feature of an inactive genes), in the fetal liver of 19 day old rats but tuns to a
relaxed structure which is susceptible to nuclease just prior to the onset of PEPCK
transcription at birth (Bevenisty and Reshef, 1987).

Recent studies have also shown that glucose-6-phosphatase 1s developmentally
regulated. The mRNA and the activity of glucose-6-phosphatase levels were already present
in 21-day-old rat fetal livers but markedly increased during the suckling period and declined
during the weaning period (Chatelain et al, 1998). It is noteworthy that the level of
glucose-6-phosphatase mRNA had begun to increase at the same time i.e. both mRNA and
activity reached the maximum level at day 1. However, the level of mRNA rapidly declined
onwards before increasing again during the weaning period, while the enzymatic activity
continued to increase until day 5 and then slowly decreased, reaching a plateau during the
weaning period (Chatelain et al., 1998). The expression pattern of glucose-6-phosphatase
during development seems to be different from that of PC in which PC mRNA, protein and
activity showed the same trend throughout postnatal development, suggesting the long half
life of PC mRNAs. Nevertheless, a cooperative increase in PC, PEPCK and
glucose-6-phosphatase activities in a similar fashion i.e. a marked increase just after birth, a
further increase during the suckling period and a decline during the weaning period, could
perhaps ensure the effective operation of gluconeogenesis during postnatal development.
The hormmonal mechanism which mediates the increasc in PC, PEPCK and
glucose-6-phosphatase in liver at birth is not clearly defined. At least one of the following
events occurs within the first hours after birth that is likely to regulate expression of these 3
gluconeogenic enzymes: 1) a rapid and marked fall of blood glucose which was supplied to
the fetus by maternal circulation and a low portal glucose concentration caused by a low
carbohydrate intake. This results in an increase of cAMP leve! via elevated levels of

glucagon and epinephrine and a low leve] of insulin, 2) an increased supply of plasma fatty
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acids to the liver due to the hydrolysis of milk triglycerides (Girard et al., 1973, Girard et al.,
1992).

In genetic obesity. PC expression is increased accompanied by increascd expression
of other lipogenic enzymes (Lynch et al., 1992). Although adipose tissue is the major
lipogenic tissue, }iver is also another organ where lipogenesis occurs (Ballard and Hanson,
1970). I have demonstrated that both PC transcripts and protein were also increased in livers
of 12 weeks old obese rats but not in 8 weeks old obese rats. However, the effects were not
as marked as in adipose tissue. Thus, it is likely that lipogenesis in the liver of the obese rats
was not as active in week 8 as in week 12. Lynch et al. (1992) also could not detect any
differences in PC between the obese and lean rats at 8 weeks of age. rUTR C is the major
transcript which is increased in both liver and adipose tissue of the obese rats, suggesting
that the proximal promoter is transcriptionally activated during the lipogenic period. The
presence of a putative fat-specific element 1 (FSE-1) on the proximal promoter (Chapter 6)
suggests that overexpression of PC might also be mediated through this motif, as occurs
with the fatty acid synthetase gene (Hsu et al, 1996). Insulin selectively inhibits the
expression of the proximal promoter of rat PC. However, the activity of this promoter is
increased in the adipose tissue of the obese Zucker rat (Fig. 7.8A) even though blood insulin
levels are known to be dramatically increased in this model of diabetes (Clark et al., 1983;
Polonsky, 1995). Activation of the proximal promoter of PC, rather than its inhibition is
another manifestation of the insulin resistance of the obese Zucker rat. The tole of PC in
lipogenesis has also been reported in mouse adipocytes. Transcriptional regulation of PC
was first reported during differentiation of mouse 3T3-L1 fibroblasts to mature adipocytes
(Angus and Lane, 1981; Freytag and Collier, 1984; Zhang et al., 1995). This increase in PC
mRNA during such a period is concomitant with parallel changes in the level of PC protein
(Weinberg and Utter, 1979; Weinberg and Utter, 1980) and activity (Mackall and Lane,
1977). Whether the mouse PC gene contains an adipose-specific promoter, as in rat, is still
unknown. However, the addition of cAMP to cultures of 3T3-L1 adipocytes caused a
marked decrease in PC mRNA (Zhang et al., 1995) and PC activity (Freytag and Utter,

1980; Zhang et al., 1995) but not PC protein suggesting that cAMP regulates PC by
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decreasing transcription of the PC gene and or enhancing degradation rate of PC mRNA
(Zhang et al., 1995).

Glucose homeostasis is regulated in the endocrine pancreas through opposite effects
of glucose on insulin and glucagon secretion. Pancreatic B-cells are fuel sensors that adjust
the rate of insulin secretion to the rate at which they metabolise glucose (Newgard and
McGarry, 1995; Matchinsky, 1996). The major transduction pathway involves utilisation of
ATP-sensitive K" channels of the plasma membrane to transduce biochemical into
biophysical signals. Thus, glucose metabolism causes closure of these K*-ATP channels,
which results in membrane polarization, opening of voltage-dependent Ca** channels, and
acceleration of Ca® influx. The resulting rise in cytoplasmic Ca™ concentration triggers
exocytosis of insulin granules (Ashcroft et al., 1984). An anaplerotic role of PC in rat
pancreatic islets (MacDonald, 1995a; Schuit et al., 1997) and INS-1 cells (Brun et al., 1996)
has recently been proposed to be important for glucose-induced insulin secretion due to the
abundant expression of this enzyme 1n these cells. Higher physiological concentrations of
glucose rapidly stimulate insulin secretion by the islets and also cause an increase in PC
expression in the islet (MacDonald, 1995a; MacDonald ef al., 1991). The high level of PC
permits the rapid formation of oxaloacetate which serves as a substrate for the
pyruvate/malate shuttle across the inner mitochondrial membrane thus providing a source for
the generation of cytosolic NADPH by means of the malic enzyme (MacDonald, 1995b).
Rapid entering of pyruvate to the TCA cycle in pancreatic B-cells also provides a large
amount of ATP. It has been suggested that the rise in ATP/ADP ratio both in human and rat
pancreatic B-cells may serve as a secondary messenger to trigger exocytosis of insulin
granules (Detimary et al., 1998). In this study, only transcripts D and E were detected in
pancreatic 1slets and INS-1 cells, suggesting that the distal promoter of the rat PC gene is
responsible for anaplerosis in these cells. Glucose also increased PC transcription from the
distal promoter when INS-1 cells were maintained in 10 mM glucose. The same
concentration of glucose was also reported to enhance the PC transcription rate in pancreatic
islets when assayed using the nuclear run-on technique (MacDonald, 1995a). In the
promoters of other glucose-induced genes, such as I-type pyruvate kinase and S14 genes,

cis-acting element namely c-myc-like binding sequence, has been shown to mediate glucose
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induction (Carthew et al., 1985; Sladek et al., 1990). It will be very interesting to determine
whether the distal promoter contains glucose-responsive element(s). In the description of the
nucleotide sequence of the distal promoter in Chapter 6, two copies of the motif, CACGTG,
resembling a c-myc-like binding sequence were identified. Whether these motifs confer
glucose responsiveness functional analysis of this promoter remains to be elucidated.

Hormonal regulation of endogenous PEPCK (Sasaki er al, 1984; Sasaki and
Granner, 1988) and glucose-6-phosphatase (Lange et al., 1994; Argaud et al., 1996;
Chatelain er al., 1998) genc expression have been extensively studied in rat by using
hepatocytes as a model, since there are less variable factors compared with animals .
However, this has proven to be impossible with PC because of the difference in gene
expression pattern observed between intact liver and hepatocytes. The absence of the tUTR
C transcript, produced from the glucogenic promoter in every liver cell line examined
indicates that under these cultured conditions, the regulation of PC expression is different
from in vivo conditions. This finding suggests that the environment in the culiure media
may not be equivalent to that found in intact liver. Since the proximal promoter is turned on
during gluconeogencsis in vivo, this finding is consistent with the observation that under cell
culture conditions, gluconeogenesis occurs only in primary cultures of hepatocytes and
perfused rat livers (Yamada et al, 1980; Exton and Park, 1967). This perhaps explains the
results obtained from the transient transfection experiment of the proximal and the distal
promoter in liver and kidney cells (HepG2 and COS-1) in Chapter 6, i.e. the distal promoter
drives the expression of the reporter genc at 2 much higher level than the proximal promoter
under basal conditions. Those cell lines are likely to undergo dedifferentiation under cell
culture conditions and perhaps have lost tissue-specific transcription factors that may be
required to activate transcription of the proximal promoter.

