Structure and Function of
Phosphoenolpyruvate Carboxylase:
Studies in Deleted C4 cDNA Clones
of Flaveria trinervia

by

Gemma Su-ellen Rice

Thesis submitted by Gemma Su-ellen Rice (B.Sc.) in partial fulfilment of the
requirements for the Degree of Bachelor of Science with Honours
Faculty of Science, Northern Territory University

Submitted November 1993

Declaration

I certify that this thesis does not incorporate without acknowledgment,
any material previously submitted for a degree or diploma at any
university and that to the best of my knowledge does not contain
material previously published or written by another person except
where due reference is made.

Gemma Su-ellen Rice.

MOR1HN TERRITORY

i'

Acknowledgments
Firstly, I would like to express a sincere thank-you to my dedicated and patient supervisor,
Dr. KC Woo for both allowing me the opportunity to undertake this work and for giving
me great encouragement, direction, and guidance throughout. I would also like to thank Dr.
Beat von Kane! (My Captain, Oh Captain) for his valued friendship, support, instruction,
ideas and the membership to the Sock Appreciation Society.

Thanks also to Dr. Karen Gibb and Dr. Bill Shaw for the use of their equipment throughout
the year and to Andy Muirhead, Anna Padovan and Peter Albertson for both their ideas and
advice. Thanks also to the Science technical staff of the the University.

Finally thanks to my parents and brothers for their love, support and encouragement and to
Cathy Eupene, Carrie Michell and Michelle Slater for their very valued friendships and for
the lifts to the petrol station.

Ab brieviations
DNA

Deoxyribnucleic acid

RNase A

Ribonuclease A

PEP

Phosphoenolpyruvate

PEPCase

Phosphoenolpyruvate carboxylase (protein)

CAM

Crassulacean acid metabolism

G6P

Glucose-6-phosphate

Pi

Inorganic phosphate

OAA

Oxaloacetate

DTT

Dithioerethiol

cDNA

Complementary DNA

Table of Contents

UJIUtiAWI
CHAPTER 1: LITERATURE REVIEW
1.1

FUNCTIONS OF PHOSPHOENOLP YR UVA TE CARBOXYLASE

I

1.1.1

In Photosynthetic Tissue

1

1 .1 .2

In Non-Photosynthetic Tissue

3

1.2

STRUCTURE OF PEPCase

4

1 .2.1

Primary Structure

4

1 .2.2

Quaternary Structure

7

1.2.3

The Active Site

8

1.3

PHYSIOLOGICAL REGULATION OF PEPCase IN C4 PLANTS

8

1.3.1

Effect of Glucose 6-Phosphate

9

1.3.2

Effect of Malate and Aspartate

9

1.3.3

Effect of pH

10

1.3.4

Effect of Light and Temperature

11

1.3.5

Effect of Organic Cosolutes and Anions

13

1.3.6

Protein Phosphorylation

14

1.3.7

Effect of Oligomerisation

16

1.4

REGULATION OF PEPCczse IN CAM PLANTS

17

1.5

PEPCase- A MODEL SYSTEM FOR C4 RESEARCH

18

CHAPTER 2: PROJECT OUTLINE

21

CHAPTER 3: MATERIALS AND METHODS

24

3.1

EXTRACTION OF PLASMID DNA FROM E. coil

24

3.1.1

Cell culture and Lysis

24

3.1.2

Ethanol Precipitation

25

3.1.3

Removal of RNA from Plasmid DNA

25

3.1.4

Determination of DNA Concentration and Purity

25

3.2

CONSTRUCTION OF DELETED cDNA PEPCase INSERTS

25

3.2.1

Deleted Bsn2 Al Insert

26

3.2.2

Deleted Nhe I Insert

26

3.2.3

Deleted

Bsi El insert

3.2.4

Blunt-ending of the Bsm A13' Overhangs

27

3.2.5

Fill-In of the Nhe IS' Overhangs

28

3.2.6

Blunt-ending of the 3'Bsi El Overhangs

28

3.2.7

Digestion with Nde lof the blunt-ended Nhe IPEPCase Plasmid

29

3.2.8

Gel Electrophoresis of Deletion Products of the Bsm A] Bsi El

29

27

and Nhe I/Nde I Digestions
3.3

CONSTRUCTION OF EXPRESSION VECTORS 4.4 AND 2.5

29

3.3.1

Sal I digestion of pSI400I

30

3.3.2

Blunt-ending of Sal I pSI4001 Vector

30

3.3.3

Construction of Vector 4.4

30

3.3.4

Construction of Vector 2.5

31

3.4

CLONING

31

3.4.1

Ligation of Vector 4.4 to the Bsm Al and Bsi El Inserts

31

3.4.2

Ligation of Vector 2.5 to the Nhe liNde I Digested eDNA

32

PEPCase Insert
3.5

TRANSFORMATION

32

3.5.1

Preparation of Competent PCRI cells

32

3.5.3

Electro-transformation

33

3.5.3

Phenol cracking

33

3.6

CONFIRMATION OF THE NEW DELETED CLONES

34

3.6.1

Restriction Digests of Deleted Clones 5 and 7,Nhe I

34

3.6.2

Restriction Digests of Deleted Clone 7Bsi El

34

3.7

EXTRACTION OF THE ENZYME FROM E. coil

35

3.7.1

Protein determination

35

3.7.2

Measurement of enzyme activity

35

3.7.3

Determination of Km and Vniax

37

CHAPTER 4: RESULTS AND DISCUSSION

38

CONFIRMATION OF DELETED CLONES
4.1

PHENOL CRACKING

38

4.2

RESTRICTION DIGESTS

38

CHAPTER 5: RESULTS AND DISCUSSION

39

CHARACTERISATION OF PEPCase CLONES

39

5.1

RESPONSE TO pH

39

5.2

RESPONSE TO PEP

39

5.3

KINETIC ANAL YSIS AT DIFFERENT pHS

40

5.4

EFFECT OFG6P

42

5.5

EFFECTS OF !VL4LA TE

42

5.6

EFFECTS OF MALATE AND G6P AT VARYING

43

PEP CONCENTRATIONS

CHAPTER 6: CONCLUSION

APPENDIX A

APPENDIX B

44

I

ABSTRACT

PEPCase is a regulatory enzyme of C4 photosynthesis. The encoding region in the gene has a
conserved 3' region containing the activie site, and a variable 5' regulatory region. Deletions to the 5'
region could potentially produce functional, but deleted clones that can be used for investigating the
role and function this region in protein catalysis and regulation.

Two full length PEPCase cDNA clones from Flaveria trinervia (C4), Clones 5 and 7, were selected
for this study. Clone 7 exhibits 5 times the PEPCase activity of Clone 5, which has an extra 70-100
bases on the 3' end of the cDNA insert. Digestion of these full length clones with the restriction
enzymes Bsi El, Bsrn Al and Nhe I produced new PEPCase inserts that were 79, 477 and 974 bases
shorter at the 5' ends than their "parent" full length clones (Clones 5 and 7) respectively. The first two
deleted inserts were blunt-end ligated to the expression vector, Vector 4.4. The third deleted PEPCase
insert (Nhe 1), was ligated to the expression vector, Vector 2.5, which was also derived from the pSI
4001 vector.

Only three out of the six possible clones were isolated. These are the Deleted Clone 5Nhe I (974
bases shorter), Deleted Clone 7 Nhe I (974 bases shorter) and Deleted Clone 7 Bsi El (79 bases
shorter). The enzymic properties of these truncated PEPCase proteins were investigated and
comparisons made with the full length clones from Clones S and 7 from which they were derived. The
effect of pH, malate, G6P and PEP concentrations were examined.

In general, the activity of the deleted clones was approximately 1/5 of the activity of the full length
clones, indicating that deletions had greatly diminished catalytic activity. This could be due to a
number of reasons. Firstly the deletion of 974 bases of Nhe I would remove many basic amino acid
residues thought to be involved in the binding of PEP (Andreo et al., 1987). This would result in the
altering of the active site and a decrease in activity. Secondly, theN/ic I deletion removed residues
involved in the maintenance of the tetrameric structure of PEPCase (Walker ci al., 1986). Lastly, the
decrease in PEPCase activity could conceivably be partly due to the dissociation of the enzyme into
dimers or monomers.

The pH optimum for all the deleted clones was pH 7.6, which was similar to that of the full length
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clones. The enzyme from clone 7, full length or deleted, appeared to be more responsive to pH change
than those from clone 5. Since the same vector was used for Deleted Clone S Nhe land Deleted Clone
7 Nhe I, the differences in PEPCase activity may possibly, reflect intrinsic differences between clone
S and 7 in the remaining coding regions.

At pH 7.6, the affinity for PEP obtained for PEPCase from the Full Length Clone 5 was higher than
that of the Deleted Clone S Nhe I. In contrast, the deleted clones of Clone 7 exhibited a higher affinity
for PEP than the Full Length Clone 7. Thus the same deletion produced completely different results
in Clones 5 and 7. This difference may again be associated with the intrinsic differences between
Clones S and 7.

Malate strongly inhibited the full length clones and abolished activity in the Deleted Clone 7 Bsi El
In contrast, it appeared to have a negligble effect on both Deleted Clones S and 7Nhe I. The Bsi El
deletion would remove the serine residue responsible for protein phosphorylation from the 5' region.
This serine is thought to confer protection for the enzyme against malate inhibiton. Its deletion by Bsi
Elwould presumably remove protection against malate and greatly enhance malate inhibition. Deletion
by Nhe I would remove 974 bases from the 5' regulatory region which contained the serine residue.
The apparent lack of malate inhibition on this deleted clone suggests that this deletion might have also
removed the malate binding site. This would suggest that the malate binding site lies in the region
between the Nhe I and Bsi El restiction sites.

G6P increased PEPcase activity and increased affinity for PEP in all clones examined. However, the
extent of activation varied between the PEPCase clones. Activation of G6P was reduced in Deleted
Clone 5 Nhe I, compared to the Full length Clone 5. These results partly support the hypothesis by
Wedding et al., (1989) that G61? binds to cysteine and histidine residues in the regulatory region. Thus
deletion of these in the Deleted Clone S Nhe Iwould cause a decrease in G61? activation. In contrast,
the increase observed in the Deleted Clone 7 Bsi Eland Nhe I clones were greater than that obtained
in the Full Length Clone 7. These results are different to those observed for the Clone S and, again,
imply that there are intrinsic differences between Clones 5 and 7. These differences were presumably
masked by the 5' regulatory region in the full length clones, but only came apparent when this region
was removed by Nhe I or Bsi El deletions. When put together these results suggest that G6P binds to
the 5' regulatory region as suggested by Wedding et al. (1889), and also to the conserved region.

