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SUMMARY

Pyruvate carboxylase (PC) IEC 6.4.1.1.1 is a multi-functional enzyme belonging to

the biotin carboxylase family, enzymes that use the biotin moiety as a mobile carboxy-group

carrier between the two catalytic domains. Mammalian PC is located in the mitochondrial

matrix where it plays a vital role in gluconeogenesis, lipogenesis and other biosynthetic

pathways. Although cDNA or genomic sequences encoding PC from a number of

organisms have been reported 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 rar PC çDNA has been isolated by performing 5' RACE-PCR' Full

length cDNA contains an open reading frame of 3531 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.e. the biotin

carboxylation domain, the transcarboxylation domain and the biotinyl domain have been

determined by a combination of limited proteolysis, sequence 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 l1 highly conserved residues including Cys265, His21l, Lys273,

Glu31l,Glu324, Asn326, Ãrg328, Gln330, Val337,Glu332 and Arg377.

The rat PC gene spans over 40 kb comprising nineteen coding exons and four

5'-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. Fluorescen ce in situ hybridisation of rat metaphase chromosomes localised PC to

the long arm of chromosome 1, band 1q43. Five altemate forms of rat PC transcripts

encoding the same enzyme have been identified and they exhibit tissue-specific expression.

These mRNA isoforms contain the same coding sequence but differ in their 5'-untranslated

regions (UTRs). Direct comparison of the nucleotide sequences of 5'-UTR exons to

5'-UTR sequences of PC 1RNA 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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rUTRC) transcribed from the proximal promoter are expressed in gluconeogenic tissues

(liver and kidney) and lipogenic tissues (liver, adipose tissue and lactating mammary gland).

In contrast, class II mRNAs (rUTR D and rUTR E) transcribed from the distal promoter are

constitutively expressed in most tissues.

The proximal promoter lacks TATA and CAAT boxes but includes a sequence that is

typical of an initiator HIp- 1 box surrounding the transcription initiation site while the distal

promoter contains three copies of CAAT boxes and multiple Spl binding sites. Several

potential transcription factor binding sites were also identified in both promoters. A series of

5'-nested deletion constructs of both promoters were fused to a firefly luciferase reporter

gene and transiently expressed in COS-I cells. The results showed that the 153- and 187-

bp, preceding the transcription initiation sites 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 gene 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 selectively inhibit the expression of the proximal promoter-luciferase repofter gene

by 507o but not the distal promoter, suggesting the presence of an insulin-responsive

element. A half maximum effect was found at 1 nM insulin.

Regulation of PC expression is developmentally regulated. The abundance of PC

mRNAs was low in fetal liver but increased 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

decreased 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 increase in mRNA level, whereas a 2-3 fold increase in hepatic PC was

observed in parallel with a 4 fold increase in its mRNA. RT-PCR analysis also showed that

the proximal promoter was activated in the hyperlipogenic condition.

Conversely, 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



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 l0 mM glucose.

From these data it can be concluded that the proximal promoter of the rat PC gene

plays a major role in gluconeogenesis and lipogenesis while the distal promoter is necessary

for anaplerosis.

Invitrotranslation andin vivo polysome profile analysis indicated that rUTR C and

rUTR E transcripts were translated with similar translational efficiencies which are

substantially greater than that of the rUTR D transcript, suggesting that 5'-UTRs play a role

in translational control.

Full length human PC cDNA clones were assembled and cloned upstream of the

puromycin resistance gene driven by the very strong promoter of human polypeptide chain

elongation factor-lo, in pEFIRES-Puro plasmid. The resulting construct, pEF-PC was

stably transfected into human kidney cells (293T). Because puromycin exerts selective

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 4-6Vo of soluble protein or 20-30 times more than non-

transfected cells. After the selective precipitation of the mitochondrial extract with 40qo

ammonium sulfate, the recombinant human PC can be purified by a single step monomeric

avidin affinity chromatography with an overall yield of 2OVo. PC purified by this method

yielded a single band on SDS-PAGE and exhibited a specific activity of 20 U/mg.
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Chapte r I Introduction and Literature review

1.I. GLUCONEOGENESIS AND GLYCOLYSIS

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 sttuctural

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 convefted 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,$-bisphosphatase and glucose-6-phosphatase which bypass the energy barriers as

shown in Fig 1.1.

T.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 ratelimiting step. The control

of gluconeogenesis and glycolysis has been comprehensively reviewed (Granner and Pilkis,

1990; pilkis and Granner,7992; Lemaigre and RousseaV 1994). Three substrate cycles,

glucose/glucose-6-phosphate, fructose-6-phosphate/fructose- 1,6-bisphosphate and

1



glucose 6-phosPhatase
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Glucose-6-
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Figure 1.1 Schematic diagram of glycolysis ays'
Dilferent enzymes that catallse diffeient steps n in
boxes. Fructose-2,6-bisphosphate is an activat and

pyruvate kinase but acts ãs inhibitor of fructose-1.,6-bisphosphatase. PC, pyruvate

cárboxylase; PEPCK, phosphoenolpyruvate carboxykinase; -GAPDH,
glyceraidehyde-3-phosphatè dehydrogenase; Kinase/ase, 6-phosphofructo-2-
kinase/fructose-2,6-bispho sphatase.

fructose 1,6-bisPhosPhatase

PaseKinase
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Cha¡tter I Introductiott and Literature review

phosphoenolpyruvate/pyfuvate are iffeversibly catalysed by different enzymes (Fig. 1' l) 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 turn

alter the enzymatic activity of three enzymes namely, 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-

dependent protein kinase activity. This signalling cascade results in the phosphorylation of

pyruvate kinase and 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase. This

phosphorylated state 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 Grannet,1992). On the other hand, a

high level of insulin (low levels of glucagon and catecholamine), favours glucose

metabolism to the glycolytic direction i.e. binding of insulin to its receptor which exhibits

tyrosine kinase activity and activating phosphodiesterase activity. This results in a reduced

cAMp level and its downstream effector, which reduces phosphorylation of pyruvate kinase

and 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase. An increase in the level of

fructose- 1,6-bisphosphate is also known to act as a potent activator of pyruvate kinase. This

can also act to amplify the pyruvate kinase reaction (Pilkis and Granner,1992).

Long term regulation (minutes to hours) of glucose metabolism can also be achieved

via hormonal changes. These occur during starvation, low carbohydrate diet intake, or

prolonged exercise which lead to high levels of plasma glucagon, catecholamine and

glucocorticoids. This results in an increased activity of PEPCK, fructose-1,6-

bisphosphatase and glucose-6-phosphatase and a coordinate decrease in pyruvate kinase,

phosphofructokinase and glucokinase activities (Granner and Pilkis, 1990; Pilkis and

Granner lgg2). These changes drive glucose metabolism in the direction of

gluconeogenesis. However, the opposite effect occurs when animals are fed a carbohydrate-

rich diet which results in an increased levels of plasma insulin and a low level of other

hormones. Insulin stimulates transcription of the genes encoding key glycolytic enzymes

and inhibits transcription of the genes encoding key gluconeogenic enzymes. The

2
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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 substrate 1 (IRS-l)'

which in turn activates downstream effectors including transcription factors flMhite and

Hahn, lgg4). Glucagon and catecholamine act via cAMP which exerts effects opposing

insulin by inhibiting transcription of glycolytic enzyme genes while stimulating transcription

of gluconeogenic enzyme genes (Granner and Pilkis, 1990; Pilkis and Granner, 1992). The

mechanism of how cAMP can modulate the genes encoding glycolytic and gluconeogenic

enzymes remains unclear, but it may be mediated through a cAMP-responsive element(s)

located in the promoters of these genes. Whereas insulin and cAMP affect all the genes

encoding key glycolytic and gluconeogenic enzymes, glucocotticoids have a 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 enzymes allows an efficient mechanism to control blood glucose under

different physiological conditions, Although most studies have focused on understanding

the regulation of genes encoding key glycolytic and gluconeogenic enzymes, many attempts

have also been made to isolate and characterise the transcriptional units from other genes

whose products are involved in glycolytic and gluconeogenic pathways in order to fully

understand the molecular basics underlying the control of glucose metabolism (see Table 1

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

Enzyme Gene structure organrsm nce

glucokinase

single copy gene,

isozymes produced

by alternate

promoters

rat

human

son et a ,

Magnuson and Shelton

1989

stoffel et al.,1992
Tanizawa et al., 1992

phosphofructokinase
-isoenzymes 

produced

by separate genes

mouse

human -Rongnoparut 

et aI.,

l99l
Elson et a1.,7990

Yamasaki et al.,l99l
6-phosphofructo-2-
kinase/fructose-2,6-

bisphosphatase

isozymes produced

by separate

genes/altemate

promoters

rat Darville et a1.,1989

Darville et al.,l99l

aldolase isoenzymes produced

by separate genes

rat

human

urgess ,

1985

Tsutsumi et a1.,1985

glyceraldehyde-3-

phosphate

dehydrogenase

single copy gene

with pseudogenes

rat

human

et

Ercolani et al.,1988

phosphoglycerate

kinase

isoenzymes produced

by separate genes

human et ,

-phosphoglyceratemutase

isoenzymes produced

by separate genes

rat

human

Ruiz-Lazano et al.,

1994

Tsujino et aL.,1989

Castella-Es cola et al.,

1990

enolase isoenzymes produced

by separate genes

rat

human
-sakimura 

et al.,l98l
Giallongo et a\.,1990

Oliva et a1.,1991

Peshavaria and Day,

1991

Giallongo et a\.,1993

pyruvate kinase isoenzymes produced

by separate genes

rat

human

o et

Kanno et a\.,1992
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Table 2: Genes encoding gluconeogenic enzymes

- 
Enzyme Gene structure organrsm reference

pyruvate carboxylase single gene/alternate

promoters

rat

human

chapters 4, 5

(Jitapakdee et al.,

1991)

Carbone e|a1.,1998

phosphoenol

pyruvate carboxykinase

single gene/single

promoter

rat et 1

fructose bisphosphatase single gene/single

promoter

rat

human

et

t99l
el-Maghrabi et al.,

1995

glucose-6-phosphatase single gene/single

promoter

mouse

fat
human

-shelly 
et a1.,1993

Argaud et aL.,1996
Lei et a1.,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, encoded by separate genes. PEPCK-C is located in the cytosol whereas

pEpCK-M is located in the mitochondrial matrix. The distribution of PEPCK isozymes has

been found to vary from species to species (Hanson and Patel, 1994). Only the gene

encoding 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 controlled by a single promoter (Beale et

at., 1985). The minimal promoter of the gene 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 et al.,19SS). 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., 1937). Subsequent 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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regularory unit (GRU) consisting of glucocorticoid receptor binding sites (GRE) and

accessory factor binding sites (AFl , AF2), an insulin-regulatory element (IRE), a thyroid

hormone regulatory element (TRE), as well as other transcription factor binding sites located

within this region (Hanson and Reshef , 1991) [see Fig' 1'2]'

Figure 1.2 Transcription unit of the promoter of PEPCK'C gene (adapted

from Hanson and Reshef, lg97). Different cis-acting elements are shown by ovals,

and the different regulatory proteins that interact with these elements are also shown. CRE'

cAMP regulatory element; TRE, thyroid-hormone regulatory element; GRE, glucocorticoid

regulatory element; TBP, TATA binding protein;IRE, insulin regulatory element; PPARRE,

peroxisome proliferatory-activated receptor regulatory element; AF-1, accessory factor-l;

CÆBP, CCAAT/enhancer binding protein; NF-l, nuclear factor-l; CREBP, cAMP

regulatory element binding protein; DBP, D-binding protein; HNF-I and HNF-3' hepatic

nuclear factor I and 3, respectively; GRU, glucocorticoid regulatory unit; GR,

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

The increased plasma insulin following carbohydrate intake decreases the rate of PC

synthesis (Granner et a1.,1983) due to the inhibition of PEPCK transcription (Granner e/

aI.,I913;Sasaki et a1.,1984). In contrast, the elevated plasma glucagon (via cAMP) during

fasting induces PEPCK expression (O'Brien and Granner, 1990) via transcriptional

activation (Granner et al., 1983; Sasaki et al., 1984). Glucocorticoids which act as

permissive agents to promote gluconeogenesis, also promote transcription of the PEPCK

gene (peterseî et a1.,1989). The actions of these hormones are mediated through hormone

responsive elements located in the promoter of the PEPCK gene. cAMP and glucocortioids

not only stimulate transcription of the PEPCK gene but also stabilise PEPCK mRNA against

6
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degradation (Hod and Hanson, 1988; Petersen et al., 1989). The transcriptional regulation

of PEPCK has recently been reviewed by Hanson and Reshef (1997).

1 . 3. 2 Fructose- 1,6'bisphosphstøse

Fructose-1,$-bisphosphatase catalyses the conversion of fructose-1,6-bisphosphate

to fructose-6-phosphate. Starvation and diabetes induce fructose-1,6-bisphosphatase activity

(Kitajima and Uyeda, 1983) and mRNA (el-Maghrabi et a1.,1983). The gene 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 consensus TATA box and a Spl binding site (el-

Maghrabi et a.1., 1991). cAMP has been shown to increase level of fructose-

1,6-bisphosphatase mRNA in rat hepatocytes and expression of the fructose-1,6-

bisphosphatase promoter-driven luciferase gene, consistent with the presence of a CRE (el-

Maghrabi et aI. l99l). In contrast, insulin opposes the action of cAMP by decreasing

6RNA encoding fructose-1,6-bisphosphatase in primary hepatocytes (el-Maghrabi et al.,

1e91).

1 .3 .3 Glucose-6'PhosPhatase

Glucose-$-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 (Nordlie and Sukalski, 1985). The

enzyme activity is highly detectable in liver and kidney. Hepatic glucose-6-phosphatase is

increased during starvation and diabetes (Nordlie et al., 1968;Batzilai and Rossetti, 1993;

Argaud et a1.,1996; Massillon ¿r aL, 1996). The cDNA and gene (Shelly et al., 1993; Lei et

aI., 1993;Lange et aL, 7994; Ãrgaud et a1.,1996; Scholl et aI., 1996) encoding the catalytic

subunit of glucose-6-phosphatase have been cloned. Glucocorticoids and cAMP increase the

level of glucose-6-phosphatase mRNA while insulin exerts the opposite effect and also has a

dominant negative effect on the transcription of the glucose-6-phosphatase gene when insulin

is present with glucocorticoids and cAMP (Lange et a1.,1994; Atgaud et al., 1996). The rat

glucose-6-phosphatase gene is comprised of 5 exons spanning 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., 1991; Lin et al', 1998) and mouse

1
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(Streeper et aL,lggi) glucose-6-phosphatase genes revealed the presence of multihormonal-

responsive units including those for insulin, CAMP and glucocorticoids'

I.4 PYUVATE CARBOXYLASE (PC)

pyruvate carboxylase (PC) was first described by Utter and Keech (1960) in the

course of defining the gluconeogenic pathway in chicken liver. The reaction PC catalyses is:

acetyl-CoA, M92+

Pyruvate + HCO3-+ ATP <+ oxaloacetate + ADP + Pi

A few years later, PC from chicken was purified and its general 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 vertebrates and invertebrates, as

well as in many microorganisms (reviewed by Wallace, 1985). In prokaryotes, PC has been

identified in Pseudomonas spp, Rhodobacter spp, Bacillus spp, Rhizobium spp etc. but not

in Enterobacteriaceae (Wallace, 1985). The last group of bacteria can synthesise oxaloacetate

directly from phosphoenolpyruvate by phosphoenolpyruvate carboxylase (Ashworth and

Kornberg, 1966). A genetic study has indicated that expression of E' coli

phosphoenolpyruvate carboxylase can complement the phenotypic effects of PC-deficiency

in yeast (Flores and Gancedo, 1997). The anaplerotic role of PC has been shown to be

essential for normal growth in Rhizobium etli (Dunn et al., 1996). In Rhodobacter

capsulatus,changes in PC specific activity under different growth conditions are mediated at

the level of enzyme synthesis (Yakunin and Hallenbeck, 1997) while PC activity in Bacillus

stearothermophilus (Cazzulo et aI., l97l) and Rhizobium etli (Dunn et al., 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 are via the carboxylation of pyruvate by PC and from the glyoxylate cycle

8
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(Barnett and Kornberg, 1960). During growth in the presence of glucose, the enzymes of

the glyoxylate cycle are repressed (Gancedo, 1992) and PC catalyses the only known

reaction to replenish the TCA cycle in this condition. The highest activity of PC was found

in glucose-grown cells under anaerobic conditions (Haarasilta and Oura, 1915).

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 expressed in a tissue-specific manner with its activity found to be

highest in the liver and kidney (gluconeogenic tissues), in adipose tissue and lactating

mammary gland (lipogenic tissues) and in pancreatic islets, moderate in brain, heart, adrenal

gland and least in white blood cells and skin fibroblasts (Wallace, 1985; 'Wexler et al., 7994;

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

I .5 .1 Gluconeogenesis

In fasting, gluconeogenesis accounts for up to 96Vo of total glucose production

(Rothman et al., 1991). The presence of very high PC activity together with other

gluconeogenic enzymes including PEPCK, fructose 1,6-bisphosphatase and glucose 6-

phosphatase in liver and kidney cortex suggests that the primary role of PC is to participate

in gluconeogenesis in these tissues. During fasting or starvation in which endogenous

glucose is required for certain tissues (brain, white blood cells and kidney medulla), PC

expression together with other gluconeogenic enzymes have been shown to be elevated

(Owen et aL,1916). The reaction catalysed by PC is also known to be a rate-limiting point

in the gluconeogenic pathway, since this step has been shown to be regulated by a number of

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

1.5.2 Lipogenesis

PC was first considered to be only a gluconeogenic enzyme but was soon recognised

to be expressed at a very high level during the differentiation of adipocytes (Mackall and

Lane,Igll). PC appears to be particularly important in adipose tissue where it contributes

to the generation of a substantial proportion of the NADPH required for lipogenesis (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 gluconeogenests

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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andHanson, 1970). As shown in Fig. 1.3, the generation of NADPH is coupled to the

transport of mitochondrial acetyl groups into the cytosol for fatty acid synthesis' Acetyl-

CoA is generated in the mitochondria by the oxidative decarboxylation of pyruvate, and

acetyl-groups are transported to the cytoplasm as citrate, which undergoes 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

carboxylase. Meanwhile the oxaloacetate generated 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 íslets

Glucose is a potent stimulator of insulin secretion from p-pancreatic cells when

extracellular levels are greater than 3 mM. Secretion of insulin in response to a high

concentration of glucose results in the rapid uptake of glucose by p-pancreatic cells more than

by orher cell types (Heimberg et aI., 1993; Sekiîe et at., 1994). This is a feature of

p-pancreatic cells but not or-pancreatic cells (Schuit et aI., 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, pyruvate

dehydrogenase and PC have been shown to be elevated when pancreatic islets are grown in

higher than physiological concentrations of glucose, suggesting that both enzymes are

involved in the regulation of glucose-induced insulin release (MacDonald et 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

puryose of gluconeogenesis (MacDonald and Chang, 1985; MacDonald et al., 1992). The

rapid uptake of glucose is thought to be mediated through the glucose-sensing enzyme'

glucokinase which is rate-limiting for overall glucose utilization in p-pancreatic cells (Liang et

al.,1992;De Vos et a\.,1995). Glucose then undergoes oxidation to pyruvate (Schuit et al',
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lggj)which is subsequently carboxylated by PC (MacDonald, 1995b; Schuit et al., 1997),

Higher concentrations of glucose also up-regulate the levels of PC protein (MacDonald,

1995a) and its mRNA (MacDonald et a1.,1991; MacDonald, 1995a).

It has been demonstrated that there is a pyruvatelmalate 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 Ko* channels

(Ashcroft eta1.,1984), membrane depolarization, and influx of Caz*, which is required for

exocytosis.

1 . 5 .4 Role of PC in astrocYtes

Although four gluconeogenic enzymes including glucose-6-phosphatase (Middleditch

et a1.,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

couldbe 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 convefted

to glutamine by astrocytic glutamine synthetase and secreted into the extracellular fluid'
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Glutamine is then taken up by neurons for conversion to glutamate, aspaftate and 1-

aminobutyric acid (Cooper and Plum, 1987; Shank et al., 1993 Gamberino et al', 1991)'

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 (Gambeino et al.' 1997).

T.6 SYNTHESIS AND DEGRADATION

In S. cerevisiae,there are two isozymes of PC encoded by separate genes (PCl and

pC2) lV/alker et al,l997; Stucka et aI., 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 convefi. apoenzyme to

holoenzyme, as indicated in the following equations (Lane et aL.,1964).

Biotin + ATP 

- 

Biotinyl S'-AMP + PPi (1)

Biotinyl5'-AN/PapocarboXylaSe€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 aI., 1985), S. cerevisiae (Cronan

and'Wallace, 1995) and human (Leon-Del-Rio ¿/ 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 ¿l

at.,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., lgg4). 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
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activity was detected in the mitochondrial fraction (Chang and Cohen, 1983). A study with

rat liver yielded similar results (Cohen et a|.,1985). In lower organisms ie. Saccharomyces

cerevisiae (Sundaram et aL, lgl l), Methanobacterium thermoautotrophicum

(Mulkhopadhyay et aI., 1998), Bacillus stearothermophilus (Cazzulo et al., 1971) and

Rhizobium etli (Dunn et a\.,1996; Dunn et al., l99l), the availability of biotin in the media

has been shown to greatly enhance PC activity and this is 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.,l91l).

In vertebrates, newly synthesised PC contains a leader sequence at the N-terminus

comprising several positively charged and several hydroxylated amino acids (Jitrapakdee et

al., 1996). Upon translocation into the mitochondria, this targetting sequence undergoes

cleavage resulting in a reduction of subunit molecular weight (Srivastava et aL, 1983). No

further post-translational modifications including phosphorylation (Leiter et aI., 1978) have

been reported. In confirmation of earlier studies on the intracellular localisation of PC

(Böttger et a|.,1969;Taylor et aI.,l9ll),Rohde et aL (1991) 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 et al., 199 1). Conversely, PC in S .

cerevisiae was shown to be exclusively cytoplasmic (Rohde et aI., 1991). Recent studies

have indicated that the glycolytic and gluconeogenic enzymes present in the cell are

associated in the form of multienzyme complexes (Srere, 1987; Berry et 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 aspartate aminotransferase

plus glutamate dehydrogenase and in a quaternary complex with aspartate aminotransferase,

glutamate dehydrogenase and malate dehydrogenase (Fahein et al., 1993)' These

interactions among PC and other mitochondrial enzymes 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

implies distinct features which control the flow of metabolites for gluconeogenesis,

lipogenesis and the anaplerotic roles in these organisms. The vertebrate enzyme is known to

be activated by a short-chain derivative of coenzyme A, preferably acetyl-CoA' In contrast'
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the yeast enzyme is most effectively activated by long-chain acyl-CoA derivatives such as

palmitoyl CoA and is inhibited by aspartate and 2-oxoglutarate, whereas the mitochondrial

enzyme is not (Osmani et a1.,1985).

The halflife of PC in rat liver is about 4.6 days (Weinberg and Utter' l9l9',

Weinberg and Utter 1930) which is slightly longer than the value of 3.8 days for the average

turnover time of mitochondrial protein. However in a human cell line HE(39)L (Chandler

and Ballard, 1985) and in 3T3-L1 mouse adipocytes (Chandler and Ballard, 1986)' PC has

been shown to have shorter half lives. The degradation of PC in these cell lines has been

suggested to be mediated via the mitochondrial autophagic/lysosomal degradative pathway

(Chandler and Ballard, 1985).

1.7 BIOTIN CARBOXYLASE FAMILY

The biotin-dependent enzymes comprise 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-methylcrotonyl-CoA carboxylase (MCC, EC 6'4'l'4),

urea carboxylase (EC 6.3.4.4), geranoyl-CoA carboxylase (EC 6.4.1'5); transcarboxylase

(TC, EC 2.1.3.1); and decarboxylases e.g. oxaloacetate decarboxylase (ODC, EC 4.1.1'3),

glutaconyl-CoA decarboxylase (EC 4.1.1.70), methylmalonyl-CoA decarboxylase (EC

4.1.1.41). Each of these enzymes contains the prosthetic group, biotin which is covalently

bound to the e-amino group of a specific lysine residue. The reactions which these biotin-

dependent enzymes catalyse in different metabolic pathways (Wood and Barden, 791'7;

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 identified so far (Moss and Lane, 1912). The biotin carboxylase enzymes

comprise three functional components i.e. biotin carboxylase (BC), biotin carboxyl carier

protein (BCCP) and carboxyl transferase (CT) which have been found in a wide variety of

organisms. Although these enzymes are involved in diverse metabolic pathways such as

gluconeogenesis, lipogenesis and breakdown of some amino acids, they share a common

reaction mechanism. The reactions involve the ATP-dependent carboxylation of biotin

14



Figure 1.4 The reactions catalysed by the biotin-dependent enzymes'

The reactions catalysed by the biotin dependent enzymes are shown (wood and Barden'

]gll)along with known cofactors. Me2* rçpresents a divalent metal cation, acetyl-CoA is

an allosteric activator of pc and citrate is an allosteric activator of acetyl-coA carboxylase

(Lane et a1.,1974)
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3-methylcrotonyl-CoA a HCO3- + ATP "' >

propionyl-CoA carboxylase IEC 6.4.f .3]

ProPionYl-CoA + HCO3- + ATP
Me2+ methylmalonYl-CoA + ADP + Pi

urea carboxYlase [EC 6.3.4.3]
Me2+

urea + HCO3- + ATP ¡vrç Þ allophanate + ADP + Pi

DECARBOXYLASES

glutaconoyl-GoA decarboxylase [EC 4.1'1'70]

gIutaconyl-CoA+H++2Na+<+crotonyl-CoA+Co2+2Na+

methylmalonyl-CoA decarboxylase [EC 4'1'1 411

methylmalonyl-CoA + H+ + 2 Na+ <--+ propionyl-CoA + CO2 + 2 Na+

oxaloacetate decarboxylase [6.1 .1 .3]

oxaloacetate + H+ + 2lrl¿+ {--+ pyruvate + CO2 + 2 Na+

TRANSCARBOXYLASE

transcarboxYlase [2.1 .3.f ]
methylmalonyl-CoA + pyruvate propionyl-CoA + oxaloacetate
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which serves as a "swinging arm" in transferring CO, to different acceptor molecules

(Knowles, 1989).

Given the similar reaction mechanisms which they catalyse, it has been postulated

that biotin carboxylases represent various stages in evolution of these enzymes, starting from

unifunctional subunits leading to a multifunctional enzyme through successive gene fusions

(Obermayer and Lynen 1916). 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 enzymes, have thus made 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 phylogenetic

tree based on amino acid sequence similarities of different biotin enzymes (Toh et al., 1993;

Tu and Hagedorn, lggT). However, 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, i.e. the rat PC gene.

1.8 REACTION MECHANISM

The reaction mechanism of PC has been extensively reviewed by Attwood (1995).

The overall reaction catalysed by PC occurs in two spatially separated subsites and can be

summarised into two partial reactions (equations I and2) as follows.