It is apparent that the proximal promoter of the rat PC gene is inducible during
gluconeogenesis and lipogenesis, whereas the distal promoter is important for anaplerosis.
During the suckling period when gluconeogenesis is accelerated, the proximal promoter is
activated, resulting in an increase in the amount of rtUTR C. In vitro translation and in vivo
polysome profile analysis clearly showed that the translation efficiency of tUTR C transcript

is higher than that of rtUTR D transcript, and hence would result in more PC protein being
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produced during this period. Activation of transcription from the proximal promoter instead
of the distal promoter of PC gene might be a key mechanism to allow an independent
regulation. Studies described in Chapter 6 demonstrated that both promoters contain
different putative transcription factor binding sites and responded to insulin differently.
Since the multiple PC transcripts only differ in their 5'-UTRs, the different translational
efficiencics of these mRNA isoforms must be mediated through their 5'-UTRs.

All known eukaryotic cellular mRNAS undergoes a series of interactions with various
proteins soon after nascent transcripts have been synthesised. Early events of great
significance for the stability and function of the transcript, are the capping of the S'-terminal
nucleotide and the polyadenylation of the 3'-end generated by cleavage at predetermined
sites. Translation initiation occurs when cap-binding proteins bind to the S' cap structure of
the mRNA and facilitate the assembly of the 408§ initiation complex which in turn migrates
along the 5'-UTR until reaching the first initiation codon. The elongation process can then
proceed (Kozak, 1989). According to this model, a very stable secondary structure at the 5'-
UTR i1s potentially inhibitory to translation, presumably because they could obstruct cap-
binding by the 40S initiation complex and the movement of the scanning process along the
S-UTR (Kozak, 1991; Kozak, 1992). Structures of low stability are apparently readily
accessed and do not have any effect on the translation of the mRNA. In contrast, a stable
structure in the coding region does not inhibit the progress of elongating 80S ribosomes
(Kozak, 1989). Computer-assisted analysis of secondary structure prediction, revealed that
the 5'-UTR of rUTR D can potentially form a stable hairpin structure due mainly to pairing
between sequences derived from exon 1C and 1D. However, removal the sequence derived
from exon 1C sequence, which is naturally spliced out in rUTR E, abolishes this structure
(see Fig. 7. 1]1). Whether the secondary structure of rtUTR D contributes to low translation
efficiency must await in vitro mapping data and phylogenetic studies. Although the results
obtained from in vitro translation and polysome analysis suggest that sequences at the
5-UTRs of different PC mRINAs modulate translation, trans-acting factors found in the
cytoplasm cannot be ruled out. It has been proposed that a trans-acting factor(s) involved in
the transiational regulation of femitin (Theil et al., 1990), aconitase (Schalinske et al., 1998)

and S-aminolevulinate synthase-2 (ALAS-2) (Cox et al., 1991) mRNAs, known as the iron-
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Figure 7.11 Predicted secondary structures of the S'-ends of rUTR D and
rUTR E of rat PC. The Zucker and Stiegler (1981) procedure was used to construct the
predicted secondary structure of 5'-UTR of rUTR D and rUTR E of rat PC mRNAs. The 37
bp sequence derived from exon 1C is indicated and the AUG start codon is in bold.
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responsive element binding protein, carries out its negative effect not only by binding to
specific sequences located at the 5'-end of the transcript but also by stabilising the 5
secondary structure with consequent inhibition of ribosome entry. It is also possible that
putative trans-acting factor(s) present both in rabbit reticulocyte lysate and in liver cells,
specifically interact with specific sequences located in the 5-UTRs of different PC mRNAs,
resulting in different translation efficiencies.

The efficiency of mRNA translation also depends on the local sequence context
surrounding the initiation codon. “(A/G)CCAUG*G emerges as the consensus sequence
for translation initiation (Kozak, 1987). It is interesting to point out that such a sequence is
apparently absent in any of rUTR C, D or E (PAAGAUG™C, *AUGAUG*C and
“AAGAUG™C respectively), but translation initiation occurs precisely at the authentic AUG
codon. This suggests that translation initiation can occur through other motifs which may be
less optimal for translation initiation. It is known that the presence of an AUG located
upstream of the authentic AUG initiation codon in the 5'-UTR is another factor that can also
affect the translation efficiency of the main open reading frame of an mRNA (Kozak, 1987).
Of particular interest, ’TUTR C and rUTR E contain upstream AUG codons which could be
used to initiate translation. Translation from an upstream AUG (position -89) of rUTR C
would however produce a very short peptide of mass 2.8 kDa (see Fig. 7.12). However, no
such evidence was observed with the in vitro translation experiment, suggesting that the
sequence surrounding the upstream AUG may not be effective. Altemnatively, that short
peptide may not be stable upon translation. Many mammalian leaders bearing upstream open
reading frames have been reported, but little 1s known about their functional significance
(Kozak, 1991). In instances where the two open reading frames overlap, it has been shown
that ribosomes terminate at the end of the upstream open reading frame and then migrate
backward to the initiation codon of the downstream open reading frame where they reinitiate
translation at the authentic codon (Gunnery ef al., 1996). In contrast, the upstream AUG
found in rtUTR D (AUGAUGC) occurs inframe and 1s located immediately prior to the
authentic codon. Translation initiation occuring from this upstream AUG would add an extra

methionine at the N-terminal of the enzyme.
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upstream open reading frame (2.8 kDa)

|
GGGCCAATGACCTCGGGTGGAGCAGTTGCTGCCTGTGGATCCTCCAACACG
M T S G G AV A A C G S S N T

main open reading frame
___»

TCCTCTGTGTGCAGCACGATTAGGTGTTTGGCTGCTGGTACAAGATGCTGAAGT
S s v €S T I R CL A A G T R CSTOP

M L K

Figure 7.12 Schematic diagram of translation from two open reading frames
(upstream and main reading frames) of rUTR C transcript.

Post-transcriptional regulation has been reported to play an important role in
controlling gene expression of many genes. This mode of regulation occurs in the cytoplasm
of eukaryotic cells at the level of mRNA stability, subcellular localisation of mRNA and
translation (Kozak, 1991).

Translational regulation which is mediated through the 5'-UTR resulting from
alternate splicing has also been reported in one of the glycolytic enzymes, enolase, which
catalyses the interconversion of 2-phosphoglycerate to phosphoenolpyruvate. Two mRNA
isoforms of enolase each bearing different 5'-leader sequences, have been reported in human
(Giallongo er al., 1993), mouse and rat (Oliva et al., 1995) muscle. Two human muscle
enolase mRNAs, differing at their 5'-UTRs, have bcen shown to be translated with different
efficiencies (Oliva et al., 1995). Another example is a related biotin-containing enzyme,
ACC, which plays an important role in fatty acid synthesis and shares many common
regulatory mechanisms with PC. For example, multiple ACC mRNA isoforms having the
same coding sequence but differing in their 5'-UTRs, have been identified in rat (Lopez-
Casillas et al., 1989, Lopez-Casillas and Kim, 1989). These arise by differential splicing at
the 5'-end of transcripts from the single rat ACC gene which is alternatively transcribed from
2 distinct promoters (Luo er al., 1989) that are highly regulated under different physiological
conditions (Lopez-Casillas et al., 1991, Zhang and Kim, 1995). Recent studies have also
proposed that ACC is an important enzyme providing malonyl-CoA as a coupling factor
necessary for glucose-induced insulin secretion in pancreatic islets (Brun et al., 1996; Schuit
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et al., 1997). As with PC, only the housekeeping promoter of the ACC gene is functional
and activated in pancreatic islets upon glucose-induced insulin secretion (Zhang and Kim,

1995).
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Chapter 8 Fxpression and purification of recombinant human PC

8.1 INTRODUCTION

In our laboratory, cDNA encoding PC from several species including ycast, rat and
human are readily available to express as a recombinant form. Yeast PC has already been
expressed for structure/function studies (Nezic, M.G., personal communication). However,
human enzyme rather than the rat enzyme, would also prove to be valuable 1f expressed in a
recombinant form for the following reasons.