This study indicates the value of using deleted clones to evaluate the relationship between structure
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and function in PEPCase and to elucidate possible regulatory mechanisms asociated with the regulation
of PEPCase. Results have shown that deletion of up to a third of the PEPCase enzyme did not abolish
catalytic activity or the effects of modulators such as G61? and malate. The results indicate the
importance of the 5' regulatory region in the regulation and catalysis of PEPCase and emphasise that
intrinsic differences between PEPcase clones may also play an important role in the regulation of
PEPCase. Finally, the results suggest that malate and G61? bind at different sites on the PEPCase
enzyme and that the malate binding site may possibly lie between the Bsi Eland Nhe Irestriction sites
on the 5' region, while G6P appears to bind at two sites the 5' regulatory region and the 3' conserved
-

region.

1
CHAPTER ONE
LITERATURE REVIEW

1.1

.1 .1

FUNCTIONS OF PHOSPHOENOLP YR UVA TE CARBOXYLASE

In Photosynthetic Tissues

During photosynthesis in higher plants light energy is converted to chemical energy in the
thylakoids (light reaction) and subsequently used for the fixation of

cq

into organic compounds

in the chioroplast stroma (dark reaction). In C3 plants the initial reduction of carbon is catalysed by
the bifunctional enzyme, ribulose 1,5 bisphosphate carboxylase/oxygenase (rubisco) in the Calvin
cycle in the leaf mesophyll (Edwards and Walker, 1983). The carboxylation of ribulose 1,5
bisphosphate (RuP2) produces 2 mols of the E3 compound, 3-phosphoglycerate (3-PGA) as shown
below:
RuP2 + CO2 ==========>

2 x 3-PGA

02 is a competitive inhibitor of this reaction. The products of the oxygenation of RuP2 are 3-PGA
and P-glycollate. The latter is subsequently metabolished via the glycollate pathway and leads to
the release of CO2 during mitochondrial glycine oxidation. This photorespiratory loss is significant
and represents up to 30% of net photosynthesis under normal atmospheric levels of CQ and 02
(Rawsthorne, 1992). In these C3 plants, PEP carboxylase functions primarily in anaplerotic
reactions (see section 1.1.2)

In many higher plant species which inhabit desert or semi-arid environments, the first product of
CO2 fixation is not 3-PGA but a 4-carbon compound oxaloacetate (OAA), malate and/or aspartate.
OAA is formed by the carboxylation of phosphoenolpyruvate (PEP) via PEP carboxylase
(PEPCase) in mesophyll cells (Hatch and Slack, 1966). The proposed mechanism for PEP
carboxylation is a two-step process: a reversible primary enolation step, followed by an irreversible
carboxylation step (O'Leary

PEP

el

+

UI., 1981). This reaction is:

HCO3 ==========> OAA

+

P

OAA is either transaminated to aspartate, or reduced to malate in the mesophyll chloroplasts. These
more stable products (C4) are transported to the bundle sheath cells and decarboxylated. The
resulting C3 products, pyruvate, is returned to the mesophyll for another round of carboxylation

2
(Hatch, 1987; Janc et aL, 1992c; Janc et at., 1992a). The released CO2 is reassimilated by rubisco
in the Calvin cycle. Decarboxylation of the C3 acids increases the CO2 concentration in the bundle
sheath thereby enhancing CO2 fixation and suppressing oxygenation and photorespiration.

This C4 mechanism, thus, relies on the integrated metabolic activities of two morphologically and
functionally distinct cell types, the mesophyll and bundle sheath cells. This anatomical adaptation
enables the spatial separation of CO2 fixation and carbohydrate formation (Pilon-Smits et at., 1990;
Moore et al., 1988). Furthermore, PEPCase has a higher CO2 affinity than rubisco. C4 plants,
therefore, are able to fix CO2 at a irnich lower CO2 level than C3 plants. The separation of CO2
fixation and carbohydrate formation also increases the gradient and path of Cq from the cells to
the atmosphere and, thereby, enhances the reassimilation of a larger fraction of the passing stream
of CO2. It is likely that C3 photosynthesis has evolved from the C3 pathway at a time when the
atmospheric CO2 levels were much lower than present and there was a greater selection pressure
for mechanisms which elevated CO2 concentration and prevented CO2 loss (Rawsthorne, 1992). As
a result of this CO2 concentration mechanism C4 plants are relatively insensitive to 02 inhibition
and, therefore, are more elficient at relatively high temperatures than C3 plants (Bauwe and
Chollet, 1986). In fact,

€4

plants not only have a higher rate of photosynthesis than C3 plants but

reach maximum photosynthesis at temperatures ranging from 3 5-47°C compared to about 25°C in
C3 plants (Mukerji, 1977). The high rate of photosynthesis in E4 plants is supported by high level
of PEPCase protein in the leaf. Hague and Sims (1980) estimated that up to 15% of the leaf
protein is PEPCase. A decrease in PEPCase activity caused an immediate drop in carbon fixation
drop indicating the importance of this enzyme in

(:4

photosynthesis (Prioul and Schwebel-Dugue,

1992).

High level of PEPCase is also present in the cytosol of the mesophyll cells of CAM plants where
primary CO2 fixation by this enzyme occurs during the night (Osmond, 1978). This is achieved by
the temporal separation of the two processes of photosynthesis; carbon fixation and carbohydrate
formation. Carboxylation during the night depends on PEPCase activity to synthesise oxaloacetate
which is subsequently reduced to malate by malate dehydrogenase. Malate is stored overnight in
cell vacuoles and decarboxylated via cytosolic nialic enzyme during the day to serve as an
endogenous source of CO. for rubisco in the carbon cycle (Cushman et at., 1989; Wedding and
Black, 1988). This mechanism niinimises the losses of water in desert plants, where the stomata
open only during the night, the time when most of the CO is taken up (Farquhar and Sharkey,
1982).
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The carboxylation reaction by PEPCase in the mesophyll cells is highly exergonic, irreversible and
there is an absolute requirement for a divalent cation, with Mg2 filling this requirement (Wedding
et at., 1988). Mg2l when compared to other substitute cofactors such as Fe2 , Mn2 , CO2 , Cd2
gives a higher kcnax, but also a higher KI11(flctal) and Kfl(PEP) (Nguyen el at., 1988). Mg2 was first
thought to be involved in an enzyme-metal-PEP bridge complex formed at the active site of the
carboxylase and that the metal specifically co-ordinates the phosphoryl moiety of the substrate
(Andreo et at., 1987; Nguyen ci at., 1988). This also suggests that the active site metal ion binds
to the enolate oxygen, thus stabilising the proposed enolate intermediate. The more stable the
enolate, the less reactive it is toward carboxylation and the greater the opportunity for hydrolysis
(Ausenhus and O'Leary, 1992).

However, evidence from kinetic studies indicates that the active substrate is the free form of PEP
rather than the metal-PEP complex (Andreo ci al., 1987). Chemical modification studies with the
maize leaf enzyme indicated that Mg2l is not essential for the binding of PEP to the carboxylase,
although its presence increases the affinity for this substrate (Iglesias and Andreo, 1984; Gonzalez
et at., 1984), probably by inducing conformational changes in the enzyme (Andreo ci' at., 1986).
On the other hand, recent studies by Meyer et al., (1990) showed that the form of PEP preferred
depended on the assay pH and the enzyme isoforin. The metal-PEP complex was the preferred
substrate for the C4 isoform between pH 7-8 and for the CAM isoform at pH 8. In contrast, the
free form was the preferred substrate for the CAM isoform at pH 7. More study is required to be
done to clarify these differences.

1.1.2

In Non-Photosynthetic Tissue

PEPCase is present in all living cells including bacteria, algae and leaves of C
, plants as well as
non-photosynthetic tissues of higher plants. This

"n"

isoform has distinctive chromatographic,

immulogical and kinetic properties from the C,and CAM isoforms discussed in section 1.1.1 (Ting
and Osmond, 1973b; O'Leary, 1982; Huber and Sugiyama. 1986; Latzko and Kelly, 1983; Andreo,
1987). The C1 PEPCase is involved in anaplerotic functions in basic plant metabolism such as
replenishment of tricarboxylic acid cycle intermediates; NADPH generation, recapture of respired
CO21 "malate fermentation", pH maintenance, and maintenance of electroneutrality (Andreo, 1987;
Schuller et al., 1990).

In all living tissues, including C, leaves, biosynthetic reactions such as the synthesis of glutamine

and glutamate duriiig ammonia assimilation via the GS/GOGAT pathway utilises the TCA cycle
substrate, 2-oxoglutarate. Unless replenished, the export of TCA intermediates for these
biosynthetic reactions would deplete the substrate pool in the organelle and, consequently, decrease
mitochondrial respiration. Thus the major anaplerotic function of PEPC in E. coli, C3 leaves, alga
and non-autotrophic tissues is to supply 4-acids to the TCA cycle, thereby maintaining substrate
fluxes during respiration (Fujita el al., 1984). OAA, the product of PEPCase activity, can directly
be supplied to the TCA cycle or transaminated to form aspartate (O'Leary, 1982).
PEPCase is also present in stomatal guard cells of leaves. It plays an important role in the
regulation of stomatal opening but the mechanism remains to be determined. Stomatal opening is
associated with with K influx into the guard cells and a corresponding It efflux in exchange. The
W ions come from the dissociation of malate which is derived from OAA synthesised via PEPC.
The production of ma1ate2 maintains pH balance and decreases the osmotic potential in the guard
cells. Water moves in by osmosis leading to the stomatal opening (Salisbury and Ross, 1992). It
has been suggested that a proton pump in stomatal guard cells drives the opening of the stomata
which is apparently associated with an increase in PEPC activity and synthesis of malic acid
(Willmer, 1993) but direct evidence for this hypothesis remains to be established (Slocombe et al.,
1993).
PEPCase, located in the plant cytosolic fraction of legume nodules, is the key enzyme in the
synthesis of organic acids respired by the bacteroids involved in nitrogen fixation (Schuller and
Werner, 1993). In ureide-transporting legumes such as soybean, PEPCase plays only a minor role
in the synthesis of organic acids to serve as carbon skeletons for the assimilation of fixed nitrogen
into amino acids (Vance and Gantt, 1992). This is in contrast to arn i de-tran sporting legumes in
which significant production of oxaloacetate is required for the incorporation of fixed nitrogen into
aspartate and asparagine.