Enz-biotin+ ATP + HCO3- Enz-biotin-CO2 + ADP + Pi (1)

Enz-biotin-Co2+pyruVate<+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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19g9). The evidence comes from the studies demonstrating that the biotin carboxylase

subunit from E. coli ACC can phosphorylate ADP from carbamyl phosphate, which is an

analogue of carboxyphosphate, to form ATP (Polakis ¿/ aL,1974)' The observation that

sheep kidney and chicken liver PCs are also capable of catalysing the phosphorylation of

ADp by carbamoyl phosphate, provides further support for such an intermediate (Ashman

and Keech, 197S;Attwood and Graneri, 1991). Support for this proposed mechanism was

provided by the isolation of a putative enzyme-bound carboxyphosphate intermediate

(Phillips eî al.,l9g2). 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 evidence favouring the existence of a

carboxyphosphate intermediate is to be found in the similarity of the primary structure 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

carboxyphosphate (Stapleton et aI',1996; Javid-Majd et al', 1996)'

pC from most species is allosterically activated by acetyl-CoA. PC isolated from

chicken is absolutely dependent on acetyl-CoA (Utter and Keech, 1963) while PC isolated

from rat liver (McClure et al., lg7l), sheep (Ashman et al., 7912) and Bacillus

stearothermophilus (Libor et al., 1978) is highly dependent on acetyl-CoA as well. In

contrast, yeast PC is less dependent on acetyl-CoA (Cazzulo and Stoppani, 1968)' Unlike

other sources, PCs from Pseudomonas citronellolis (Seubert and Remberger 1961)'

Aspergillus niger (Bloom and Johnson, 1962) and M. thermoautotrophicum

(Mukhopadhyay et aI.,1998) are acetyl-CoA independent.

pCs from many sources possesse a reactive lysine residue whose integrity is

essential 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 et al.,1973). The loss of acetyl-

CoA-dependent activity is due to the modification of a single lysine per active site (Scrutton

and White, lg13). Acetyl-CoA has also been shown to protect the loss of enzyme activity

against this modification (Scrutton and White 1973; Ashman et aI., 1973 Chapman-smith ¿r

aL,l99l). This essential 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 et a|.,1991). Sequence comparison of yeast PC to other biotin-dependent

enzymes which bind acetyl-coA, i.e. ACC and the p-subunit of PCC or propionyl-coA, i'e'

125 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 site 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 the enzyme to enolise biotin (Attwood and Cleland,

1986; Tipton and Cleland, 1988). Modification of the side-chains of lysine (-NH, group)

and cysteine (-SH group) by o-phthalaldehyde results in an inactivation of the first partial

reaction (Werneberg and Ash, l9g3) supporting their crucial role as an ion-pair (Jitrapakdee

et aI.,1996).

In addition to its role in complexing with ATP, Mg2* is an essential cofactor of the

reaction as revealed by kinetic studies of PC (Keech and Barritt, 1961;McClure et al., 197I|'

Bais and Keech, 1972; Attwood and Granneri, 1992). Evidence in favour of there being

two extrinsic divalent cation binding sites, in addition to the intrinsic divalent cation (see

below) was obtained using electron paramagnetic resonance (EPR) spectroscopy to show

that extrinsic Mn2* binds to pC in the presence of CTATP, a potent competitive inhibitor of

MgATp (Reed and Scrutton,l974). Recently, EPR has again been used to demonstrate that

two equivalents of the divalent oxyvanadyl cation, VO2*, bind at the first subsite of PC: one

is involved in nucleotide substrate binding, while the other interacts strongly with

bicarbonate (Werneberg and Ash, 1991). These authors have suggested the roles of this

second extrinsic cation could include orientation of the bicarbonate for attack on the

1-phosphoryl group of ATP as well as minimising charge repulsion between these anionic

substrate species.

Kinetic studies (Ashman et al., 1972;Barden and Scrutton, 1974) have previously

shown that certain monovalent cations (K*, NH4*, Rb*, Cs* and Tl*) are effective (3-7 fold)

activators of pC, with an apparent equilibrium-ordered binding interaction with HCO.- which

binds first. Recently, direct evidence supporting this relationship was obtained when
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binding constants for K* and Tl+, measured by their quenching of intrinsic protein

fluorescence, were shown to agree well with the activator constants, and HCOI- was shown

to enhance the affinity of chicken PC for Tl* by 2-fold (Werneburg and Ash, 1991)'

Together these data suggest that the monovalent cation binds in the vicinity of bicarbonate in

the first subsite. However, it was concluded from a study of the superhyperfine coupling

between the electron spin of VO2* and the nuclear spin of Tl* that this activating monovalent

cation is unlikely to share a ligand with either the enzymic or nucleotide VO2* cation

(Werneburg and Ash, 1997).

The second partial reaction involves the transfer of the carboxy group from

carboxybiotin to pyruvate to form oxaloacetate. It was proposed that binding of pyruvate

induced the carboxybiotin to move into the second subsite where the carboxybiotin is

destabilised (Easterbrook-Smith et al.,lg76). Goodall et al. (1981) confirmed this proposal

and also showed that a number of pyruvate analogues can induce the translocation of

carboxybiotin to the second subsite. This process requires the removal of a proton from

pyruvate, carboxyl group transfer and reprotonation of biotin. There is evidence of an

involvement of a cysteine-lysine ion pair in the second subsite (Attwood et al., 1986a).

Werneberg and Ash (1993) reported the presence of a second cysteine-lysine pair, as

revealed by the modification of such an ion 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-lysine pair stabilises the enol form of biotin and

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

I.g STRUCTURE OF PYRUVATE CARBOXYLASE

1 .9 . I PrimarY and domain structure

In the early period of studies, many attempts have been made to obtain primary

structure of PC by protein sequencing. The biotin attachment site of PC from avian and

sheep was first reported to be AMKM with biotin covalently attached to the e-amino group of

lysine via an amide bond (Rylatt et al., 1971). Similar results were reported at about the

same time for biotinyl subunit of transcarboxylase and E. coli ÃCC (Wood and Barden

1977; Sutton et al., lg71). Clearly members of the family of biotin carboxylases were too

18



Chapter I Introduction and Literature review

large to determine their primary structure efficiently and precisely by protein sequencing.

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 gDNA cloning. Several years later Lamhonwah et aI. (1987) determined the C-terminal

g3 amino acid residues of human PC and were able to show that there is a significant

homology around the biotin-attachment site of human PC with PCC, ACC and

transcarboxylase. Yeast (5. cerevisiae)PCwas the first biotin carboxylase whose complete

amino acid sequense was determined (Lim et aI., 1988). These authors also showed that

there is a significant sequence 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 studies, these data led to the identification of three

functional domains i.e. ATP/HCOj-binding domain, pyruvate-binding domain and the

biotinyl domain (Lim et al., 1988). Some years later, primary structures of PC from

different organisms including bacteria (Dunn et a|.,1996; Kondo et al., 7991; Kurnst et al.,

1997; Mukhopadhyay et al., 1998; Koffas et al., 1998), other yeast (Pichia pastoris)

(Menendez et a1.,1993) mosquito (Tu and Hagedorn, 1997) mouse (Zhang et al., 7993), rut

(Jitrapakdee et aI., 1996; Chapter 3, Lehn et aI., 1995), human (MacKay et al', 1994;

Wexler et aL,1994;V/alker et aI., 1995b), have also been shown to contain the same three

functional domains as Yeast PC.

1.9.2 Three-dimensional structure

Native PCs from a number of sources including bacteria, yeast, insect and

mammals consist of four identical subunits (oo) 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 aI., 1998) in which each protomer consists of 2

polypeptide chains of 75 kDa (o) and 52V,Da (p) subunits arranged as an (ap)o structure'

Although the primary structure of PC from a number of organisms have been reported in

recent years, a high resolution three-dimensional structure 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. 1.54). 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 aI. (1983) localised the biotin moieties in

the midline cleft on the external surface of each subunit, within approximately 3 nm of the

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 ;k 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)1.
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intersubunit junction (Fig. l.5B). PC from Aspergillus nidulans (Osmani et aI', 1984), S'

cerevisiae (Rohde et a1.,1936) and even Pseudomonas cilronellolis (Fuchs et a\.,1988) in

which PC is arranged as an (crp)o configuration, all appeared to have a tetrahedron-like

structure with a midline cleft similar to that in the veftebrate enzyma

Dilution of sheep (Ashman et al. 1972; Khew-Goodall et al., 1991) and chicken

(Attwood et al., l9g3) PC resulted in inactivation of Pc activity accompanied by

dissociationof the active tetramers into inactive dimers and monomers as revealed 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 loss of activity.

Addition of acetyl-CoA to partially dilution-inactivated enzyme prevented further loss of

enzymatic activity and of tetrameric structure (Khew-Goodall et al., l99l; Attwood et al',

lgg3). 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 structure of PC, addition of acetyl-CoA was also shown to cause conformational

changes in pC, as revealed by spectrophotometric (Frey and Utter, 1977), ultracentrifugal

(Taylor et a\.,1978) and electron microscopic (Attwood et a\.,1986b) studies'

1 .10 PHYSIOLOGICAL STATES THAT ALTER PC EXPRESSION

pC is one of a number of important metabolic enzymes whose expression is

regulated in a differential manner 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,

kidney and adipose tissue (Barritt, 1985). Different physiological conditions have been

shown to alter the level of PC expression: these include nutritional alterations, diabetes,

hormonal changes, neonatal development, adipogenesis and lactation'

1.10.1 Nutrition and xenobíotics

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

hepatic pC activity (Wimhurst and Manchester, 1970). Similar results have also been

reported in other animals e.g. cow (Ballard et aL,l968), guinea pig (Söling et a\.,1970) and

sheep (Taylor et al., l97l;Lemons ¿/ aI., 1986). Little information is available on the
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effects of refeeding starved rats. However, a small increase in total PC activity has been

detected 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 been correlated with increases in the plasma concentration of

glucagon and glucocorticoid (Seitz et aI., 1916). PC activity has also been shown to be

reduced by 50Vo in the diabetes-prone BHE/cdb rats fed a diet containing 6Vo menhaden oil,

rich in long-chain highly unsaturated fatty acids (V/ickwire and Berdanier,l99T).

A recent study in rats has also shown that in both carbon tetrachloride administration-

induced liver degeneration and in alloxan-induced diabetic there is an increase in PC protein

and its activity (Salto et a1.,1996). Chronic administration to rats of lipoic acid, a chemical

that has structural similarity to biotin, lowered the activities of biotin-dependent carboxylases

including PC and MCC to 28-36Vo of those of control animals. The decrease in these

carboxylases was thought to be due to the competition for biotin transport into cells by

binding to the biotin transporters in the cell membrane or displacing biotin from

holocarboxylase synthetase, and was reversed by dietary biotin supplementation (Zempleni

et aI.,1997).

Cadmium has long been known to increase the activities of gluconeogenic enzymes

including hepatic and renal PC in rats (Chapatwala et al., 7980; Chapatwa et aI., 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

expression has not yet been elucidated, although it has been suggested that cadmium could

act via either a çAMP- 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 enzymes i.e.

PEPCK, fructose-1,6-bisphosphate, glucose-6-phosphatase (Filsell et al., 1969; V/imhurst

and Manchester, 1970) and PC (Weinberg and Utter, 1919). In streptozotocin-induced

diabetic rats, the hepatic PC activity was increased 2-fold over that of control rats. This

increase in enzymatic activity which resulted from an increased amount of protein due to an

enhanced rate of synthesis, is thought to be mediated by a high plasma glucagon to insulin
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ratio ('Weinberg and Utter, lg7g). Administration of insulin to diabetic rats brought the

amount of PC and its activity back to the control values'

Apart from being both a gluconeogenic and a lipogenic enzyme, PC also plays an

important role in glucose-induced insulin secretion in pancreatic islets as described earlier'

In the Goto-Kakizaki (GK) rat, a genetic model of non-insulin dependent diabetic mellitus

(NIDDM) in which glucose-induced insulin secretion in pancreatic p-cells is impaired, it has

been found that pC activity was 45Vo 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, GLUTZ

(Ohneda et aI.,lgg3) and mitochondrial glycerol phosphate dehydrogenase, another enzyme

believed to play a role in glucose-induced insulin secretion (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 metabolism (MacDonald et q1.,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

(Bötrger et al.,lgTO). Experiments carried out by Weinberg and Utter (1919) showed that

hepatic PC activity was increased 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 hormone

increases the rate of PC synthesis (Böttger, 1910). 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 gluconeogenesis (Friedmann et

al., 196l; Rinard et al., 1969) and result in an increased glucose output by rat hepatocytes

(Jones et aL,lgg3). It was suggested that glucocorticoids would induce the gluconeogenic

enzymes, PC and PEPCK. Short term treatment of rats with dexamethasone, an analogue of

glucocorticoids caused an increase in PC activity. It has been suggested (Krause-Friedmann

and Feng, 1996) that glucocorticoids act in relieving the restraint on PC by altering the

23



Chap ter I Introduction and Literature review

substrate supply and the intramitochondrial concentrations of effectors (Martin et a\.,1984)

perhaps via a Caz* influx-mediated mechanism. It has also been found that glucocorticoids

are not necessary to maintain basal metabolic gluconeogenic rates in adrenalectomized 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 after the liver or hepatocytes

were exposed to hormone (Garrison and Haynes, 1915). The precise mechanism by which

glucagon acts on PC is not well understood. Initially it was suggested that glucagon causes

an increase in the transmembrane pH gradient, which in turn stimulates the rate of pyruvate

transport into the mitochondria (Halestrap, 1918; Thomas and Halestrap, 1981).

Subsequent experiments using a more potent inhibitor of pyruvate transporter, have shown

that in fact glucagon did not exert its effect by this mechanism but rather it stimulates the

respiratory chain leading to an activation of pyruvate carboxylation (Halestrap 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 Ca2* influx

mechanism (McCormack et a1.,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 a1.,1987; Owen and Halestrap, 1993). The mechanism(s) by which

glucagon affects pyruvate metabolism have recently been reviewed (Krause-Friedmann and

Feng, 1996).

Adrenalin has also been known to stimulate pyruvate carboxylation by isolated liver

mitochondria (Garrison and Borland, 1919). Little is known about the mechanism of how

adrenalin acts on pyruvate metabolism although it has been shown that adrenalin also acts via

Ca2* mediated pathway as those of glucagon.
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1.10.4 Postnatøl gluconeogenesis

As the maternal circulation provides glucose for the developing fetus,

gluconeogenesis does not occur in fetal liver but is triggered rapidly soon after birth (Ballard

and Oliver, 1965). The increase in PC activity is accompanied by increases in the activities

of other gluconeogenic enzymes including phosphoenolpyruvate carboxykinase, fructose-

1,6-bisphosphatase and glucose-6-phosphatase suggesting the gluconeogenic pathway

beginstofunction (Ballard and Hanson, 1967; Yeung et al., 1961). In rats, PC activity is

highest in day J aftcl- 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 proposed to involve up-regulation of hepatic PC expression (Girard et al.,

t973).

1.10.5 Genetic obesitY

In Zucker fatty rats (falfa), PC expression has been shown to be elevated 2-5

fold upon the onset of obesity (Lynch et al., 1992). This increase in PC level is also

accompanied by an increase in the levels of other lipogenic enzymes including ACC, fatty

acid synthetase 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 tissue during the development of obesity

(Lynch et al.,1992).

It has also been shown that during the in vitro differentiation of mouse 3T3-L1

preadipocytes to mature adipocytes, this conversion is accompanied by increases in lipogenic

enzymes including fatty acid synthetase (Ahmad et a1.,1979; Student et al., l98O) and PC

(Mackall et aL, 1977;Freytag andUtter, l98O; Zhang et al., 1995). The increase in PC

activity is concomitant with an increase in the rate of enzyme synthesis (Freytag and Utter,

1980; Freytag and Utter, 1983;Zhang et al., 1995) and its mRNA (Angus and Lane' 1981;

Freytag and Collier, 1984;Zhang et a|.,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

(FreytagandUtter, 1983). Theinduction of PCinthis 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 decreasing the transcription rate of the PC gene and/or stability of mRNA (Zhang
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et a1.,1995). Despite 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 tetrameric

form of the enzyme. The mechanism by which this is effected has not been elucidated'

Thus cAMP not only exerts its effects by inactivating the protein but also affects the

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

1.11 PC DEFICIENCY

Given the diverse functions of PC described above, it is apparent that PC plays very

significant role in metabolism. This conclusion is supported by the effects of PC deficiency

whether it occurs in yeast or human. In S. cerevisiae, a number of mutants have been

reported and shown to affect growth phenotype (Walker et a\.,1991;Walker and Wallace'

1991; Brew ster et al., 1994). Furthermore, defects in both PCl and PC2 genes resulted in a

failure to grow on glucose minimum media (Stucka et al., 1991 ; Brew ster et aI', 1994) ' The

same effect has been reported when the single PC gene locus was disrupted in yeast Pichia

pastoris (Menéndez et al., 1998).

In humans, PC deficiency is an autosomal, recessively-inherited disease. Patients

who suffer from the disease have less than 57o of normal PC activity when assayed in skin-

fibroblast cultures (Atkin et al., 1919). The main clinical features associated with this

deficiency are congenital lactic acidosis (Atkin et aL, 19'79) and deterioration of the central

nervous system (Robinson, 1952). Lactic acidosis is associated with the decline in both

gluconeogenesis and citric acid cycle activity leading to an accumulation of alanine, lactate

and pyruvate and a decrease in oxaloacetate and glucose (Robinson et al., 1983). Two

groups of patients have been reported. The first group of patients suffers from a mild to

moderate lactic acidaemia, delayed development and psychomotor retardation 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 exhibit

cross reactive material with anti-PC antibodies) (Robinson et al., 1987). The second group

of patients represent a more serious disease, with a severe lactic acidaemia 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, these patients lack immunoreactive PC and

its mRNA (CRM*" phenotype) (Robinson et a1.,1987; Robinson ¿/ al., 1996)' The two

forms of the disease have distinct ethnic groups in which they occur (Robinson et al., l98ll'

Robinson et al., 1996). The CRM*'" phenotype has been reported among North American

native peoples whereas the CRM-"" pheotype has been reported in United Kingdom and

France (Robinson et a1.,1987)'

To date four patients carrying different single point mutations including substitutions

of Val 145 -> Ala, Arg 451 -> Cys, Ala 610 -> Thr and }r.4iet 743 -> Ile 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 flMexler er

at.,1998) whereas the last two mutations (Carbone et al., 1998) were identified within the

exons encoding the transcarboxylation domain of the enzyme (see Fig. 3). The first case

(Vall45Ala) showed barely detectable levels of immunoreactive PC and its activity,

suggesting this mutation affects protein stability (Wexler et a\.,199S). In contrast, the other

cases contained a normal level of immunoreactive PC but lower PC activity suggesting these

mutations affect the catalytic activity of the enzyme (Wexler et al., 1998; Carbone et al',

1998). The carriers who contain heterozygous alleles of these mutations (Val 145 -> Ala,

Arg 451 -> Cys) are able to survive but PC activity detected in skin fibroblasts was about

5OVo of normal (Wexler et a1.,1998). However the genotype(s) of the CRM"" phenotype

patients have not been identified. It has been suggested that the mutation responsible fol this

form of disease may be splicing mutation which results in the absence of PC mRNA

(Carbone et al., 1998). The severity of PC deficiency may also be influenced by

environmental factors such as stress and fasting (Robinson et al., 1996). Another group of

patients, who also show PC deficiency, are those suffering multiple carboxylase deficiency

due to a defect in the biotin metabolism. This group of patients shows elevated levels of

organic acids, which are metabolites of acetyl-CoA, propionyl-CoA and 3-methylcrotonyl-

CoA, as well as lacticacidemia.
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I.I2 GENE STRUCTURE OF PC

A gene encoding the yeast PCI isoenzyme was first cloned by Lim et al'

(l9gg). Walker etaI. (1991) and Stuckaet al. (1991) independently discovered that in fact

yeast contains two genes encoding two isoenzymes (PCl and PC2)' The PC I gene is

located on chromosome VII while the PC 2 gene is located on chromosome II (Walker et al',

1991; Stucka et aL,l991). Neither PCI nor PCZ gene contains an intron. walket et al'

(1991) found that disruption of the PCI gene, reduced PC activity of DBY 746 yeast to l0-

207o. In contrast, Stucka et al. (1991) found that disruption of either PCI or PC2 gene in

the W303 strain retained,50Vo of total PC activity. However, disruption of both genes

resulted in complete loss of enzyme activity (Stucka et a\.,1991; Brewster et al.' 1994)' It

was found later that there is a polymorphism of the PC2 gene in these different yeast strains

used by both groups of investigators, as indicated by amino acid differences in the PC2 gene

(yaletaI.,1995). The most significant difference is a single base substitution near the 3'-

end of the gene which altered the reading frame encoding the biotin domain of the enzyme'

This C-terminal variant has been shown to affect in vitro biotinylation of the enzyme (Yal et

aL,1995).

In mosquito, there is evidence for the presence of two PC isoforms of similar size

i.e. 133 and 128 kDa. These two isoenzymes exhibit tissue-specific expression (Tu and

Hagedorn, l9g7). However, it is uncertain whether these PC isoforms are the products of

two separate genes or a single gene with allelic polymorphism in the genome (Tu and

Hagedorn, 1997).

Unlike yeast, only one gene 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 gene has been sublocalised to chromosome 11q13.4 by

fluorescenc e in situhybridisation (\ù/alker et al., 1995a). However, the 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 5 present

the complete gene structure of rat PC, and represents the first report for a mammalian biotin-

dependent enzyme. The human PC gene structure had recently been reported (Carbone er

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

this thesis

1.13 TRANSCRIPTIONAL REGULATION OF YEAST PCl AND PC2

GENES

Despite the central importance of PC in intermediary metabolism, little information is

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 elements. In yeast,

although pCl and pC2 isozymes exhibit high sequence similarity at both amino acid level

andnucleotide level (Stucka et a\.,1991; Val et a1.,1995), their 5'-non coding regions are

markedly different, suggesting that both genes are regulated differently (Brewstet et al.,

1994). Two copies of TATA boxes located at positions -117 and -110 relative to the

initiation codon were identified in the PCI promoter (Lim et al., 1988) but only the

downstream TATA box is functional and responsible for transcribing PCl mRNA with

distinct transcription initiation sites (Brewster, 1994). The basal promoter of PCI is located

within the first 149 bp of the 5'-non coding region which consisted of a TATA element and a

UAS1 transcription factor binding site (Brewster, 1994). In contrast, Menéndez and

Gancedo (1998) have localised the basal promoter of PCl within the first 330 bp of the

5'-non coding region which consisted of a TATA element and an UASl transcription factor

binding site whereas the basal promoter of PC2 is located within the first 291 bp of the

5'-non coding region.

pC1 and PCZ appear to carry out different metabolic functions. PC1 expression has

been shown to be relatively constant throughout the main growth phase during growth on

glucose minimal media, while the PC2 expression is characterised by a high level of

transcript production in the early growth phase. Both genes are repressed throughout the

latter stages. During growth on ethanol minimal media, PCI and PC 2 expression exhibit a

similar pattern i.e. decline from early to mid log phase. However, the level of PC1

expression is 1g-fold above the level of PC2 during this fermentative growth (Brewstet et al.

lgg4). Further studies with either PCI or PC2 null mutants also indicated that the lack of

either pC gene had little effect on the level and pattern of expression of the other PC gene,
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suggesting that both genes ale regulated differently' Howevef, the PCI null mutant or

double null mutant of DBy746 showed a strong requirement for L-aspartate in ethanol

minimal media (Brewster et al., lgg4). This strongly suggested that the PC1 isoenzyme

plays a crucial role in maintaning growth on ethanol media and more specifically for the

establishment of glucose-dependent growth on glucose minimal media. In contrast, the role

of pC2isoenzyme remains unclear but it is believed to support growth on a glycolytic carbon

source (Brewster et al.,lg94). Different carbon sources have also been shown to affect

pCl and pC2 expression differently (Brew steÍ et aI., 1994; Menéndez and Gancedo, 1998).

I.I4 ALTERNATIVE SPLICING IN THE CONTROL OF GENE

EXPRESSION

Eukaryotic pre-mRNAs undergo a series of nuclear processing events. In addition to

5, capping with 7-methyl guanosine (Salditt-Georgieff et al., 1980) and the attachment of a

poly(A) tail to the 3'end of nascent transcripts (Birnstiel et al., 1985), the intron sequences

must be removed precisely and the exons ligated correctly to avoid disrupting the open

reading frame. A process in which all exons in the genes are incorporated into mature

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 exons. However, there are many genes for which

individual exons on the transcriptional unit are ligated alternatively to produce different forms

of mature transcripts. This alternative splicing can exclude individual exon sequences from

the mature 6RNA in some transcripts but include them in others (Breitbart et al', 1987) fsee

Fig. 1.61. Altemative splicing in most cases generates protein isoforms sharing extensive

regions of identity and differing only in some parts of the proteins, thus allowing for the fine

modulation of protein function. Altemative 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 mature mRNAs which diverge only at the 5'-untranslated region resulting from an

alternative splicing of the 5'-noncoding exons. The 5'-untranslated regions are known to be
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involved in regulating translational efficiency (Kozak 1987) and RNA stability (Brawerman,

19g7; Raghow 1987). Different modes of alternative splicing are shown in Fig. 1.6 below'

As a mechanism to regulate gene expression and generate protein diversity,

alternative splicing has advantages over gene rearrangement and extensive multigene

families. It allows for switches in protein isoforms or expression pattern without changes in

the cell's genetic content (Smith et aL.,1989).

1 .15 PROMOTER SWITCHING IN BIOTIN CARBOXYLASE GENE

So far there is only one biotin carboxylase gene i.e. rat acetyl-CoA carboxylase

(ACC) for which regulation at the gene level has been extensively studied' ACC catalyses

the rate-limiting step in the biosynthesis of long chain fatty acids. Long term control

mechanisms regulate cellular levels of ACC by modulating expression of the ACC gene.

Studies on the molecular basis of long-term 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 mature mRNA with 5'-end heterogeneity (Luo et a1.,1989). Rat ACC

mRNA can be grouped into two classes. Class I mRNA are transcriptional products of the

promoter I which is inducible and they contain exon I as their leading exon. Class II mRNA

are transcribed from the constitutively expressed promoter II, and their leading exon is exon

At least five species of ACC mRNA (Lopez-Cassillas ¿r al., 1989; Lopez-Cassillas

and Kim, 1989) have been characterised thus far. All five major species contain exon 5,

which has the initiation codon AUG, but differ in their 5'untranslated regions resulting from

different combinations of exons I through 4 (Luo 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 ¿/ al., 1989; Lopez-Cassillas and Kim, 1989) (Fig. I '7).

Studies that have employed chimeric constructs by placing a reporter gene under the

control of either one of the ACC gene promoters have revealed that ACC gene promoter

diversity permits a very precise and selective regulation of ACC gene expression at the level

2
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of transcription (Luo and Kim 1990). In addition, the in vivo activities of two classes of

ACC *RNA 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 et aI., 1996). In human,

two ACC genes encoding 2 isozymes have been reported (Ha et al', 7994;Ha et aI" 1996;

Abu-Elheig a et aI., 1 995).

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

gDNA clones representing half of the full length of rat PC had previously been isolated in by

two former Ph.D. students (4.I. Cassady, 7987 and G.W. Booker, 1990). Meantime, Dr.