PC deficiency in humans is an autosomal recessively inherited disease, causing a
severe to mild lactic acidemia and resulting in early death or severe psychomotor disturbance
(Robinson et al., 1996). Despite this significant importance, human PC has not received
appreciable attention. This is due mainly to the limitation of source material derived from
biopsy or autopsy samples. Although scveral human liver and kidney cell lines are available,
the expression of PC in these cell lines is extremely low (Chandler and Ballard, 1985). Dr
M.E. Walker had previously isolated partial cDNA clones encoding human PC (Walker 2
al., 1995b) and thus has made it possible to express this enzyme by recombinant means to
replace native material. Earljer attempts in this laboratory to produce yeast PC in E. coli
failed to produce functional enzyme, suggesting the lack of adequate folding machinery in
bacteria. Given the availability of various mammalian expression vectors, it should be
possible to produce the recombinant PC in mammalian cell lines. In this chapter, a full
length human PC cDNA clone has been assembled and cloned into different mammalian
expression vectors followed by transfecting into mammalian cells. Stably transfected clones
expressing very high levels of recombinant human PC were successfully obtained. This

recombinant material was subsequently purified for further characterisation.

Constitutive and inducible mammalian expression systems

Two major expression systems ie. the constitutive and inducible expression plasmids
were initially cxamined to see which system can achieve the higher expression level. In
some cases where overexpression of some proteins can be toxic to cells, the use of an
inducible expression system can provide an alternative means to control the levels of toxic

proteins.
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The inducible expression system that was used in this work was the Tet-On Gene
Expression System (Clontech). This system was first described by Bujard, Gossen and
collcagues (Gossen and Bujard, 1992; Gossen ez al., 1996). The Tet-On gene expression
system allows high-level, regulated gene expression in response to varying concentrations of
tetracycline or its derivative, doxycycline (Dox). The Tet Expression Systems are based on
two regulatory elements derived from the tetracycline resistance operon of the E. coli Tnl0
transposon. The “regulatory plasmid”, pTRE expresses a fusion protein of the mutated
tetracycline repressor protein (rTetR) and VP16 activation domain of herpes simplex virus
under the control of the cytomegaloviral promoter (P, ). Integration of this plasmid into
the host genome results in the constitutive expression of rTetR-VP16 fusion protein. In the
absence of tetracycline in the media, transfection of this cell line with the “response plasmid™
which contains the gene of interest cloned downstream of a compound promoter consisting
of the tetracycline-responsive element (TRE) and the minimal immediate early promoter of
cytomegalovirus cause no expression of gene of interest due to the mutation in the TetR
protein. However. In the presence of tetracycline in the culture media, tetracycline binds to
the mutated TetR protein which becomes capable of binding to the TRE elcment. This
binding brings the VP16 activation domain near the P, and thereby activates transcription
of the gene of interest (Fig. 8.1). The levels of expression can also be controlled by adding
different concentrations of tetracycline in the media.

The constitutive expression systems that were used are comprised of two different
bicistronic expression vectors. One was the pIRES lrneo from Clontech and another was the
pPEFIRES-puro developed by Dr. S.M. Hobbs (Hobbs er al., 1998) from the Cooperative
Research Centre for Cancer Therapeutics, Institute of Cancer Research, London, U.K Both
plasmids work on the same principle i.e. the gene of interest can be cloned at the multiple
cloning site located upstream from the antibiotic resistance gene. Transcription from a single
promoter located upstream of the gene of interest produces a bicistronic mRNA containing
two open reading frames of two proteins (Fig. 8.2). The presence of an internal ribosome
entry site allows the translation of two open reading frames from a single bicistronic mRNA
(Jang et al., 1988; Jackson et al., 1990). This system minimises the number of colonies to

be screened to find functional clones.
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Integrated copy of pTet-On

Y rtelR .
regulatory plasmid

Constitutive expression

-Dox

pTRE response plasmid

Figure 8.1 The Tet-On expression system (Clontech). The tet-controlied
transcriptional activator (tTA) is a fusion of mutated tetracycline repressor (rTetR) to
the VP16 activation domain (AD) of herpes simplex virus. This expression cassette is
driven by a CMV promoter and is constitutively expressed. o the absence of
tetracycline, this complex cannot bind to the tetracycline-responsive element (TRE) in
the pTRE response plasmid. However, in the presence of tetracycline derivative (Dox,
doxycycline), the tTA becomes active and thereby transactivates transcription of any
genes that are cloned upstream of the TRE. Transcription of the gene of interest can
be shut down by removing Dox from the culture medium.
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Figure 8.2 Schematic diagram of the translation of a bicistronic mRNA. The gene of interest is cloned upstream
of the antibiotic resistance gene under the control of a single promoter. The internal nbosome entry site (IRES)

permits a protein of interest and antibiotic selection marker to be translated from the same mRNA. 1VS, synthetic
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8.2 SPECIFIC METHODS

8.2.1 Transient and stable transfection of 293T cells

Human embryonic kidney cells, 293T or 293T Tet-On were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum and 10 ug/ml
gentamycin. Cells were grown to 80-90% confluence in 175 em’ flasks at 37°C in a
humidified atmosphere of 5% CO,. Cells were trypsinized and transfected with 50 pg of
plasmids (pBI-PC, pIRES-PC or pEF-PC) and electroporated as previously described in
Chapter 6. Transfected cells were recovered in DMEM supplemented with 10% fetal calf
serum at 37°C for 48 h before the lysates were prepared and analysed by SDS-PAGE and
Western blot. For the Tet-On inducible system (pBI), after transfection, cells were
rccovered in DMEM media plus 10% fetal calf serum for 24 h. Different concentrations of
doxycycline were then added in the same medium and further incubated at 37°C for 24 h
before the expression level was monitored by SDS-PAGE and Western analysces.

For the generation of stable clones, transfected cells were plated on 10 cm® petri
dishes and initially selected by adding 1 pg/ml puromycin to the culture medium for 1-2
weeks. Higher cxpressing clones were selected by gradually increased the concentrations of
puromycin to 2, 5, 10, 20, 30 and 50 pg/ml and maintaining for 2-3 weeks. Pooled clones
that resisted high concentrations of puromycin were expanded and analysed. Cell lysates
were preparcd and freeze-dried as previously described in Chapter 7 and analysed by SDS-
PAGE and Western blot analysis to monitor the expression level.

8.2.2 Preparation of PC from mitochondrial extracts

Stably transfected clones expressing human PC were routinely grown in the samc
culturc media as described above but supplemented with 0.5 mg/l d-biotin and 10 pg/ml
puromycin. Cells were washed twice with phosphate buffer and centrifuged at 1,300 rpm
for 5 min. The cell pellet was then suspended in 4 volumes 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. The
unbroken cells and nuclei were removed by centrifugation at 600 x g at 4°C for 20 min. The
supernatant containing mitochondria was further centrifuged at 15,000 x g at 4°C for 30.
The pellet was then washed once with 4 ml of 0.1 mM EDTA pH 7.0 containing 0.5 mM

PMSF and centrifuged at 15,000 x g for 30 min at 4°C. The mitochondrial pellet was
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suspended in 2 mi 0.] mM EDTA pH 7.0 and freezed-dried overnight. Dried mitochondria
can be kept at -20°C or used immediately by dissolving in 5 ml of 50 mM Tris-acctate 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 2 fina) concentration of 40% saturation. The precipitate was then dissolved in 0.5 m!
buffer A (25 mM potassium phosphate buffer 7.2, 20 mM ammonium sulfate, 1 mM EDTA
and 0.1 mM DTT) and excess residual ammonium sulfate removed by passing the solution
through a 2 ml Sephadex G-25 column (Pharmacia, Upjohn) equilibrated in buffer A. The
desalted sample in buffer A was further purified by mononeric avidin-Scpharose
chromatography.

8.2.3 Monomeric avidin-Sepharose chromatography

Desalted samples (1-5 mg of total protein) were applied at a flow rate of 0.2 ml/min
onto a 8 cm x 0.5 ¢cm monomeric avidin column (kind gift from Dr. P. Attwood, Department
of Biochemistry, University of Western Australia) which had been equilibrated with running
buffer (25 mM potassium phosphate buffer 7.2, 0.2 M potassium chloride, ! mM EDTA and
0.1 mM DTT). The column was washed with several column volumes of running buffer
until no more proteins were eluted off. PC was then eluted with 1 mg/ml d-biotin in buffer
A. The biotin elution solution was left to interact with avidin-bound PC on the column for |
h before elution was continued at a flow rate of 0.2 ml/min. Eluted PC was subsequently
precipitated with an equal volume of saturated ammonjum sulphate, and stored in 1.6 M
sucrose-0.1 M N-ethylmorpholine-HCI, pH 7.2. Eluted PC was analysed by SDS-PAGE.