1.2

1.2.1

STRUCTURE OF PEPCase

Primary Structure

The PEPC enzyme has a molecular mass of approximately 400 M. Each subunit is 100
kD and has one PEP binding site (Fujikura and Sun, 1991) and another binding site for
regulators (Jawali, 1990). The encoding gene, including promoter and terminator

kb and encodes for 900-1 100 amino acids (l-ludspeth and Grula, 1989). Homology studies fromE.
coil (Fujita et al., 1984) and maize leaves (Izui et al., 1986; Hudspeth and Grula, 1989) indicate
that the subunit polypeptide contains a conserved C-terminal sequence which includes the proposed
active site domain and a variable N-terminal one which includes the proposed regulatory domain
for different enzyme isoforms (Jiao ci al., 1990; Andreo ci al., 1987). The sequence between
residues 603 and 616 of the Zea maize enzyme is very highly conserved (lzui et al., 1986) and
may be involved in the binding of PEP. Lys-606 is a species invariant active site residue in the
primary amino acid sequence of the enzyme (Jiao ci al., 1990).

Since the substrates of the carboxylase (eg PEP) are anions at neutral pH, positively charged
groups of the enzyme are likely to be involved in their binding. Chemical modifications studies
with PEPCase from maize have shown that the tetrameric form of the enzyme contains several
essential and highly reactive arginine and lysine residues (Gonzalez ci al., 1984; Inglesias et al.,
1984; Andreo ci al., 1986; Jzui ci al., 1986; Andreo ci al., 1987; Wagner ci al., 1988; Jiao ci al.,
1990). These essential lysine residues are situated at the allosteric enzyme site at which Mg2 are
bound (Rylavá ci al., 1988).

When PEPCase was inactivated by pyridoxal-5'-phosphate (PLP), the enzymes inactivation rate was
time-dependent and caused by the binding of PLP to the amino groups of 2 lysyl residues (from a
total of 45) on a single subunit. The PEPCase activators, magnesium ions, glysine and glucose 6phosphate (G6P) protected one of these lysyl residue against modification, proving that 1 lysine
residue is essential for enzyme activity. On the other hand, malate (an inhibitor of the enzyme)
increased the number of modified lysyl residues from 2 to 3 showing that malate may denature the
enzyme, as denaturation of the enzyme by SDS and mercaptoethanol also caused a third lysyl
residue to be exposed for modification. (Rylava ci al., 1988). Four histidines residues are also
conserved in different PEPCase isoforms, one between residues 603 and 616 of the maize enzyme
in

the vicinity of the lysine residues (lzui c/ al., 1986). Kinetic studies have shown that these

groups are important in the binding of PEP and/or Mg2 to the maize enzyme.

Thiol groups are also essential for activity (Iglesias and Andreo, 1984). Four of these groups per
tetramer seemed to be present at the PEP-binding sites near the region that interacts with the
methylene group of PEP (Gonzalez ci al., 1986). Incubation of purified PEPCase from Z. mays
leaves with DTT resulted in an almost 2-fold increase in PEPCase activity (Iglesias and Andreo,
1984). The activation induced by DTT was reversed by diamide, an oxidant of vicinal dithiol,

suggesting that the redox state of disulfide bonds of the enzyme may be important in the
expression of the maximal activity. Titration of thiol groups before and after activation of maize
PEPCase by DTT showed an increase of the 2 accessible groups from 8 to 12 suggesting that the
reduction of 2 disulfide bonds per subunit of the PEPCase enzyme had accompanied the activation
(Iglesias and Andreo, 1984).

Maize leaf PEPCase was completely and reversibly inactivated by treatment with micromolar
concentrations of tetran itromethane (Mara! ihal Ii and Bhagwat, 1992). The inactivation resulted
from the specific modification of I tyrosine residue per enzyme protomer. PEP and Mg2 offered
almost complete protection against tetraiiitromethane. It is concluded that tyrosine plays a role in
catalysis by maize PEPCase. The actual functional role of this residue remains to be elucidated. It
seems likely that nitrotyrosine causes delocalisation of the charges at or near the active site, either
by enhancing the ionisation of the phenolic proton or by increasing the charge density due to high
electronegativity of the attached group. If this is true, then the phenolic proton could be involved
in a critical hydrogen bond or could act as a proton donor during catalysis.

Purified PEPC appears as a single band on SDS-PAGE, yet IEF of the purified F. trinervia PEPC
revealed two groups by staining and enzyme activity and detection (Fujikura and Sun, 1991).
These results show that there maybe modifications of some amino acid residues such as
phosphorylation of serine residues in the large PEPC unit. As evidence to this, covalently bound
phosphate and high-performance liquid chromatography based phosphoamino acid analyses showed
that both forms of purified PEPCase from light and dark adapted leaves of maize were both
phosphorylated exclusively on serine residues, but the degree of phosphorylation was about 50%
greater for the light form (Jiao and Chollet, 1988).

Langdale et al., (1991) showed that demethylation of a specific site 5 to the PEPCase gene was
correlated with the light- induced, cell-specific accumulation of PEPCase mRNA. This
differentially methylated site is positioned a great distance (>3kb) from the start of transcription.
Furthermore, the immediate 5 region of the gene, and some of the coding region, represents an
unmethylated CpG island. Such islands are normally associated with constitutively expressed
genes. After light-induced activation of the PEPCase enzyme, mainly two sites oii the PEPCase
gene were methylated, at the Pvu II site and Bst NI site (Figure 1). These results implicate
methylation in transcriptional regulation of PEPCase gene regulation.
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More work needs to be done on the elucidation of the primary structures of the carboxylase from
the C3, C4 and CAM plants, including the forms from different tissues in order to relate the
structure with the kinetic properties of the enzyme.

1 .2.2

Quarternary Structure

PEPCase can exist in different oligomeric forms under different conditions (Willeford et at.,
1990). The hydrodynamic structure of the enzyme in the absence and presence of all substrates
could be described by a tetrahedral arrangement. In the presence of bicarbonate and Mg2 or PEP
and Mg2 ', it could preferentially be described by a distorted centred triangle arrangement (Andreo
et at., 1987). These structures might represent conformational transitions during the catalytic cycle
(Andreo et at 1986). Purified maize PEPCase is a 200 kD hotnodimer which is readily converted
to a more active tetrameric form in the presence of Mg2l plus PEP or Mg2 alone (Rustin et at.,
1989). The dimer form is an important unit of polymerisation.

The quarternary structure in many cases is stabilised by electrostatic interactions which are
sensitive to ionic strength. The homotetraiiier depolymerises to the less active dimers or completely
inactive monomers upon incubation with 200-400 mM NaCl (Wagneret at., 1987). The tetrameric
and dimeric forms showed different catalytic properties. Changes in the oligermerisation state were
dependent on pH, time of preinciibation with salt and protein concentration. Dimers and monomers
were obtained at pH 8 or above and only dimers at p1-1 7. The enzyme could also be dissociated
by incubation at pH 6 or 9 (Andreo c/ at., 1987) but the dissociation was faster at lower pH
(McElwain et at., 1992). PEP and G61? counteracted the salt effect, probably favouring equilibrium
toward the tetramer formation.

Modification of thiol groups gave a mixture of monomers and dimers while modification of the
histine and thiol residues resulted in complete conversion of the enzyme into monomers. These
results indicate that cysteine and histidine residues are involved in the maintenance of the
tetrameric structure and the process of dissociation (Walkeret at., 1986). The interaction between
subunits seems to play an important role in the kinetic and regulatory properties of PEPCase.

1*1
1.2.3

The Active Site

The structure of the active site has been studied by the use of competitive inhibitors which exhibit
some analogy with the substrate PEP. PEPCase has two binding sites with nearly 10-fold
difference in affinities for PEP and Mg2 (McElwain et al., 1992). Modification experiments using
specific site-directed modifiers showed that the residues histidine, cysteille, arginine and lysine are
essential for the catalytic activity and are involved in the binding of PEP (Andreo et al., 1987).
The carboxyl and phosphate group of PEP were very important for binding to the active site. There
was an increase in dissociation constants by 2 orders of magnitude when one of them was absent.
The bond-angle at C-2 and the C-O-P bridging oxygen of PEP were apparently also very important
(Gonzalez and Andreo, 1988). Factors such as charge, steric hinderance, size and structural features
of the various compounds that bind to the activation (modulator binding site) and active site
(substrate binding site) are very important in determining the extent of these effects (Meyeret al.,
1989). The active site appeared to have more specificity than the activation site which only
required the phosphate moiety to give efficient activation. However, the site was not completely
nonspecific since Cl acted only as a weak competitive inhibitor showing no transient activation
-

phase. Activation required the presence of a dianion. In addition, the Mg2 complex of the dianion
was properly the active form as was shown with phosphate (Meyeret al., 1989.)

1.3

PHYSIOLOGICAL REGULATION OF PEPCase IN C4 PLANTS

Growth conditions modify the apparent kinetic properties of the enzyme of most of the Flaveria
species (Huber and Edwards, 1975). The changes in PEP affinity induced by different growth
conditions suggest that PEPCases of the Flaveria species, like those of the other genera, may be
subject to complex regulatory mechanisms triggered by environmental conditions. A number of
possible regulators of PEPCase activity have been identified in vitro, but links to the modulation
of in vivo activity have yet to be convincingly established. PEPCase is likely to be regulated in
order to co-ordinate photosynthesis with changes in temperature, CO concentration, light and to
ensure that glycerate-3-phosphate is not drained during C4 photosynthesis (Doncaster and Leegood,
1987). This regulation could be directed at either the expression of genes encoding kinetically
different isoforms or at post-translational modifications of the protein.

1 .3.1

Effect of Glucose 6-Phosphate

C4 PEPCase is more strongly activated than the G enzyme by glucose 6-phosphate (G6P), a final
product of CO2 fixation (Ting and Osmond, I 973a). G61? increased the activity at all pHs examined
(Coombes et al., 1973) and broadened the pH optima (Wedding et al., 1989). Apparently G61?
increased Vmax and decreased K, for PEP (Gonzalez et al., 1984).
G61? stabilised PEPCase in enzyme assays (Gavalas et al., 1982) and presumably achieved the
stabilisation and activation effects by interacting with the Histidine and Cytisine residues on the
enzyme (Wedding ci a!, 1989). However, the mechanism of activation might occur via bonding of
G6P to a specific activation site followed by a conformational or aggregational change (Rustinet
al., 1989).