M. E.V/alker 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.
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An ultimate goal of this study is to unravel the molecular basis that controls PC

expression under different physiological and pathological circumstances including postnatal

development and in genetic obesity'

The specific aims of this thesis were to

l. Complete isolation of the cDNA sequence encoding rat PC; determine the domain

structure and predict the active sites of this enzyme by sequence comparisons with other

biotin enzymes.

2. Identify and characterise multiple mRNA species generated either by the use of

alternative promoters or by differential splicing of the primary transcripts from the rat and

human PC genes.

3. Complete the isolation of the gene structure for rat PC and determine its

chromosomal localisation.

4. Characterise alternate promoters of rat PC gene by reporter gene analysis.

5. To establish a ribonuclease protection assay and an RT-PCR assay to measure the

level of each PC mRNA isoform in various tissues.

6. To investigate the transcriptional and translational regulation of PC expression ùz

vlvo during postnatal development and in genetically obese rats and in different cell lines.

7. To overexpress 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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Chapter 2 Materials and general methods

MATERIALS

2.1 CHEMICALS The following chemicals were obtained from Sigma Chemical Co',

St Louis, Mo., USA: agarose (type 1), ampicillin, ATP (disodium, grade I),

p-mercaptoethanol, bovine serum albumin (BSA), 5-bromo-4-chloro-3-indolyl-Þ-D-

galactopyranoside (BCIG), D-biotin, Coomassie Brilliant Blue (Grro, R25¡), cycloheximide'

dithiothreitol (DTT), ethidium bromide, ethylenediaminetetraacetic acid (EDTA), guanidium

thiocyanate, bovine pancreatic insulin, lithium chloride, 3-[N-Morpholino]propane-sulfonic

acid (MOPS), nicotinamide adenine dinucleotide (reduced form) [NADH], nitroblue

tetrazolium (NBT), phenylmethylsulphonyl fluoride (PMSF), o-nitrophenyl-B-D-

galactopyranoside (ONPG), polyoxyethylene-sorbitan monolaurate (Tween-20), puromycin,

rubidium chloride, salmon sperm DNA, sodium dodecyl sulfate (SDS), sodium pyruvate,

glycyl glycine, N,N,N"N'-tetramethylethylenediamene (TEMED), Tris-

(hydroxymethyl)methylamine (Tris) and Triton x-100. Glycogen was purchased from

Boehringer Mannheim. Beetle luciferin was purchased from Promega, Madison, 'wI,

U.S.A. Acrylamide and bisacrylamide were purchased from BioRad Laboratories Inc.,

Herates, CA, U.S.A. 5-bromo-4-chloro-3-indolyl-p-D-bromogalactopyranoside (X-gal)

was obtained from Progen Industries Ltd., Brisbane, Qld. Sephadex G25, Sepharose CL-

68 and Ficoll 400 were purchased from Pharmacia, Uppsala, Sweden. Other fine chemicals

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

2,2 RADIOCHEMICALS

[o-,rp] dATp, [o-,rP] dCTP, [o-t'P] UTP and [y-"P] ATP were purchased from

Bresatec Ltd., Adelaide, South Australia. NaHr4CO, was purchased from Amersham

Australia, North Ryde, NSW, Australia'

2.3 OLIGONUCLEOTIDES

All oligonucleotides used in this study were purchased from Bresatec Ltd., Adelaide,

South Australia. The oligonucleotides used for RACE-PCR, RT-PCR and LD-PCR were

described in Chapters 3, 4 and 5 while the ones that were use to sequence PC cDNA and

gene are listed below.
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Oligonucleotide name

PC4

PC5

PC6

PCTA

PC8

PC9

PC12

PCIl

PC18

PC19

PC2O

PC22

EMBL/L (lambda left arm)

EMBL/R (lambda right arm)

forward sequencing primer

reverse sequencing primer

Sequence

5' -CCGCACAGCTCTGGCAAAGCCCT-3'

5' -GCAGGAAGGGGATGTTGGTCT-3'

5'-GGCACAACCATTGATTCGGAT- 3'

5'-GGTGGGTAGCAGGGGCAATCTC-3'

5'-GGGACCACTGGAACGCCTGC-3'

5'-ACAGCCCCCGTTGCCTCCCCA-3'

5'-GCAGGCGTTCCAGTGGTCCC. 3'

5' -GAGATTGCCCCTGCTACCCACC- 3'

5' -CTTTACACCTCGGACACGGAACTCC-3'

5' -GCCAGGGCTCTGCTCATCTTGGTG-3'

5'-GACCTGGTCCATGCTCAGATCCAT- 3'

5' -GGAGTTCCGTGTCCGAGGTGTAAAG- 3'

5'-GGCCTAATACGACTCACTATAGGG-3'

5'-GGCCATTTAGGTGACACTATAGAAG-3'

5'-GTAAAACGACGGCCAGT-3'

5'-CACACAGGAAACAGCTATGACCATC-3'

2.4 MOLECULAR BIOLOGY KITS

The 5'-AmpliFinder RACE kit and Rat GenomeWalker Kit were purchased from

CLONTECH, Palo Alto, CA, U.S.A. The ftnofM DNA sequencing system, TA cloning

system and luciferase assay system were all purchased from Promega, Madison, 'WI, USA.

The ribonuclease protection assay kit (RPA II), MaxiScriptTM kit and RNA isolation kit

were purchased from Ambion, Houston, TX, USA. The GIGAprime labeling kit was

purchased from Bresatec Ltd., Adelaide, South Australia. The Geneclean II kit was obtained

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

2.5 ENZYMES AND PROTEIN MARKERS

All restriction enzymes were purchased from Pharmacia, Uppsala, Sweden and

Bresatec Ltd., Adelaide, South Australia. T4 DNA ligase, T4 DNA polymerase, T4
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polynucleotide kinase, Taq polymerase and Moloney murine leukemia virus revefse

transcriptase (MMLV-RT) were purchased from Promega, Madison, WI, U'S'A' Pwo and

avian myeloblastosis virus reverse transcriptase (AMV-RT) were purchased from Boehringer

Mannheim. Advantage"tw, Tth polymerase mix was purchased from CLONTECH, Palo

Alto, CA, U.S.A. Malic dehydrogenase, RNase A, DNaseI, anti-rabbit lgG-antibodies, and

avidin-conjugated with alkaline phosphatase were purchased from Sigma. Biotinylated

protein markers was obtained from BioRad. 'oc-labelled molecular weight markers were

purchased from Amersham.

2,6 BACTERIAL STRAINS

E. coliDH5cr: supE44AlacUl69(p80lacZLMlS) hsdRlT recAl endAAl gyrA96 thi-

1 relAl host for recombinant plasmids (New England, Biolabs, cA)

E. coli LE 392: F-el4'(McrA) hsdR5l4(ru-mo*) supE44 supF58 lacYl or

L(IacIZÐ6 gatK2 gaIT22 metB| trpR55. (New England, Biolabs, cA)

2.7 BACTERIAL GROWTH MEDIA

LB broth: lVo (w/v) Bacto-tryptone (Difco),O.5Vo (w/v) yeast extract (Difco), l%o (w/v)

NaCl, adjusted to PH 7.0 with NaOH.

LB agar plates were made by adding l.5Vo (wlv) Bacto-agar (Difco) to the LB broth

LMN agar plate: O.lVo tryptone, O.SVo (w/v) NaCl , O.4Vo (w/v) maltose and 0.27o (wlv)

MgS Oo, l.5Vo (w I v) B acto-agar.

NZCyM agar plate: lVo (wlv) Nzamine, O.5Vo (wlv) NaCl, l%o (wlv) casamino acid,0.5 Vo

(w/v) yeast extract, O.25Vo MgSO4 and0.7Vo (w/v) Bacto-agar'

Long term storage of plasmids in bacteria was prepared by adding 4O7o glycerol to 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 embryonic kidney cell line (293T; ATCC: CRL
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I5j3); human embryonic kidney (293T Tet-On: Clontech); Chinese hamster ovarian line

(CHO-K; ATCC: CCL 6l); fetal rat liver cell line (FRLI.l; 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,MIA-P.H771; ATCC: CRL l601and

FTO3; obtained from the Institute of Cell and Tumor Biology, Heidelberg, Germany); rat

mammary gland carcinoma (Institute of Medical and Veterinary Science, Adelaide); rat

myoblasr (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 107o

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

2.9 CELL CULTURE MEDIA

Dulbecco's Modified Eagle's Medium @NßM) (Gibco), 28 mM NaHCO., 19 mM

glucose and 2O mM Hepes , pH 7 .3.

RPMI 1840 (Gibco) supplemented with 50 mM p-mercaptoethanol, 1 mM sodium

pyruvate, l0 mM Hepes, p}J7.35.

Ham's F12 with L-glutamine (Gibco) supplemented with 28 mM NaHCO.,, pH7.4

All media was supplemented with 50,000 units/l of gentamycin (Gibco) and filter sterilised

prior to use.

Fetal calf serum : Gibco

2.IO GENOMIC LIBRARIES

1. Rat liver genomic library constructed in EMBL3 Sp6Æ7 (CLONTECH, Palo

AIIO, CA, U.S.A.).

2. Rat cosmid genomic library constructed in pWE 15 (CLONTECH, Palo Alto,

cA, u.s.A.).
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2.II PLASMIDS

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

2. pGL-3 basic vector, pGL-3 promoter vector, pGL-2 control vector; pGEM3Z (+),

Promega, Madison, V/I, U.S.A.

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

University of Adelaide, Adelaide.

4. pTZ-hPC5g encoding most of the coding region of the human PC cDNA was

given by Dr. M. 'Walker, University of Adelaide, Adelaide'

5. pIRES lNeo and pBI, CLONTECH, Palo, Alto, CA, U.S'A'

6. pEFIRES-puro obtained from Dr. Steven Hobbs, CRC for Cancer Theruapeutics,

Institute of Cancer Research, London, U.K.

7. prGApDH, kind gift from Dr Tim Sadlon, Department of Biochemistry,

University of Adelaide, Adelaide'

2.1,2 DNA AND RNA TECHNIQUES

2. I2. 1 Small scale preparation of plasmid DNA for restriction enzyme digestion, sequencing

and in vitro transcription

Asinglecolony of E. coli was grown in 2 ml of LB broth containing 100 pglrnl of

ampicillin and incubate d at 3'7"C with shaking overnight. One and a half millilitres of

overnight culture were transferred to a 1.5 ml microtube and centrifuged at 13,000 rpm for 2

min. The supernatant was discarded and the pellet was suspended in 100 pl of TES solution

[25 mM Tris-HCl, pH 8.0, 10 mM EDTA pH 8.0, líVo (wlv) sucrose] and left on ice for 5

min. Two hundred microlitres of lysis solution llVo (wlv) SDS in 0.2 M NaOHI were then

added and left on ice for 5 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 transfemed to a

new rube and RNA removed by digesting with 4 pl of l0 mg/ml of RNAse A at 37"C for 30

min before being extracted twice with equal volumes of phenol and chloroform [1:1 (v/v)]

The aqueous phase was separated from the organic phase by centrifugation at 13,000 rym

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 ethanol and kept at -20"C for t h. The plasmid DNA was then recovered by

centrifugation at 13,000 for 15 min and washed once with TOVo ethanol. The pellet was

dried under vacuum and dissolved in 30 ¡rl sterile distilled water.

2. l2.2 Inrge scale preparation of plasmid DNA by phenol/chloroþrm/PEG precipitation for

transfection

A single colony of E. coli was grown in 10 rnl of LB broth containing 100 pglml

ampicillin with vigorous shaking at3J'Cfor 6 h. Five millilitres of culture were then added

to 250 rnl of the same culture medium and grown at 37"C with vigorous shaking at 37'C

overnight, The cells were harvested by centrifugation at 5000 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 MNaOH-lVo (w/v) SDS were then

added, gently mixed and left on ice for 10 min. The lysates were neutralised by adding 7.5

ml of 3 M potassium acetate pH 4.8, gently mixed and incubated on ice for 10 min. Cells

debris andchromosomalDNA were removed by centrifugation at 10,000 x g for 15 min at

4"C. The supernatant was extracted with an equal volume of phenol/chloroform [1:l (v/v)]

twice, and then an equal volume of chloroforrn once. The supernatant containing plasmid

DNA was precipitated by adding 2 volumes of cold absolute ethanol and kept at -20"C for I

h. The plasmid was recovered by centrifugation at 10,000 x g for l5 min at 4'C. The pellet

was washed once with lOVo ethanol and dried under vacuum before being dissolved in I '6

ml srerile distilled water. The plasmids were further purified by adding 400 pl of 4 M NaCl

and800 ¡tlof 33.3%opolyethyleneglycol (PEG) 6000, left on ice for t h and centrifuged at

10,000 x g for 15 min. The pellet was washed once with lOVo ethanol and dried under

vacuum. The dried pellet was then dissolved in 400 pl of sterile distilled water and extracted

twicewith an equal volume of phenol/chloroform [1:1 (v/v)] and extracted once with equal

volume of chloroform. The plasmid was precipitated by adding 2 volumes of cold absolute

ethanol andkept at-2}'Cfor t h and centrifuged at 10,000 x g for 15 min. The pellet was

then washed once withTOEo ethanol, dried and dissolved in 0.5 ml sterile distilled water.
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2. 12.3 Purification of DNA fragmeús 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 NaI solution were added to a slice 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-boundDNA was pelletedby 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 5 min. The Glassmilk was pelleted, as above, and the supernatant

was kept.

2.12.4 Ligation

plasmid DNA and insert DNA were digested with restriction enzymes that

generated compatible ends. The ligation was routinely carried out in a total volume of 20 pl

containing DNA insert : vector = 2:l (mass ratio), lX ligation buffer (66 mM Tris-HCl, pH

1.5,5 mMMgCl2, 1.0 mMDTT, 1.0 mMATP) and 2IJ of T4 DNA ligase at l4"C

overnight.

2. I 2. 5 Bacterial transþrmation

A single colony of E. coli DH 5a was grown in 2 ml of LB broth at 37"C

overnight. Overnight culture (330 pl) was then subcultured into 10 ml of LB broth and

grown to Auoo of 0.5-0.6. Five millilitres of the culture was transferred to a new flask

containing 100 ml of LB broth and grown to Auoo of 0.5-0.6. Cells were pelleted by

centrifugation at 5000 x g for 10 min and suspended in 40 ml of transformation buffer-l

(30mM potassium acetate, 100 mM rubidium chloride, 10 mM CaClr,50 mM MnCl, and

l57o 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 l5Vo glycerol, pH 6'5) and

incubated on ice for 15 min. Competent cells were taken in aliquots (200 frl) and kept at -

80"C until required.
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Typically, 200 pl of frozen competent cells were thawed out, mixed 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 before plating. The recombinant clones were distinguished from non-

recombinant clones on the basis of the a-complementation of p-galactosidase (lac Z) gene

expression, using LB plates containing IPTG as the inducer and X-gal as substrate of p-

galactosidase. Blue colonies indicate the non-recombinant clones while white colonies

indicate the recombinant clones as a result of disruption of the B-galactosidase gene on the

plasmid.

2. I2.6 Isolation 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-HCl, pH 8.0 and 0.57o SDS)

and incubate d at 37'C with gentle shaking. Large pieces of tissues were removed by

centrifugation at 10,000 x g for 10 min. The proteins were digested by adding 100 pl of 10

mg/ml of proteinase K at 50"C for 1.5 h. Another 100 pl of the same concentration of

proteinase K was added and further incubated at the same temperature for 1.5 h. The

proteins 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 volume of 10 M ammonium acetate and 2 volumes of cold absolute ethanol. The

DNAs were spooled from solution with a hooked glass rod, washed once with '70Vo ethanol

and dissolved in I ml TE (10 mM Tris-HCl, 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 Labelting of DNA with32P

2.12.7.1 End filling of DNA markers

The reaction was carried out in a total volume of 20 pl containing I pg of

DNA marker, 2 ¡tl of 10x T4 DNA polymerase buffer (33 mM Tris-acetate , pH 7 .9, 10 mM

magnesium acetate and 66 mM potassium acetate), 2 fù of 10 pglml BSA, I pl of 10 mM

DTT, 1 pl each of 2 mM dTTP, dCTP and dGTP, 25 ¡ßi of [a-32P] dCTP, 8 U of T4 DNA
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polymerase and water. The reaction was performed at37'C for 10 min and terminated by

adding 2¡lJ of 0.5 M EDTA'

2.12.7.2 Labelling S'-end of oligo by kinasing

The reaction was carried out in a total volume of 50 pl containing 500 ng of

oligonucleotide, 5 pl of l0x kinase buffer (500 mM Tris-HCl, pH 7 '5, 100 mM MgClr' 50

mM DTT and 1.0 mM spermidine), 50 pCi of [y-32P]ATP, 10 U of T4 polynucleotide kinase

and water. The reaction was performed at3J'Cfor 30 min and terminated by adding 2 p"l of

0.5 M EDTA. The reaction volume was brought up to 100 pl with water and then extracted

with equal volume of phenolichloroform [1:1 (v/v)] twice followed by an equal volume of

chloroform once. The phosphorylated oligonucleotides were precipitated by adding 0'1

volume of 3 M sodium acetate pH 5.2 and 2 volumes of cold absolute ethanol and

centrifuged at 13,000 for 15 min. The pellet was washed once with 70Vo 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. I 2.7. 3 Random Priming

DNA fragments were labelled with 3'P using the Giga Prime labelling kit.

Briefly, the reaction was carried out in 20 ¡rl containing 0.5-1.0 pg of heat denatured DNA

template and random decanucleotide primers. Single strand probes were synthesised as

short fragments by E. coliDNA polymerase I in the presence of [a-32P] dATP at 37"C lot I

h. Labelled DNA fragments were ethanol precipitated in the presence of 0' I volume of 7 .5

M ammonium acetate and25 pg yeast tRNA. The probes were recovered by centrifugation

at 13,000 rpm for 15 min and suspended in 100 pl of water. Two microlitres were counted

in a Liquid Scintillation Counter. The specific activity of the probe was approximately 1-5 x

108 cpm/pg 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 agarose gel was denatured by soaking the gel in 0.5 M NaOH-

1.5 M NaCl 2 x 15 min followed by neutralisation with 0.5 M Tris-HCl p}J.7 .4-1.5 M NaCl

2 x 15 min. A stack of Whatman papers were cut with an area slightly bigger than the gel,
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soaked in l0x 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 lOx SSC. A stack of paper towels was

then placed over the nylon membrane. The DNA was allowed to transfer to the membrane

overnight. The membrane was then washed briefly in 2x SSC and was ready for

hybridisation.

For detecting specific DNA sequences with oligonucleotide probes (kinase reaction),

the membrane was prehybridized in a solution containing 5x SSC, 5x Denhardt's solution

(O.IVo polyvinylpyrrolidone, 0.17o BSA, O.lVo Ficoll 400) and 100 pg/ml heat denatured

salmon sperïn DNA. For detecting specific DNA sequences with polynucleotide probes

(random priming), the membrane was prehybridized in a solution containing 5x Denhardt's

solution, 17o SDS, 50 mM Tris-HCl, pH7.4, lM NaCl, l}Vo PEG60O0, 4OVo deionized

formamide and 100 pglml heat denatured salmon sperm DNA. After incubation of the

membrane in this solution for at least 2h,10 ml of fresh solution including probes were then

added and hybridisation was performed for 12 h. The membrane was then washed 2 xl5

min in 2x SSC-Q.17o SDS at 42'C followed by another 2 x 15 min washing in 0,lx SSC-

0.17o SDS at42'C.

2.12.9 DNA sequencing

2.12.9.I frnol" DNA sequencing

The S'-end of the sequencing primer was labelled in a 10 pl reaction

containing 100 ng of primer, lx T4 polynucleotide kinase buffer (50 mM Tris-HCl, pH 7.5,

10 mM MgClr, 5.0 mM DTT, 0.1 mM spermidine) and 50 pCi of [y-32P]Atp. The reaction

was carried out at 37'C for 30 min before inactivating the enzyme by heating at 95-100'C for

2 min. A master mix was then prepared containing 1-2 pg of plasmid DNA, 5 pl of 5X

sequencing buffer (250 mM Tris-HCl, pH 9.0, l0 mM MgClr), 1.5 pl of labelled primer and

5U of Taq polymerase (sequencing grade). The reaction volume was brought up to a final of

17 pl with water. Four microlitres of master mix were then transferred to 0.5 ml microtubes

containing 2 ¡i each of ddATP, ddTTP, ddCTP and ddGTP separately and overlaid with

100p1 of mineral oil. The reaction was subjected to 30 cycles of amplification, Each cycle
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consists of denaturation at 95'C for 30 sec (2 min for the first cycle), annealing at 50"C for

30 sec and extension at 70"C for 1 min. In the cases where the length of primer was more

than24nucleotides and or with GC content greater than 50Vo, annealing and extension were

performed at |O"C for 30 sec. Other parameters were essentially the same as described

above. The reaction was terminated by the addition of 4 pl of stop solution ( 10 mM NaOH,

95Vo formamide, O.05Vo bromphenol blue, 0.O5Vo xylene cyanole) and heated at 95-100"C

before electrophoresis.

2.12.9.2 Dye Primer sequencing

Plasmid DNA isolated according to the method described |n 2.12.1 was

further purified by adding 1 pl of 10 mg/ml RNase A to 20 pl of plasmid sample and

incubating at3J"Cfor 30 min. Twenty five microlitres of 7.5 M ammonium acetate and 40

pl of isopropanol were then added, mixed and left at -20'C for t h. The tube was then

centrifuged at 13,000 rpm for 15 min and the pellet was washed once with 300 pl of l5Vo

ethanol in 50 mM sodium acetate and once with 1007o ethanol. The pellet then was dried

and dissolved in 20 pl of water. The sequencing reaction was performed in a single 0'5 ml

tubecontaining I pgof plasmidtemplate, S pl of dye terminator mix and 100 ng of primer.

The reaction was adjusted to a final volume of 20 pl and overlaid with 100 ¡rl of mineral oil

before being subjected to PCR. The PCR profile consisted of 25 cycles of denaturation at

96"C for 30 sec, annealing at 50"C for 15 sec and extension at 60"C for 4 min. After the

cycles was completed, the mineral oil was removed and the sequencing products were

precipitated by adding 0.1 volume of 3 M sodium acetate and 2 volumes 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, Adelaide.

2.12.10 Isolation of RNA

2.12.10.1 Isolation of RNA using the guanidine method

Total RNA was isolated as described by Chomczynski and Sacchi (1987),

with some modifications. Approximately I g of frozen tissue was homogenised in 10 rnl of

denaturation solution (4 M guanidinium thiocyanate, 25 mM sodium citrate pH 7.0, O'5To
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(v/v) sarkosyl and 0.1 M p-mercaptoethanol) using a PolytronrM at full speed for 1 min. One

millilitre of 2 M sodium acetate pH 4.0, 10 ml of phenol and 2 ml of chlorofolm wefe 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 -21"Cfor t h. The RNA was pelleted by centrifugation at 10,000 x g for 30 min

at .Cand redissolved in 2.5 nl TE/SDS. Small RNAs were 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 4oC, dissolved in 1 ml TE/SDS and precipitated with 0.1 volume of 3 M sodium

acetate, pH 5.2 and2 volumes of cold absolute ethanol, Finally, RNA was recovered by

centrifugation as above, washed withTOVo ethanol, vacuum dried and dissolved in 0.5 rnl of

RNAse-free water

2.12.10.2. Isolation of RNA using RNAqueous" kit

Small scale preparations of RNA were carried out using RNAqueoustt kit.

Briefly, 50-100 mg of frozen tissue was ground in liquid nitrogen to a powder. Twelve

volumes of LysislBinding solution was then added to the tissue powder and homogenised

with a PolytronrM homogeniser. An equal volume of 64Vo 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 sec. The

supernatant was discarded and the cartridge was washed once with 700 pl of Wash Solution

#1 and twice with 500 pl of Wash Solution #2/3. RNA was eluted from the cartridge filter

twice with 60 pl of Elution solution by incubating the tube at 65-70"C for 10 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 pellet was washed with l\Vo ethanol, vacuum dried and dissolved in 50 pl of

RNAse free water.
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2.13 Quantitaion of DNA and RNA by spectrophotometry

DNA and RNA were quantitated by measuring their absorbance at260 nm.

were routinely measured in a 1 ml volume'

concentration of DNA (pglfrl) = Aroo x 50 x dilution factor

concentration of RNA (rlglrrl) = Azeo x 40 x dilution factor

Samples
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Chapter 3 Isolatiott offuU Length cDNA and domain slructure o.f rat PC

3.1 INTRODUCTION

Clearly, amino acid sequences of eukaryotic proteins can be obtained from their

mRNAs. Isolation of cDNA would therefore be an effective means to gain insight into the

primary structure of proteins by infeffing amino acid sequences ffom 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 residues as well as other conserve residues which

might play a common role in the catalytic reaction'

During their Ph.D. candidature, A.L Cassady and G.W. Booker had previously

isolated partial cDNA clones encoding rat PC by screeninl a rat liver cDNA library

constructed in lambda phage. Attempts to isolate from this library other clones representing

the remaining rat pC cDNA were unsuccessful. This is most likely due to the relatively large

size of the rat PC 6RNA (approximately -4.2 kb) and the inherent limitations of oligo-dT-

primed gDNA 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 l|j4't'llis et al'

(1985). Modified PCRs were then applied to different areas of research. As stated above,

obtaining full length transcripts from a cDNA library is rarely achieved if the size of

transcript is very large but methods have been developed which utilise PCR to selectively

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 (1983) and Belyavsky et al.

(1989). This technique combines three features: reverse transcription of cDNA from

mRNA, homopolymeric tailing with terminal transferase at the 3'-end of cDNA followed by

pCR with the gene-specific primer and a primer complementary to a homopolymeric tail.

However, low efficiency of the terminal transferase reaction reduces the power of this

technique. 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 S'-AmpliFinder RACE kit (Apte and Siebert,
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lgg3)employing this principle was used as a tool to obtain a full length rat PC cDNA clone

as illustrated in Fig. 3.1.

Briefly, first strand cDNA is synthesized with the first antisense gene-specific primer

(GSp1) by AMV reverse transcriptase. 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 EcoRlrestriction 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 gene-specific primer (GSP2) internal to

GSpl is then performed to increase the specificity of the reaction. Amplified products can

then be cloned and sequenced.
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Figure 3.1 A, Amplification of the S'-end of a gene using the

S'-AmpliFINDER RACE method. Pl and P2 a¡e nested gene-specific primers.

Arrows indicate PCR primers, the hatched box indicates the AmpIiFINDER anchor. B,

5'-AmpliFINDER 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 EcoR[ 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. I Reverse transcriPtion

Briefly l0 pg of rotal rat liver RNA were hybridised to 100 ng of cDNA

synthesis primer in a total volume of 10 ¡rl. The reaction mixture was incubated at 65"C to

disrupt the secondary structure of RNA for l0 min and slowly cooled down to 52"C. The

25 pl master mix containing 9.2 pl of water, 9 pl of 4X reverse transcriptase buffer (lX=42

mM Tris-HCl, pH 8.3, 8mM MgCl, and 8 mM DTT), 1.6 pl of RNase inhibitor (40 U/pl)'

3.7 ¡ilof 10 mM each of dNTP and 0.5 pl of AMV reverse transcriptase (25 U|il) was made

and pre-warmed at 52'C for 5 min. Twenty microlitres of master mix were then added to the

RNA annealed primers and incubated at 52'C for I h. The reaction was terminated by

adding 1 pl of 0.5 M EDTA pH 7.0. The RNA was hydrolysed by adding 2 p'l of 6M NaOH

and incubated at 65"C for 30 min followed by neutralisation with 2 ¡i of 6M acetic acid.