8.2.4 PC assay

PC activity was assayed by a spectrophotometric method previously

described by Scrutton and White (1974) with some modifications. Briefly, the assay was
carried out at 37°C for 10 min in 1 ml volume containing 100 mM Hepes (K*) pH 7.8, 2 mM
Na,ATP, 3 mM MgCl,, 5 mM sodium pyruvate, 100 mM KHCO,, 0.1 mM acetyl-CoA and
0.15 mM NADH and 2 units of malate dehydrogenase (10 upg/unit), PC activity was

determined by monitoring the decrease in the A,,, of NADH. Since 1 mole of NADH is
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oxidized per mole of pyruvate carboxylated, the rate of reaction for a 1 cm light path and 1
ml reaction volume 1s calculated as:
decrease in A340/min/6.22 pmoles/min
where 6.22 x 10* is the millimolar extinction coefficient for NADH at 340 nm

(Dawson et al., 1969).
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8.3 RESULTS
8.3.1 Generation of a full length human PC clone

The ¢cDNA encoding the first 270 N-termipal residues of the human PC was
generated by RT-PCR  using HUMOS  (5'-GGCGGAATTCGGTGCAGGA-
TGTTCCCATACTGG-3") primer with a EcoRI restriction site attached at the 5-end,
underlined) as a cDNA synthesis primer followed by PCR using the same ¢cDNA synthesis
primer (HUMOS) and HUMO09 primer (5-GGTGGATCCAGTTTGACCAAAC-
ACTAAGGATGC-3', bold, start codon) with a BamH]I restriction sitc attached at the
5'-end, underlined) (Walker et al., 1995b). These primer binding sites relative to the human
PC mRNA is shown in Fig.8.3 A. The 0.8 kb PCR product was purified, digested with
EcoRI and BamHI and cloned into pBluescript SK yielding the plasmid phPCR 800-11.
Sequencing was then performed to ensure no error was introduced by 7ag polymerase. The
presence of a Bglll site at the 3'-end of pTZ-hPC 50 made it not possible to excise an insert
from pTZ-hPC50 as a single fragment by digesting with Bg/II (at S'-end) and EcoRI (3'-
end). Therefore, the 5'-end of pTZ-hPC 50 was first inserted at the 3'-end of pPCR 800-11
by excision with Bglll and Xhol. and this yielded phPC-5 plasmid which contains half of
the coding region. The second step was carried out by digesting phPC-5 with Notl and
Xhol and pTZ-hPC 50 with Xhol and BamHI. These two fragments were then cloned into
the NotI-BamHI cloning site of pIRESIneo plasmid, and this yielded pIRES-PC which
contained the full length of human PC ¢cDNA (Fig. 8.4). A whole PC cDNA insert was also
subcloned from pIRESlneo with Xbal and EcoRI, and cloned into Nhel (produces
compatible end with Xbal) and EcoRI of pEFIRES-puro plasmid (Fig. 8.5)

To incorporate the full length human PC ¢cDNA into a tetracycline-inducible plasmid
(pBI). the full Jength human PC ¢DNA was initially cloned into pBluescript to provide the
polylinker regions which are compatible with the cloning sites in the pBI plasmid. This was
carried out by ligating a BamHI-Xhol fragment from phPC-5 and a Xhol-EcoRI fragment
from pTZ-hPC50 and ligating them into the BamHI-EcoRI-digested pBluescript, yielding
plasmid pBS-PC (Fig. 8.3B). Full length human PC ¢cDNA was then excised from pBS-PC
by digestion with Notl and Sa/l and cloned to Notl-Sall-digested pBI, yielding the plasmid
pBI-PC (thc map of this final construct is shown in Fig. 8.6).
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Figure 8.3 Schematic diagram of the construction of full length human PC
c¢DNA in different mammalian expression vectors. A, RT-PCR was used to
generate the 5°-end of ¢cDNA encoding human PC ¢cDNA. This PCR product was then
sequenced and ligated to pTZ-hPCS0 which contains most of the coding region of human PC
by two step cloning. pIRES-PC and pEF-PC were the final constructs which contain full
length human PC n two different bicistronic vectors, B, gencration of full length human PC
cDNA cloned into the Tet-on expression plasmid (pBI) to yield the pBI-PC construct.
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Figure 8.4  Map of pIRES-PC expression plasmid. Full length human PC cDNA
(bPC) was inserted at Norl and BamHI sites of pIRES lneo plasmid. The insert can be
isolated from the vector by digesting with BnHI. IRES, internal ribosome entry site;
Neo, neomycin phosphotransferase gene; bGH poly(A), bovine growth hormone
polyadenylation signal; Amp, ampicillin resistance gene; Pcmyv, cytomegalovirus

promoter; IVS, synthetic intron that ecnhances stability of the mRNA (Huang and
Gorman, 1990).
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Figure 8.5 Map of pEF-PC expression plasmid. Full length human PC
cDNA (hPC) was inserted at Nhel and EcoRI sites of pEFIRES-Puro (Hobbs ef
al., 1998). The insert can be isolated from the vector by digesting with BamHI
and EcoR]. IRES, internal ribosome entry site; Puro, puromycin acetyl
transferase gene; SV40 poly(A), SV40 polyadenylation signal; Amp, ampicillin
resistance gene; Pcmv, cytomegalovirus promoter; IVS, synthetic intron that
enhances stability of the mRNA (Huang and Gorman, 1990). Asterisks indicate
unigue multiple cloning sites present in the pEFIRES-puro. flori, allows
production of single stranded DNA for mutagenesis.
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Figure 8.6  Map of pBI-PC expression plasmid. Full length human PC ¢cDNA (hPC)
was inserted at Notl and Sall sites of pBI under the control of cytomegaloviral promoter
(Pcmv2). The insert can be isolated from the vector by digesting with BamHI. TRE,
tetracycline-responsive element; SV40 poly(A), SV40 polyadenylation signal. The
presence of CMV promoter on the opposite strand (Pcmvl) allows other genes to be
cloned downstream of this second promoter. B-globin poly(A), 8 -globin polyadenylation
signal.
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8.3.2 Transient expression of human PC from different expression vectors
8.3.2.1 Tetracycline-inducible expression vector

pBI-PC, “response plasmids” were transfected into the 293T cell line stably
transfected with a “regulatory plasmid” by electroporation. Transfectants were induced by
adding different concentrations of doxycycline (0.5, 1.0, 2.0 and 5.0 pg/ml) in the culture
media for 48 h before the proteins were preparcd and analysed by SDS-PAGE and Western
analysis. As shown in Fig. 8.7, the expression level of PC derived from transfection of
293T with pBI-PC was higher than that of non-transfected 293T cells. A slight increase in
the level of PC expression was seen when the transfectants were grown in higher
concentration of doxycycline. However, these transfectants only expressed PC at a level
about 3-4-fold higher than non-transfected 293T cells. Two additional bands which reacted
to avidin were identified on the basis of their molecular weight as other two endogenous
bjotin enzymes, propionyl-CoA carboxylase (PCC) [79 kDa] and methylcrotonyl-CoA
carboxylase (MCC) [75 kDa] (Wood and Barden, 1977; Lau et al., 1980). The presence of
these PCC and MCC bands in other human cell lines (Chandler and Ballard, 1985) and in rat

pancreatic islets (MacDonald, 1995a) have also been reported.

8.3.2.2 Bicistronic vectors
pEF-PC and pIRES-PC were separately transfected into 293T cells.
Transient expression of PC was monitored by SDS-PAGE and Western analysis upon
incubating the transfectants in the culture media for 48 h. As indicated in Fig. 8.8, the
expression level of PC derived from transfection of 293T cells with pEF-PC was about 2-3-
fold higher than those transfected with pIRES-PC, as judged by Western analysis from two
independent transfection experiments. The level of PC produced by 293T cells transfected

with pEF-PC was about 10-fold higher than the non-transfected 293T cells.

8.3.3 Expression of hPC from stably transfected 293T cells
Generation of stable cell lines expressing recombinant proteins is superior to transicnt
expression i.e. proteins are continuously produced over time as the expression plasmid is

stably integrated into the host chromosome(s). The results obtained from transient
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Figure 8.7 Transient expression of 293T Tet-On cells transfected with pBI-PC
plasmids. Soluble proteins were extracted from cells and analysed by SDS-PAGE
tollowed by Wesiern analysis using avidin-conjugated with alkaline phosphatase as
probe. PC expression can be induced by adding different concentrations of doxycycline
(DOX) in the culture media for 48 h after transfection. PC, pyruvate carboxylase; PCC,
propionyl-CoA carboxylase; MCC, methyl crotonyl-CoA carboxylase, M, biotinylated
markers.
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expression described in section 6.3.2, have demonstrated that the pEF-PC construct resulted
in expression of recombinant human PC at higher levels than the pIRES-PC and pBI-PC
constructs. For this rcason, pEF-PC was used to transfect 293T cells to create a stable cell
line that constitutively expresses recombinant human PC.