Organic phosphates increased PEPCase activity in the CAM plant, Crassula argentea when
assayed at low PEP concentration. The activation was competitive with G61? suggesting that these
effectors bind to the G61? site (Meyer et al., 1989). G6P also stimulated activity at subsaturating
PEP concentrations. Increasing the PEP concentration progressively reduced the activation. G61?
protected PEPcase from high NaCl inhibition, presumably by preventing the dissociation of the
tetrarneric to the monomeric/dimeric form (Wagner et al., 1987).

1.3.2

Effect of Malate and Aspartate

L-malate and aspartate, products of the carboxylation reaction, are inhibitors of the PEPCase. They
interact with the enzyme at different sites and produce non-competitive at pH 8 or competitive
inhibition at pH 7. The type of inhibition obtained was also dependent on PEP concentration, Mg2 '
and the C4 inhibitor in the assay (Huber and Edwards, 1975). Higher concentrations of malate and
aspartate are iieeded to bring about the equivalent inhibition of the C3 enzyme. Oxaloacetate, on
the other hand, is a competitive inhibitor and increases the apparent K. for PEP without altering
the maximum velocity (Coombs ci al., 1973). G61? decreased the inhibitory effect of malate and
aspartate (Huber and Edwards, 1975). Apparently G6P changed the affinity of PEP binding without
significantly modifying the dissociation constants for malate (Gonzalez et al., 1984).
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1.3.3 Effect of pH

Maize leaf PEPCase can be inactivated by incubation at pHs above neutrality. Both the amount and
the rate of inactivation increased as the pH rises (Wedding and Black, 1990; Kawamura et al.,
1990). At rate-limiting concentrations of PEP, the p1-I optimum of PEPCase is 7.8 whereas the
enzyme partially inhibited by malate or aspartate has a pH optimum of approximately 8.3. This
suggests that pH variations could work as a fine control of the carboxylase activity (Wedding and
Black, 1990; Kawamura et al., 1990). pH also influences the forms of PEP preferred by the
enzyme (Meyer ci' al, 1990; Wedding ci

al.,

1990). Purified PEPCase from both C. argentea

(CAM) and Z. mays (C4) selectively use the Mg2 -PEP complex form when assayed at pH 8
(Meyer ci al., 1990). At pH 7, both the free and metal-complexed forms of PEP could be used by
the enzyme from C. argentea while the C4 enzyme still only utilised the complex. The loss of
specificity in CAM PEPCase induced by the increased pH was accompanied by an increase in the
Km of this enzyme for PEP, whatever the form considered, and an increase in Vmax/KI11 ratio. In
contrast, a decrease of pH led to an increased Km of the C4 enzyme for PEP and a decrease of

Vmaxl K,11. For the CAM enzyme which contains an essential arginine residue at the active site
protection by the different forms of substrate against inactivation by the specific arginal reagent,
2,3-butanedione, changes markedly with pH. At pH 8.1, the metal-complex is the better protector
while at p1-I 7 free PEP gave the best protection.

The effects of G6P and L-malate are more pronounced at neutral pH

,

decreasing with increasing

pH up to 8.5. The presence of PEP, malate, G6P, glycerol and DTT in the incubation medium gave
protection to the enzyme (Kawamura ci al., 1990). This protective effect is apparently due to the
presence of these compounds at the active site (Wedding and Black, 1990). Malate which
accumulates after the initial carboxylation reaction tends to decrease pH. This lowering of pH
could decrease the activity of PEPCase by two different mechanisms: inhibition by malate itself
(feedback inhibition) and enhancement of its inhibitory effect by decrease in pH. Inhibition is
also dependent on the concentration of Mg2 (Wedding and Black, 1988). At 1 mM Mg2 ,
suboptimal PEP concentration, 1mM rnalate caused 60% inhibition, but at 5 mM Mg2 the
inhibition was reduced to 15%. G6P requires Mg2 ' to bind to the enzyme while malate does not
(Wedding and Black, 1988). Mg2 at 1 to 51-nM had no effect on the apparent K,11 for PEP in the
absence of malate.
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1.3.4

Effect of Light and Temperature

Light and temperature seem to have a moderating effect on PEPCase activity. Activity differences
between these light and dark forms of the PEPcase enzyme are maximised when glycerol (25%
v/v) is included in the extraction medium and in the absence of mercaptoethanol (Karabourniotis
et al., 1983). The light form is generally 2 to 3 fold more active than the corresponding dark-form
enzyme, when assayed at suboptimal, but physiological levels of PEP and pH (Jiao and Chollet,
1990). In other words, PEPCase activity is higher when extracted from leaves that have been
previously illuminated (Jiao and Chollet, 1988). Illumination of etiolated maize plants for 80 hours
brings about a 5-fold increase in PEPCase activity (Hague and Sims, 1980). Positive effects of
light are also greatest when the enzyme is assayed at pH 7 (Wedding and Black, 1990). The level
of PEPCase protein and enzyme activity in green plants, is dependent on the intensity of light
during growth (Hague and Sims, 1980). Similarly the photoactivation appears to depend on
photosynthetic election flow, since it is saturated at high photon fluxes (Karabourniotis el at.,
1983).

For most Flaveria species an increase in light causes an increase in the

nax

value and a general

decrease in Km of the PEPCase enzyme (Nimmo et al., 1987; Budde and Chollet, 1986; Doncaster
and Leegood, 1987; Echevarria c/ at., 1990; Huber and Siigiyama, 1986). Light decreased the
sensitivity to malate inhibition and increased G61? activation in the

Q sorghum enzyme (Wedding

and Black, 1990).

The night-form of the enzyme also showed a positive cooperativity with PEP which was gradually
abolished by light of increasing intensities (Karabourniotis et at, 1983). This allosteric behaviour
is absent in plants adapted to a high light environment. Activation of PEPCase occurred in leaves
extracted from the dark after incubation with dithiothreitol and other thiol reducing agents (Iglesias
and Andreo, 1984). This observation suggests that the activation by light might be mediated by
effectors which change the redox state of the sulthydryl groups in the enzyme.

Is the increase in PEPCase activity when exposed to light due to enzyme modification or de
novo protein synthesis? Activation and deactivation under light and darkness respectively, are quite
fast, suggesting post-translational regulation. However, when PEPCase in etiolated maize leaf was
induced by light the increase in PEPCase activity was shown to be due to de novo synthesis of
enzyme (Hague and Sims, 1980; Hayakawa et at., 1981). Furthermore, the accumulation of
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PEPCase protein is brought about by a light-stimulated increase in PEPCase synthesis (Matsuoka
and Yamamoto, 1989).

It is thought that the mesophyll cells are specifically programmed during differentiation to
synthesise PEPCase in proportion to the intensity of illumination (Goatly ci at., 1975). PEPCase
from Z. mays can be activated by a heterogenous photochemical system consisting of an artificial
donor and a photocatalyst dye. The activation of PEPCase using this system was mediated by
thioredoxin m. This photoactivation was inhibited in vivo by electron transport chain inhibitors
(DCMU and methyl viologen) and, in vitro, by sulthydryl modifying agents (NEM and pCMB)
which suggested that the reductive photoactivation of cytosolic PEPCase involved disulfidesulfliydryl interconversion (Maheshwari ci at., 1990). However, it must be noted that light
activation of the C4 PEPcase enzyme is widespead, though not invariably present. As a general
rule, when dark activity of the PEPcase enzyme is high, no further activation by light is obtained.
This was observed in the C4 plants, S. bicolor and Z. flays, where the dark form of the C4 PEPcase
enzyme was not further activated by light (Karabourniotis et at., 1983). Such differences among
C4 species warrant a careful and detailed study might be attributed to protein activation and
inactivation during extraction.

Low temperatures cause PEPCase to undergo major changes in kinetic activity and conformational
arrangement (Kleckowski and Edwards, 1991). Exposure to low temperatures leads to a high K
form of the enzyme and negative cooperativity. This inhibition of PEPCase at low temperatures
may be a strategy to switch off C4 photosynthesis when plants are exposed to temperate
conditions. On the other hand, exposure of leaf sections from 2-week old seedlings of sorghum
(C4), corn (C4), peanut (C3) and soybean (C3) to 40 or 45°C for tip to 4 hours resulted in significant
increases in PEPCase protein (Ghosh ci at., 1989). High-temperature stress in the natural
environment can severely reduce photosynthetic efficiency and limit the yield of crop plants. At
higher temperatures,

c4 plants are adapted genetically to have better photosynthetic performance

than C3 plants. However, there is no a priori reason to assume that the presence or absence of the
C4 pathway per se is casually linked to factors conferring tolerance to high temperatures. The Q
sorghum plant and the C3 peanut plant showed greater tolerance to high temperatures than the other
two species, suggesting that more than one mechanism may be used to ameliorate the effects of
heat stress. The nature of this protective mechanism could also be linked to the physical effects of
specific free amino acids including glutamate, malate and aspartate (Ratlinam, 1978).
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The effects of temperature in the range of 10-35°C on various characteristics of PEPCase from the
C4 plant Z. mays and the CAM plant C. argentea showed that the

iç

above 20°C decreased

linearly until 27°C. The Arrhenius plot of Vm for the CAM enzyme had a linear increase with
temperature while that for the C4 enzyme had an inflection at 27°C implying a conformational or
aggregational change in the enzyme or a shift in reaction mechanism to one requiring a lower
activation energy (Wu and Wedding, 1987). The arrhenius plot of Km for the two enzymes reveals
the startling fact that at temperature above 20°C, an increase in temperature causes an increase in
K (PEP) for the CAM enzyme, but a decrease in

Km (PEP)

for the C4 enzyme (Wu and Wedding,

1987). For the CAM enzyme the percent inhibition by malate increases from essentially none at
15°C to 70% at 35°C. Similar contrasting behaviour of the two enzymes was found with the I< for
malate (Wu and Wedding, 1987).