3.2.1.2 cDNA purification and Anchor ligation

cDNA was purified by adding 8 pl of GENO-BINDtM suspension, mixed and

incubated on ice for 10 min with occasional vortexing. The GENO-BINDTM-bound cDNA

was pellet by centrifugation at 13,000 rpm at 4"C for 10 sec. The supernatant was removed

and the pellet was washed with 8070 ethanol and centrifuged as described above' The pellet

was air-dried and then dissolved in 50 pl of DEPC-treated water. cDNA was eluted from

GENO-BINDtt by incubating the tube at 65"C for 5 min followed by centrifugation at

13,000 rpm for 5 min. The supernatant containing cDNA was transferred to a new tube and

the cDNA was precipitated by adding 15 pg of glycogen, 5 ¡rl of 2 M sodium acetate and

l00pl of 95Vo ethanol. After 2 h of incubation at -20oC, the oDNA was pelleted by

centrifugation at 13,000 rpm at4'C for 15 min, washed once with 8070 ethanol, air-dried

and dissolved in 6 ¡rl of DEPC-treated water. The ligation of adaptor at the S'-end of single-

stranded gDNA was performed in a0.5 ml microtube containing 2.5 p"l of purified cDNA,

2p,l of AmpIiFINDER Anchor (4 pmol), 5 pl of 2XT4 RNA ligase buffer (100 mM Tris-

HCl, pH 7.4, 10 mM MgClr, 1 mM hexamine cobalt chloride, 10 pM NIP and 50Vo

pEG6000) and 0.5 pl of T4 RNA ligase (20 U/pl). The ligation reaction was incubated at

room temperature (-20-25'C) for 16-20 h.
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3.2. 1 . 3 P CR amPlification

Hot start PCR was caried out to enhance the specificity of PCR

amplification. In brief, 48 pl of the reaction mixture containing 10 mM Tris, pH 8.3, 50 mM

KCl, 1.5 mM MgClr, 0.2 mM each of dNTP, 0.olvo gelatin, 2.5 u of Taq polymerase and

1.0 pl of anchor-ligated cDNA were assembled in a0.5 ml microtube and overlaid with 2

drops of mineral oil. The reaction was heated at 82'C for I min before adding 1 ¡rl of each

primer (nested gene-specific and AmpIiFINDER Anchor primer, 100 ng/pl 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 sec and extension at 72"C for 2 min (7 min for the final

extension). The PCR products were analysed by running onZVo agarose gel.

3.2.2 Sequence analyses by computer

BLAST searches (Altschul et a\.,1997) were made courtesy of the NCBI (Bethesda,

MD, U.S.A.) of the non-redundant database comprising the Protein Data Base (PDB) plus

GenBank (release no. 91) plus GenBankupdate plus EMBL (release no. 43) plus EMBL

update by TBLASTN, and on the non-redundant database comprising PDP plus SwissProt

plus SPupdate plus PIR plus GenPept plus GPupdate by BLASTP, with an overlapping

series of 11 fragments, each of approximately,200 residues, from the rat PC primary

structure as the 'querY' sequences.
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3.3 RESULTS

3.3.1 Isolation of zDNA 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 et aI., 1993) and human (Wexler et al., 1994; l|i4.acKay et al.,

l9g4)pC cDNA;MRACE I (GSP l) (nucleotide positions +358 to +380) followed by PCR

with another internally conserved antisense primer; MRACE II (GSP2) (Fig.3.2)

conesponding to nucleotide positions +124 to +150 of mouse (Zhang et al., 1993) and

human (Wexler et aI., 1994 and MacKay et aL, 1994) PC cDNAs and adaptor primer. A

smear pattern was observed using an annealing temperature of 60"C (data not shown).

However, increasing the annealing temperature to 65"C improved specific amplification, i.e.

discrete bands - 0.2 kb were seen upon agarose gel electrophoresis (Fig. 3.3)' These

individuals bands were then purified from the gel, digested with EcoRI and cloned into

EcoRl-digested pBluescript. Sequencing of one of many clones [designated as RACE

(Anchor/IvIRACE II)1, showed high sequence homology to both human and rat PC cDNA

within the coding region. However, sequences at the 5'-UTR were different from those of

mouse (Zhangetal., 1993) and human PC cDNAs (Wexler et al., 1994;MacKay et al.,

1994). Indeed, sequence 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 secondregion of cDNAwas synthesised with the PC1 primer (GSPI) designed

from the S'-end of l,RL 2.53 (Booker, 1990), followed by PCR with a nested antisense

primer, PC2 (GSP2), external to the PCI binding region of l.RL 2.53 clone (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

Taq DNA polymerase (2U and 4U), to get the longest PCR products which might overlap

with the 5'-end of the RACE (AnchorA4RACE II) clone. Multiple bands of different sizes

were observed after agarose gel electrophoresis (Fig. 3.aA). Southern blot hybridisation

with an oligonucleotide (PC3), internal to PCZ was carried 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., 
':gg3) 

and human (Wexler et a1.,t994; MacKay et al',
Lggl) PCs. Nucleotide sequences at the 5'-end of IRL 2'53 and those of the conserved

sequence at the S'-end of the ATP/HCO3- domain of mouse and human PCs a¡e shown'

pcl,PCz,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 ATPÆICO.-,

pyruvate and biotinyl domains are also indicated'
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Figure 3.3 RACE-PCR products amplified with anchor/IVIRACE II primers using

difTerent dilurions of cDNA (UD, undiluted; 1:10, I in l0 dilution), were analysed by
2Vo agarcse gel electrophoresis. M, markers.
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Chapter 3 IsoLatiott offuLl Iensth cDNA and domain structure o.f rat PC

pCR. As indicated in Fig. 3.48, all fragments seen on the gel were hybridised to the probe,

suggesting that they all represented rat PC cDNA.

Direct sequencing of these bands, indicated that they were truncated transcdpts

possibly due to premature termination during cDNA synthesis. The longest products of size

0.7 kb,0.9 kb, l.l kb and 1.5 kb were individually purified from the gel, reamplified (Fig.

3.54) and sequenced in both directions as shown in Fig. 3.58. However, sequencing at the

5'-end of the 1.5 kb product, designated RACE (Anchor/PC2) and the 3'-end of RACE

(AnchorAvIRACE II) fragments showed that they had not overlapped. Approximately 200

nucleotides were missing from the junction between them, based on the cDNA sequences of

mouse (Zhang et al.,lgg3) and human PC (Wexler et aL,1994;lr/.acKay et a\.,1994). This

gap was finally filled by performing another RT-PCR. The cDNA synthesis primer, PCTA

was designed from the S'-end of RACE (AnchorÆCZ) fragment and used for reverse

transcription followed by PCR with an antisense primer (PC8), external to PCTA binding

site of RACE (Anchor/PC2) fragment and sense primer (PC9) designed from the 3'-end of

RACE (AnchorAvIRACE II) fragment. A 0.4 kb product IRT-PCR (PC8/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/\4RACE II), RT-PCR (PC8/PC9)

and RACE (Anchor/PC2) werc determined both directions. Together with nucleotide

sequences of l.RL 2.53, IRL 2.35 and ¡,RL 1.1 which had previously been sequenced

(Cassady, 1987; Booker, 1990), the complete nucleotide sequence spanning the entire

coding region of ratPC was obtained. Fig. 3.8 shows the complete nucleotide sequence of

the rat PC gDNA encompassing 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

52
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Figure 3.6 RT-PCR products, amplified with PC 8/PC 9 primers using d-ifferent

difutions of cDNA (UD, ùndilured; l: i0, 1 in l0 dilution) were analysed by 2Vo agarose gel

electrophoresis. M, markers.
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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 a¡e numbered 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, a¡e indicated by square brackets. The conserved putative metal-binding motif

(HXHXH) ar residues 769-773 is identified by asterisks. The amino acid residues, which

were identif,red 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 sire (EXWGGATFDVAMRFLYECPWXRL) (Samols et aI., 1988) within the

transcarboxylation domain is underlined. The biotin attachment site (AMKM) is in bold

type.
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Chapter 3 Isolatiotr. of full length cDNA and domairt sÍructure of rat PC

long with a consensus polyadenylation signal (AATAAA) located 27 nucleotides 5' to a long

poly (A) tail.

As a nuclear-encoded protein (Freytag et a\.,1984; Walker et a1.,1995a; Webb et al',

lggl), PC is synthesised as a precursor protein in the cytosol and translocated to the

mitochondrial matrix with a consequent reduction of molecular weight (Srivastava et aI.,

1933). Many imported mitochondrial proteins are 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-Va1-Leu-Leu-

Leu-Glu-Tyr-Pro (Thampy et a\.,1988). This report seems to conflict with previous studies

which have shown that the N-terminus of mature PC of other species were N-terminally

blocked (Rylatt et aI.,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 databases. The

proteolytic cleavage at the N-terminus of premature PC during the translocation to

mitochondria is likely to occur between Ser 20 and Thr 21. Cleavage at this site is a

common feature 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 aI., 1994; }ilacKay et aL, 1994), namely 95Vo and 80Vo

respectively. The inferred protein sequence of rat PC is 96.6Vo identical with mouse (Zhang

et aI., 1993) and 96.3Vo identical with human PCs (Wexler et al., 1994; MacKay et al.,

1994), 68.4Vo identical with mosquito PC (Tu and Hagedorn, l99l) and 53.3Vo identical

with yeast PC isoenzyme PCl (Lim et al., 1988) and PC2 (Stucka et al., 1991; Val et al.,

1 99s).

Comparison of the entire primary structure of rat PC to PC from other species,

revealed that rat PC also contained three functional domains i.e. the N-terminal region

(residues 1-488), central region (residues 601-918) and C-terminal region (residues 1103-
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117S) 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 tbe Biochemical Journal

in early November, lgg5, Lehn and coworkers independently published rat PC cDNA

sequence in late November in the same year (Lehn et aI., 1995). However, three residue

differences were observed in the above report including Pro222 (Ser in this thesis), A.ptuu

(Ile) and Glyn" (Arg). These residues reported in this thesis however are highly conserved

across mammalian species (Jitrapakdee and Wallac e, 1999).
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3.4 DISCUSSION

3.4.1 Domain structure of rat PC

Although biotin-dependent carboxylases participate in different arrays of metabolic

pathways, they share many common feature of their reaction mechanisms, which involve

two partial reactions: the carboxylation of the covalently attached biotin moiety and

transcarboxylation from the carboxy-biotin to an acceptor molecule. 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 structurc of any

biotin carboxylase or other homologue proteins would enable prediction of the general

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

etal., 1994;}y'racKay et al., 1994; Walker et aI., 1995b), mosquito (Tu and Hagendorn,

1997), bacterial (Dunn et aL, 1996, Kunst et al., 1997), c-subunit of propionyl-CoA

carboxylase (Browner et al.,1989), yeast ACC (Al-Feel et al., 1992), the biotin carboxylase

(BC) subunit of E. coli ACC (Li and Cronan, 1992a) and carbamoyl phosphate synthetase

from E. coll (Nyunoya and Lusty, 1983) and yeast (Lusty et al., 1983) were made and is

shown in Fig. 3.9. Also shown are the secondary structure elements identified from the X-

ray crystal structure of the E. coli BC subunit of ACC (Waldrop et al., 1994). It is clear

from this sequence alignment that these sequences are highly conserved and align well with

the secondary structure of BC, implying that overall folding of these proteins is likely to be

conserved. This region of yeast PC had originally been shown to have significant homology

to other ATP-binding proteins, the carbamyl phosphate synthetase and ACC (Lim et al.,

1938). At the time no other complete cDNA sequences 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 determined. The alignment made in this chapter extends the

boundary of previously described homologous regions (Lim et al., 1988) to the N-terminus

of the E. coli BC subunit, which corresponds to residue 33 of the inferred sequence of rat

PC. The proposed boundary between the BC and transcarboxylase (TC) domains is

55



Chapter 3 Isolation offull leng th cDNA and domain structure of rat PC

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

sequence 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 exactly to the residues inferred from cDNA-

derived sequeces for residues Gln 489 to Gly 505, and places the chymotrypsin-labile

pepride bond between Phe 488 and Gln 489 (Fig. 3.8). This corresponds to the C-terminal

extentof thesequenceconservation and the structure of the BC subunitof E. coli ACC. It

seems not unreasonable to call this conserved structural and functional unit within PC as the

'BC domain' since it probably forms the first partial reaction site.

The residues highlighted as white text in Fig. 3.9 are those that are likely to play an

important role in catalysis. The positions of these residues within the structure of the BC

subunit of thef. coli ÃCC are shown in Fig. 3.10. Waldrop et al. (1994) identified the

active site pocket containing His236 (equivalent to His27r in rat PC), Lyt"t (Lyt"t), Glu276

(Glu3rr¡, Glu2ss (Glu32a¡, Asn2eo (Asn326), Arg'n'(Argt"), Gln2ea (Gln330;, valzes (val33r;,

Glure6 (Glu332; and Arg338 (Arg"t) as these residues are appropriately placed to interact with

an enzyme-bound biotin or phosphate molecule. Previous studies proposed a number of

ionisable groups on the amino acid side chains of PC which would form part of the active

site to enolise 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 essential cysteine-lysine ion pair of

chicken PC (Werneburg and Ash, 1993). Modification with o-pthalaldehyde resulted in

inactivation of the first partial reaction (Wernberg and Ash, 1993). Although the cDNA

sequence for chicken PC is not available, the sulphydryl group of Cys230 (Cyt'u't in rat) is

4.2 angstroms from the e-amino group of Lys238 (Lyt"t 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 are

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 PCl isozyme dramatically diminished its activity,

confirming the crucial role of these two residues 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 ry-BLAST search (Altschul et al., 1997) to be related, were compared

using Clustal V/. (Thompson ¿/ a1.,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 o-helices (a) and B-strands (Þ) observed in the

X-ray crystal structure of the BC subunit of E. coli ACC (Waldrop et al., 1994) Sources:

PC H. sapiens (human) fWexler et aI., 1994; MacKay et aI., 1994; Walker et al-, 1995b],

PC Aedes aegyptí (mosquito) [Tu and Hagedorn, 1997], S. cerevisiae PCI [Lim et al.,

19881, PC BaciUus subtilis [Kunst et al., 19971, PC Rhizobium etli [Dunn et aI., 1996],

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

[Al-Feel et aI., 1992h ACC E coli þi and Cronan, I992af; CPS E. coli [Nyunoya and

Lusty, 19831, CPS S. cerevisiae [Lusty et a1.,1983].
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Chapter 3 Isolation qf .fuLL lens,th cDNA and domain structure of rat PC

lggg). Taken together, it suggested that the BC domain represents a conserved structural

motif forming the first partial reaction subsite. Interestingly, the P-loop motif

TGXXXXGK(T/S)I commonly, though not universally, found in ATP- and GTP-binding

proteins (Sarate et a1.,1990) is not present in rat or other PC sequences. However, the

sequence GGGRGMRVV between Glyree and Val208 of rat PC is found without variation in

all of these PC sequences and in E. coli ACC, and with only conservative changes in rat

ACC and PCC. In the E. coli BC structure (Waldrop et al., 1994), the corresponding

residues Gly'u'to ValrTr are sufficiently mobile not to be seen in the X-ray crystal structure

(Fig. 3.10). Indeed, the above region forms part of the B-domain which protrudes out of

the main body and is not involved in ATP-binding as had previously been suggested (Kondo

et aI. , 1 99 1 ; Cronan and L| I992a).

Recent analyses have revealed very extensive similarities between the folds of BC

subunit of E. coli ACC and an other family member of ADP-forming peptide synthetases

represented by D-alanine ligase, an enzyme that catalyses the ATP-dependent ligation of two

D-alanine residues as part of bacterial cell wall synthesis and by glutathione synthetase, an

eîzyme that catalyses the ATP-dependent synthesis of glutathione from u-L-glutamyl-L-

cysteine and glycine (Artymiuk et a\.,1996). The reactions these three enzymes catalyse are

similar in some aspects, coupling the conversion of ATP to ADP to form a carbon-nitrogen

bond between a carboxyl group and an amino group: biotin carboxylase ligates ATP-

activatedbicarbonatetotheNl'ureido nitrogen of biotin to form carboxybiotin; glutathione

synthetase ligates the ATP-activated carboxyl of a-Glu-Cys to the amino group of glycine to

produce glutathione; and D-alanine ligase ligates the ATP-activated carboxyl group of D-

alanine to the amino group of another D-alanine. The similarities between BC and

glutathione synthetase and DD-ligase is wide-ranging and involves a total of 9 s-helices and

l3 p-strands all with identical sequence order and topology. Remarkably, similarities were

observed when the equivalant secondary structure elements and equivalent C" atoms of these

three enzymes are superimposed (Artymiuk et al. 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 reactions

proceed through an acylphosphate intermediate (Gushima et al., 1983), whereas biotin
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Chapter 3 Isolation offull leng, th cDNA and domain struclure of rat PC

carboxylase reaction is believed to proceed 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 these enzymes might share a

comrnon evolutionary ancestor despite the amino acid sequence similarities between these

two families of ATP-binding enzymes not being very high (Artymiuk et aL.,1996)'

Recently, the X-ray crystal structure of carbamoyl phosphate synthetase, an enzyme

that catalyses the formation of carbamoyl phosphate from bicarbonate, glutamine and two

molecules of MgATP through the formation of a carboxyphosphate intermediate has been

solved (Thoden et al.,lggl). This carboxyphosphate is believed to be an intermediate in the

pC reaction (Ogita and Knowles, 1988; Attwood, 1995). The first three domains in each

half of the large subunit where the formation of carboxyphosphate occurs, show remarkably

similar structure to those observed in the BC subunitof E.coli ACC (Thoden et aI', 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 er

at.,1993) and succinyl-CoA synthetase (Wolodko et a\.,1994). Not only is the structure of

the large subunit of CPS similar to the BC subunit of E. coli ACC, but some residues

forming part of the active site including Argto', Asn'O' and Glu2ee are also identical to those

found in the BC subuni t of E. coti ACC. These residues are equivalent to Arg"2, Asn2e0 and

Glu288 in BC subunit of E. coli ACC where they have been shown to surround a phosphate

molecule (Waldrop et al., 1gg4). Those residues are also equivalent to Arg328, Asn326 and

Glu32a in mammalian PC. In addition to these identical residues, there are many others

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

etc (see Fig. 3.9).

3.4. 1 .2 Transc arboxylation domain

Except for the sequence similarities between lipoyl domain and biotinyl domains (see

below), there are no other significant sequence similarities between PC and either pyruvate

dehydrogenase (EC 1.2.4.1) or pyruvate decarboxylase (EC 4.1.1.1). However, there is

extensive homology within the transcarboxylation domain of PC and other biotin-dependent

pyruvate-binding enzymes, viz. the 55 subunit of transcarboxylase and oxaloacetate
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Figure 3.11 The X-ray crysral structures of the E. coli CPS and biotin carboxylase

subunit of E. coli ACC. A schematic representation of the three-dimensional structure of ttre

large subunit of E. coticps (Thoden et a1.,1997)tAl and the biotin carboxylase subunit of

E. coIiACC (Waldrop et a1.,1994) [B], showing the anangement of p-strands and a-helices

generared with MOLSCRIPT (Kraulis, 1991) and Raster3D (Menit and Murphy, 1994;

Bacon and Anderson, 1988). Regions of structural similarity between these two enzymes

determined by superimposition using Homologyllnsight (Molecular Simulations Inc. San

Diego, CAI are indicated by the same colours. Red (conesponding to the residues I-142 of

CpS and residues 1-130 of E. coli ACC as shown in Fig. 3.9), green (residues 143-211 and

residues 13I-206) and yellow (residues 212-401and residues 207-406).
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Chapter 3 Isolation offull Iength cDNA and domain slructure of rat PC

decarboxylase. Lim et at. (1988) previously identified the homology between residues 559

to g13 of yeast pcl to the N-terminal region of the 5s subunit of transcarboxylase [EC

2.1.3.11 from propionibacterium shermanii (Thornton et aI., 1993) and to the cr-subunit of

oxaloacetate decarboxylase from Klebsiella pneumoniae (Schwarz et aI., 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

remarkably, residues 605-621 (namely- ENV/GGATFDVAMRFLYECPWRRL-) of rat PC

conform to a consensus motif EXWGGATXDXXXRFLECPWXRL which is present in

PCs from human (Wexler et a|.,1994; MacKay et aI., 1994), mosquito (Tu and Hagedorn,

Ig97), S. cerevisiae (Lim et aL, 1988), Rhizobium etli (Dunn et al., 7996), M.

thermoautotrophicum(Mukhopadhyay et aL,1998) andBacillus subtilis (Li et al',7998) and

as well as to the oxaloacetate-metabolizing biotin-dependent enzymes of bacterial origin

described above (Fig. 3.12). In the 55 subunit of P. shermaniiffanscarboxylase, it has been

shown that Trp73 (corresponding to the underlined Trp above) is involved with the pyruvate

binding site (Kumar etal.,198S). In the presence of pyruvate, this tryptophan is protected

from modifiation by the tryptophan-specific reagent 2, -dinitrophenyl sulphenyl chloride,

suggesting that this residue is directly involved or near the pyruvate binding site of the

enzyme.

PC is known to be a metalloprotein, containing tightly bound either Mn2* as in the

case of veftebrate PC (Scrutton et al., 1973 and Wallace and Easterbrook-Smith, 1985), or

Zn2* for yeast PC (Scrutton et al.,l97O) and this appears to play a structural role rather than

acatalyticrole (Carver et aL,1988). Chelating of Mn2* by 1,lO-phenanthroline causes the

loss of enzymatic activity resulting from the destabilisation of the active tetrameric structure

of the enzyme (Carver et aI., 1988). A recent study by Dimroth and Thorner (1992) has

shownthatoxaloacetatedecarboxylase (ODC) contains aboundZnz*. Given the high level

of sequence similarity between ODC and PC, it is very likely that both enzymes would

contain a putative metal binding site in the pyruvate binding domain. The motif HXH

(Vallee et aL,1990) or HXXEH or HEXXH (Jiang and Bond, 1992) are know to be part of

the metal binding sites of carbonic anhydrase and metalloproteinase, respectively. Mozier et

at. (1991) have shown that a 24-residue 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, decarboxylase enzymes and 3-hydroxyl-3-methylglutaryl-CoA lyase

shown by ry-BLAST search (Altschul et aI., 1997) to be related, were compared using

Clustal W. (Thompson ¿t aI., 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) fWexler et al., 1994;MacKay et aI', 19941,

Walker et aI., 1995b1, PC Aedes aegyptí (mosquito) [Tu and Hagedorn, 1997], PC A'

terreus lLi et al., 19981, S. cerevisiae PCl [Lim et aI., 1988], PC R' erii [Dunn et al''

1996l, PC Bacillus subtilis [Kunst et al., 1997], PC M. thermoautotrophicum

(Mukhopadhyay et aI., I9981;TC, 55 subunit of P. shermanii lThornton et al., 79931; ODC

(Oxaloacetate decarboxylase cr-subunit) Klebsiella pneumoniae [Schwartz et a1.,1988], ODC

Salmonella typhimurium [Woehlke et al., 1992]; 3-hydroxyl-3-methylglutaryl-CoA lyase

(HMG-lyase) rat (4. norvegicus) [Cullingford et a1.,1998] and chicken (G. gallus) fMitchell

et al., 1993f.
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Chapter 3 Isolation of .full Length cDNA and domain sÍructure of rat PC

(pKCI-1) containing the sequence HVHLH, as well as a number of synthetic peptides

containing various length segments of the PKCI-I sequence spanning the HVHLH site,

would bind a single Znz* ion. The consensus sequence HXHXH corresponding to the

residues i6g-113 of the rat PC (Fig. 3.8 and Fig. 3.12) is consistent with the motifs for

these other metal-binding enzymes described above. V-BLAST searches (Altschul et al.,

IggT) also reveal a significant degree of similarity with 3-hydroxyl-3-methylglutaryl-CoA

lyase from rat (Cullingford et a1.,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 aI., 1977). The conserved motif consists of the tetrapeptide,

AMKM with a single biotin covalently attached to the e-amino group of the lysine via an

amide bond. With the advance of recombinant DNA technology, more sequence information

from a whole range of different biotin-dependent enzymes were obtained by sequencing

cDNA or genomic clones. Lim et al. (1988) have shown that the carboxyl-terminal portion

of yeast PC shows high sequence similarity with the area surrounding the lipoyl attachment

regions of E. coli pyruvate dehydrogenase. This sequence similarity between these two

groups of enzymes suggests an analogous role for both biotin and lipoic acid in acting as a

'swinging arm' between active sites (Lim et a\.,1988).

For rat PC, the potential biotinyl domain was located between residues 1103 and

1178 with the biotinylated lysine located 35 residues upstream from the C-terminus, in

common with many biotin-dependent enzymes (Samols et aI., 1988). Thampy et al. (1988)

reported the sequence of 24 amino acid residues around the biotin attachment of rat PC by

peptide sequencing. However, seven amino acid differences were noted between the

previously reported peptide sequence (Thampy et aI., 1988) and the sequence inferred from

çDNA in this thesis. The sequence inferred from cDNA in this region is also identical with

other mammalian PC (Zhang et a1.,1993; V/exler et al., 7994; and MacKay et al., 1994).

Therefore it is very likely that the previous reported sequence (Thampy et al., 1988) was

incorrect, perhaps due to impurities being present.
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Chapter 3 lsolation qf .full Iens,th 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 caruier subunit of E. coli ACC

(holoenzyme) by Arhappily 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 a1.,1995). The structure of the holoprotein is very similar to that of the apoprotein,

determined by NMR (Yao et a1.,1997) with small local conformational changes observed in

the p 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 a\.,1991). The recent

determination by NMR of the three dimensional structure of the entire 1.3S subunit of P.

shermanü transcarboxylase, which functions as the carboxyl group carier of this eîzyme,

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 26-307o sequence similarity (Reddy er

at.,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 aI., 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 invitro (Lane et a1.,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 l.3S biotinyl subunit of P. shermanü ttanscarboxylase and a-

subunit of human PCC (Leon-Del-Rio and Gravel, 1994), had no effect on biotinylation

efficiency (Shenoy et aI., l98S). However, substitutions of the methionines flanking the

6t
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Chapter 3 Isolation of full length cDNA and domain structure of rat PC

targeted lysine of the biotin carboxyl canier protein of E. coli 
^CC 

did affect the

biotinylation reaction (Rech et al., 1998). The roles of highly conserved residues in the

yeast PCI biotin domain peptide are currently being investigated in this laboratory (S.

Polyak, personal communication). In yeast PC, it has been demonstrated that the C{erminal

104 residues of the biotinyl domain can act as an independent domain in the biotinylation

reaction in vitro (Yal et a\.,1995).