Four identical transfection experiments were carried out as described in methods.
After transfection they were transferred into four petri dishes (plates 1, 2, 3 and 4) 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. At this stage, two different strategies were used to
select highly expressing clones by (i) isolating pooled clones and (i) isolating purc clones.
Since hPC and PAC proteins are cotranscribed on the same mRNA, any clones that are able
to grow In high concentrations of puromycin added to the media should also express high
levels of hPC.

i) For isolating pooled clones (plates 1 and 2), puromycin was successively
increased to 2, 5, 10, 20, 30, 50 and 100 pg/m! in culture media. Resistant colonies were
routinely maintained in such concentrations of puromycin for 5 days before the next
concentration was added. This allows any colonies that cxpress a higher level of PAC 1o be
expanded while any colonies that poorly expressed the puromycin resistance gene will die
off. In the meantime, the levels of PC expression from these pooled clones were also
monitored by trypsinizing 1/4 of them and analysing by SDS-PAGE/Western analysis. As
shown in Fig. 8.9A, pooled clones derived from plate 1 expressed more PC when they were
maintained in higher concentrations of puromycin (2, 5 and 10 pg/ml respectively). In
contrast, pooled clones derived from plate 2 did not show this trend i.e. they expressed PC
at the same level in these three concentrations of puromycin. It is interesting to note that at
this stage, other endogenous biotin carboxylases, i.e. PCC and MCC, were not detected in
these pooled clones. Instead, another two minor bands which were slightly smaller than
PCC and MCC were observed. These two bands were proportional to overexpressed PC
bands and were not present in non-transfected cells suggesting that they were partial
breakdown products of PC and also contain biotin moiety. Densitometer scanning analysis

indicated that this breakdown product was negligible (less that 5% of the 120 kDa PC band).
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Figure 8.9  Western analysis of pooled clones stably transfected with pEX-PC plasmid.
Transfectants were grown in the medium containing 1 ug/ml puromycin. Selection of highly
expressing PC clones were carried out by gradually increase the concentrations of puromycin
in the media (2, 5 and {0 pg/ml). Soluble proteins from these pooled clones were extracted
and analysed by SDS-PAGE followed by Western analysis with (A) avidin-alkaline
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propiony}-CoA carboxylase; MCC, methyl crotonyl-CoA carboxylase, M, biotinylated
markers.
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Western analysis with anti-chicken PC antibodies (1: 20,000 dilution) revealed strong cross
reactivity between human PC and the antibodies suggesting chicken PC antibodies recognise
similar epitopes on the human enzyme (sce Fig. 8.9B). The anti-chicken PC antibodies also
reacted with two other faint bands, one was about 97 kDa which is also present i non-
transfected cells while another one was about 130-140 kDa. However. the latter band was
not present in non-transfected cells and it perhaps represents the unprocessed precursor
(uncleaved mitochondrial targetting sequence at the N-terminal) of recombinant human PC
due to its overexpression in the cells. At higher concentrations of puromycin (20 and 30
ug/ml), only slightly increased levels of PC expression were observed (Fig. 8.10). In
contrast, expression levels of PC detected from pooled clones derived from plate 2 (10 and
20 pg/ml puromycin) remained unchanged (Fig. 8.10). However both cell lines were not
able to grow at higher concentrations of puromycin (50 and 100 pg/ml) suggesting a toxic
effect of the drug.

Since pooled clones derived from plate 1 expressed the highest level of hPC, these
clones were expanded and passaged. To test whether PC expression levels could be
regulated by the concentration of puromycin, these cell lines were grown in different
concentrations of puromycin from 0 to 30 pg/ml for 7 days. As shown in Fig. 8.11],
different concentrations of puromycin did not induce PC expression, as similar levels of PC
were detected when the cells were grown even in the absence of puromycin. Constitutive
expression of PC in these cell lines is rather due to the presence of a high copy number of
transgenes integrated into the chromosome of 293T cells. It is noteworthy that at this stage
in contrast to the situation in non-transfected cclls, the PC band has become a prominent
specics in transfected cells as can be seen in the Coomassie stained gel. It is also apparent
that PCC and MCC were again not detectable. This appears to be a feature of the
overexpression of PC which competes for biotinylation of endogenous biotin carboxylases.
This pattern was still observed even though extra biotin was routinely added to the culture
media (2.0 mg/L).

ii) For the isolation of pure colonies, after maintaining transfectants in the
medium containing 1 ug/mi puromycin for 3 weeks. Twenty four out of fifty colonies were

picked from the plate and transferred to 6-well plates and grown in medium containing 2
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Figure 8.10 Western analysis of pooled clones stably transfected with pEF-PC
plasmid. Transfcctants were grown in the mecdium containing 10 pg/ml puromycin.
Selection of highly expressing PC clones were carried out by gradually increasing the
concentrations of puromycin in the media (20 and 30 pg/ml). Soluble protcins from thesc
pooled clones were extracted and analysed by SDS-PAGE followed by Western unalysis
with avidin-alkaline phosphatase. PC, pyruvate carboxylase; PCC, propionyl-CoA
carboxylase; MCC, methyl crotonyl-CoA carboxylase, M, biotinylated markers.
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Figure 8.11 Constitutive expression of human PC from pooled clones 1.1. Pooled
clones 1.1 were expanded and grown in different concentrations of puromycin (1, 5, 10,
20 and 30 pg/ml). Soluble proteins were extracled and analysed by SDS-PAGE and
stained with Coomassie blue (A) and Western analysis probing with avidin-alkaline
phosphatase (B). rPC, purified rat PC (Booker, 1990). PCC, propionyl-CoA carboxylusc;
MCC, methyl crotonyl-CoA carboxylase, M, biotinylated markers.
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pg/ml puromycin for 5 days. At this stage, sixteen colonies survived and were then
maintained in medium containing 10 pg/ml puromycin. After maintaining these 16 colonies
in this medium, only two colonies, clones 12 and 22 survived and had grown rapidly.
However, both clones failed to grow in higher concentrations of puromycin (20 and 30
ug/ml). SDS-PAGE and Western analysis indicated that these two clones expressed PC at a
similar leve] to the pooled clones derived from plate 1 (1.1) (Fig. 8.12). The level of PC
protein expressed from these clones was about 25-30-fold higher than non-transfected cells
as judged by Western blot probing with avidin-atkaline phosphatase.

PC activity assays were performed with crude lysates prepared from these four cell
lines (pooled clones 1.1, pooled clones 1.2, pure clones 12 and 22) using the radiochemical
method as described in Chapter 7. The results showed that these clones incorporated
'*HCO, into malate with about 30- fold higher activity than non-transfected cells in parallel
with the amount of PC band detected by Western blot with avidin alkaline phosphatase,

suggesting that these four cell lines produced active PC.

Table 8.1 Relative PC activity* of different 293T clones overexpressing PC.

Clone

relative PC activity*

non-transfected 293T

]

1.1 33
2.1 30
12 35
22 27.5

*determined by radiochemical assay

8.3.4 Purification and characterisation of recombinant hPC

Mitochondria were isolated from 20 ml packed volume of 293T cells (80 x 175cm’
culture flasks with 90-100% confluence) using differential centrifugation. To facilitate
subsequent extraction of their matrix proteins. the mitochondria were freeze-dried as
described previously. SDS-PAGE analysis indicated that PC (120 kDa) constituted a major
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protein  (70% of total protein) found in 40% ammonium sulphate precipitate fraction as
shown in Fig. 8.13. The specific activity of PC in this step was about 8-10 U/mg protein.
The specific activity obtained from this step is comparable with that reported from partially
purifed PC from liver (30% purity) [Scrutton and White, 1974} suggesting that this
reccombinant enzyme is as active as the native enzyme. Further purification of recombinant
hPC was carried out by avidin-Sepharose chromatography. This technique is based on
interaction between biotin which is covalently attached near the C-terminal of the enzyme to
avidin immobilised on the Sepharosc matrix. Since the binding of native avidin to biotin is a
very strong interaction, monomeric¢ avidin was used instead to reduce this tight interaction
(Henrikson er al., 1979). Five to ten milligrams of the desalted materials obtained after
ammonium sulphate precipitation were applied to the column. The A,,, profile detected after
cluting PC with 2 column volumes of d-biotin yielded a single peak as indicated in Fig.
8.14. PC eluted from the column showed a single band on SDS-PAGE with the specific
acuivity of 20 U/mg protein. However, the yield of PC is relatively poor, with only 20%

recovery (see table 1).