1.3.5

Effect of Organic Cosolutes and Anions

Several organic cosolutes (glycerol, sorbitol, betaine, proline, polyethylene glycol and
polyvinylpyrrolidone) increased, in a concentration-dependent manner, the apparent

Km

for PEP

without affecting the Vmax (Stamatakis et at., 1988). They also protected the enzyme from the
dissociating effects of NaCl (Podesta and Andreo, 1989). Glycerol stabilises the level of PEPCase
activity during and after extraction from plant tissues (Stamatakiset at., 1990; Manetas, 1982;
Karabourniotis et at., 1983). The presence of glycerol in the assay medium increased the measured
enzymic activity when the assay was run at low PEP levels and the increase was more marked at
pH 7 (Gavalas et at., 1982; Podesta and Andreo, 1989). In maize, mixing NaCl in the assay
medium with glycerol resulted in additional activation and an increase in \ over the entire range
of pH examined (Podesta and Andreo, 1989). In this case, due to the stabilising attributes of
glycerol, NaCl increased the product/enzyme dissociation instead of enzyme dissociation and
caused an increase in PEPCase activity. In the presence of glycerol, G61? was unable to activate
PEPCase from Cynodon dactyton and light activation was not observed. The reasoning for these
results is that maximal enzyme activity was already achieved in the presence of glycerol so that no
further increase was possible. On the other hand, malate inhibition in the presence of glycerol was
competitive for the day form and mixed-type for the night form (Skalioraet at., 1990). Here,
glycerol did not alter the day/night forms sensitivity to malate.

In the absence of cosolutes, a similar increase in enzyme activity is obtained as the concentration
of the enzymic protein is increased. The effect of the organic additives is independant of both
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osmotic potential and the viscosity of the medium. It could be best interpreted by the exclusion
volume theory. It is inferred that the inclusion of an appropriate cosolute in the assay medium
promotes the self-association of enzymes and stabilises their structures by preferential exclusion
(negative binding) from contact with the protein surface. Apparently, this mimicks the intracellular
situation where the enzyme is much concentrated (Starnatakis et al., 1990; Manetas, 1982;
Karabourniotis ci al., 1983). The physiological relevance concerning the lion-saturating activity
and the regulation of the enzyme in vivo should be evaluated.

The presence of DTT results in a 2-fold increase in activity of PEPCase from Zea niays (Iglesias
and Andreo, 1984). However, DTT does not effect the Km(PEP) or the K of either rnalate or
oxaloacetate (Iglesias and Andreo, 1984). This evidence suggests that the redox state of disulfides
is important in maintaining the maximum enzyme activity. The effect of NaCl On PEPCase activity
is variable. In some halophytes (CAM), salt activated PEPCase (Angelopoulos and Gavalas,
1991). But in most cases NaCl acted as an inhibitor promoting the dissociation of the tetrameric
form of PEPCase (Cushman el al., 1989). Inhibition by NaCl is competitive to PEP (Manetas,
1990). However, the osmotic discontinuity generated by the cornpartmentation of NaCl into the
vacuole is balanced by the synthesis and accumulation of the organic solutes in the cytoplasm
(Briens and Larher, 1982). In wheat (C3), high nitrate concentration increased the effect of light
activation on PEPCase. This is thought to be the mechanism by which nitrogen assimilation is
modulated (Quy ci al., 1991). In spinach leaves, PEPCase is inhibited by the air pollutant SQ2
ions (Murkeji, 1977). The inhibition is competitive or mixed type with respect to PEP. The
inhibitory effect of S032 is more significant in the presence of M112 than Mg2t Malate and S032
bind at the same site on the enzyme (Mukerji and Yang, 1974).

1.3.6 Protein Phosphorylation

The C4 PEPCase undergoes a day/night phosphorylation cycle (Nimmo el al., 1987; Budde and
Chollet, 1986; Willeford and Wedding, 1992). This regulatory phosphorylation of the

ç

PEPCase

light form is catalysed by a protein-Ser kinase (Ninimo el al., 1987; Budde and Chollet, 1986;
Doncaster and Leegood, 1987; Echevarria ci al., 1990; Huber and Sugiyama, 1986). It specifically
phosphorylates a Serine 9 residue located in the consensus sequence of the N-terminal region of
the target enzyme in F. irinervia (Bakrini ci al., 1993). Phosphorylation occurs at Serine 15 in
maize (Terada ci al., 1991; Jiao ci al., 1991) and Serine 9 in Sorghum (Jiao et al., 1991). This
post-translational modification dominates in the light by virtue of this reversible light-activated
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PEPC protein kinase and confers PEPC with altered functional and regulatory properties (Nimmo
et al., 1987; Jiao and Chollet, 1990). As a result, two forms of the enzyme with different
phosphorylation states exist in the cytosol of leaf mesophyll cells.

Changes in aggregation state of the maize PEPcase enzyme was studied by non-denaturing
electrophoresis and immunoblotting. Enzyme from leaves of illuminated plants dissociated upon
dilution, whereas the protein from darkened tissue did not dissociate indicating a physical
difference between the enzyme from the light- versus dark- adapted maize plants (Budde and
Chollet, 1986). However, it is uncertain that the changes in aggregation state observed are due to
differences in the phosphorylation state of PEPCase. The phosphorylated form of the enzyme is
less sensitive to L-nialate and exhibits increased activity at suboptimal levels of pH and PEP (Jiao
and Chollet, 1990; Nimmo ci al., 1986; Schuller and Werner, 1993). During C photosynthesis,
the malate concentration is quite high to maintain the requisite diffusion gradient between the two
photosynthetic leaf cell types. Because phosphorylation not only improves the catalytic activity of
PEPCase but decreases its sensitivity to L-malate, this regulatory process might prove essential for
the functioning of C4 photosynthesis (Jiao and Chollet, 1988; Triumala Devi and Raghavendra,
1992).

In the presence of exogenous alkaline phosphatase the light form of PEPCase showed an increased
sensitivity to L-malate, compared to the dark form (Jiao and Chollet, 1988). This suggests that
only some P-serine residues are involved in the light/dark reaction. Similarly, studies done on the
effect of light and N01 on wheat leaf PEPCase showed that the light induced increase in PEPCase
activity was due to an alteration in the phosphorylation state of the protein and this effect was
enhanced in high NO3 conditions (Van Quy ci al., 1991). When maize leaf PEPCase was
phosphorylated at the Serine 15 residue with mammalian cyclic AMP-dependent protein kinase the
enzymes sensitivity to malate inhibition decreased 3-fold. The Km for PEP also decreased from 2.0
mM to 1.2 mM by the phosphorylation but the 'Vflax and Hill coefficient were not affected (Terada
et al., 1990).

PEPCase phosphorylation and PEPCase protein kinase activity were suppressed in vivo by
cytosolic protein synthesis inhibitors such as cyclohexamide (Backrim ci al., 1993). This suggests
that a rapid, light-dependent protein biosynthesis event is involved in the light activation of the

ç

PEPC protein kinase and control of phosphorylation. Activation of maize PEPCase protein-serine
kinase activity is also inhibited by mesophyl I and bundle sheath-directed photosynthesis inhibitors
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(Jiao and Chollet, 1992). Apparently a putative signal from the Calvin cycle interacts with the
cytoplasmic protein synthesis event in the mesophyll cells to affect the light activation and the
contamitant phosphorylation of PEPCase. In addition, the high levels of positive effectors (e.g.
triose phosphate) interact directly with the carboxylase (Jiaoet al., 1991). The combined result of
this is to effectively desensitise PEPCase to feedback inhibition by the millimolar levels of Lrnalate present in the rnesophyll. This high malate concentration is required for rapid diffusive
transport to the bundle sheath cells during rapid photosynthesis (Jiao and Chollet, 1992).

Light activation of PEPCase kinase activity and phosphorylation depends on the prior alkalisation
of the C4 inesophyll cell cytosol (Jiao and Chollet, 1988; Pierre et al., 1992). The overall effect of
alkalisation is to improve enzyme activity by increasing both its phosphorylation status and Vnax'
and decreasing its malate sensitivity (Trimala et al., 1992). Apparently, the delicate balance
between positive (G6P, triose-P) and negative (L-malate) effectors, further modulated by the
regulatory phosphorylation process, would provide a sensitive system for the coordination of the

ç

and C3 cycles and the homeostasis of the overall C pathway of photosynthesis (Backrim et al.,
1993).

1 .3.7

Effect of Oligomerisation

The fact that small oligomers of PEPC e.g. monomer and dimer, have little or no activity whereas
the tetramer and larger molecules possess considerable activity suggests that oligomerisation may
be a means of controlling the activity of the enzyme (Willeford and Wedding, 1992). Using HPLC
and light scattering techniques, researchers have found that the dimer is the predominant form at
night while the tetrameric and more active form is predominant during the day (Willeford et a!,
1990). These changes in size and activity of PEPCase are reversible and readily affected by
ligands. The addition of substrate (Mg-PEP) to a reaction mix or a lowering of pH can drive the
equilibrium towards the more active tetramer.

Changes in the metabolic status of the cell eg. presence of malate, NaCl or a pH increase, affecting
enzyme oligomerisation could provide a regulatory mechanism for PEPcase activity (McElwain et
al., 1992; Podesta and Andreo, 1989; Wedding and Black, 1990; Willeford et al., 1990). Dilution
of PEPCase is also known to promote the formation of the dimeric form (Pilon-Smits et al.,
1990). It would be worth noting that, in most assay systems, the PEPCase concentration is lower
than the cellular concentration. Hence it is recommended that a cosoltite, such as glycerol or PEG
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(which promotes aggregation) should be included in the assay medium.

1.4

REGULATION OF PEPCase IN CAM PLANTS

Many environmental stimuli affect PEPCase gene expression in CAM plants. The diurnal cycle of
PEPCase activity in CAM plants is controlled by endogenous circadian rhythms rather than
light/dark signals (Jiao and Chollet, 1992). Apparently, light, absisic acid and changing osmotic
conditions affect PEPCase gene regulation through mechanisms that initiate changes in transcript
levels and not in the activation of the pre-existing PEPCase enzyme (Cushmanet al., 1989; PilonSmits et al., 1990). This reaction is reversible (Goliber, 1989; Pilon-Smitset al., 1990). The levels
of PEPCase are increased and the molecular and kinetic properties of the enzyme change upon
induction of CAM which is induced by drought and high levels of NaCl. PEPCase mRNA and
protein accumulate in response to osmotic stress followed by the onset of CAM (Pilon-Smits et al.,
1990). These changes are reversed by light (Winter, 1980; Manetas, 1982). Light quality and
intensity affected the expression of PEPCases mRNA in the absence of, and in response to, NaC1
and absisic acid (McElwain et al., 1992). The affinity for PEP during drought stress does not
change. CAM PEPCase is also activated by G61? and inhibited by L-malate. The inhibition by Lmalate is competitive and shows a cooperative effect with respect to CAM PEPCase activity.