The central putative transcarboxylation domain in rat PC is linked to the Nterrninal

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 residues 492 and 550, just

C-terminal of the biotin carboxylation domain, whereas I I are located between residues 941

and l042,just C-terminal of the transcarboxylation domain. There are also 9 alanine and l
glycine residues located between the biotin carboxylation domain and the transcarboxylation

domain. A further 12 alanine and 1l glycine residues occur between the transcarboxylation

domain and the biotinyl domain. However, in general they are not distributed in as close

proximity to the prolines as seen in the s-subunit of oxaloacetate decarboxylase from K.

pneumoniae (Schwarz et aI., 1988) and in the biotin carrier protein of P. shermanü

transcarboxylase (Samols et al., 1988). The motif PX(P/A) found approximately 30

residues upstream of the biotin binding site (exceptfor M. thermoautotrophicum and B.

subtilis PCs), has been 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 et al., 1989). Because PC is composed of three

domains that must fold together to form a single active site, it is reasonable to expect the

presence of two proline-rich regions capable of forming hinge-like structures. In the o-

subunit of human PCC, it has been shown that the PMP motif (26 residues N-terminal of the

target lysine) is critical for biotinylation. Deletion of this motif abolished biotinylation

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

4.1 INTRODUCTION

It is clear that PC plays an important role in different arrays of metabolic pathways in

mammals. It would not be surprising, therefore if there were tissue-specific isoforms of PC,

as occurs with lactate dehydrogenase or other ubiquitous enzymes. Although there is

evidence for the presence of tissue-specific isoenzymes of PC in sheep liver and kidney

based on a kinetic studiy (Ashman et a|.,1912), the authors could not isolate intact isozymes

from both tissues. Such evidence could also reflect impurities of the enzyme derived from

these sources. Indeed, no evidence 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 ('Wexler et a|.,1994).

However, there is a number of eukaryotic genes whose primary transcripts undergo

differential splicing at the 5'-end of the S'-untranslated region (UTR) exon, thus producing

heterogeneity at the S'-end of the mRNAs (Breitbart et a1.,1987). A more complex situation

can exist if those transcripts are 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 able to discriminate between these

limited size differences.

Primer extension analysis is routinely used to identify and map the 5'-end of the

transcript of a gene. This technique involves hybridisation of an antisense primer near the

5'-end of RNA followed by reverse transcription reaction to cDNA. The size of the

extended gDNA 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 sequenced. If the abundancy of the transcript

of interest is also very low even though poly(A) RNA is used, a reproducible result is still

difficult to obtain.

V/ith the development of RACE-PCR as described in Chapter 3, this difficulty can be

overcome. Since this technique combines primer extension with PCR to enhance the

sensitivity, it is possible to determine the 5'-end of rare transcripts. With the engineered

restriction sites at the 5'-end of both primers, the PCR products representing different

5'-ends of the transcripts can then be cloned and sequenced. In this chapter, RACE-PCR

63



Chapter 4 c haracte risation of multipIe tanscripts ofrat and hwnan PC

was successfully employed to identify multiple transcripts encoding PC both in rat and

human.

64



C hap te r 4 c harac te ri s aî iott of muLtiple transcriDts of rat and human PC

4.2 SPECIFIC METHODS

4.2.1 Northern blot analYsis

Fifty micrograms of total RNA were precipitated with 0.1 volume of 3M

sodium acetafe pH 5.2 together with 2 volumes of cold absolute ethanol and incubated at

-20"C for t h. The RNA pellet was then dissolved in 4.5 pl of water, 2.0 p"l of 5x MOPS

buffer (0.1M 3-(N-morpholino) propanesulfonic acid, 25 mM sodium acetate, 5 mM

EDTA), 3.5p1 of formaldehyde, l0 pl of formamide, 0.5 ¡rl of 10 pglml ethidium bromide

and1 ¡i of RNA loading buffer, and then the RNA was denatured at 70"C for 15 min. RNA

was electrophoresed on 17o agarose gel containing 2.2 M formaldehyde using lx 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 membrane by UV-crosslinking. The

membrane was incubated at 42oC overnight in 100 ml of hybridisation solution containing

50Vo formamide, 5x Denhardt's solution, 5x SSPE (0.9 M NaCl, 50 mM NaHrPOo pH 7.7

and 5 mM EDTA), lVo (w/v) SDS and 200 pglml sonicated salmon sperm DNA. The

membrane was then transferred to 20 ml of fresh solution containing the appropriate probe

andfurtherincubated at42'Covernight. The membrane was then washed in 2x SSC-O.17o

SDS for 2 x 15 min at room temperature, and subsequently washed in the same solution for

2x 15 min at 42"C. The stringent wash was performed twice with 0.1 x SSC-0.17o SDS

for 15 min at 42"C. The membrane was autoradiographed at -70"C fot 2-7 days.

4.2.2 Multiplex reverse transcriptase polymerase chain reaction (RT-PCR)

The first strand cDNA for PCR was synthesized as follows: 10 pg of total

RNA from different rat tissues were hybridized with 100 ng of cDNA synthesis primer

(PCS) (5'GGGACCACTGGAACGCCTGC 3') [positions +484 to +503] in a total

volume of 10 pl at 65oC for 5 min. The primed cDNA was then brought up to 30 pl with the

following final concentrations: 25 units of Moloney murine leukemia virus reverse

transcriptase (MMLV), 1.0 mM each of dNTPs, 64 units of RNase inhibitor, 42 mM Tris-

HCl, pH 8.3, 8 mM MgCl2 and 8 mM DTT. Reverse transcription was carried otlir at 42oC
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Chapter 4 characterisation ofmultiple transcripts of rat and human PC

for t h. The reaction was then terminated by adding 1 pl of 0.5 M EDTA pH 7'5' RNA

was hydrolysed with 2 ¡il of 6 M NaOH at 65oC for 30 min and neutralized with2 pl of 6 M

acetic acid. cDNA was subsequently purified with BresaClean Kit and then ethanol

precipitation in the presence of glycogen. The cDNA pellet was resuspended in lOpl of

sterile distilled water. PCR was performed in a total volume of 50 pl containing 50 mM

KCl, 10 mM Tris-HCl, pH 9, 1.5 mM MgClz, 0.lVo Ttiton X-100, 200 mM each of

dNTPs, lpl of 1:100 dilution of cDNA, 2 units of Taq DNA polymerase, 100 ng of each

primer. The PCR primers were as follows:

5' GGCGAATTCCGATGGCAATCTCACCTCTGTTGGC 3' (MRACE II) whiCh WAS

directed to a common coding sequence of both classes of PC cDNAs [positions +12] to

+150, with an EcoRI restriction site attached at the 5' endl and the specific primers

5'GCCAATGACCTCGGGTGGAGCAG 3' for the class I type of PC cDNA (oligo A)

and 5' GGCTTGAGGCGACGGGGCGAAG 3' for the class II type of PC cDNA (oligo

B). Samples were amplified for 35 cycles with denaturation at 94oC,45 sec (2 min for an

initial denaturation), annealing at 65oC, 45 sec and extension atJ2oC, 45 sec. Aliquots (5

pl) from the RT-PCR reactions were electrophoresed on 2.5 Vo agarcse 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 RESULTS AND DISCUSSION

4.3.1 Multiple rat tissue Northern blot analysis

Northern blot analysis was initially camied 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 tissues were isolated,

electrophoresed 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 single band was detected that

was approximately 4.0 kb in length, in agreement 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 are

also consistent with those in human liver and kidney (Wexler et al., 1994). The level of rat

PC mRNA was also substantial in adipose tissue and brain, in keeping with the relatively

high levels of PC activity in these tissues (Wallace, 1985). This is not surprising because

adipose PC plays a role in lipogenesis in the export 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., 1991) the enzyme plays an

anaplerotic role in the transfer of acetyl groups from mitochondria to the cytosol for the

biosynthesis of several neurotransmitter substances. Moderate expression was detected in

adrenal gland, heart and lactating mammary gland. A very low level of expression 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 multipte PC nRNA isoþrms in dffirent rat tissues by RACE-PCR

Although Northern analysis did not identify multiple bands reflecting existence of

multiple PC mRNA isoforms, RACE-PCR was canied out for the reason mentioned above.

Ideally, any transcripts which differ only at their 5'-UTRs can be obtained by reverse

transcription using a primer derived from the coding regions. As indicatedinFig. 4.2,

different cDNAs with heterogeneity at the 5'-end are subsequently ligated to a single-strand

anchor adaptor. An anchor primer containing the sequence that is complementary to the

anchor adaptor together with nested gene specific primers can then be used to selectively
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Figure 4.2 Schematic diagram of the S'-RACE PCR procedure used to

obtain S'-ends of rat PC mRNAs. Transcripts divergent at their 5'-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' AAAAAA

Ð cDNA sYnthesis Primer
AUG start codon

AUG

AAAAAA5

Ð cDNA sYnthesis Primer

reverse transcription

AAAAAA

AUGs' lleaennn

5'

J

J

5'

5
I

t RNA hydrolysis

,r, 
I3'r 5' 3' r 5'l adaoter li-eation

II

3t

5'

5'

PCR
anchor primer

Jr-+
J

5r-)
J

5',(il 5' nested primer
5(J 5' nested primer

Hybridization 32P probe

AUGII

AUGI I

5
3', 5'

5 J
5

Cloning and Sequencing



Chapter 4 c harac te risat ion of multipLe transcripts o.f rat and human PC

pCR-amplify the 5'-UTRs of cDNAs. The products are analysed by agarose gel

electrophoresis and can be confirmed by probing with an oligonucleotide internal to the

nesred 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 primels that

were used to generate RACE (Anchor/IvIRACE II) fragment described in Chapter 3 (see Fig.

3.2) but with different RNAs extracted from four tissues e.g. liver, kidney, adipose tissue

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 carried out by annealing at 60'C, however a smeared

pattem was obtained after agarose gel electrophoresis (data not shown). Increasing the

annealing temperature to 65"C improved the specificity of the reaction. Southern blot

hybridisation with the third specific nested oligonucleotide probe conesponding 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 the probe in all four tissues 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 Ctoning and sequencing of RACE products

Individual bands hybridising to the probe were gel purifed, cloned and sequenced.

Nucleotide 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.e. 150 bp downstream from the ATG

initiation codon encoding the first 50 N-terminal residues of rat PC as described in Chapter

3, but differed at their 5'-UTRs. These rat PC mRNAs isoforms were designated as rUTR

A, rUTR B, rUTR C, rUTR D and rUTR E, respectively. The 5'-UTR of these PC mRNA

isoforms are222 bp, 113 bp, 95 bp, 96 bp and 59 bp in length, respectively (Fig. a.a).

These rat PC 6RNA isoforms can be grouped into 2 classes according to their sequence
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Figure 4.4 The nucleotide sequences of the S''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 a¡e inffoduced 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 are grouped in a class I due to the

presence of a common 95 bp region (boxed) while rUTR D and rUTR E are grouped in a

class II due to the presence of a common 59 bp (boxed). Within class I, rUTR A is

distinguished by the presence of a 109 bp insert located immediately 5' of the ATG initiation

codon and 3' of the l8 bp insert which is also common to rUTR B but not to rUTR C (Fig.

4.4). Wirhin class II, rUTR D is distinguished from rUTR E by a 37 bp insert immediately

5' of the ATG initiation codon. The sequence diversity observed among these 5 forms of rat

pC mRNA was immediately upstream from the ATG initiation codon, suggesting that the

splice junction between the S'-UTR exon(s) and the first coding exon occurs at this position'

None of the j'-UTR of these mRNAs falls under the consensus sequence

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

4.3.4 Distribution of rat PC nRNA isoþrms in various tissues

In order to investigate the tissue distribution of these PC mRNA isoforms isolated by

RACE-PCR, a multiplex RT-PCR assay was developed such that these mRNA isoforms can

be detected simultaneously. The schematic diagram of this multiplex RT-PCR is illustrated

in Fig. 4.5. Ideally, reverse transcription of these five mRNA isoforms can be performed

using the PC8 primer located downstream from the AUG initiation codon, as the CDNA

synthesis primer because these mRNA isoforms contain the same coding sequence.

Following cDNA synthesis, different cDNAs representing different isoforms of the PC

mRNAs, which diverge at their S'-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 II

transcript). Since these transcripts have different insertion sequences upstream from the

AUG initiation codon, the different sizes of fragments which are unique to each mRNA

isoforms can be distinguished by electrophoresis on a high percent agarose gel (2.5Vo). The

primer binding sites relative to the 5'-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 rUTR C, rUTR D and rUTR E, respectively were generated from different

tissues. The rat PC mRNA isoforms exhibited 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 a¡e 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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Chapter 4 characterisation of multiple lranscripts of rat and human PC

most abundant transcript in all tissues examined, except in ovaries and bone marrow where

the level of expression was significantly lower. Likewise, rUTR E was also detected in

most tissues but in much lower abundancy than rUTR D. Interestingly, this form was not

detected in epididymis, skeletal muscle or bone marro\ry. rUTR C was only expressed in

ceftain tissues, i.e. highly abundant in epididymal fat, abdominal fat, liver, kidney 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

coÍtmon coding region of rat PC mRNA confirmed that these PCR products represented

different PC mRNA isoforms. However, 380 bp and2'71 bp products representing rUTR A

and rUTR B were not detected in all tissues examined, even upon Southern blot

hybridisation. This suggested that the expression of these two isoforms is much lower than

the other three forms. Therefore, another primer, oligo C (Fig. a.Ð was designed such that

it will bind to only rUTR 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. a.6 C). However, these 2 forms were detected upon Southern

blot hybridisation in other tissues i.e. epididymis, abdominal fat tissue, liver, kidney,

lactating and lactating mammary gland, suggesting that their concentrations are very low

(Fig. a.6 D). The tissue-specific expression of these PC mRNA isoforms in various rat

tissues are summarised in Table 4.1.

From this expression pattern, it is clear that class I transcripts (rUTR A, rUTR B and

rUTR C) are always co-expressed together. Likewise rUTR D and rUTR 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 expressed in

different tissues. It is likely that the 5'-flanking region of the sequence encoding class I

transcripts is tissue-specific promoter, specifically expressed in lipogenic tissues (fat tissues,

lactating mammary gland and liver) and gluconeogenic tissues (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 tissues.
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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 II (A), and PCR with oligo C and MRACE II (C)

and analysed by electrophoresis on a 2.5Vo 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 cDNA was also synthesised and used as

an internal control for RT-PCR, (E).
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charac le ris ation of multiq le transcripts of rat and human PCChapter 4

Table 4.L Distribution of different PC mRNA isoforms

in different rat tissues

- 

Class I
transcriPts -Class 

II
transcriPts

Tissue rUTR A rUTR B rUTR C rUTR D rUTR E

-Abdominal 

fat + + + + +

Tpididtmal fat pads + + + +

marnmary gland + + + + +

Kidney + + + + +

Liver + + + + +

Epididymis + + +

Frenal gland + +

Brain + +

Spleen + +

Lung + +

Heart + +

Testis + +

-skeletal 
muscle +

Ovaries +

Bone marrow

4.3.5 Muttiple rat PC mRNA isoþrms are transcribedfrom a single copy Sene

To determine whether the identified rat PC mRNA isoforms are the product of a

single gene, a cDNA probe conesponding to residues 551 to 901 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 6kb (BamHI)

or lZ kb (HindIII) was detected (Fig. a.7). A single band was also seen when a cDNA

probe corresponding to the biotinyl domain was used (Cassady, 1987)' The uniqueness of

fragment recognition with a cDNA probe in two different digests strongly suggests the

7T
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Figure 4.7 Analysis of copy number of PC gene using Southern blot of rat
geñomic DNA. Rai liver genômic DNA was digested with either Bam HI ot Hind IlI
ãnd electrophoresed on l% agarose gel (A). The DNAs were transferred to nylon
membrane änd probed with cóNA frágment corresponding to the transcarboxylation
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Chapter 4 characterisation ofmultiple transcriPts of rat and human PC

existence of only one copy of the PC gene per haploid genome. It is very likely that these

multiple pC mRNA isoforms must arise by differential splicing of the 5'-UTR exons of the

primary transcriPts.

4.3.6 ldentffication of multiple PC nRNA isoþrms in human liver by RACE-PCR

The presence of multiple transcripts of PC in different 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 several 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

been reported by many investigators. To eliminate this artifact, RACE-PCR was caffied out

with human liver RNA.

Identification of multiple transcripts of human PC was essentially the same as that

described for rat PC. In brief, total RNA of human liver was reverse transcribed with

HUM15 primer designed from the published human PC cDNA sequence (Wexler et al.,

1994;¡¿1acKay et a\.,1994; Walker et a1.,1995b) [see Fig. 4.8] and amplified by PCR with

HUM 19 and anchorprimerusing different dilutions i.e. 1:40, l:80, 1:160 and 1:320 of

cDNA template. Southern blot hybridisation with an internal oligonucleotide probe, HUM16

fig. a.8) was carried out to verify the authenticity of the amplified products.

As showed in Fig. 4.9, different patterns of discrete bands were generated from

different dilutions of gDNA. These bands were individually purified and cloned'

Sequencing of the resulting clones 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

comrnon 130 bp of coding sequence and this corresponded to the N-terminal region of

human çDNA (Wexler et a|.,1994;MacKay et a\.,1994;Walker et al., 1995b) but differing

in rheir 5'-UTR. hUTR A contained 201 bp while hUTR B contained 13i bp upstream 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

12



M L KFR +
HUM 16

TCCCCAAATGTCCGGCGCCTGGAGTATAAGCCCATCAAG AAAGTCATG GTGGCCAACAGAG GTGAGAfi GCCATC

AGGGGTTTACAGGCCGCGGACCTCATATTCGGGTAGTTCTTTCAGTACCACCGGTTGTCTCCACTCTAACGGTAG
SP NVRRL EY KP I K KVMVA N R GEIA I

HUM 19

TVHGGLRLL G I R R T S T A PA A

RVFRACTELG IRTVAIYSEQDTGOM
HUM 15

Figure 4.8 Nucleotide g region of h-uman PC cDNA
r"[o.tt"" (Wexler et aI., alker et al',1995b)' Inferred

u*-ino acid sequences afe Primer binding sites used for
cDNA synthesis and PCR are shown by arrows'
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Figure 4.9 Southern blot analysis of S'-RACE products represented human
pC mRNAs vyere probed with the 32P-labeiled HUM19 primer (inte_rnal to
MRACE II sequence). RACE-PCR products were generated from different
dilutions of cDNÀ (1:40, 1:80, 1:160 and l:320) synthesised from total liver RNA.
M, DNA markers.
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Chapter 4 c harac te ri s at ion of multiP Ie transcripts of rat and human PC

A was identical to nucleotide -1 to -16 (relative to the initiation codon) of the 5'-UTR

reporred by 'wexler et at. (19941 €ig. 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 at. (1994) from either liver or kidney RNAs using primers corresponding to

nucleotides -40 to -17 (sense) and nucleotides +355 to +357 (antisense) (Wexler et al.,

lgg4)were unsuccessful. These findings suggested that nucleotides -40 to -11 prior to the

ATG initiation codon of the reported sequence (Wexler et al., 1994) do not represent the

s'-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 nucleotide changes at position -82 and -83, followed by an

additional48 nucleotides. The sequence differences among these multiple forms are again

observed immediately upstream 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

fluorescenceinsituhybridisation (Walker et a1.,1995a), that there is only one gene 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 gene'

Unfortunately, no good quality human RNA extracted from different tissues was

available at the time of this study, hence further investigation of the expression pattern of

these two human PC mRNA isoforms was not carried out.

13



CHAPTER5

STRUCTURAL ORGANISATION, ALTERNATE

SPLICING AND CHROMOSOMAL

LOCALISATION OF TIIE RAT PC GENE



alternale and chromosomal localisatíon rat

5.1 INTRODUCTION

It has long been proposed that biotin carboxylases arose by fusion events within a

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

gene 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 A.L Cassady (1937) 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,

¡,RG 1.2. Cha¡acterisation of this clone by Southern blot analysis and DNA sequencing

revealed that the last 3'-end exons encoding the biotinyl domain of rat PC were located in

this clone (Cassady, 1937). 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 genomic library constructed 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 including cosmid,

yeast artificial chromosome (YAC) or even bacterial artificial chromosome (BAC) in order to

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

5
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Chapter 5 organisation, aLternate splicing and chromosomal localisation of ral PCgene

in order to eliminate this problem. LD-PCR was first described by Barnes (1994) and

Cheng et aL (Igg4). This special feature of PCR requires the use of two different DNA

polymerases i.e. ordinary stable polymerase e.g. Taq 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 Taq

polymerase. Ideally, any fragments of the gene can be amplified from a genomic DNA

template using primers that are designed from the oDNA sequence. However, more than one

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 a¡e 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 et a1.,1995). This special feature includes several new PCR technologies

i.e. adaptor ligation, vectorette PCR (Lagerstrom et a|.,1991), suppression PCR (Lukyanov

et aI., Igg4) 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 SspI 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 defined, 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

15



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 (APl) and a gene-specific primer I 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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Chapter 5 or ganisation, alternate splicing and chromosomal localisation of rat PCg,ene

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. coIiLE3gzwas grown overnight in 20 ml of LB broth

supplemented with 0.2 Vo maltose and 10 mM MgSO 4 at 3J'C. Cells were pelleted by

centrifugation at 5000 x g for 10 min and suspended in 5 rnl of 10 mM MgSOo. Two

hundred microlitres of suspended cells were infected with 5 x 104 lambda phage particles at

37"C for 20 min. Twenty millilitres of top agar (0.7Vo agarose in NZCYM) were then added

to the E. colilphage mixture and immediately poured onto LMM agar plates. The plates were

then inverted and incubated at37"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

i .4-1.5 M 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 40Vo formamide, lVo (w/v) SDS, 50 mM Tris-HCl, pH

1.4, lOVo (w/v) PEG 6000 and 100 pglml sonicated salmon sperm DNA for 6 h. Fresh

solution was then replaced with heat-denatured probes and further incubated at the same

temperature overnight. The membranes were washedfor 2 x 30 min in 2x SSC-0.1 7o SDS,

2 x 30 min in O.lx SSC-0.17o SDS, and 2 x 30 min at 55"C. The blots were

autoradiogaphed 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, IOO mM NaCl, 10 mM MgCl, and O.05Vo gelatin). Different dilutions of phage were

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

5.2.2 Small scale preparation of lambda bacteriophnge DNA

A single colony of E. coIiLE 392 was grown overnight in LB supplemented

with 10 mM MgSOo. An overnight culture was diluted with LB plus 10 mM MgSOo to Aroo

of 0.1-0.2. Ten millilitres of diluted culture were transferred to a 250 ml flask along with a

single fresh plaque punched out from the LMM plate. The culture was grown at 37'C for 6

h or until 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 l0 min' The
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supernatant was taken and mixed with an equal volume of phage storage buffer' The

bacterial DNA was digested by adding 20 p,l of 10 mgiml DNaseI at 3'7"C for I h' The

phage were precipitated by adding 1.8 ml of 4 M NaCl and 2 gof solid PEG 6000, and then

incubated on ice for I 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 rnl microtube.

pEG 6000 was removed by extraction with 0.3 ml chloroform twice followed by 0.3 rnl of

phenol and chloroform [1:1 (v/v)]. The phage DNA was precipitated by adding 0.1 volume

of 3 M sodium acetate pH 5.2 followed by 2 volumes of cold absolute ethanol, and then kept

at -ZO'Cfor I h. The phage DNA was pelleted by centrifugation at 10,000 x g for 15 min

and washed with 70Vo ethanol. The pellet was dissolved in 400 pl water containing 20

mg/rnl RNase A and incubated at 37'C for 30 min. The phage DNA was subsequently

purified by phenoVchloroform 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 pglml 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 the 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 I min twice and with 1 M

Tris-HCl pH7.4for I min. The filters were then placed on a third set of papers pre-wetted

with I M Tris-HCl pH 7 .4 and 1.5 M NaCl for I 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 perforïned both with genomic DNA and with the Rat Genome

rù/alker kit. For LD-PCR using genomic DNA as template, the reaction was carried out in a

toral volume of 50 pl containin g IXTthPCR buffer (40 mM Tris-HCl, pH 9.3 ar- 25"C, 15

mM potassium acetate), 1.1 mM magnesium acetate, 0.2 mM of each dNTP, 0.25 pM each

primer, 100 ng of genomic DNA and 1 ¡rl of 50X Advantageru Tth polymerase mix. The

reaction mixture was subjected to 42 rounds of PCR amplification. The PCR profile

consisted of an initial denaturationatg4oCfor 1 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 æ

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 pl containing lX

TthPCRbuffer, 1.1 mM magnesium acetate, 0.2 mM each dNTP,0.25 pM APl primer and

the first gene-specific primer (GSPI), I pl each of the DraI, EcoRY, PvuII, ScaI or SspI

libraries, and 1 pl of 50X Advantageru Tth polymerase mix. The PCR profile consisted of 7

cycles of denaturation at 94"C for 25 sec, annealing and extension at 72"C fot 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 l: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 5 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 ÀRG 1.2 previously determined by Booker (1990)

was directly compared with the complete cDNA sequence reported in chapter 3' This

identified 7 additional exons located upstream from the last 3'-exon encompassing the

biotinyl domain of the rat pc (cassady, 1987). These 10 exons corresponded to 213 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 isolate a segment of the PC gene from rat genomic DNA by PCR

was canied 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 (conesponding to positions +484 to +503; antisense

primer) and a second pair of primers including PClz [conesponding to positions +484 to

+503, sense primer (complementary to PC8)l and PCTA (conesponding to positions +826

to +847) were used to PCR amplify genomic DNA using ordinary Taq polymerase' Upon

amplification, single bands 0.75 kb and 0.60 kb product were generated from both pairs of

primers respectively. Using PC9 and PCTA as primers in another PCR reaction, a 1.35 kb

fragment which conesponded to the sum of the above fragments was obtained, suggesting

that they are specific products (Fig. 5.34). This 1.35 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. 5.38)

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 },RG 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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Chapter 5 organisation, alternate splicing and chromosomal Iocalisation of rat PCg3ne

located in the ÀRG 1.2 clone. Since the first exon of l,RG 1.2 clone was completely

determined and coÍesponded to a fragment of the enzyme between T457 andL504, the 3'-

end of the upstream exon must therefore end at K456. A new antisense primer (PC18,

5'-CTTTACACCTCGGACACGGAACTCC-3'), corresponding to the segment between

residues p.449 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 fRG 1.2 clone if that

was the case. Upon amplification, an 8.0 kb fragment was generated with minor bands of

2.0 kb ro 0.5 kb (Fig. 5.4A). Secondary PCR with nested primers IPCl7, complementary

to PCTA (Fig. 5.44)l and PC 19 [corresponding to the segment between T441 and Ã448

(positions +1320 to +1343), 5'-GCCAGGGCTCTGCTCATCTTGGTG-3'I was canied 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 exons 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 î"RG 1.2 was still missing. Therefore, library screening was undertaken to

ssarch 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 l"RG 7.2 as probes. The

aim was to isolate any clones that contained sequences colresponding to the 3'-end of the 8.0

kb PCR product and the 5'-end of l,RGl.2 clone. One positive clone, fRG l5 was found to

hybridise to both probes after tertiary screening. Phage DNA from this plaque was digested

withSøclwhichreleasedtheinsert sizes of 5.0,3.2, 1.8, 1.0 and 0.7 kb from the left and

right arms of larnbda phage (Fig. 5.54) and followed by Southern blot hybridisation using

both the 3'-end of the 8.0 kb fragment and the S'-end of l.RG 1.2 as probes sepa¡ately. As

shown in Fig. 5.58 and 5.5C, the 5.0 kb fragment hybridised to the 5'-end of tRG 1.2

clone while the 1.0 kb fragment hybridised to the 3'-end of the 8.0 kb PCR product. Pa¡tial
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Figure S.5 Southern analysis of the fRG 15 clone. Phage DNA isolated from

this clone was digested with .SøcI and analysed by 0.7Vo agarose gel electrophoresis (A) and

by Southern blot hybridisarion with either a 2.0 kb probe amplified from the 3'-end of the

g.0 kb pCR product (B) or a 0.7 kb probe amplified from the 5'-end of the ÀRG 1.2 clone

(C). Overlapping regions of this clone and both probes are also indicated (D)'
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Chapter 5 organisation, alternate splicing and chromosomal localisation of rat PCRene

sequencing from both ends of this clone using primers ttrat 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 ÀRG 1.2

cloneby 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 product and adjoins a very large intron approximately 10 kb followed by a single exon

located at the 3' end which also overlapped with the first exon of ?'RG 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 I3-Ií,respectively (Fig. 5.6). The last three exons, exons 18-20, encode the

biotinyl 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 ll and 12, while that linking the

transcarboxylation domain 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 conect RNA splicing (Breathnach and

Chambon, 1981).
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Figure 5.6 Structure of the rat PC gene. A, overlapping lambda phage clones

(î.RG 1.2, l.RG 15 and ¡"RG 2) and PCR products (4, 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 three functional domains are indicated. MT,

mitochondrial targetting sequence; BC, biotin carboxylation domain; TC, transcarboxylation

domain; BIO, biotinyl domain.
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Chapter 5 organisation, alternate splicing and chromosomal localisation oJ rat PCgene

Table 5.1

Oligonucleotides used for PCR, LD-PCR and Southern blot analysis.