Table 8.2 Purification of recombinant human PC from pooled clones 1.1

stably transfected with pEF-PC expression plasmid.

protein (mg) specific activity* Yield (%) 7
Purification step (U/mg protein)
mitochondrial extraction
40% (NH,),SO, 10 10 100
precipitation
avidin-sepharose 2 20 20

*determined by spectrophotometric assay
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Figure 8.13 SDS-PAGE (A) and Western analysis (B) of purification of
recombinant human PC from clones 1.1. M, biotinylated marker; lane I,
soluble material from whole cell lysate; lane 2, 40% ammonium sulfate
precipitate of mitochondrial proteins before monomeric avidin affinity
chromatography; lane 3, material after monomeric avidin affinity
chromatography.
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Figure 8.14 Monomeric avidin-Sepharose chromatography of recombinant
human PC after ammonium sulphate precipitation (40% saturation) of
mitochondrial extract. Ten micrograms of this material were applied to a monomeric
avidin-Sepharose column at a flow rate of 0.2 ml/min. After a period of equilibration
in the biotin-containing elution buffer (Img/ml in running buffer), PC was eluted from
the column with 1 mg/m] biotin in running buffer (arrow) and concentrated by
precipitation with 50% ammonium sulphate.
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8.4 DISCUSSION

In this Chapter, recombinant human PC was successfully produced at a very high
level of expression which was achieved by using a highly efficient expression system.
Conventional plasmids designed for stable expression of foreign proteins in cukaryotic cells
commonly contain two separate expression cassettes, one for the protein of interest and
another for a selectable marker such as the transposable element (Tn3 neo gene). Disruption
of the circular plasmid occurs during genomic integration. If this takes place within the
expression cassette for the protein of interest leaving the marker cassette intact, the
transfected cells will survive but will not express the protein of interest. Loss of the protein
of interest as a result of deletion of cDNA encoding it, with time can also occur as the
selective pressure is only exerted on the drug resistant marker (Rees e al., 1996). These
problems can be overcome if the genes are fused within a single transcription cassette
designed to produce a bicistronic message, linking expression of the required protein and the
selectable marker at the RNA level (Rees et al., 1996). The use of bicistronic vectors with
the selectable marker downstream of an internal ribosome entry site sequence eliminates false
positives in which transfected cells express drug resistance but not the protein of interest, as
can occur with conventional dual cassette vectors (Rees et al., 1996; Hobbs eral., 1998). In
addition, expression of the protein of interest can be maintained over a period of time by
maintaining transfected cells in the media containing antibiotic as both proteins are
simultaneously produced from the same mRNA. The use of the human elongation factor 1o
promoter to drive the expression of human PC has been shown from the transient expression
experiments to be more effective than the cytomegalovirus promoter. The elongation factor
la promoter is highly active leading to abundant expression of the elongation factor la
protein required in most eukaryotic cell types (Slobin, 1980). This promoter has also been
shown to exhibit higher activity when cloned upstream from cDNA encoding different
proteins than a number of commonly used viral promoters in a broad range of cells (Kim et
al., 1990; Mizushima and Nagata, 1990). The selection of stable clones that expressed very
high levels of recombinant human PC can also be achieved by increasing the concentration of

puromycin in the culture medium. This would select for any clones that contain muitiple
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copies of the transgene integrated into the genome thus also expressing higher levels of
puromycin metabolising enzyme (PAC, puromycin acety! transferase).

The use of 293T cells to produce human PC may have some advantages over
heterologous expression system such as E. coli, since the 293T cells werc 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. The use of
an homologous expression system has also been successfully used to overproduce S.
cerevisiae PC1 isozyme in either single or null mutants strains (M.G. Nezic, personal
communication). The observed 65-70 kDa biotinylated protein which 1s proportional to the
overexpressed PC band in all stable clones suggests that it 1s a partial breakdown product of
PC which is likely to be susceptible to proteases during homogenisation. Similar sized
fragments have also been observed when purified yeast (Lim et al., 1988), chicken (Khew-
Goodall, 1985), and rat (Booker, 1990; Jitrapakdee er al., 1996) were proteolysed with
chymotrypsin or other proteases.

Recombinant human PC can be isolated by one step chromatography i.e. monomeric-
avidin affinity chromatography after the selective precipitation of mitochondrial extract with
40% saturated ammonium sulfate solution. However, the recovery of PC obtained from this
chromatography i1s relatively low as a result of poor binding of PC to the column. Similar
problems have also been reported in many attempts to purify PC from other sources
including bacteria (Modak and Kelly, 1995), insect (Tu and Hagedorn, 1997), chicken
(Khew-Goodal!l, 1985). This seems to conflict with the fact that avidin is known to be a
strong inhibitor of PC when it is added in the assay mixture, suggesting that the biotin
moiety is readily accessible to the free avidin molecules under these conditions (Purcell and
Wallace, 1996). It has been proposed that in the absence of the substrate(s), the biotin group
which attached near the C-terminal of PC is less accessible to the avidin while PC is being
applied to the monomeric avidin affinity chromatography (Purcell and Wallace, 1996).
Although it has been showced that adding substrates of PC including NaHCO;, pyruvate and
ATP in the running buffer significantly improved the yield of PC from Pseudomonas
aeruginosa (Purcell and Wallace, 1996) and M. thermoautotrophicum, (Mulhapayay et al.,

1998), the inclusion of these substrates in the running buffer did not improve the yicld of
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human PC. Perhaps this reflects a property of the structurally distinct P. aeruginosa and M.
thermoautotrophicum PC which possess (aB), configuration. Indeed, ATP has been shown
to both increase and suppress the interaction of avidin with chicken PC (Scrutton and Utter,
1965). Several other chromatographic separations may also provide the alternative means to
purify human PC. These include an ion exchange chromatography, gel filtration and dye-
ligand chromatography. The first two methods have been extensively used to purify yeast
(Lim et al., 1987), shecp (Khew-Goodall et al., 1991) and chicken (Attwood et al., 1993;
Wernberg and Ash, 1993) PCs. Though some minor bands were also observed on SDS-
PAGE, these contaminants did not interfere with the PC assay. The dye-ligand
chromatography based on its affinity for acetyl-CoA has recently been described to purify
PC from Rhodobacter capsulatus (Modak and Kelly, 1995). Since vertebrate PC is known
to be acetyl-CoA-dependent, this affinity chromatography should also provide an alternative
means to avidin affinity chromatography.

The expression system described here has provided for the first time a readily
available and reliable source of human PC in native form and will be extremely useful for the
production of mutant enzymes, including those reported clinically (Wexler et al., 1998;
Carbone et al., 1998) in quantities appropriate for structure and function analysis. These
mutations includes substitutions of Val 146->Ala, Arg 451> Cys, Ala 610 ->Thr and Met
743->Ile. Further work towards this goal will involve site-specific mutagenesis of wild type
human PC ¢cDNA to the above substitutions. The most interesting mutants to be created
would be Arg 451->Cys, Ala 610-> and Met 743-> Ile as these mutations have been found
to alter highly conserved residues and result in reduced catalytic activity of the enzyme. Val
146->Ala substitution mutant has been suggested to affect structural integrity of the enzyme
(Wexler et al., 1998) and hence this may not be readily expressed and purified. The
mutagenised cassettes could then be used to generate stable clones expressing these mutant
enzymes as with wild type enzyme. Mutant enzymes can be purified and their kinetic
analysis can be performed in more detail.

It is noteworthy that the 293T cells also produce significant amount of endogenous
PC (3.3%) which is likely to contaminate with recombinant PC. This may cause a problem

when this cell line 1s used as a host to produce mutant forms of human PC as the purified
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mutant enzymes will also be contaminated with wild type enzyme produced from host cells.
Two alternate methods could be used to dea! with this problem. First, the level of
endogenous PC can be suppresscd by adding insulin in the culturc media. As shown in
Chapter 6 with rat, insulin down-regulated PC gene transcription. This may also occur with
the human PC gene as it is closely related organism to rat. Alternatively, a genetic approach
can be used to disrupt the endogenous PC gene by homologous recombination. This
technique has recently been applied with different cell types in addition to the embryonic
stem cells (Wang et al., 1996; Grawunder et al., 1998). There is evidence to suggest that
several human cell lines that are defective in PC expression can be grown i.e. the skin
fibroblasts derived from PC deficiency patients with indistinguishable phenotype of that wild
type (cell lines GM00444 and GMO06056 distributed by The Coriell Institute of Medical
Research, U.S.A).