The carboxylase extracted from night leaves has similar specific activity but is less sensitive to Lmalate than the enzyme extracted from day leaves. Wu and Wedding (1987) showed that in C.
argentea the night form is a tetramer and the day form a dimer. Both can be interconverted by
incubation of the enzyme at different pH or in the presence/absence of Mg2 light, PEP or malate
(Wu and Wedding, 1987; Jiao and Chollet, 1991; Cushman et al., 1989). Another mechanism
involved in the interconversion of the day and night forms of PEPCase is phosphorylation of the
enzyme during the night but not during the day (Jiao and Chollet, 1991). Kinetic properties of the
day form could be obtained after incubation of the phosphorylated night form with an unspecific
acid phosphatase. Sulphate is an allosteric activator by binding to the activation (G6P) site of C.
argentea PEPCase (Rustin et al., 1989). It is also a competitive inhibitor by competing with PEP
for similar binding sites (Rustin et al., 1989).

The effect of temperature on the kinetic parameters of PEPCase from C. argentea was such that
both the J'

and K (Mg2 pEp) values tended upwards over the range from 11 to 35°C. The increased

rate at low temperatures due to the low Km is at least partially offset by the increased Vmax at

higher temperatures, leading to a small overall effect of temperature on the PEPCase enzyme
(Chardot and Wedding, 1992). The cooperativity was negative at 11°C, but above 15°C it became
positive. Also above 40°C, considerable oligomerisation took place. Observations that may be
relevant to diurnal regulation of PEPCase activity relate to the effect of night temperature on the
accumulation of the allosteric ligands L-malate and G6P. In both cases low temperatures

(- 10°C)

appear to favour an increased concentration of these metabolites. The high level of malate would
be adequate to ensure that PEPCase activity would be turned off during the day.

1.5

PEPCase

-

A MODEL SYSTEM FOR C4 RESEARCH

The C4 photosynthetic pathway has evolved from ancestors possessing the

C3

pathway (Moore,

1982; Edwards and Walker, 1983; Matsuoka and Yamamoto, 1989). It is possible that

ç

metabolism evolved from the q pathway at a time when atmospheric CO2 were much lower then
present and there was a greater selection pressure for mechanisms which recovered or prevented
large CO2 loss. This molecular evolution of the

C3

photosynthetic pathway remains an outstanding

problem in photosynthetic research.

C4 species have been found in at least 18 different angiosperm. This widespread distribution
suggests that C4 plants have evolved from C3 ancestors many times independently. The
polyphyletic origin of

C3

plants suggests that the changes required to convert a

C3

into a C4 species

must occur quite readily in evolutionary terms. The major enzymes of the C
,cycle (eg: PEPCase,
pyruvate orthophosphate dikinase and NADP-malic enzyme) are present in different metabolic
pathways of C3 plants (Cockburn, 1983; Ting and Osmond, 1973a). The evolution of the isoform
genes in the C4 plants obviously took advantage of a set of already existing genes in the ancestral
C3 plants (Moore, 1982; Cockburn, 1983). Mutations in the coding regions of the

q

ancestor

genes must have occurred to bring about these necessary adaptions. The temporal and spatial
expression patterns of these genes as well as the regulatory properties of the enzymes encoded had
to be changed to meet the special requirements of the

C3

photosynthetic pathway.

Wilson et al., (1977) suggested that the acquisition of new metabolic pathways usually requires
the activities of rate-limiting proteins be increased. Consistent with this view is the observation that
the levels of the C4 isozymes and their corresponding mRNAs are several fold greater than their

q

counterparts (1-lermans and Westoff, 1990). For example, the C4-specific PEPCase isoform in F.
trinervia is encoded by a single gene, the ppcA subgroup of the PEPCase gene family, which is
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abundantly expressed in the mesophyll cells of leaves in response to light (Poetsch et al., 1991;
Yanagisawa and Izui, 1989). The homologous ppcA genes in the C3 plant, F. pringlei are only
weakly expressed and their transcripts levels do not show the strictly leaf-specific accumulation
pattern observed for the C4 genes of F. trinervia and S. bicolor (Hermans and Westoff, 1990;
Cretin et al., 1991). Therefore, mutations which alter the effectiveness of gene expression have
played an important role in shaping the genes towards their function in C3 metabolism. Finally,
cell-specific expression patterns of the C3 isoform genes have been developed, resulting in a strict
cellular compartmentalisation of enzymes imperative for a functional q cycle (Langda!e et al.,
1991).

Sequence comparisons of the C4 and C3 isoform genes within a single C3 species are useful in the
study of evolution. Such studies have been done with S. bicolor (Cretin et al., 1991) and maize
(Kawamura et al., 1990). However, the ancestors of the present C3 and C3 isoform genes within
one angiosperm species may have separated long before evolution towards C4 photosynthesis was
initiated. If this is true then the detectable sequence differences are probably of only limited
diagnostic value for identifying the

4-specific chaiiges which have taken place at both the

promoter and structural gene levels.

On the other hand, closely related species which possess either C3, C3-C 41 or C4 photosynthesis
offer the opportunity to detect C3 isoform genes of the C4 plant (Budde and Chollet, 1986). A
comparative analysis of these pairs of genes should allow detection of sequence differences that are
relevant for the functioning of the genes within the C3 photosynthetic pathway. The genus
Flaveria, a herbaceous American species, is characterised by a wide range of kinetically distinct
C31 C-C intermediate and C4-specific isoforms of the PEPCase enzyme (Tiiig and Osmond,
1973b; Poetsch et al., 1991; Hermans and Westoff, 1990; Rawsthorne, 1992). The 3-C4 isoforms
exhibit photosynthetic and anatomical properties ranging between those of C3 and C4 plants.
(Monson ci' al., 1984; Brown el al., 1991). The Flaveria genus encompasses a wide spectrum of
plants with intermediate photosynthetic characteristics, suggesting that the evolution of g
photosynthesis may still be in progress (Monson and Moore, 1989).

PEPcase is a model system used in the study of C3 photosynthesis. The enzyme is regulated in an
intricate manner and its enzymic properties have apparently undergone considerable change during
the evolution of C3 plants into forms with more complex mechanisms of photosynthetic CO.
assimililation, including CAM plants and C3 species. The cloning and characterisation of mRNAs
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from different isoforms of the Flaveria enzyme show that PEPCase is encoded by a small gene
family (Hermans and Westoff, 1990; Poetsch et at., 1991) which exhibit differential developmental
and tissue-dependent accumulation patterns e.g. the leaf photosynthetic form is rather different
from the root form (Hudspeth et

at.,

1986).

Two representative members of the ppcA subfamilies of photosynthetic F. trinervia (C4) and F.
pringlei (C3)

-

named ppcAl

-

were characterised by southern blotting, nucleotide sequencing and

primer extension analysis. It was found that their deduced proteins including their upstream regions
were very similar (Hermans and Westoff, 1992). This homology provides evidence that the ppcAl
genes share a common ancestor. Only a few c-specific substitutions are found in the proteins.
This suggests that indeed only a limited number of changes are required to determine the Qspecific enzyme properties of PEPCases e.g. cooperative PEP binding site, a higher Km value for
PEP and the higher transcript levels in mesophyll cells of leaves (Bauwe and Chollet, 1986).
Furthermore, the C4 ppcA promoter of PEPCase is essentially homologous to its Q counterpart
(Hermans and Westoff, 1992,) demonstrating that a C3 promoter can be tuned to meet the
requirements of C4 photosynthesis (Rosche and Westoff, 1990). Alterations in bases that may
contribute to differences in expression rates and light regulation were also found.

Isolation and characterisation of cDNA clones of the C PEPCase from the dicotyledonous F.
trinervia have shown that the deduced amino acid sequence has a higher similarity to the CAM
and C3 isoforms of the dicotyledonous facultative CAM plant, Mesembryanthemum crystatlinun
than the C4 PEPCases of monocotyledonous origin (Poetsch et al., 1991).

Another interesting aspect for study is the fact that F. trinervia is a C4 dicotyledon and the species
Neurachne niunroi is a C4 monocotyledon. The question here is, how could plants that have
evolved so long ago from monocots into dicots both evolve separately from C3 to C4 plants?
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CHAPTER TWO
PROJECT OUTLINE
All PEPCase isoforms isolated to date a conserved C-terminal region, and a variable 5' region. The
former containing the active site (Fugita el al., 1984; Kodaki et al., 1985; Hudspeth and Grula,
1989), and the latter, the regulatory domain (Jiaoet al., 1990; Andreo et al., 1987). The 5' region also
contains conserved amino acid residues such as serine, cysteine and histidine indicated in Figure 1.
Regulation of PEPCase occurs at both the transcriptional, and post-translational level. Transcriptional
control primarily involves methylation at the Pvulland Bst NI sites on the PEPCase gene (Figure 1),
whereas post translational modification involves the direct modification of amino acid residues in the
PEPCase protein. For example, the conserved serine residue in the 5' region of the PEPCase gene,
which is associated with PEPCase activation (Nimmo et al., 1987; Willeford and Wedding, 1992),
is phosphorylated in the light leading to the induction of the more active form of the enzyme (Budde
and Chollet, 1986). Phosphorylation also desensitises the PEPCase enzyme to feedback inhibition by
the millimolar levels of malate in the mesophyll cells and protects it against malate inhibition (Terada
et al., 1990).
The conserved cysteine and histidine residues in the 5' region (Figure 1) are apparently important in
the maintenance of the tetrameric structure (Walker et al., 1986), and are thought to be involved in
the binding of the activator, G61? to the enzyme (Wedding et al., 1989). Malate is a known noncompetitive inhibitor of PEPCase but little is known about the binding site.
This honours project examines the relationship between the structure and function of PEPCase, with
respect to G61? activatioii and malate inhibition using isolated cDNA clones from Flaveria trinervia,
a C4 herbaceous species. These clones will be transformed into the ppc mutant of E. co/i PCRI
which is deficient in PEPCase activity. Transformation with plant PEPCase cDNA will complement
the PEPCase deficiency and the enzyme expressed in these PCRI cells can be isolated and
characterised.
There are three main phases in this study: (1) The construction of the deleted inserts and their
corresponding expression vectors; (2) Ligation and transformation of ligated products into PCRI cells;
and (3) Isolation and characterisation of the gene products of the deleted clones.