Underlines indicate the restriction sites (GAATTC , EcoRI; GGATCC, BamHl, GGTACC'

Kpn I) introduced at the 5' end to facilitate cloning.

5.3.2 5'-Untranslated region exons and altemative 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 lst and 2nd gene-specific primer (GSPI and GSP2), namely RAGEI and

RAGE2. These two primers were designed from nucleotide sequences within exon 2'

Upon secondary PCR, single strong bands were generated from Dral, PvuII, ScaI and SspI

libraries with size of 0.9 kb, 4.8 kb, 5.0 kb and 0.6 kb, respectively, but not the EcoRV

library (Fig. 5.74). 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 j'-UTR exons corresponding to the 5'-UTRs of rat PC mRNA identified by
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oligonucleotide sequence
fragments
amplified
by PCR or
LD-PCR (kb)

oligonucleotide
name

A (8.0)

B (s.s )

c (l.s)

D (4.0)

E (3.6)

F (1.2)

G (l.r)

5'.ACAGCCCCCGTTGCCTCCCCA-3'
5'-CTTTACACCTCGGACACGGAACTCC.3'
5'.GATACCCAGCTCTGTGCAGGCACGAAACAC-3'
5' -G GCGAATTECACCATTACTTTCTTGATGGGCT| GTA- 3'

5'.CTCCTAGCTGGCATCCAGGTTCTC-3'
5'-GCCAATGACCTCGGGTGGAGCAG- 3'

5'-TACCTTGTACCAGCAGCCAAACACC-3'
5'-ATCGTGCTGCACACAGAGGACGTGTT. 3'

5' -GGATAGGCGGCAAGATICCTGAAGCAGC- 3'

5'-AAAreArcCAACCCAGCCAGGAGTGAGGTGGAG-3'
5'-CATTGGTGCAATCAGCTCTCCAGAA- 3'

5'-AGCTCTCCAGAAGGCAGATGCTAG- 3'

5'-CTTCGCCCCGTCGCCTCAAGCCGT-3'
5'-CCGTGGCCGCCGCCTCTGACGG- 3'

5'-GGCTTGAGGCGACGGGGCGAAG-3'
5' -CGTCTCATGAAGTTTCTTCCTG- 3'

PC9
PC18

RAGE I'
RAGE 22

RAGE 5
Oligo A
PC 241

PC 252

PC 34'
PC 352

PC 38'
PC 392

PC 321

PC 332

Oligo B
Oligo C
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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 gDNA sequence (Chapter 3).

RACE-PCR, Southem blot analysis was carried out. Different oligonucleotide probes (4, 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 PvøII and Sc¿I libraries (Fig. 5.7C). Since oligo C did not

not

srteJIntron5'-Donor siteResiduesNumber

cttcagcTAcCC

cctcagATGCTG

tattagGTACAT

cctcagATGCTG

tcctagGTGAGA

tugcagGAGAAT

ccaacagGCGTTC

ccctagGAGCTG

tcccagGGGAC

gtgcagGTTGGC

tugcagTGTGGA

ccagagGTTTTC

ttgcagACCAAC

ccccagGACAC

accctagGCCCA

tgccagGTTCTG

tcccagGACATG

ccacagAGGTAC

cttcagGTGACA

cctcagGTGCTA

ctccagGTTGAG

ctgcagGAGATG

ND

ND

A/-4.3 kb

B/-1.3 kb

C/l l6 bp

Dlt73 bp

El99 bp

F/l31 bp

Gll77 bp

rv-1.0 kb

u-3.0 kb

J/-2.1kb

K/-10 kb

Ll25Obp

M/180 bp

N/450 bp

0/128 bp

P/I80 bp

Q/90 bp

R/76 bp

51202 bp

T/83 bp

GCGAAG-

CCAATG-

GAACAGgtatgg

GAGACGgtacga

ACAGAGgtaaat

GCCAAGgtagag

CTGCAGgtgaca

TACGAGgtaacg

TCCTAGgtgagt

AAGCAGgtgagg

TACAGAgtgagc

ATTGAGgtaggt

GTAAAGgtgaga

ACCTTGgtttgc

CCATAGgtagg

CTTCAAgtaagc

ATTAAGgtgcca

ACACAGgtagga

ATCAAGgtgagc

TCTAAGgtaggg

TTTGAGgtcagt

ATGAAGgtacag

GCCCTCC

5'UTR

5'UTR

5'UTR

5'UTR

M'-G*
Goo-K,ut

E,ur-G,r,

G,rr-E ,,

Errr-Lrtu

Grr,-Qr,,,

Vrur-D,

V,or-Errt

Vrru-Koro

Torr-Lt*

Grur-Irto

Gr*-IÇ.,

Fout-Ktot

Dror-Trro

Errr-Kon

Ve(,.,-Ke66

Vror-E,,t

V,,,r,,-K,,"0

E¡1¡e7-E¡¡7¡,

3'UTR

ID

IC

IB

1A

2

5

4

5

6

7

8

9

10

ll
l2
13

14

15

l6
l'7

18

19

20
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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 (DraI, EcoRV, PvuII, ,ScaI and SspI) upon secondary PCR amplification and

analysed by electrophoresis on a 1.5Vo 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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Chapter 5 organisation, ahernate splicing and chromosomal localisation of rat Pcg3ne

hybridise to the 0.9 kb and the 0.6 kb fragments derived from DraI and SspI 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 conesponding to the

5'-UTRs. Nucleotide sequence analysis of the 5.0 kb fragment showed later that it

contained only one exon namely exon lA, located 4.3 kb upstream from the first coding

exon. This exon corresponded to positions -1 to -109 (relative to the AUG initiation codon)

of the 5'-UTR of rUTR A. It is likely that the next upstream exon would conespond to the

region -110 ro -222 of the 5'-UTR of rUTR A (or -l to -113 of rUTR B and -l to -95 of

rUTR C) (see Fig. 5.S). Therefore PCR was canied out using primers derived f¡om the

3'-end of the 5.0 kb fragment (RAGE 5) and from the most 5'-end of rUTR A (oligo A).

The oligo A binding site is also common with rUTR B and rUTR C. As shown in Fig. 5.9,

asingle 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 lB which corresponded to the regions -110 to -222

of rUTR A and -1 to -113 of rUTR B and -1 to -95 of rUTR 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 GSPI and GSP2 primers yielded single discrete bands of l.l kb, 2.0 kb, 1.0

kb and 4.0 kb from the DraI, PvuII, ScaI and SspI 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 j'-UTR exons (Fig. 5.108). Walking towards the 5'-end of the rat PC gene

using either the PCR-based Genome Walker kit with primers designed from the S'-end of the

4.0 kb PCR product derived from SspI library (flanking sequence of exon 18) [fragment D,

Fig. 5.61 or screening the lambda genomic library using exon lB flanking sequence as

probe, identified further PCR fragments or lambda clones [fragment E and ].RG 2, Fig. 5.61

extending towards the 5'-end of the gene already over l0 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 18 and further upstream 5'-
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Chapter 5 orRanisation, alternate sltlicing, and chromosomal Iocalisation of rat Pcp,ene

UTR exon(s), or the probe B crosses intron/exon boundaries. 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 -I to -37 of rUTR D but spliced out in rUTR E, and another encoding

regions -38 to -96 of rUTR D and -l 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 screened. 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 is 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 colresponding to the 5'-UTR of rUTR D and rUTR E

will be isolated from Rat Genone Walker kit. The first gene-specific primer (GSPI) (PC38)

was designed from positions -l to -24 of 5'-UTR of rUTR D and used with APl 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 -31. The S'-end of this

primer has 12 bp overlapping with the 3'-end of PC38 (see Fig. 5.114). As indicated in

Fig. 5.118, discrete bands of sizes 0.35 kb, 1.7 kb, 0.2 kb and0.32 kb were generated

from DraI, EcoRV, PvuII and SspI but not ScøI libra¡ies upon secondary PCR. Nucleotide

sequence 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 s'-UTR of rUTR 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, l98l). A DNA

fragment of the identical size and sequence was also obtained from PCR-amplified genomic

DNA using a primer derived from the S'-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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Chapter 5 organisation, alrernate splicing and chromosomal localisation of rat PCgene

Finally, the genomic fragment encompassing the last exon corresponding to the most

S'-end of UTRs of rUTR D and E was isolated by the same strategy as that described for

exon lC. The first gene-specific primer (GSP l) (PC32) was designed from positions -37

ro -60 of the 5'-end of rUTR D (conesponding to positions -1 to -24 of 5'-end of rUTR E)

(see Fig. 5.12A) and was used with APl 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 s'-UTR of rUTR D (corresponding to

positions -2I to -42 of the S'-end of rUTR E). As shown in Fig. 5.128, similar sizes of

fragment (1.1 kb) were generated from Draland SspI but not from the other libraries.

Nucleotide sequence analysis of these two fragments showed ttrat 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 Dralllbrary, and PC33 primer (data not shown). However, the

intron/exon boundaries at the 3'-end of exons lC and lD 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

j'-UTR exons to the S'-UTRs of PC mRNA isoforms, identified by RACE-PCR in Chapter

4, allowed an explanation of how the alternative splicing of these upstream non-coding

exons can result in the production of multiple transcripts with 5'-end heterogeneity. As

shown in Fig. 5.14, class I transcripts (rUTR A, rUTR B or rUTR C) were generated by

joining exon 18 to one or more of the downstream exons. rUTR A was generated by

joining exons lB, 14, to the first coding exon (exon 2), while rUTR B was generated by

joining exon 1B directly to exon 2, and skipping exon lA. Interestingly, IUTR C was

generated by the same mechanism as rUTR B except that an internal donor site within exon

1B (see Fig. 5.13) was used in joining to exon 2 directly. These two functional donor sites

within exon lB were each followed by a dinucleotide GT and were thus consistent with the

consensus splice junction (Breathnach and Chambon, 1981). The use of an internal donor

within the S'-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.L3 Alignment of exons lD, lC, 18, 1A ^nd 
2 of PC gene with

S'-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 alternative 5' donor sites within exon 18 are boxed. Lowercase letters

indicate the intron sequence. The amino acid residues encoded from the first coding exon are

shown by capital letters.
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Figure 5.14 Alternative splicing of 5' untranslated region exons of the rat
pC gene. Class I (rUTR A, rUTR B and rUTRC) and class II (rUTR D and rUTR E)

transcriptsaregeneratedbyaltemativeusage of exons lD, lC, lB and 14. Exons lD, lC,

18, lA, 2 and 3 a¡e 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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Chapter 5 organisation, alternate splicing and chromosomal localisation of rat PCgene

3'-acceptor site (Reynolds et a|.,1985). On the other hand, the class II transcripts (rUTR D

andrUTRE) were generated as follows: rUTR D was generated by joining exons lD, 1C,

and 2 while rUTR E was generated by joining exon lD directly to exon 2, and skipping exon

1C.

Taken together with the tissue-specific expression of different PC mRNA isoforms,

it is very clea¡ that there are two different primary transcripts, altematively transcribed from

two promoters. The first transcript is initiated from the distal promoter (P2) flanking exon

lD, and undergoes differential splicing to produce two mature transcripts, rUTR D and

rUTR E. These transcripts are ubiquitously expressed. On the other hand, the second

transcript appears to initiate from the proximal promoter (P1) flanking exon 18, and

undergoes differential splicing to produce three mature transcripts, rUTR A, rUTR B and

rUTR 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 V/ebb, 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 et aI.,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 exons ll 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 I which is the

largest chromosome. By comparison with standard ideograms of the chromosomes of

Rattus norvegicus (Rønne et al., 1987), the target band was identified on the long arm at

lq4. The sub-bands 1q4l-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 1q43 (Fig. 5.15).
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Chapter 5 organisation, alternate splicing and chromosomal localisation of rat PCgene

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 5'-UTR exons. Recently, the human PC gene

structure has been reported (Carbone et aI., l99S). 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. I 6). Both 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

is 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,

I-ENWGGATFDVAMRFLYECPWRRL-I (residues605-627) is encoded by this exon while

in the human gene, this motif was intem¡pted by intron 12 (conesponding to the underlined

G) thus splitting another half of pyruvate binding-site to exon 13. In the rat PC gene, the

conesponding intron is located downstream by approximately 156 nucleotides, such that this

motif remains unintermrpted.

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 reanangement (Doolittle,

1995). This enables the reanangment 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 l9 coding exons (Carbone et aI., 1993) and is organised in

the same manner as in the rat gene which includes two alternate promoters (Pl and P2).

Two alternate promoters (Pl 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 (V/exler et al., 1998; Carbone et al., 7998), 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, 5'-untranslated region exon.
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Chapter 5 organisation, alternate sttlicing and chromosomal localisation of rat PCgene

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 Eubacte¡ia like B. stearothermophilus (Kondo et al.,

1997)and R. etli (Dunn et a1.,1996) or a lower eukaryote 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 Archaebacteria hke M. thermoaulotrophicum

(Mukhopadhyay et a1.,1998) which is distantly related to Eubacteria, there appears to have

been a fusion of genes encoding TC (Pyr) and BCCP components encoding a 15 kDa

biotinylated subunit (PYCB or p-subunit). In contrast, the gene encoding a 52 kDa non-

biotinylated subunit (PYCA or cr-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 the amino acid

sequence of the PYCB subunit conesponded to those of the transcarboxylation and the biotin

carboxyl ca¡rier 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

intemrption of these primordial or ancestral genes encoding different components of biotin

carboxylaseby 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 a1.,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, l9g2b). However in eukaryotes, homologues of these three subunits of ACC a¡e

located within the same polypeptide (Lopez-Caslllas et aI., 1988) and hence form three

discrete domains rather than subunits. This suggests fusion of the genes encoding these

three subunits during evolution of eukaryotes. It is noted that there is a rea¡rangement of the
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Chapter 5 organisation, alternate splicing and chromosomal localisation of rat PCgene

gene encoding the biotin carboxylase and the biotin carboxyl canier components in E. coli

ACC and mammalian ACC. In E. coli,the gene encoding the biotin carboxyl 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 canier

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 ìwere derived from different ancestral genes ITC (PyÐ 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 a-subunit containing the biotin

carboxylase and the biotin carboxyl canier domains, which show strong sequence

similarities to the same regions of PC and ACC, while the p-subunit contains the

carboxyltransferase domain. In humans these two subunits are located on different

chromosomes (Lamhonwah et al., 1936). This could suggest that the ancestral genes

encoding the biotin carboxylase and the biotin carboxyl carrier domains a¡e recombined on

the same locus of the chromosome thus forming an cr-subunit encoding the PCC gene

whereas another ancestral gene encoding carboxyltransferase exons ITC (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 cr-subunit of PCC are in the same order i.e. the biotin carboxylation

domain is located upstream from the biotin carboxyl ca¡rier domain. It seems possible ttrat

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 55 subunit of P. shermanü
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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 shown.
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Chapter 5 org,anisalion, alternale splicing and chromosomal localisation of rat PCgene

transcarboxylase (Thornton ¿r dl., lgg3), 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

is derived from duplication and reaffangement of common ancestral genes, determination of

exon/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 S'-UTR exons of rat (Luo et aI., 1989),

sheep (Barber et a|.,1995) and chicken (El Khadir-Mounier et aI.,1996) ACC, thus limiting

the comparison of exon/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 lq43 in rat (Levan et aI., 1992) and very close

to the centromere of chromosome 19 in mouse (Poirer and Guenet, 1996) and all three genes

weremappedatband llql3 inhuman (Board etal.,1989; Szepetowskiet a\.,1992; Walker

et aI.,l995a). Since PYGM gene has been mapped to 143 centimorgan on rat chromosome

1 (Jacob et a1.,1995), and 0 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 lq43 in the rat, and

to 11q13 in humans, encodes protein phosphatase l, catalytic subunit, alpha, PPPICA'

which maps to chromosome ? 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 altemate promoters in controlling gene expression has been reported in

many genes. In most cases, alternate 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 subcellula¡ localisation. The biological role of such changes can be dramatically

amplif,red when the protein isoforms thus produced are themselves important regulatory

molecules such as transcription factors, hormone receptors, and ion channels (Smith et aI',

1989). However, in some other genes, including rat PC, alternative splicing occurs at the
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Chapter 5 orR anisation, ahernate splicinp and chromosomal localisation of rat PCgene

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 plomoter'

Regulation of rat PC expression is perhaps not only limited in the transcriptional step

since transcripts from the same promoter do undergo differential splicing pathways i.e' some

mature transcripts exclude 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 5'-UTRs of mRNA which result from alternative splicing can affect

either stability (Brawerman, l98l; Raghow, 1987) or translational efficiency of the

transcripts (Kozak, 19SS). 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 aI. (1998), the authors were not able to isolate the 5'-UTR exons of the gene

which correspond to the 5'-UTR of human PC mRNA reported in Chapter 4. However, it is

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 altematively 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 Reed, 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

altemate splicing pathways of the primary transcripts (Breitbart et aI., 1987; I-eff et al-,

1987; Tsurusbita et aI., 19SS) although the nature of this difference in the splicing

environment found in cell-type or developmental-specific stages is still unclear.
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Chapter 6 P artial characterisation of rat PC promoters

6.1 INTRODUCTION
precise 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 molecula¡ 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 dissect

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 heterogeneity which were expressed in a tissue-specif,ic manner. This

suggests that rat PC mRNAs are transcribed from alternate promoters. Isolation of the

5'-end of the rat pC gene in Chapter 5, clearly demonstrated that these multiple mRNAs are

generated by altemate splicing. Since class I transcripts (rUTR A, rUTR B and rUTR C)

contain an identical sequence at their most S'-end, and likewise with class II transcripts

(rUTR D and rUTR E), it is very likely that the flanking sequences at the 5'-end of exons 1B

and lC a¡e active as promoters, and thus a¡e responsible for initiating the transcription of

two primary transcripts which then undergo differential splicing. To test whether these two

flanking sequences resemble typical eukaryotic promoters, DNA sequence analyses were

performed. Reporter gene analysis was also carried out by 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 Sene constructs

Reporter gene constructs were transfected into the cells by the electroporation

method. Briefly, 5 x 106 cells for COS-I were suspended in 0.5 nìl of cold electroporation
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Chapter 6 Partial characterisation of rat PC promoters

buffer containing 20 mM Hepes, pH/.5,137 mM NaCl, 5 mM KCl, 0'7 mM NarHPOo, 6

mM dextrose. Cells were mixed with 10 pmole of each construct, 2 pg of pRSV-pGal and

250 ¡tgof carrier DNA (salmon sperïn DNA) and transferred to a 1.0 ml cuvette (Bio-Rad)

and subsequently electroporated in the case of COS-I cells, with a 250-volt pulse at 960

microfa¡ads 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-I cells except that 10 pg of pRSV-ÊGal and 500 pg of carrier DNA were

used. Transfection of CHO-KI 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-KI

cells were maintained at37'C for 48 h in DMEM or F12ÆIam's media supplemented with

l\Vo fetal calf serum respectively.

6.2.2 Luciþrase and þgalactosidase Assays

Transfected cells were harvested from Petri dishes by scraping with a pipette

and transferred to a 10 rnl tube. Cells were harvested by centrifugation at 1300 x g for 5

min, washed with PBS before being suspended in 100 ¡rl of lx cell culture lysis buffer

(promega) andfrozen. Lysates were thawed and centrifuged at 13,000 x g for 5 min. An

aliquot of supernatant equivalent to 100 ¡rg 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 MgSO4, 7'8 mM

ATp pH 7.0) and 300 pl of 111 ¡rM beetle luciferin were then injected, and the luciferase

activity measured.

B-galactosidase activity was assayed using o-nitrophenyl-p-D-galactopyranoside

(ONpG) as substrare (Herbomel et a1.,1934). Briefly, 100 pg of protein were added to

0.5m1 of reaction buffer containing 100 mM phosphate buffer, pH 7 .3, 10 mM KCl, I mM

MgCl, and 50 mM p-mercaptoethanol) followed by adding 100 ¡rl of 2 mglnll ONPG. The

reactions were incubated at 37"C for t h and terminated by adding 1 ml of lM NarCO..

p-galactosidase activity was determined as Aor/WE protein/tr x 100. To normalise the

tra¡sfection efficiency of each experiment, the luciferase activity was divided by the
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Chepter 6 Partial characterisation ofrat PC Promoters

p-galactosidase activity expressed as units per microgram of protein. The maps of luciferase

and p-galactosidase expression plasmids are shown in Fig. 6.1 and 6.2, respectively.
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Chapter 6 Partial characterisation ofrat PC promoters

6.3 RESULTS

6.3.1 Nucteotide sequence analysis of the rat PC proximal promoter

To identify the putative promoter and cis-acting elements that flank exon lB, the

1.1-kb fragment isolated from the Dralltbrary (Fig. 5.104, Chapter 5) was cloned into

pBluescript (pDra|#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. Near the

rranscription initiation site (+1), the motif 5'-ATTCTGC*IGGGCCA-3' very closely

resembled the initiator element HIP-l box (housekeeping initiator protein 1) with consensus

sequence 5'-ATTCNT_30GCCA-3' (Means and Farnham, 1990). Computer-assisted analysis

revealed a number of potential transcription factor binding sites for AP2, Spl, cAMP-

responsive element binding protein (CREB), nuclear factor 1 (NF l), hepatic nuclear factor 4

(HNF-4), c-Myb, c-Myc, and PEA 3 (Faisst and Meyer, 1992). Interestingly, there was an

insulin-responsive element (IRE) that overlaps the Sp I binding site located at position - 1 3 8 .

This motif was f,rrst identified as IRE-A element in the promoter of glyceraldehyde-3-

phosphate dehydrogenase gene (Nasrin et aL,199l). At position -198, the sequence closely

matched that of the fat-specific element I (FSEI) I5'-TCAGGGCCAGGAACTG-3'] of the

fatty acid synthase gene (Hsu et al., 1996). There were also eleven 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 of 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

Iuciferase upon transfection into appropriate mammalian cell lines. A series of 5'-flanking

proximal promoter deletion constructs ranging in length from -1153 to -116 were generated.

ThepDraf#$ plasmid containing the 1.1 kb upstream flanking sequence of exon 18 was

used as parental plasmid for constructing the promoter-reporter gene fusion plasmid. Due to

the presence of an intemal KpnI 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 18

(proxirnal promoter) of rat PC. The transcription initiation site is designated as +1'

Putative transcription factor binding sites a¡e shown' Exon sequences are shown in italics'

HIP-I box (Means and Farnham, 1990) is shown in a black box' Different putative

transcription factor binding sites for NF-l, c-Myb' c-Myc' HNF-4' CREB' Spl' AP2'

PEA3 (Faisst and Meyer ,1992) and FSEI (Hsu e/ aI', 1996) are underlined' Putative IRE

(Nasrin et a1.,1991) is shown by lines above the sequences' The unusual motif TCCCC or

TCCCCCortheirinvertedrepeatsareshownbyopenboxes.
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Chapter 6 Partial characterisation of rat PC promoters

KpnI and BamHI as a single fragment was not possible. As indicated in Fig. 6.4, pDraI#6

was therefore excised as two fragments as Kpnl-Sphl and Sp/zI-BamHI fragments,

respectively, by digesting with KpnI, SphI and BamHI, and cloning into the KpnI-BgIIl

sites of pGL-3 basic. This resulted in the pGL-Pl construct which contained the full length

promorer. The first deletion construct was made by digestingpDra I#6 with HindIIIthen

religated and this eliminated the S'-end HindIII fragment. The insert was then excised as

two fragments, KpnI-PstI and PsrI-BamHI fragments with KpnI, PstI and BamHI

digesrions and cloned into KpnI-BglII sites of pGL-3 basic to generate pGL-PlMIindIII

construct. Further deletion was carried out by digesting the pGL-PlÑIindIII construct with

XhoI and this resulted in the pGL-PlaXhoI construct. A further deletion construct was

generared by digesting pDraIlß with KpnI and BamHI and cloned into KpnI-BglII sites of

pGL-3 basic and resulted in the pGL-PlÂKpnI construct. Since there were no further

restriction sites downstream from the KpnI 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 5'-end (underlined) were designed, and together with PC28

primer were used in PCR to generate 2 further deletion constructs. Both PCR products were

then digested with KpnI and BamHI and cloned into the KpnI-BgIII sites of pGL-3 basic,

resulting in pGL-P1ÂA and pGL-PlaB 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-l), was chosen as a host for

transfecting the chimeric gene constructs for several reasons. First, since COS-I 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 contains the SV-40 antigen receptor

this allows its replication in COS-I cells. This cell line is also fast-growing and highly

transfectable using a number of transfection methods.

98



Figure 6.4 Generation of chimeric gene constructs containing deleted rat

PC proximal promoter fused to luciferase reporter gene' pDra\#6 was used as

the parental plamid to generate 5'-nested deletions which were cloned at the multiple cloning

sites in front of the luciferase reporter gene in the pGL-3 basic plasmid' This yielded

plasmids, pGL-P1, pGL-P1Af/indIII, pGL-PlLXhoI and pGL-PlLKpnI' Shorter deletion

construcrs were generatedby pCR from pDra| with del A or del B primer togethef with

pC2B primer and cloned in pGL-3 basic plasmid, resulting in pGL-PlAA and pGL-P1AB.