The second approach would be to generate recombinant human PC with histidine tag
at the C-terminal end of the enzyme rather than at the N-terminal. Putting the histidine
tagged at the N-terminal 1s likely to be cleaved off since newly synthesised mammalian PCs
undergo N-terminal clcavage while targetting to the mitochondria. The few extra histidines
at the C-termunal end of the cnzyme could interfere with the biotinylation reaction by biotin
ligase. A recent report of the three dimensional structure of the C-terminal 87 amino acid
residues of the biotin carboxy! carrier subunit of E. coli ACC (homologue of biotinyl domain
of PC) has shown that the last two residues located at the end of B-strand constributed the
hydrophobic core (Roberts et al., 1999). However, the insertion of extra glycine residues
(providing flexibility) after the last residue (glutamic acid) of human PC and a C-terminal
histidine tag should not interfere with the biotinylation reaction. Indeed, PC from other
organisms Including A. ferreus (Li et al., 1998), M. thermoautotrophicum (Mukhopadhyay
etal., 1998) and S. cerevisiae [PC2 1sozyme] (Stucka et al., 1991) also contain additional
amino acid residues C-terminal of the biotinyl lysine compared wtih mammalian PCs. An in
vitro study has also been demonstrated that a recombinant PC2 biotinyl domain with C-
terminal extension acts as a better substrate for the biotinylation reaction than the shorter
version (Val et al., 1995), Generation of histidine-tagged human PC is not only useful for

removing endogenous PC away from recombinant PC but also facilities purification
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procedures by avoiding inefficient monomeric-avidin Sepharose chromatography. This

histidine-tagged protein purification system is commercially available from different sources.
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Chapter 9 Final discussion, conclusions and future directions

PC has been of particular interest to our research laboratory over the past 4 decades
since it was first discovered. This enzyme catalyses the first-regulated step in the conversion
of pyruvate 1o oxaloacctate, a Krebs cycle intermediate that is utilised directly and indirectly
as the substrate for many biosynthetic purposes. The most important pathways are
gluconeogenesis and lipogenesis. Early work carried out in the past focused on the
characterisation of the physical properties and kinetics of the enzyme. Since the development
of recombinant DNA technology, information on the primary structure of the enzyme has
been enhanced enormously by the cloning and sequencing of the genes and cDNA encoding
this enzyme. The most significant discovery in our laboratory during such a period is the
first report of the complete structure of the gene encoding PC in yeast (Lim ef al., 1988).

This led to the identification of three functional domains.
Structure

Clearly proteins that play the same role and are crucial for the cells are evolutionarily
conserved. Comparison of the primary structures of PC from different sources would
therefore allow the identification of structurally or catalytically important residues or motifs
that might play common or distinct roles in the reaction. Chapter 3 described the complete
sequence of cDNA encoding rat PC. The cDNA contained an open reading frame of 3537
nucleotides encoding a polypeptide of 1178 amino acids and showed high sequence
similarity with PC from mammals, insect, yeast and bacteria. Multiple sequence alignment
of PC with different portions of other biotin dependent enzymes from different species,
together with the recent crystal structure of the biotin carboxylase subunit of E. coli acetyl-
CoA carboxylase (Waldrop ef al., 1994) identified 11 highly conserved residues within the
biotin carboxylase domain. Notably a cysteine-lysine pair located in the biotin carboxylation
domain of different biotin carboxylases was invariant and has been suggested on the basis of
chemical modification studies (Wemeberng and Ash, 1993) to form an ion-pair in the
enolisation of biotin in the first partial reactions. The functional importance of other
conserved motifs found in the transcarboxylation and the biotinyl domains were also
discussed within the context of the structural domains of the enzyme (Chapter 3). With the
availability of a cDNA clone encoding PC, it is now feasible to investigate the role of

particular conserved residues by site-specific mutagenesis. Those candidates includes 11
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highly conserved residues located in the biotin carboxylation domain, the putative pyruvate
binding site and the metal binding site located in the transcarboxylation domain. A program
of site-directed mutagenesis has been targeted to the yeast PC1 isoenzyme followed by
expression of these mutant cnzymes in the double null mutant strain of yeast lacking both
PC1 and PC2 gene expression. The availability of multicopy yeast expression vectors
should also facilitate the production of large scale recombinant PC for structure determination
by X-ray crystallography. Together with site-directed mutagenesis studies, this should
allow us 1o fully understand the structural basis of the catalytic and allosteric properties of

PC.
Gene and evolution

As described in Chapter 5, analysis of the gene structure of rat PC revealed that this
gene was located on chromosome 1 and is split into nineteen coding exons and four
5'-untranslated region exons spanning over 40 kb. The organisation of the coding exons
and the introns of the rat genc is very similar to the that since described for human gene,
suggesting that the PC gene is evolutionarily conserved in mammals. Organisation of exons
in the gene was also consistent with the domain structure of the enzyme suggesting a close
relationship between exons and protein domains. Of the particular interest was the placement
of a very large intron (intron K, ~10 kb) which separated the boundaries of the exons
encoding the biotin carboxylase and the transcarboxylase domains, suggesting that this
junction might be the region where the fusion of ancestral genes encoding both domains
occurred in mammals during evolution. It is very interesting to note that the same region of
the gene encoding PC in bacteria, M. thermoautotrophicum is also split into two parts i.e. the
non-biotinylated subunit (o-subunit) (equivalent to the biotin carboxylase domain of
vertebrate enzyme) and the brotinylated subunit (B-subunit) (equivalent to the
transcarboxylase and the biotinyl domains) separated by half of a genome.

The availability of embryonic stem cell technology allows one to create a mouse
model of PC deficiency mimicking mutations that are naturally occurring in humans or to
investigate other physiological roles of PC by disrupting the gene encoding it by
homologous recombination. This approach wiil initially require the generation of a targetting

vector containing part of the mouse PC gene flanked by a selectable marker gene. This vector
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will be used for two rounds of targetting until homozygous mice lacking PC in both alleles
are obtained. With the information on the genomic organisation of both rat and human PC,
the way is clear to proceed with the isolation of the mouse gene. This would perhaps reveal

new biological role(s) for PC as recently has been shown in insulin secreting cells.
Transcriptional regulation

As described in Chapter 4, RACE-PCR was successfully used to identify and
characterise multiple PC mRNA isoforms in rat and human tissues. Five alternative forms of
rat PC mRNA isofcrms with the same coding sequence but differing in their 5'-UTRs were
identified in liver, kidney, brain and adipose tissue and these were expressed in a tissue-
specific manner. Likewise, two altemative mRNA isoforms encoding PC were also
identified in human liver, and most likely these will be shown to be alternatively transcribed
from two promoters as in the rat gene. Comparison of the 5-UTRs of the different rat PC
mRNAs to the 5'-end of the gene clearly showed that differential splicing of two different
primary transcripts, altcmatively transcribed from two tissue-specific promoters is
responsible for the production of multiple mMRNA isoforms with 5'-end heterogeneity. Both
promoters contained different features of typical eukaryotic promoters: i.e. the proximal
promoter contained no canonical TATA or CCAAT boxes but resembled a HIP-1 box, while
the distal promoter contained three copies of a CCAAT box and muitiple copies of Spl
transcription factor binding sites. Different putative transcription factor binding sites were
found in both promoters suggesting that they are regulated differently. Transient expression
studies in COS-1 cells using chimeric gene constructs, created by fusing the proximal and
the distal promoters to the luciferase reporter gene, demonstrated that both promoters
contained functional elements. Deletion analysis showed that the 153 bp and 187 bp,
preceding the transcription start site of the proximal and the distal promoters respectively
were required for basal transcription. The distal promoter was found to drive the expression
of the luciferase at a 4-8-fold higher level than the proximal promoter when both werc
transiently expressed in COS-1, CHO-K] and HepG?2 cell lines.