Figure 1
The primary amino acid sequence of the 5' region of PEPCase fromFlaveria trinervia. (Adapted from Poetsch
etal. 199).
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Two full length PEPCase clones, Clones 5 and 7, were selected for this study. There are two main
reasons for this choice. One, Clone 7 has approximately 5 times the PEPCase activity of Clone 5
(Figure 2), and two, Clone 5 is slightly larger than Clone 7 (by 70-100 bases on the 3' end of the
cDNA sequence). These full length clones will be used to create three new deleted PEPCase inserts
with deletions at the 5' regulatory region. The construction of these deleted 5' inserts involves 3
restriction enzymes: BsmAlwhich cuts the PEPCase eDNA sequence at nucleotide position 477, Bsi
El at nucleotide position 79 and N/ic lat nucleotide position 974, (Figure 1). The first two deleted
inserts will be blunt-end ligated to expression vector, Vector 4.5, which is a Sal Ilinearised pSI4001
vector (Figure 3). The third deleted PEPCase insert (Vhe 1), will be ligated to expression vector, Vector
2.5 which is derived from the pS14001 vector. The new inserts will be 79, 477 and 974 bases shorter
than their full length parents. The smallest deletion removes the serine residue involved in activation
of PEPCase, and the other deletions, remove the cysteine and histidine residues thought to be involved
in the maintenance of the tetrameric structure and the binding of G6P. This deletion also removes the
Pvu II and Bst NI sites thought to be involved in transcriptional regulation.

The deleted inserts will be ligated to expression vectors and transformed into E.coli PCRI cells. The
gene products from the transformants will be isolated and characterised. The enzymic properties of
these truncated proteins will be compared with their full-length "parents" and analysed. These studies
would be used to establish relationships between structure and function in this important

ç enzyme,

and provide insights into the underlying mechanisms of regulation associated with the N terminal
region of the protein.

Biochemical analysis of the deleted PEPCase clones will focus on the role and function of malate and
G6P on enzymes regulation and catalysis and to identify areas in the N terminal region of the protein
that might be related to the binding sites of such modulators. Some of the more pertinent questions
are: how is the binding of G6P affected? Is G6P activation of PEPCase affected? Does malate still
have any effect oii the deleted clones, and if so, what type? Does pH affect the deleted enzymes
affinity for PEP and activity?

Although it is outside the scope of this study, the deleted clones could potentially be used to examine
some of the following questions: Is the tetrameric structure of the enzyme affected by the deletions?
How is light activation affected by the removal of the serine phosphorylation site? Is transcriptional
methylation affected at the Pvu II and Bs1 NI sites? and how is the 3D structure of the enzyme
affected by the deletion?

Figure 2
PEPCase activity of the Full Length Clone 5 and the Full Length Clone 7 from Flaveria trinervia in response
to varying PEP concentrations (0-5mM) at pH 8.0 and 30°C. Reaction mix contained 20% Glycerol, 100mM
Tris, 10mM MgCl2, 10mM KHCO3 , 0.1mM NADH and 4U of MDH: Legends:
Clone 5 and
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Figure 3
Size of PEPCase clones in respect to their orientation in the pSI 4001 expression vector.
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Answers to some of these questions will provide useful insight into the elucidation of the relationship
between the structure and function of this very important enzyme.
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CHAPTER THREE
MATERIALS AND METHODS

3.1

EXTRACTION OF PLASMID DNA FROM E. coli

This protocol yields about 100tg DNA per preparation and the isolated DNA can be used directly
for restriction digestion.

3.1.1

Cell Culture and Lysis

Two cDNA PEPCase clones (Clones 5 and 7) were used for this study. Both clones contain a fulllength cDNA insert and have functional PEPCase activity which complemented the PEPCase
deficiency in the host E. co/i PCR1. The PEPCase activity determined in clone 7 is about 3-fold
higher than that of clone 5. Both clones exhibit normal growth when cultured on Minimum Media
(Appendix A).

A single colony from an LB plate (+ 50tg/ml Amp) was used to initiate culture of Clones 5 and 7
in 100 ml of LB (+ 50 tg/ml Amp ). The culture was incubated overnight at 37°C shaking at
300rpm. The cultures were harvested into a 250 ml flask and spun for 15 min at 4°C in a Beckman
Refrigerated J2-21M/E Centrifuge (6000 x g; 8000rpm; rotor 14). Cells were then resuspended in 2
ml of solution I (50mM glucose, 25mM Tris-HCI; pH 8.0 and 10mM EDTA), left for 5 min at
room temperature and then put on ice in 50 ml tubes. 4 ml solution 11(1% SDS and 0.2 N NaOH )
was added to the 250 ml bottle and the wash transferred to the pellet fraction. The solution
was2424 mixed and left on ice for 30 mm. 3 ml of solution III (a mixture of 3m1 of 7.5M KAC
and 2m1 of 100% HAc) was added and the solution left on ice for 5 mm. The solution was then
centrifuged for 20 miii at 4°C using the Beckman Refrigerated J2-21M/E Centrifuge (17500 x g;
15000rpm; rotor 20), and the supernatant carefully removed. 22 ml of absolute ethanol was added
to the supernatant, the solution then mixed and left on ice for~! 30 mill. The DNA was pelleted by
centrifuging, as above, for 20 min at 4°C. The supernatant was then removed, and the tube
inverted to drain all fluid. The pellet was resuspended in 0.5 ml TE (pH 8), with 0.5 ml 5 M
ammonium acetate being added as well. The solution was left on ice for ~! 30 min and then
centrifuged for 10 min in a microfuge at 4°C.
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3.1.2

Ethanol Precipitation of Plasmid DNA

The supernatant was removed and transferred to 3 eppendorf tubes supplemented with NaCl to a
final concentration of 1 .OM. 2.5 volumes of absolute ethanol was added to each tube, mixed
gently and left on ice for ~! 30 min. The pellet was then recovered by centrifuging for 15 min at
4°C in a microfuge. 1 ml of 70% ethanol (-20°C) was added to the DNA pellet and the solution
recentrifuged for a further 2 mm. The pellets were dried in a vacuum centrifuge for 5 min and
resuspended in 50tl TE (pH 8.0)

.

The resuspended DNA was subsequently pooled (total of

150tl).

3.1.3

Removal of RNA from Plasmid DNA

5tl of RNase A (51-ng/mi) was added to the above DNA solution (150tl) and the mixture
incubated for 20 min at 37°C. An equal volume of phenol/chloroform was then added and the
mixture vortexed for 2 mm. After then centrifuging the mixture for 2 min,the upper phase was
transferred to a new tube. DNA was precipitated with 2.5 volumes of absolute ethanol, and then
washed in 70% ethanol. Extracted DNA was resuspended in lOOp] TE (pH 8).

3.1.4

Determination of DNA Concentration and Purity

An aliquot of DNA (ipi) was added to 999il H20 in a quartz cuvette and the absorbance
determined at 260 urn and 280 nm spectrophotornetricaily. The DNA concentration was determined
as follow: [DNA] in prepn

=

A260 x 50 x 1000 jig/mI
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The A260/A280 was used to give an indication of DNA purity. A value > 2 indicates high RNA in
the DNA preparation and a value < 2, high protein.

3.2

CONSTRUCTION OF DELETED cDNA PEPCase INSERTS

The restriction enzymes Bsni AL Bsi EL Nhe I and Nde I (Appendix A) were used to cut the
PEPCase plasmid DNA containing the full length cDNA insert (from Clones 5 and 7) in the 5'
region. This would create cDNA inserts of varying lengths ( Figure 3). Bsm Al cut the PEPCase
cDNA at nucleotide position 477,

Bsi El at nucleotide position 79 and Nhe I at nucleotide

position 977 (Figure 1 and 3). The cloning strategy adopted for the construction and ligation of

IT
vectors and eDNA PEPCase inserts are briefly summarised in the following table

PEPCase Clone

PEPCase Insert*

Expression vector

Deleted Clone 5 and 7

Deleted Bsm Al insert

Vector 4.4

Deleted Clone 5 and 7 N/ic I

Deleted Nhe I insert

Vector 2.5

Deleted Clone 5 and 7 Bsi El

Deleted Bsi El insert

Vector 4.4

Bsm Al

The DNA sequence for the vector is available from Dr. KC Woo and that for the PEPCase eDNA
is obtained from published literature (Poetschet al. 1991)

*

The only Sal I site in the plasmid is located in the deleted PEPCase insert. Hence a double

digestion using each of the above restriction enzymes (ie. Bsi El, Bsm Al and Nhe I) with Sal I
would identify this deleted insert.

3.2.1

Deleted Bsm Al Insert

The plasmid DNA isolated from Clones 5 and 7 (containing the cDNA PEPCase insert) was
261ncubated with the restriction enzyme Bsni Al (Figures 4a and 4a1). The reaction mixtures (see
Appendix B for details) were incubated at 55°C for 2 Ii and the reaction terminated by adding
EDTA (Appendix A) to a final concentration of 20 mM. The DNA was extracted by
phenol/chloroform

,

ethanol precipitation, and the DNA resuspended in 27111 HO for blunt-ending

of the 3' overhangs.

3.2.2

Deleted Nhe I Insert

The plasmid DNA isolated from Clones 5 and 7 ( containing the eDNA PEPCase insert) was
incubated with the restriction enzyme Nhe I (Figures 4b and 01). The reaction mixture (see
Appendix B for details) were incubated at 37°C for 2 h and terminated by heat inactivation above

Figure 4a
Construction and isolation of the Deleted Bsm Al PEPcase insert (3.1kb)
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Figure 4a1
Digestion of the PEPCase plasmid with Bsm Al and Sal Ito show the correct fragment with the Deleted
Bsm Al insert, which was subsequently isolated. Lane 1: Clone 5 cut with Bsm Al; Lane 2: Clone 5 cut with
Bsm Al

+ Sal I.
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Figure 4b
Construction and isolation of the Deleted Nhe I PEPCase insert (2.6kb)
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70°C for 10 miii. DNA was extracted by phenol/chloroform, ethanol precipitation and finally
resuspended in I 52p1 H20 for the filling-in of the 5' Nhe I overhangs

3.2.3

Deleted Bsi El Insert

The plasmid DNA isolated from Clones 5 and 7 ( containing the cDNA PEPCase inserts) were
incubated with the restrictioii enzyme Bsi El (Figures 4c and 4c1). The reaction mixtures (see
Appendix B for details) were incubated for 2 Ii at 55°C and the reaction terminated by adding
EDTA (to a final concentration of 20 mM). DNA was extracted by phenol/chloroform, ethanol
precipitation and then resuspended in 27ji1 H20 for the blunt-ending of the Bsi El 3' overhangs.