Different restriction sites present in the proximal promoter are shown'



t-c
o

Kpnl

Sall

E

g
Kpnl

Sall

ïto
I

!

g

ú9)
9. o

BamHVBglll

Kpnl

Kpnl
Xhol
Sall
Hindlll

Xhol
Psfl
Psfl

BamHl

Kpnl
Xhol
Sall

EcoRl
Pstl

Hindlll

Xhol
Psfl

Kpnl

-

Xhol

Hindlll

Xhol
Psfl

Kpnl

"- "ä
6'a- o. õ'

qx (ol' (Dl ø,<
ãæJ>

Xhol

Hindlll

Xhol
Psfl Ës(¡) îù

Q

î,Þ
ñ
+(')

Spftl

II
g
o-
o
o
=. o

qì aô q)

ASõ'8 :t3
-

Kpnl

BamHl

Kpnl
Xhol
Sall
Hindlll
EcoRl
Psfl

Spttl
Sphl

Hindlll

Xhol
Psfl

Kpnl

Kpnl
Xhol
Sall
Hindlll
EcoRl
Psfl

Hindlll

Xhol

Kpnl

BamHl

Psll
o-> rõ'È' (Df
@7
ãJo

Spfil

x
9.
o- q.
o
--o

qú) (oÈ(D=
øT
ËF

I

Kpnl
Xhol
Pstl

€"8 U'A
õ'o è6'
Ë+
G)î

FËõ'¡

T'
ot-
¡
!

tto
t-I
!

x
9

l-(-
o

|-c
o

BamHllBglll
BamHllBglll

BamH-l



hr
ç 

O
= 

X
 O

=
G

LC
(Ù

!=
O

g)
Y

 X
øl

U
o.

:E E G a
õ= qo xa

.
E È Ì

E a- an

E .a
- Y

r)
g e3 >>

< 
P

C
28

P
C

R
 w

ith
 d

el
A

 o
r d

el
 B

an
d 

P
C

 2
8 

pr
im

er
s

I

K
pn

llB
am

H
l

di
ge

st
io

ns
lig

at
ed

 to
 K

pn
llB

gl
ll'

di
ge

st
ed

 p
G

L-
3 

ba
si

c

K
pn

llB
am

 H
l d

ie
st

io
ns

- E N a
E .4

. Y

I

B
) o ! G o

.È Y

= ùr a T E G o
E .o

. v

ùt o :E

a-
G

Y
O

lig
at

ed
 lo

 K
pn

llB
gl

ll-
di

ge
st

ed
 p

G
L-

3 
ba

si
c

pG
L-

P
1À

K
pn

l

pG
L-

P
1^

A
LU

C
LU

C

LU
C

pG
L-

P
1^

B



C hap te r 6 P artial c harac te r isat ion ofrat PC promoters

Six constructs were transiently transfected into COS-1 cells by electroporation. As

indicated in Fig. 6.5, expression of the longest construct, pGL-Pl was substantially higher

than the promoterless construct (pGL-3 basic), confirming that this promoter fragment was

acrive. However, deletion of the region between -t 153 to -785 (pGL-3-P1 tHindIIl

construct) resulted in an increase in luciferase activiry up to l43Vo relative to pGL-P1.

Further deletion of the region between -785 to -686 (pGL-Plt'XhoI) caused only a small

increase in relative promoter aÇtivity, whereas deletion of the region to -323 (pGL-PltKpnl

construct) lead to a dramatic increase in activity up to 240Vo 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 195Vo. However, further deletion to -116 (pGL-PllB) resulted in a

marked decrease in relative activity to only 37Vo, which was very close to that of the

promoterless construct suggesting the core promoter is located within the first 153 bp

upsrream 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-I box was still intact. This Spl 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 lD, the

1.lkb fragmenr isolated from ^SspI library (Fig. 5.12B, Chapter 5) was cloned into pGEM3Z

(pGEM-l .2) and sequenced in both directions. As indicated in Fig. 6.6, nucleotide

sequence analysis of the 1.1 kb flanking region of exon lD 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-Myc,

Spl, Apl , APZ, PPAR and PuF (Faisst and Meyer , 1992) were indentified in this region.

A potential IRE (Nasrin et aI., l99l) 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 weretransiently expressed in coS-l 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 deviations for tripicate

determinations. Relative luciferase activities are shown as a percentage of the activity in

relative to pG¡--pl construct, which was arbitrarily set to l00Vo. 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 S'-flanking sequence of exon lD
(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, API , APz, PPAR, PuF

(Faisst and Meyer, lgg2) a¡e 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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Chapter 6 Partial characterisation ofrat PC promoters

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

lD was used as a parental plasmid for constructing the promoter-reporter gene fusion

plasmids. Due to the presenc e of KpnI and SacI 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.J, the 5'-end SaII-XbaI fragment was initially subcloned into SalI-

XbaI-digesred pBluescript to provide a polylinker that is compatible with that of the pGL-3

basic vector. This fragment was then excised with KpnI and XbaI together with the XbaI-

BamHlwhich was subcloned from pGEM-1.2. These two fragments were then ligated into

Kpn¡-BgnI-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 SacI and BamHIor KpnIandBamHL and ligating the excised 3' fragments

to either SacI-BgilI or KpnI-Bglll-digested pGL-3 basic, respectively. Further deletion

constructs were created at the XhoI and SalI sites respectively. These t'wo constructs were

generated by digesting pGEM-1.2 with XhoI and BamHI or Sal[ 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 KpnI

and BamHI and ligated into KpnItBglII sites of pGL-3 basic, thereby forming pGL-

P2tXhol and pGL-PzLSatI constructs respectively. The last construct, containing the

shortest fragment, ,was generated by digesting pGEM-1.2 with PsrI followed by religation of

the vector to generate the pGEM-l.ZtPstl construct. Finally, the insert of this construct was

excised with SacI and, BamHI and cloned into SacI and BgIII sites of pGL-3 basic, and

resulted in the pGL-PZtPstI construct.

6.3.6 Expression of the deleted distal promoter-reporter gene fusion plasmids

Similar studies to those described in section 6.3.3 were also carried out to identify

the minimum sequence required for basal transcription from the distal promoter in COS-1

100



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

parental plasmid to generate 5'-nested deletions cloned into the multiple cloning site upsteam

of the luciferase reporter gene in the pGL-3 basic plasmid. This yielded plasmids pGL-P2,

pGL-p2ÂS acI, pGL-PZL,KpnI, pGL-PZN(hoI, pGL-P2LSail and pGL-P2LPstI containing

different lengths of promoter fused to luciferase reporter gene. Different restriction sites

prssent in the proximal promoter are shown'
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6 Partial characterisation rLl PC

cells. Six constructs containing different lengths of the distal promoter (Fig. 6.8),

transiently transfected into COS-I cells. Expression of the longest construct was much

higher than the promoterless construct. Deletion of the region between -1151 to -653

(pGL-p2^søcI) resulted in a decrease in relative promoter activity to 68Vo. However,

furrher deletions of the region -653 to -550 (pGL-P2tKpnI) and -550 to -400

(pGL-P2tXhoI) recovered the relative activities up to ll7Vo and l6lVo respectively,

suggesting that repressor(s) may be located within these regions. Progressive deletion to -

1g7 (pGL-p2ñail) led to a decrease in relative activity to 85Vo (Fig. 6.8). Further deletion

to -35 (pGL-PZtPsrI) caused a further loss of promoter activity to only 3.5Vo, 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 dffirent cell lines

Comparison of luciferase activities detected from both promoters in COS-I 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

efficiency 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

construcrs of the proximal (pGL-PllKpnI) and the distal promoters (pGL-P2tXhoI) were

each transiently transfected into different cell lines including COS-I , 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 andCHO-Kl 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.

r01



Figure 6.8 Analysis of promoter activities of deletion constructs containing

different lengths of distal promoter fused to the luciferase reporter gene'

These constructs were transiently expressed in CoS-l 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 deviations for tripicate

determinations. Relative luciferase activities are shown as a percentage of the activity in

relative to pGL-p2 construct, which was arbitrarily set to l0o7o. The different putative

transcription factor binding sites relative to the promoter are also shown'
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Figure 6.9 Expression of luciferase from pGL'PlAKpnl construct

(proximal promoter) and pGL'P2Â Xhol construct (distal promoter)

transiently transfected into COS'I, CHO'KI and HepG2 cells' The luciferase

activity of each constnrct 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 activiry of the pGL-PlAKpnI construct is

shown as a percentage of the activity in relative to pGL-P2 N(ho I construct, which was

arbitrarily set to 1007o.
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Chapter 6 Partial characterisation of rat PC promoters

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 ttrat 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 107o fetal calf serum) for 24 h, since the

serum contains a number of undef,rned 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 in serum-free media containing

different concentrations of insulin i.e. 0. I nM, I .0 nM, 10 nM and I 00 nM over the next 24

h. The pRSV-pgal expressing p-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-P1

construct (proximal promoter) transfected into COS-I 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 (50Vo) 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 I nM concentration. In contrast, insulin did not

affect expression of the luciferase from the distal promoter construct (pGL-P2)' COS-I 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 ttre

proximal promoter.
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Chapter 6 P artial charac teris ation of rat PC promoters

TABLE 6.1

Effect of insulin on luciferase expression from the pGL-P1 and pGL'P2

chimeric gene constructs'

cos-l cells were transfected with pRSV-pGal and pGL-P1 or pGL-P2 and

plasmids, and cultured in serum-free media containing 0' 0'1, 1'0, l0'0 and 100'0 nM

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

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

triplicate determinations.

Insulin
10010.01.00.10Construct

0.48+0.150.63+0.18O.75x0.210.88t0.251.0x0.22pGL-Pl
0.95+0.181.1t0.300.97t0.191.0t0.211.0t0.28pGL-P2
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Chapter 6 Partial characterisation of rat PC Dromoters

6.4 DISCUSSION

Regulation of rat PC expression at the gene level, revealed a complex transcriptional

mechanism involving altemate usage of two promoters. The proximal promoter is

responsible for the production of rUTR A, rUTR B and rUTR C transcripts and is rest¡icted

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 in 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 colÏect

transcription 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 (AzizY.han et

a1.,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 a\.,1990; Pugh and Tjian, 1991), indicating that transcription by RNA polymerase

II can be positioned through other motifs, in addition to the TATA box. The initiator element

motif, which was first described in the mouse terminal deoxynucleotidyl transferase TATA-

less gene, has been shown to be sufficient to promote a low level of specific transcription in

vlrro (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 et 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-I box found in the TATAless promoter of mouse dihydrofolate
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Chap te r 6 P artial c harac teris at ion af rat PC nromoîers

reductase (DHFR) gene (Means and Farnh am, 1993) was identified in the rat PC proximal

promoter. This HIP-I box in mouse DHFR promoter has been shown to position the

protein called 'housekeeping initiator binding protein I (HIP-1)". Binding of this protein to

the HIP-I box positions RNA polymerase II to start transcription (Means and Farnham,

lgg3). The HIP-I motif has also been found in the DHFR genes of hamster (Mitchelle er

aI., 1986) and human (Chen et a|.,19S4). Other non-TATA box containing genes have also

been found to have this sequence motif, including genes encoding SV40 late protein (Ghosp

et aI., lg78), hypoxanthine phosphoribosyl transferase (Melton et aL, 1986), Ki-RAS

(Hoffman et al., 1987),3-phosphoglycerate kinase (Singer-Sam et aI., 1984), osteonectin

(McVey et al., 1988), interferon regulatory factor I (Miyamoto et al., 1988), SURF-I

(William and Fried, 1986) and transcobalamin II (Li et aI., 1995) (Fig. 6.10).

The presence of multiple GC boxes located upstream of the transcription initiation

site is also known to be another feature of TATA-less promoter genes (McKnight and Tjian,

1936) 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-I box of the proximal promoter of rat PC gene, only one copy matches the consensus

sequence. Deletion of this potential Spl binding site (pGL-PlaPl) markedly abolished

transcription of the reporter gene even though the HIP- I box was still intact, suggesting a

critical role of Spl in the transcription of the rat PC gene.

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 aI., 1987) were also found to be located

between the Spl and HIP-I 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 a fat-

specific element I (FSEI), 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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Chapter 6 P artial c harac teri sat ion of rat PC promoters

CCAAT/enhancer binding proteins have been identified in the promoter of the PEPCK

pfomoter and have been shown to mediate transcription of the PEPCK gene (Liu et al',

1991; Roesler et a1.,1993; Roesler et a1.,1994; O'Btien 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 (Chapat awa et al., 1980; Chapatawa et aI., 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, a TATA box was not identified in the distal

promoter. The DNA sequence near the transcription initiation site did not resemble any other

altemative 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 Sp1 binding sites

were located within the I 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 distal promoter. The CCAAT box is known to be another common

element which is 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 et a1.,1990). Many studies have demonstrated the importance

of CCAAT boxes to promoter function, both for constitutively expressed genes and

developmentally regulated genes (Maniatis et aI., 1987; Knight et al., 1987). To date,

several transcription factors have been isolated that bind to the CCAAT motif. The most well

cha¡acterised is the CCAAT-binding factor (CBF or CPI or NF-Y) (Dorn et al-, I98l;

Chodosh et a1.,1988;Maity et al.,l9SS) which recognises CCAAT boxes in a large number

of other genes (Santoro et a|.,1988; Landschulz et aL,1988). Mutations in the CCAAT box
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6 P art ial c harac te ri s ation rat PC

cause a several-fold decrease in transcriptional activity both in vivo 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 ar. -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, it 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 expressioninvivo. 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, 1930). 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 I (IRS-1), which in turns activates

several downstream effectors including transcription factors @hite 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

is a candidate SRY-response element (Nasrin et a1.,1991)'

101



Chapter 6 Partial characterisation of rat PC promoters

Although both promoters contain identical putative IRE sequences,

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 ttrat PC expression can be negatively

regulated at the transcriptional level.

Insulin also down-regulates expression of another gluconeogenic enzyme gene,

pEpCKbothir¿ vivoandinvitro(Andreone etaI.,1982;Granneretal., 1983 Sasaki etal.,

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 a1.,1991; Lucas et a1.,1991; Giralt et a1.,1991; Imai et al., 1990; Forest et al', 1990;

O,Brien et a1.,1990; O'Brien et aL,199l). The IRE found in the PEPCK promoter (Forest

et a1.,1990; O'Brien et at., l99O) 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 et al., 1990) which could provide a

mechanism for the dominant negative effect that insulin has on glucocorticoid-stimulated

pEPCK gene transcription (Magnuson et a1.,19S7). Recently, IRE-binding proteins bound

ro an IRE in the PEPCK promoter have been identified to be a family of CÆBP proteins and

an unidentified 20-kDa factor termed p20-ClIBP. 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 aI.,1994). There are several different IREs identified in

other genes whose products are regulated by insulin, including insulin-like growth factor

binding protein-l (Suwanickul et aI., 1993), a-amylase (Johnson et al., 1993), glucagon

(philippe, 1991) and c-fos (Boxer et a1.,1989), but none of these IRE motifs a¡e 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 transcription factor binding sites for both

ubiquitous and tissue-specific factors and IRE have been identified in the proximal and distal
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Chapter 6 Partial characterisation of rat PC promoters

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.

109



CHAPTERT

REGULATION OF RAT PC EXPRESSION/N

vNo



Chapter 7 Repulation of PC expression in vivo

7.I 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

i.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 these enzymes can ensure

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, lgg4), 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 situhybridisation (Chapter 5) and Southern analysis (Chapter 4), it generates

several isoforms of PC mRNA, which diverge at their 5'-UTRs but share the same open

reading frame encoding a 1l78-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 S'-UTRs of different PC

mRNAs can modulate their translation.

To gain a further insight into the molecular mechanisms that regulate PC expression

in vivo and ín vitro, the role of trancriptional regulation during postnatal development, in

genetically obese rats and in different cultured cells have been investigated. To assess the

physiological role of the two promoters of the PC gene, 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.
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Chapter 7 Regulation of PC expression in vivo

7.2 SPECIFIC METTIODS

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 A¡imal 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 CeII culture

Different rat cell lines were routinely cultured as follows. BRL 3A (ATCC:

CRI- 1442), Reuber H35 (ATCC: CRL 1548), McA-RH7777 (ATCC: CRL 1601), L6

myoblast (ATCC: CRL 1458), rat mammary gland carcinoma cell line (obtained from

Institute of Medical and Veterinary Science, Adelaide, Australia), FTO3 (obtained from the

Institute of Cell and Tumour Biology, Heidelberg, Germany), fetal rat liver hepatoma cell

line (FRl,r¡.l; gift from Dr G. Yeoh, Department of Biochemistry, University of Westem

Australia, Nedlands) were cultured in Dulbecco's modified Eagle's medium (DNßM)

supplemented with l\Vo fetal calf serum, 100 pglrnl streptomycin, and 100 units/ml

penicillin at37'C in a humidified atmosphere of 5Vo COr.

Pancreatic islets were isolated from well-fed Sprague-Dawley rats weighing 300 g as

described previously (MacDonald et al., 1995a). Islets were immediately homogenised in

RNAzol B (Tel-Test Inc., Friendswood, TX) or maintained for 24 h in RPMI 1640 culture

medium containing l07o 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-I) cells were also obtained

from Professor M.J. MacDonald and maintained in Adelaide in RPMI 1640 medium

containing 50 pM p-mercaptoethanol, I mM pyruvate, l0 mM Hepes buffer, pH 7'35 and

ljVo fetal calf serum.
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Chapter 7 Reg,ulation o.f PC expression in vivo

7.2. 3 Ribonuclease Protection Aas say

The pRPC3 plasmid was constructed by subcloning a 0.3 kb SacI-Ps¡I

fragment of RACE (AnchorÆC 2) PCR product amplified from rat PC cDNA (Chapter 3) to

SacI-pstl digesred pBluescript. The pp-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 P-actin mRNA

I5'-TCTTCATGGTGCTAGGAGCCAG-3'] (Nudel et aI., 1983) and reverse transcribed.

The cDNA was subjected to PCR with a sense primer lÊ-actin (+)]

(5'-AACTTGGAT',CCCCTGGAGAAGAGCTATGAGCTG-3'; with a BamHl restriction

site attached at the 5'-end, underlined) and an antisense primer [Þ-actin (-)]

(5'-TCCCGGGTACCIAGACAGCACTGTGTTTGGCA-3', with a KpnI restriction site

attached at the 5'-end, underlined) (Nudel et a1.,1933). The PCR products were double-

digested with KpnI and BamHI, cloned into KpnI-BamHI digested pBluescript and

sequenced.

The above plasmids were linearised by digestion with EcIl36 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 pCi of [o-"P 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

pg of total RNA were hybridised with approximately 1 x 105 cpm of each probe at 45"C for

18 h. Probe and unhybridized RNAs were digested with RNase A and Tl for 30 min at

37"C. The 201 bp protected fragment representing p-actin mRNA and the 341 bp protected

fragmentrepresenting the common coding region of different PC mRNAs (see Fig. 7'1)

were denatured and separated by electrophoresis on a 6Vo 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 Phosphorlmager analysis using the

ImageQuant Software (Molecular Dynamics). Uneven loading of RNA samples analysed

was corrected by comparison with p-actin bands quantitated by Phosphorlmager 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 PstI-SacI

fragment of rat PC cDNA cloned in pBluescript' The plasmid was linea¡ised w\th Ecll36|

and transcrlbed in vitro in the presence of [cr-32P]UTP with T7 RNA polymerase' This

yielded a403bpantisense riboprobe (including the polylinker region of pBluescript) which

upon hybridisation to pc mRNAs and digestion with RNase generated a34t bp protected

fragment. (B), pp-actin plasmid containing 0.2 kb KpnI-BamHI fragment of rat p-actin

cDNA cloned in pBluescript. The plasmid was linearised with BamHI and transcribed in

vitro inthe presence of [cr-32P]UTP with fi RNA polymerase' This yielded a 208 bp

antisense riboprobe (including the polylinker region of pBluescript) which upon

hybridisation to Þactin *RNA and digestion with RNase generated a 20r bp prorected

fragment
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Chapter 7 Repulation o.f PC expression in vivo

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 p-actin mRNA

replaced GAPDH mRNA as an internal control for cDNA synthesis and PCR reactions' The

çDNA synthesis primer and PCR primers used to amplify p-actin mRNA were the same set

as those used to synthesise pp-actin (see section 1.2.3). The PCR products were analyzed

on 2.5Vo 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-HCl, pH7.2,0.5 mM DTT and 0.5 mM PMSF) at 4oC. The homogenate was freeze-

dried and reconstituted in 3 ml of 50 mM Tris-acetate pH 7.0, 5 mM ATP, 5 mM MgClr 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, l-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 4oC. 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 COr-fixation assay previously described (Ballard and Hanson, 1967; Ballard sr

aI.,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 pmole of

NaH'4CO3 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 frg) was subjected to reducing

discontinuous SDS-PAGE on a 4Vo stacking gel and 7.5Vo polyacrylamide separating gel

(Laemmli, tgTO). The separated proteins were transferred to nitrocellulose filters using a

semi-dry electroblotter (Multiphor II Novablot, Pharmacia, Uppsala, Sweden)' Membranes

were blocked with 17o bovine serum albumin in 10 mM Tris-HCl pH 7.5, 150 mM NaCl
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Chapter 7 Regulation of PC expression in vivo

and 0.O5Vo Tween 20. The membrane was reacted for 2 h with l:20,000 dilution of anti-

chicken PC rabbit IgG polyclonal antibodies which cross-react with rat PC (Rohde et aI.,

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 5-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 control 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 BamHl

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-3'). 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 pGEM3Zf (+/-) and sequenced.

The 5'-UTRs of rUTR 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 ÀRL 2.35 clones (Chapter 3) and fused to the 3'-end of the above

constructs at Kpnlsite. 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

mTGppp(S')G was removed by LiCl precipitation. Capped mRNAs (0.2 rrg) were then
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Chapter 7 Regulation of PC expression in vivo

subjected to translation in vitro with rabbit reticulocyte lysate (Promega). Briefly, the

reaction contained 25 p,l of rabbit reticulocyte lysate, I ¡rl of lmM amino acid mixture minus

methionine, 2O ¡tCi of [3sS] methionine, 40 U of RNase inhibitor, capped mRNA and

adjusted to a final volume of 50 ¡rl with water. The reaction was incubated at 30"C for 60

min. The synthesised proteins were analysed by reducing discontinuous SDS/PAGE

(72.5Vo separating gel,4Vo stacking gel). The dried gel was exposed to a Phosphorlmager

scteen ovemight before being quantitated as above.

7.2.8 Isolation of polysome bound RNAs

Rat livers were homogenised in 3 rnl of buffer A containing 10 mM Hepes,

pH7.4, 100 mM KCl, 5 mM MgCl2,2Vo Triton X-100, 100 ¡rglml cycloheximide and

20,000 units of RNase inhibitor. Nuclei and unbroken cells were removed by centrifugation

at 10,000x gat4"Cfor5min. One ml of cytosolic supernatant was then overlaid on 1l rnl

of l5fto to 45Vo 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 to the

top of the tube. As a control, an equal portion of cytosolic supernatant was adjusted to 20

mM EDTA but lacking MgClr. 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

S'-UTRs, 3'-UTR and poty(A) tail. RT-PCR was used to generate the BC domain

which was subsequently fused to different s'-UTR, and to a corilnon 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

'RNA encoding three domains, i.e. the biotin carboxylation domain (BC), ttlè

transcarboxylation domain (TC) and the biotinyl domain (BIo) are also shown.
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Chapter 7 Regulation of PC expression in vivo

7.3 RESULTS

7.3.1 Establishment of linearity of the RNase protection assay artd Western analysis for

detecting PC mRNAs and PC protein

Initially, the amounts of total RNA (5, 10, 15 and 20 þg) used in the RNase

protection assay were titrated with excess amounts of either B-actin or PC riboprobes

(50,000 cpm each) to ensure the maximum 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 p-actin and PC probes

indicating the validity of the system. However, lower amounts of RNAs would be required

if both p-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 p-actin and PC probes in the

same assay tube still gave reliable results, i.e. linearity between intensities of the protected

fragments and amounts of total RNA was still observed. Ten micrograms of total RNA were

used throughout the following experiments, as this amount of RNA gave enough sensitivity

to 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 postnatal 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 p-actin mRNAs. Fifty thousands cpm (count per minute) of each probes were

hybridised with different amounts of total RNA (5, 10, 15 and}o pg) separately or in the

same tube. The protected fragments representing PC and p-actin transcripts were analysed

on 6Vo acrylamide-8M urea gel and exposed to the Phosphorlmagel screen overnight (A)'

The intensities of the protected fragments on the Phosphorlmager screen were quantitated

using ImageQuant software and plotted in B (p-actin probe), c (PC probe) and D (p-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 separated proteins were transfened to nitrocellulose and reacted with

1:20,000 dilution of anti-chicken PC polyclonal 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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Chapter 7 Reeulation oÍ PC expression ín vivo

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 
^ 

and 7.5 C, the levels of PC protein were very low in 20-day

fetal rar liver but rapidly increased 4-fold within I 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 acriviry (4-fold and 8-fold increase) 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 C)'

Ribongclease 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' 7.58). The

abundance of PC transcripts was increased by Z-fold and 4-fold in I 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 adults

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 altemate 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

6RNA isoforms a¡e 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 S'-UTR of class I and

class II 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-

tt7



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 ftg)

were analyzed by Western immunoblot probing with anti-chicken PC antibodies (23). (B)

Total RNA5 were subjected to a ribonuclease protection assay using an antisense riboprobe

synthesized from the common coding region of PC and p-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 æe

expressed as relative fold inc¡ease over the value for the 20 day gestation stage' They are

means + standard errors of means' T, birth.
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Chapter 7 Regulation of PC expression in vivo

pCR assay and it was found that using a l:100 dilution of cDNA synthesized from l0 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, rUTR 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 rUTR C was increased in

1-day and 7-day pups respectively. It is interesting to note that although rUTR D was

accumulared in adult concomitant with a decrease of rUTR C (Fig. 7.6), the level of PC and

its activity were decreased (Fig 7.54 and 7.5C). This suggested that the translation of rUTR

D produced during such a period is less efficient than rUTR C. However, rUTR A and B,

minor forms transcribed from the proximal promoter were not detectable and this is

consistent with the results described in Chapter 4.

7.3.j 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 increase 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 theirlean litter mates, whereas p-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 increase

in rUTR C transcript, with a decrease in rUTR 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

1.i A). RT-PCR analysis revealed the increase in hepatic PC mRNA again resulted from an

increase in rUTR C (see Fig1.7 B) with little change in rUTR D and rUTR E.

An increase in PC transcripts in both adipose tissue and liver 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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Chapter 7 Regulation of PC expression in vivo

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 Westem 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 rUTR 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-l) 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-I 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 rUTR D and rUTR E when the INS-I cells were switched

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

7.3.5 !'-UTRs of dffirent 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 caried out experiments using both in virro üanslation

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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Chapter 7 Regulation of PC expression in vivo

When translated with reticulocyte lysate, each mRNA transcribed from the above constructs

yielded a single protein band, of molecular weight approximately 51 kDa, as predicted (Fig.