Insulin selectively inhibited the expression of the proximal promoter-luciferase
reporter gene by 50% but not the dista) promoter, suggesting the presence of an insulin-

responsive element in the proximal promoter. However, this potential insulin-responsive
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clement has not been identified. Further experiments will require transfection of different
deletion constructs in COS-1 and HepG?2 cells grown in the presence of insulin in the culture
medium to see if the deletion causes an increase in the reporter gene activity. Site-directed
mutagenesis could then be introduced to confirm the responsiveness of such a motif to
insulin. Gel shift analysis could also be performed to identify which protein would bind to
an insulin-responsive clement. The availability of cloned proximal and distal promoters
would also provide an excellent opportunity to investigate the roles of other regulatory
proteins that mediate transcriptional regulation of both promoters. The most widely used
technique is the DNasel footprint analysis which involves incubation of the radio-labelled
promoter fragment with a nuclear extract obtained from various tissues particularly liver and
kidney. followed by digestion with DNasel. Any regions of the promoter that have
transcription factors bound to them will be protected from cleavage by DNasel. Once the
regulatory regions have been identified, gel shift analysis using synthetic sequence(s)
corresponding to the DNasel protected region(s) could then be carried out. Such techniques
mentioned above have been used extensively to identify regulatory proteins that play a role in
transcriptional regulation of PEPCK and other genes. The anaplerotic role of the distal
promoter of rat PC gene in insulin-secreting cells is particularly interesting as the transcripts
generated from this promoter can be induced by glucose. The role of PC in insulin
signalling has recently been described. It will be interesting to generate a rat insulinoma cell
line that has a defect in PC expression and to see how this deficiency can affect the insulin
secretion process. A cell line that is defective in PC expression can be generated by
disrupting the gene encoding PC using homologous recombination, the same technique that

1s used with mouse embryonic stem cells.
Physiological role of alternate promoters

The presence of alternate promoters of the rat PC gene has prompted investigation of
the physiological roles of these two promoters. In the past, different physiological states,
viz. neonatal development, diabetes and genetic obesity have most clearly been shown to
affect PC expression in rats. The physiological roles of both promoters were therefore
studied in these situations. PC expression is developmentally regulated. Hepatic PC and its

activity were low, though readily detectable, immediately before birth but increased markedly
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during the suckling period concomitant with an increase in its mRNAs. The proximal
promoter has becen shown to be responsible for production of the rUTR C transcript which
was the major form being accumulated during this period. The level of PC protein and its
activity were then decreased concomitant with a decrease in its mRNAs during weaning and
approached the level detected in adults. In genctically obese Zucker rats, adipose PC was
dramatically increased by 12 weeks of age concomitant with an increase in the rUTR C
transcript, indicating that the proximal promoter was trancriptionally active during the
hyperlipogenic condition.

In contrast, the proximal promoter was down-regulated in different rat liver cell lines
suggesting that this promoter was not functional under cell culture conditions. In pancreatic
islets and insulin-secreting cells, only transcripts generated from the distal promoter were
expressed and could be induced by glucose. 7n vitro translation using the reticulocyte lysate
system and in vivo polysome profile analysis clearly showed that different PC mRNA
isoforms (rfUTR C, rUTR D and rUTR E) werc translated with different translational
cfficiencies, suggesting that translational control plays an important role in regulating PC
cxpression.

As described in Chapter 1, several lines of evidence have implicated other
physiological conditions that could also affect PC expression. These include pregnancy,
lactation, diabetes, starvation, hypo- and hyperthyroidism. It will therefore be very

interesting to see how these physiological conditions affect PC expression.
Short term and long term regulation of PC expression

From the characterisation of multiple PC mRNA isoforms (Chapter 4), gene (Chapter
5) and promoter (Chapter 6) of rat PC gene together with regulation studies in Chapter 7, it
can be concluded that transcriptional and post-transcriptional control appear to be the
important mechanisms for long term regulation of PC expression. As indicated in Fig. 9.1,
the first control step is mediated through a transcriptional mechanism. The presence of two
tissue-specific promoters are likely to be an important mechanism to allow transcription of
the same gene independently under different circumstances. In gluconeogenic tissues (liver
and kidney) and lipogenic tissues (adipose tissues and liver) the proximal promoter is

functional. This is perhaps due to the presence of tissue-specific transcription factors that
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Figure 9.1 A schematic representation of cooperative regulation of rat PC
expression by short term and long term mechanisms. Different metabolic signals
outside the cells, i.e. glucose-induced insulin release in pancreatic §-cells; gluconcogenesis,
lipogenesis, mediated through the hormonal changes which can affect PC expression are
shown to alter activity of two alternate promoters (P/ and P2) of the rat PC gene at the
transcriptional Icvel (+, stimulate; -, inhibit). This results in the generation of altermative
transcripts with 5'-end heterogeneity i.c. liver/adipose-specific PC transcript C (C in figure)
and housekecping-specific PC transcripts D and E (D and £) which can be controlled at the
translational level through the formation of a stable sccondary structurc (stem loop) in the
5'-untranslated region. Short term rcgulation of PC activity is achieved post-translationally
by allosteric activation by acetyl-CoA upon the enzyme targetted to the mitochondria. Boxes
shown in the nucleus represcnt the different S'-untranslated regions of different PC
transcripts derived by alternative splicing.
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interact with cis-acting element(s) in the proximal promoter (presumably hepauc nuclear
factor, HNF-4 in liver and fat-specific element, FSE] in adipose tissue). Alterations of
plasma insulin, glucagon and glucocorticoids during the postnatal gluconeogenic period
(Girard et al., 1992) and in lipogenesis have been shown to affect PC expression and these
hormonal changes may involve up-regulation of transcription from the proximal promoter to
supply the decmands of the cells under these conditions. An in vivo study has shown that
insulin down-regulated PC expression in diabetic rats (Weinberg and Utter, 1981), but the
mechanism by which insulin works remains unclear. Indirect evidence, obtained from the
reporter gene study in chapter 6 has shown that insulin inhibited transcription from the
proximal promoter, most likely through an insulin-responsive element binding protein which
is currently unknown. On the other hand, the distal promoter appears have a housckeeping
function in other tissue types. Of particular interest, this promoter seems to play an
anaplerotic role in insulin-secreting cells, i.e. pancreatic islets and insulinoma cells. This
promoter is induced if these cell types are grown in higher than physiological concentrations
of glucose. The second control step of PC expression is achieved at the translation step i.e.
different PC transcripts produced from two tissue-specific promoters exhibit different
translation cfficiencies. This appears to be mediated through a sequence at the 5'-
untranslated regions of certain PC mRINAs which have the tendency to form a secondary
structure that could block ribosomal access to the cap site. Therefore, the rate of enzyme
synthesis would depend on which mRNA is being produced at the time. The newly
synthesised PC then undergoes post-translational modification by biotinylation followed by
translocation to the mitochondrial matrix. However, there is no evidence yet to suggest that
the biotinylation is the regulatory step. The third contro) step which has already been known
to be short term control is the allosteric regulation by acetyl-CoA (Barritt e al., 1976). The
beta oxidation of fatty acids is known to generate a large amount of acetyl-CoA which acts as
a physiological regulator of PC. Allosteric activation of PC by acetyl-CoA enhances the

production of oxaloacetate in the short term.
Recombinant enzyme and application

Clearly, obtaining PC from human liver at autopsy is not practical as a reliable and

reproducible source for further studies of the enzyme. Although several human liver and
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kidney cell lines are available, the expression level of PC in thesc cell lines is extremely low.
The availability of cloned human PC ¢cDNA has made it possible to cxpress this recomnbinant
material and replace native material. Full length cDNA cncoding human PC was generated
and cloned in a mammalian expression vector that allows the production of large amounts of
this recombinant enzyme in mammalian cells. So far this is far superior to an E. coli
expression sytem. With a one step purification using monomeric avidin chromatography, it
is possible to abtain a rcasonable yield of the recombinant enzyme with sufficient purty to be
further characterised. This expression/purification system not only allows one to generate
mutant enzymes that mimic¢ natural mutations which have recently been reported in humans
but would also be useful for structural studies. Carey (1988) has mapped the different
regions of tetrameric shecp PC that interact with various monoclonal antibodies using
clectron microscopic analysis. However this analysis was performed without information of
primary structure of sheep PC. Although cDNA encoding sheep PC is not available, strong
cross reactivity observed between monoclonal antibodies raised against sheep PC to other
mammalian PCs suggests that the quaternary structure of mammalian PCs are very similar.
Having the full length human PC cDNA clone, the epitopes of PC can be mapped. This can
be achieved by random cleavage of cDNA encoding human PC and ligating to a C-terminal
fusion partner e.g. B-galactosidase for detecting expression in E. coli.. This would be
followed by reacting the PC peptide library with different monoclonal antibodies. Any
reactive clones can be isolated and the cDNA encoding a particular motif can be extracted and
sequenced. Together with electron microscopic data, the way is clear to relate primary to
quaternary structure of PC.

Perhaps the most useful benefit of having a functional human PC cDNA clone would
be for a therapeutic purpose. Clearly, as a defect in PC in humans causes early death or
delayed development, the application of gene therapy technology would make it possible to
transfer functional cDNA using a retrovirus-based expression vector to correct the PC

deficiency.
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