7.gB). The amounts of the 51 kDa band being translated from IUTR C and rUTR E were

comparable. However, rUTR 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 middle of the gradient,

associated with polysome fractions (lanes I to 7), suggesting that this transcript is

translationally active. Likewise, rUTR 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 I 1 and l2).
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Figure 7.9 S'-UTR of rat PC transcripts affect translation efficiency in

vitro.
A, the synthetic RNAs corresponding to rUTR C, D and E transcripts, respectively used for

rhe in vitro translation assay with reticulocyte lysates, are represented schematically as

follows: Blue represents open reading frame (ORF) encoding for the biotin carboxylation

(BC) domain common to all transcripts, the beige 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 different colours. B, the above transcripts were subjected

To in vitro translation with rabbit reticulocyte lysates. The labeled peptides being synthesized

were analyzedby SDS-PAGE and autoradiographed. M, 'oC labeled markers; C, D and E,

rUTR C, rUTR D and rUTR E, respectively.
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Chapter 7 Regulation af PC expression in vivo

7.4 DISCUSSION

It is well known that gluconeogenesis is ma¡kedly increased in the liver during

fasting and diabetes (Pilkis et aI., lgSS). The suckling period constitutes another

physiological situation associated with an active gluconeogenesis in liver and kidney (Girard

et aL, Ig92). Gluconeogenesis does not begin in the livers of mammals until immediately

after birth (Ballard and oliver, 1g65); the maternal 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 afe pfesent in the

liver at negligible levels before birth but appear rapidly after birth (Ballard and Hanson,

1967; Yeun g et aI.,Igíl)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, 1935). 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 period. 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 gluconeogenesis 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 a1.,1978; Bevenisty and Reshef, 1987; McGrane et

at.,l99O). This increase in PEPCK mRNA level is due mainly to the enhanced rate of gene

transcription (Loose et aL,1986; McGlane et at., l99O)' 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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Chapter 7 Regulation of PC expression in vivo

suggesting that translational regulation plays an important role in the expression of PEPCK

in the liver at birth (van Roon et aI., 1938). 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 turns 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 is developmentally

regulated. The mRNA and the activity of glucose-6-phosphatase levels were already present

in 2l-day-old rat fetal livers but markedly increased during the suckling period and declined

during the weaning period (Chatelain et aI., 1993). 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 ttre

weaning period (Chatelain et a1.,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 hormonal mechanism which mediates the increase 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) arapid 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 level via elevated levels of

glucagon and epinephrine and a low level of insulin, 2) an increased supply of plasma fatty
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Chapter 7 Regulation of PC expression in vivo

acids to the liver due to the hydrolysis of milk triglycerides (Girard et aI., 7973; Gitard et al.,

1992).

In genetic obesity, PC expression is increased accompanied by increased expression

of other lipogenic enzymes (Lynch et al., 1992). Although adipose tissue is the major

lipogenic tissue, liver 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 aI. (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 farspecific element I (FSE-l) 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. 7.84) even though blood insulin

levels are known to be dramatically increased in this model of diabetes (Clark et aI., 7983;

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 role of PC in

lipogenesis has also been reported in mouse adipocytes. Transcriptional regulation of PC

was first reported during differentiation of mouse 3T3-Ll fibroblasts to mature adipocytes

(Angus and Lane, I 98 I ; Freytag and Collier, 1984; Zhang et aL , I 995). This increase in PC

mRNA during such a period is concomitant with parallel changes in the level of PC protein

flVeinberg and Utter, 1979; Weinberg and Utter, 1980) and activity (Mackall and Lane,

1971). 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-Ll adipocytes caused a

ma¡ked decrease in PC mRNA (Zhang et aI., 1995) and PC activity (Freytag and Utter,

1980; Zhang et aI., 1995) but not PC protein suggesting that cAMP regulates PC by
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Chapter 7 Regulation of PC expression in vivo

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 p-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 membran e polarization, opening of voltage-dependent Ca2* channels, and

acceleration of Caz* influx. The resulting rise in cytoplasmic Ca2* concentration triggers

exocytosis of insulin granules (Ashcroft et al., l9S4). An anaplerotic role of PC in rat

pancreatic islets (MacDonald, 1995a; Schuit et a1.,1997) and INS-I cells (Brun et aI., 1996)

has recently been proposed to be important for glucose-induced insulin secretion due to the

abundant expression of this enzyme in 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, I995a; MacDonald et aI., 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 p-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 p-cells may serve as a secondary messenger to trigger exocytosis of insulin

granules (Detimary et a1.,1993). In this study, only transcripts D and E were detected in

pancreatic islets and INS-I 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-I cells were maintained in l0 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 L-type pyruvate kinase and S14 genes,

crs-acting element namely c-myc-like binding sequence, has been shown to mediate glucose
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Chapter 7 ReBulation of PC expression in vivo

induction (Carthew et a|.,1985; Sladek et a\.,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-l\ke 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 et aI., 1984; Sasaki and

Granner, 1983) and glucose-6-phosphatase (Lange et al., 1994; Argaud et aI', 1996;

Chatelain et aI., 1998) gene 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 rUTR

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 7¿ vivo conditions. This finding suggests that the environment in the culture media

may not be equivalent to that found in intact liver. Since the proximal promoter is turned on

during gluconeogenesis ¡n 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 aI, l98O: 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-l) in Chapter 6, i.e. the distal promoter

drives the expression of the reporter gene at a 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 rUTR C. In vitro translation and in vivo

polysome profile analysis clearly showed that the translation efficiency of rUTR C transcript

is higher than that of rUTR 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

efficiencies 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 5'-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 5' cap structure of

the 6RNA and facilitate the assembly of the 40S initiation complex which in turn migrates

along the S'-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 is 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

5'-UTR (Kozak, 199I; 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, 19S9). 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 lC and lD. However, removal the sequence derived

from exon lC sequence, which is naturally spliced out in rUTR E, abolishes this structure

(see Fig. 7. ll). Whether the secondary structure of rUTR 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 mRNAs 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 translational regulation of fenitin (Theil et al., 7990), aconitase (Schalinske et al-, 1998)

and 5-aminolevulinate synthase-2 (ALAS-2) (Cox et aL.,7991) 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 Zucket 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 lC is indicated and the AUG start codon is in bold'
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Chapter 7 Regulation of PC expression tn vlvo

responsive element binding protein, cafries out its negative effect not only by binding to

specific sequences located at the S'-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

surïounding the initiation codon. -t(¡.lc)ccAUG*4G emerges as the consensus sequence

for translation initiation (Kozak, lg87). It is interesting to point out that such a sequence is

apparently absent in any of ruTR C, D or E (-3AAGAUG.4C, -3AUGAUG*4C 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 6RNA (Kozak, 1987)'

Of particular interest, rUTR 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 ttre

sequence surrounding the upstream AUG may not be effective. Alternatively, that short

peptide may not be stable upon translation. Many mammalian leaders bearing upstream open

reading frames have been reported, but little is 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 et al., 1996). In contrast, the upstream AUG

found in ruTR D (AUGAUGC) occurs inframe and is located immediately prior to ttre

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 read¡ng frame (2.8 kDa)

l
GG GCCAATGACCTCG GGTGGAG CAGTTGCTG CCTGTGGATCCTCCAACACG

MTSGGAVAACGSSNT
ma¡n oPen read¡ng frame

TCCTCTGTGTGCAGCAC GATTAGGTGTTTGGCTGCTGGT ACAAGATGCTGAAGT

SS V CS T IRCLAAG T R CSTOP

MLK

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, subcellula¡ localisation of mRNA and

translation (Kozak, 1991).

Translational regulation which is mediated through the S'-UTR resulting from

altemate 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 S'-leader sequences, have been reported in human

(Giallongo et al., I9g3), mouse and rat (Oliva et aI., 1995) muscle' Two human muscle

enolase mRNAs, differing at their 5'-UTRs, have been shown to be translated with different

efficiencies (oliva et aI., lgg5). Another example is a related biotin-containing enzyme,

ACC, which plays an important role in fatty acid synthesis and shares many coÍlmon

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.,l9g9, 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 promorers (Luo ¿r aL,1989) that are highly regulated under different physiological

conditions (Lopez-Casillas ¿r aI., 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.,lggl). 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'

r99s)
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Chapter 8 Expression and purification of recombinant human PC

8.1 INTRODUCTION

In our laboratory, gDNA encoding PC from several species including yeast, 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 if 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 aI., 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 several human liver and kidney cell lines are available,

rhe 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 er

at.,l995b) and thus has made it possible to express this enzyme by recombinant means to

replace native material. Earlier 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 examined 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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8 and of recombinant human PC

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

colleagues (Gossen and Bujard, 7992; Gossen et aI., 1996)' The Tet-On gene expression

system allows highJevel, 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 Tn10

transposon. The "regulatory plasmid", pTRE expresses a fusion protein of the mutated

tetracycline repressor protein GTetR) and VP16 activation domain of herpes simplex virus

under the control of the cytomegaloviral promoter (P.ru). 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 exprossion 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 element' This

binding brings the Vp16 activation domain near the P.ru and thereby activates transcription

of the gene of interest (Fig. S.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 lneo from Clontech and another was the

pEFIRES-puro developed by Dr. S.M. Hobbs (Hobbs et 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 intemal ribosome

entry site allows the translation of two open reading frames from a single bicistronic mRNA

(Janget al.,1988;Jackson et a\.,1990). This system minimises the number of colonies to

be screened to find functional clones.
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Chapter I Expression and of recombinant human PC

8.2 SPECIFIC METHODS

8.2.1 Transient and stable transfection of 293T cells

Human embryonic kidney cells, 293T or 2g3T Tet-On wele cultured in Dulbecco's

modified Eagle's medium @NßM) supplemented with l07o fetal calf serum and 10 pg/ml

gentamycin. cells were grown to 80-907o confluence in 175 cm2 flasks at 3JoC \n a

humidified atmosphere of 5Vo COr. 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 lÙVo fetù' calf

serum at 3J'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

recovered in DMEM media plus l0zo 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 analyses'

For the generation of stable clones, transfected cells were plated on 10 cmz petri

dishes and initially selected by adding 1 pglml puromycin to the culture medium for l-2

weeks. Higher expressing clones were selected by gradually increased the concentrations of

puromycin to 2,5,10,20,30 and 50 pglml and maintaining for 2-3 weeks' Pooled clones

that resisted high concentrations of puromycin were expanded and analysed' Cell lysates

were prepared 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 mitochondriql extracts

Stably transfected clones expressing human PC were routinely grown in the same

culture 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

supematant 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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Chapter 8 Expression and purification of recombinant human PC

suspended in 2 ml0.1 mM EDTA pH 7.0 and freezed-dried overnight. Dried mitochondria

can be kept at -20"C oI used immediately by dissolving in 5 ml of 50 mM Tris-acetate pH

J .0, 5 mM ATP pH 7.0, 5 mM MgCl, and 0.5 mM EDTA and stined 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 lOTVo saturated ammonium sulfate solution pH

7.0 to a final concentrati on of 40Vo saturation. The precipitate was then dissolved in 0'5 rnl

buffer A (25 mM potassium phosphate buffer 7 .2,20 mM ammonium sulfate, I mM EDTA

and 0.1 mM DTT) and excess residual ammonium sulfate removed by passing the solution

through a2mlsephadex G-25 column (Pharmacia, Upjohn) equilibrated in buffer A' The

desalted sample in buffer A was further purified by mononeric avidin-Sepharose

chromatograPhY.

8. 2. 3 M on ome r i c av idin- S e phar o s e c hr omat o g r aphy

Desalted samples (1-5 mg of total protein) were applied at a flow rate of 0.2 mvmin

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 7.2,0.2M potassium chloride, 1 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 I mg/ml d-biotin in buffer

A. The biotin elution solution was left to interact with avidin-bound PC on the column for 1

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 ammonium sulphate, and stored in 1'6 M

sucrose-Q.1 M N-ethylmorpholine-HCl, pH/,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

canied out at 3j"Cfor 10 min in I ml volume containing 100 mM Hepes (K.) pH 7'8, 2 mM

NqATP, 3 mM MgCl,, 5 mM sodium pyruvate, 100 mM KHCO3, 0.1 mM acetyl-CoA and

0.15 mM NADH and 2 units of malate dehydrogenase (10 pglunit). PC activity was

determined by monitoring the decrease in the A',oo of NADH' Since I mole of NADH is
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Chapter I Expression and purifrcation af recombinant human PC

oxidized per mole of pyruvate carboxylated, the rate of reaction for a I cm light path and I

ml reaction volume is calculated as:

decrease in 4340/mi nl 6'22 pmoles/min

where 6.22 x 103 is the millimola¡ extinction coefficient for NADH at 340 nm

(Dawson et a1.,1969).
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Chapter 8 Expression and Durifrcation of recombinant human PC

8.3 RESULTS

8.3.1 Generation of afull length human PC clone

ThecDNAencodingthefirst2T0N-terminalresiduesofthehumanPCwas

generared by RT-PCR using HUM05 (5'-GGCGGAATTÍIGGTGCAGGA-

TGTTCCCATACTGG-3') primer wirh a EcoRI restriction site attached at the S'-end'

underlined) as a cDNA synthesis primer followed by PCR using the same cDNA synthesis

primer (HUM05) and HUM09 primer (5'-GGTGGATCCAGTTTGACCA\rqAC-

ACTAAGGATGC-3', bold, staft codon) with a BamHI restriction site attached at the

5'-end, underlined) (Walker et a1.,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

EcoRIandBamHI and cloned into pBluescript SK yielding the plasmid phPCR 800-11'

Sequencing was then performed to ensure no effor was introduced by Taq polymerase' The

presence of aBgllrsite at the 3'-end of pTZ-hPC 50 made it not possible to excise an insert

ftom pTZ-hpC5g as a single fragment by digesting with BgtII (at 5'-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 BglII and, XhoI, and this yielded phPC-5 plasmid which contains half of

the coding region. The second step was carried out by digesting phPC-5 with NorI and

XhoI and pTZ-hpC 50 with XhoI and BamHl. These two fragments were then cloned into

the NotI-BamHl cloning site of pIRESlneo plasmid, and this yielded pIRES-PC which

conrained the full length of human PC cDNA (Fig. S.a). A whole PC cDNA insert was also

subcloned from pIRESIneo w\th XbaI and EcoRI, and cloned into Nhel (produces

compatible end with XbaI) 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 length human PC cDNA 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-XhoI fragment from phPC-5 and a Xhol-EcoRI fragment

from pTZ-hpC5g and ligating them into the BamHL-EcoRl-digested pBluescript, yielding

plasmid pBS-pC (Fig. S.3B). Full length human PC cDNA was then excised from pBS-PC

by digestion with NorI and sall and cloned to Noil-Sall-digested pBI, yielding the plasmid

pBI-PC (the 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

cDNA 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-hPC5O 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 in two different bicistronic vectors. B, generation of full length human PC

cDNA cloned into the Tet-on expression plasmid (pBI) to yield the pBI-PC construct'
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Chapter I Expression and purification of recombinant human PC

8.3.2 Transient expression of human PC from different expression vectors

8. 3.2. I T e tracy cline -induc ible expre s sion v e cto r

pBI-pC, "response plasmids" were transfected into the 293T cell line stably

transfected with a "regulatory plasmid" by electroporation. Transfectants were induced by

adding differentconcentrations of doxycycline (0.5, 1.0, 2.0 and 5'0 pglml) in the culture

media for 48 h before the proteins were prepared and analysed by SDS-PAGE and Western

analysis. As shown in Fig. 8.7, the expression level of PC derived from transfection of

293T withpBl-pC was higher than thar 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

biotin enzymes, propionyl-CoA carboxylase (PCC) 179 kDal and methylcrotonyl-CoA

carboxylase (MCC) [75 kDa] (Wood and Barden,7977;Lau et aI., 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 1O-fold higher than the non-transfected 293T cells'

8. j.3 Expression of hPC from stably transfected 293T cells

Generation of stable cell lines expressing recombinant proteins is superior to transient

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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Chapter I Expression and purification of recombinant human PC

expression described in section 6.3.z,have demonstrated that the pEF-PC constmct resulted

in expression of recombinant human PC at higher levels than the pIRES-PC and pBI-PC

constructs. For this reason, 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 l, 2, 3 and 4) and

transfectants were initially selected by adding I pglml of puromycin in the culture media'

After being cultured in this media for 3 weeks, more than SOVo 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 (ii) isolating pure 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 I and 2), puromycin was successively

increased to2,5, 1O,20,30, 50 and 100 U.g/mt 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 express a higher level of PAC to 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 ll4 of them and analysing by SDS-PAGE/lVestern 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 pglnù 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 rhis breakdown product was negligible (less that5To of the 120 kDa PC band)'
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Chapter I ExDression and of recombinant human PC

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 (see Fig. S.9B). The anti-chicken PC antibodies also

reacted with two other faint bands, one was about 97 kDa which is also present in non-

transfectedcells 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{erminal) of recombinant human PC

due to its overexpression in the cells. At higher concentrations of puromycin (20 and 30

pglml), 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

2O pglml puromycin) remained unchanged (Fig. 8.10). However both cell lines were not

able to grow at higher concentrations of puromycin (50 and 100 pglml) suggesting a toxic

effect of the drug.

Since pooled clones derived from plate I 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 pglml 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 cells, the PC band has become a prominent

species 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 pattem 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 I pg/ml 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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Chapter 8 Expression and of recombinant human PC

pglml puromycin for 5 days. At this stage, sixteen colonies survived and were then

maintained in medium containing 10 pglml 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

pglml). SDS-PAGE and Western analysis indicated that these two clones expressed PC at a

similar level to the pooled clones derived from plate I (l.l) (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-alkaline 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

'4HCO, inro 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 2937 1

l.l JJ

2.r 30

l2 35

22 27.5

xdetermined 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 175cm2

culture flasks with 90-1007o confluence) using differential centrifugation. To facilitate

subsequent extraction of their matrix proteins, the mitochondria were freeze-dried as

describedpreviously. SDS-PAGE analysis indicated that PC (120 kDa) constituted a major
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Chapter I Expression and of recombinant human PC

protein (70Vo of total protein) found in 40Vo alnmonium 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 (30Vo purity) [Scrutton and White, 1974) suggesting that this

recombinant enzyme is as active as the native enzyme' Further purification of recombinant

hPC was cafried out by avidin-Sepharose chromatography' This technique is based on

interaction between biotin which is covalently attached near the C+erminal of the enzyme to

avidin immobilised on the Sepharose 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 et aI., IgTg). Five to ten milligrams of the desalted materials obtained after

ammonium sulphate precipitation were applied to the column' The Arro profile detected after

eluting PC with 2 column volumes of d-biotin yielded a single peak as indicated in Fig'

g.14. pC eluted from the column showed a single band on SDS-PAGE with the specific

activity of 20 u/mg protein. However, the yield of PC is relatively poor, with only 20Vo

recovery (see table 1).

Table g.2 purification of recombinant human PC from pooled clones 1.1

stably transfected with pEF-PC expression plasmid'

Purification step

protein (mg)
-specific 

activitYx

(U/mg Protein)

Yield(Vo)

extraction

407o (NHo)'SOo

precipitation

10 10 100

-avidin-sepharose

2 20

xdetermined by spectrophotometric assay
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precipitation with 50Vo ammonium sulphate.



8 and recombinant human PC

8.4 DISCUSSION

In this Chapter, lecombinant 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 eukaryotic cells

commonly contain two Sepafate expression cassettes, one for the protein of interest and

another for a selectable marker such as the transposable element (Tn5 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 et 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 a1.,1996; Hobbs et al., 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 1s

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, l9S0). 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 er

a1.,I99¡;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 multþle
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Chapter I Expression and Durification of recombínant human PC

copies of the transgene integrated into the genome thus also expressing higher levels of

puromycin metabolising enzyme (PAC, pufomycin acetyl transferase).

The use of 2g3T cells to produce human PC may have some advantages over

heterologous expression System such aS E. coli, since the 293T cells were derived from

human kidney, a cell type in which PC is expressed naturally. Thus 293T cells can provide

the folding machinery required to process recombinant PC into its native form. The use of

an homologous expression system has also been Successfully used to overproduce S '

cerevisiae PCI isozyme in either single or null mutants Strains (M'G' Nezic' personal

communication). The observed 65-70 kDa biotinylated protein which is proportional to the

overexpressed pC band in all stable clones suggests that it is 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 et aI., 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

40Vo saturated ammonium sulfate solution. However, the recovery of PC obtained from this

chromatography is 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-Goodall, 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 showed that adding substrates of PC including NaHCOT-, pyruvate and

ATP in the running buffer significantly improved the yield of PC from Pseudomonas

aeruginosa (Purcell and 'Wallac e, 1996) and. M. thermoautotrophicum, (Mulhapayay et aI"

199g), the inclusion of these substrates in the running buffer did not improve the yield of
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Chapter 8 Expression and purification of recombinant human PC

human PC. Perhaps this reflects a property of the structurally distinct P. aeruginosa and M '

thermoautotrophicumPC which possess (op)o configuration' Indeed' ATP has been shown

to both increase and suppress the inte¡action of avidin with chicken PC (Scrutton and Utter,

1965). Several other chromatographic Sepalations 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, 198'7), sheep (Khew-Go odall et at., l99l) 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 dyeligand

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 altemative

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 a1.,1998) in quantities appropriate for structure and function analysis. These

mutations includes substitutions of Val 146->Ala, Atg 451-> Cys, Ala 610 ->Thr and Met

743->Ile. Further work towa¡ds 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 45l->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 aI., 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 er:zyme. 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 (3.3Vo)which is likely to conraminate with recombinant PC. This may cause a problem

when this cell line is used as a host to produce mutant forms of human PC as the purified
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Chapter 8 Expression and purifr.cation of recombinanr human PC

mutant enzymes will also be contaminated with wild type enzyme produced from host cells'

Two altemate methods could be used to deal with this problem. First, the level of

endogenous PC can be suppressed by adding insulin in the culture 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 a1.,1996; Grawunder et a1.,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 parients with indistinguishable phenotype of that wild

rype (cell lines GM0O444 and, GM06056 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 is likely to be cleaved off since newly synthesised mammalian PCs

undergo N+erminal cleavage while targetting to the mitochondria' The few extra histidines

at the C-terminal end of the enzyme 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 carboxyl carrier subunit of E. coli ACC (homologue of biotinyl domain

of pC) has shown that the last two residues located at the end of p-strand constributed the

hydrophobic core (Roberts et al., lggg). However, the insertion of extra glycine residues

(providing flexibility) after the last residue (glutamic acid) of human PC and a C+erminal

histidine tag should not interfere with the biotinylation reaction. Indeed, PC from other

organisms including A. terreus (Li et aL, !998), M. thermoautotrophicørn (Mukhopadhyay

et a1.,1998) and S. cerevisiae [PC2 isozyme] (Stucka et a1.,1991) also contain additional

amino acid residues C-terminal of the biotinyl lysine compared wtih mammalian PCs. An in

vlrro 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 (yal et at., l995).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 chfomatography' This

histidine-tagged protein purification system is commercially available from different sources'
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Ch.apter 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 enzymo catalyses the first-regulated step in the conversion

of pyruvate to oxaloace tate, aKrebs cycle intermediate that is utilised directly and indirectly

as the substrate for many biosynthetic purposes' The most important pathways ale

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 et ø1" 1988)'

Thisledtotheidentificationofthreefunctionaldomains.

Structure

Clearly proteins that play the same role and are crucial for the cells a¡e 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-

coAcarboxylase (waldrop et at., lgg4) identified 11 highly conserved residues within the

biotin carboxylase domain. Notably a cysteineJysine pair located in the biotin carboxylation

domain of different biotin carboxylases was invariant and has been suggested on the basis of

chemical modification studies (Werneberng 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 oDNA 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 PCI isoenzyme followed by

expression of these mutant enzymes in the double nuil mutant strain of yeast lacking both

PCl and PCZ gene expression. The availability of multicopy yeast expression vectors

should arso 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 to fully understand the structural basis of the catalytic and allosteric properties of

PC.

Gene qnd 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 gene 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 (cr-subunit) (equivalent to the biotin carboxylase domain of

vertebrate enzyme) and the biotinylated subunit (p-subuniQ (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 will 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.

Trønscriptional regulatíon

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 pRNA isoforms 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 tra¡scribed

from two promoters as in the rat gene. Comparison of the 5'-UTRs of the different rat PC

mRNAs to the S'-end of the gene clearly showed that differential splicing of two different

primary transcripts, altematively transcribed from two tissue-specific promoters is

responsible for the production of multiple mRNA 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-I box, while

the distal promoter contained three copies of a CCAAT box and multiple copies of Spl

transcription factor binding sites. Different putative transcription factor binding sites we¡e

found in both promoters suggesting that they are regulated differently. Transient expression

studies in COS-I 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 were

transiently expressed in COS-1, CHO-Kl and HepG2 cell lines'

Insulin selectively inhibited the expression of the proximal promoterluciferase

reporter gene by 507o but not the distal promoter, suggesting the presence of an insulin-

responsive element in the proximal promoter. However, this potential insulin-responsive
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element has not been identified. Further experiments will require transfection of different

deletion constructs in COS-1 and HepG2 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 element. 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 DNaseI footprint analysis which involves incubation of the radiolabelled

promoter fragment with a nuclea¡ extract obtained from various tissues particularly liver and

kidney, followed by digestion with DNaseI. Any regions of the promoter that have

transcription factors bound to them will be protected from cleavage by DNaseI. Once the

regulatory regions have been identified, gel shift analysis using synthetic sequence(s)

corresponding to the DNaseI protected region(s) could then be canied 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

is 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 been 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 genetically 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-reguìated 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 . In vitro translation using the reticulocyte lysate

system and in uiuo polysome profile analysis clearly showed that different PC mRNA

isoforms (rUTR C, rUTR D and rUTR E) were translated with different translational

efficiencies, suggesting that translational control plays an important role in regulating PC

expression.

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 cha¡acterisation 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-specif,rc 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 Þ-cells; gluconeogenesis,

lipogenesis, mediated through the hormonal changes which can affect PC expression are

shown to alter activity of two alternate promoters (P1 and P2) of the rat PC gene at the

transcriptional level (+, stimulate; -, inhibit). This results in the generation of altemative

transcripts with 5'-end heterogeneity i.e. liver/adipose-specific PC transcript C (C in figure)

and housekeeping-specific PC transcripts D and E (D and Ð; which can be controlled at the

translational level through the formation of a stable secondary structure (stem loop) in the

5,-untranslated region. Short term regulation 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 represent the different 5'-untranslated regions of different PC

transcripts derived by alternative splicing.
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interact with cfs-acting element(s) in the proximal promoter (presumably hepatic nuclear

factor, HNF-4 in liver and fat-specific element, FSE1 in adipose tissue)' Alterations of

plasma insulin, glucagon and glucocorticoids during the postnatal gluconeogenic period

(Girard et al.,lggì)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 demands of the cells under these conditions. An in vivo study has shown that

insulin down-regulated PC expression in diabetic rats @einberg andUtter, 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 ttre

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 housekeeping

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 efficiencies. This appears to be mediated through a sequence at the 5'-

untranslated regions of certain PC mRNAs 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 6RNA 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 control step which has already been known

to be short term control is the allosteric regulation by acetyl-CoA (Banitt et 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 a'nd 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 these cell lines is extremely low.

The availability of cloned human PC oDNA has made it possible to express this recombinant

material and replace native material. Full length cDNA encoding 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. V/ith a one step purification using monomeric avidin chromatography, it

is possible to obtain a reasonable yield of the recombinant enzyme with sufficient purity 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 (1938) has mapped the different

regions of tetrameric sheep PC that interact with various monoclonal antibodies using

electron 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 quatemary 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. p-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 clea¡ to relate primary to

quatemary 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 conect the PC

deficiency.
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