3.2.4

Blunt-ending of the Bsm Al 3' Overhangs

Bsm Al leaves 3' overhangs as shown below:
5'
nnnn
Gnnnnn

3'
nnnnnG
nnnn

t Digestion with T4 Polymerase
5'

3'

nnnn

nnnn

nnnn

nnnn

The 3' overhangs generated by Bsm Al are not compatable to the Sal I overhangs of Vector 4.4
(described in Section 3.3.3). Consequently, the 3' overhangs had to be blunt-ended (Figure 4a).
Both Kienow and T4 DNA polymerase (Appendix A) exhibit a 3'5' exonuclease activity that can
be used to remove protruding nucleotides from the 3' overhangs. Both enzymes lack a 53'
exonuclease activity and carry a 5'=3' polymerising activity. Despite its higher cost, T4
Polymerase is generally preferred for removal of protruding 3' termini because its 3' exonuclease
activity is 200-fold more active than that of Klenow and was therefore used to remove theBsi El
3' overhangs.

T4 DNA Polymerase and the plasmid DNA (Appendix B) were incubated for 5-10 inin at 37°C
then at 70°C for 10 miii to terminate the reaction.

Figure 4c
Construction and isolation of the Deleted Bsi El PEPCase insert (3.1kb)
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Double restriction digest with Bsi El and Sal Ito show the correct fragment with the Deleted Bsi El insert.
Lane I: Clone 5 cut with Bsi El; Lane 2: Clone 5 cut with Bsi El + Sal I.
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3.2.5

Fill-In of the N/ic I 5' Overhangs

5'

3'

CTAGC

G
G

CGATC

t

Incubation with Klenow

3'

5'
CTAGC

GCTAG

GATCG

CGATC

Digestion of the Full Length plasrnid cDNA with

Nhe I causes linearisation of the plasmid

(Poetsch et al., 1991). Since the 5' overhangs generated by Nhe I are not compatible to the Sal I
/Nde I overhangs in Vector 2.5 (described in Section 3.3.4), the 5' overhangs were filled in with
Klenow (Figures 4b and 01). The reaction (Appendix B) was incubated at 37°C for 30 min and
terminated by heating to 70°C for 10 mm. DNA was extracted with phenol/chloroform, ethanol
precipitation and then resuspended in 32tl I120 for digestion with Nde I (Section 3.2.7).

3.2.6

Blunt-ending of the 3' Bsi El Overhangs

Bsi El leaves 3' overhangs which are not compatible to the Sal I overhangs of Vector 4.4
(described in section 3.3.3). As a result, the 3' overhangs were blunt-ended with T4 DNA
Polyrnerase (Figure 4c). Incubation of the plasmid and T4 DNA Polymerase was at 37°C for 5-10
min and terminated by heating at 70°C for 10 miii.

5'

3'
CGry

y rGC

[tIS

U Digestion with T4 DNA Polymerase.
5'

3'

CG

CG

GC

GC
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3.2.7

Digestion with Nde I of the blunt-ended Nhe I PEPCase plasmid

Nde I (Appendix A) does not cut the PEPCase eDNA sequence (Poetsch et al. 1991) but has a
unique restriction site (nucleotide position 2334) on the pSI4001 vector. This site is 450 bases
from the

3'

end of the PEPCase insert (Figure 4b), and would produce a large fragment that could

easily help to isolate the Nhe I deleted PEPCase insert from the rest of the plasmid. The PEPCase
plasmids were incubated with this enzyme (Appendix B) at 37°C for 2 h and the Nde I enzyme
was inactivated by heating at 70°C for 10 min. The Nhe I deleted insert was isolated on a low
melting gel (Section 3.2.8)

3.2.8

Gel Electrophoresis of Deletion Products of the Bsm Al, Bsi El and
N/ic I/Nde I Digestions

1 jil of loading buffer was added to every 5j.tl of DNA of the reaction volume at the end of the
treatment with restrictions enzymes, Klenow or T4 Polymerase. The mixtures were centrifuged for
2 s in a microfuge and the samples (12pi) loaded onto a 1.0% low-melting agarose gel. Eco RI/
Hind III X DNA was used as the molecular weight marker. Gel electrophoresis was carried out at
40 Volts for 3 Ii.

The appropriate fragments from the Bsm Al (3.1kb), Bsi El (3.1kb) and the Nhe I /Ndel digestions
(2.6 kb) were selected, excised from the gel and placed into labelled microfuge tubes. The excised
gels were heated to 70°C for 15 miii, TE (pH 8) added to a final volume of 400pi and the DNA
extracted by phenol/chloform and ethanol precipitation. The DNA was then resuspended into 10111
water, ready for ligation to Vectors 4.4 and 2.5 (Section 3.4).

3.3

CONSTRUCTION OF EXPRESSION VECTORS 4.4 AND 2.5

Procedures for the isolation and purification of pSI4001 vector DNA fromE. co/i were described
in the section 3.1. The pS14001 vector DNA was resuspended in 100111 TE (pH 8). The
concentration of the isolated vector DNA was approximately 0.21.tg DNA/pi solution.

'Ill
3.3:1

Sail digestion of pSI4001

The pSI4001 vector was was digested with restriction enzyme Sal I which cuts at nucleotide
position 368 (Figure 5). Restriction digest (see Appendix B for details) was performed at 37°C for
2 h and terminated by heating at 70°C for 10 miii. The DNA was extracted with
phenol/chloroform, ethanol precipitation, and the DNA resuspended in lOOp] I-10 for the
subsequent fill-in of the 5' Sal I overhangs.

30min and then terminated by heating at 70°C for 10 mill. DNA was extracted with
phenol/chloroform

,

ethanol precipitation and then resuspended in 100tl 1-0

.

This volume was

subsequently divided into two fractions: (a) an aliquot of 70p] (4tg DNA) for construction of
Vector 4.4 for ligation to the Bsrn Al and Bsi El Deleted PEPCase inserts (Figure 5); and (b) an
aliquot of 30p1 (2tg DNA) for construction of Vector 2.5 for subsequent ligation to the Nhe I
Deleted PEPCase insert (Figure 5).

3.3.2

Blunt-ending of Sal I pSI4001 Vector

Digestioii of the pSI4001 vector with Sal I gave a linearised fragment of 4.4 kb long with
overhangs on the 5' ends ( Figure 5.1).
5'

3'
TCGAC

G
G

CAGCT

The above overhangs were blunted with Klenow as they were not compatible to the 3' and 5' ends
of the inserts (Appendix A). The digest (see Appendix B for details) was iiicubated at 37°C for 3.3

3.3.3

Construction of Vector 4.4

T4 DNA ligase (Appendix A) catalyses the formation of a phosphodiester bond between adjacent
nucleotides only if one nucleotide contains a 5'-phosphate group and the other a 3'-hydroxyl group.
Recircularization of plasmid DNA can therefore be niinimised by removing the 5-phosphates from
both termini of the linear DNA with Calf intestinal alkaline phosphatase (CIP; Appendix A).
However, the PEPCase insert with 5-terminal phosphates can be ligated effeciently to the
dephosphorylated pS14001 vector DNA to give an open circular molecule containing two nicks.
These nicks are repaired after the hybrids have been introduced into competent bacteria. Because

Figure 5
Construction of the expression Vectors 4.4 and 2.5 from pSI 4001.
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circular DNA transforms at 5-fold more efficiently than linear plasmid DNA, most of the
transformants will contain recombinant plasmids (Sambrooket al. 1989).

Fraction (a) from section 3.2.2 was digested with the enzyme CIP to remove the 5'-phosphate of
the vector (see Appendix B for details) so as to increase the chance of obtaining the correct
product in the blunt-ended ligation. The reaction mixture was incubated for is min at 37°C before
another 6tl of CIP was added to the mixture and incubated for a further 45 min at 55°C. On
completion of digestion, DNA was extracted with phenol/chloroform and resuspended in 15t1 I-0.
The expression vector -Vector 4.4 (Figure 5a),

was now ready for ligation to the PEPCase

fragments digested with Bs,n Al and Bsi El (Section 3.4.)

3.3.4

Construction of Vector 2.5

Fraction (b) from Section 3.2.2 was disgested with Nde I to produce sticky Nde I overhangs (see
Appendix B for details). Digest was incubated for 2 hours at 37°C and the reaction terminated by
heating at 70°C for 10 in in. The two fragments (2.5 kb and 1.9 kb) of the Sal I/Nde I digested
DNA were then separated on a 1.0% low-melting gel as outlined in Section 3.2.8. The larger
fragmeiit of 2.5 kb was identified and isolated (Figure 5). The vector -now known as Vector 2.5
(Figure 5.a). was resuspeiided in iSp] H20 for ligation to the Nhe I/Nde IPEPCase insert (Section
3.4.2).

3.4

CLONING

3.4.1

Ligation of Vector 4.4 to the Bsm Al and Bsi El Inserts

DNA molecules can easily be blunt ended and ligated to each another. However, ligation of bluntended termini is a comparatively ineffecient reaction and requires high concentration of the bluntended termini. The formation of phosphodiester bonds between adjacent 5'-phosphate and 3'hydroxyl residues can be catalyzed in vitro by two different DNA ligases -E. coli DNA ligase and
bacteriophage T4 DNA ligase. For virtually all cloning purposes, bacteriophage T4 DNA ligase is
the enzyme of choice because it will join blunt-ended DNA fragments effeciently under normal
reaction conditions. Thus in the following ligation reactions: i.e. PEPCase cDNA inserts cut with
both Bsm Al and Bsi El (which both have blunt 3' and 5' ends) and the linearised Vector 4.4 which
also has a blunted Sal I site at both the 3' and 5' ends, T4 DNA ligase was employed to carry out

Figure 5a
Prepared expression vectors for ligation to the deleted PEPCase inserts. Lane 1: Vector 4.4 for ligation to the
Bsrn Al and Bsi El Deleted PEPCase inserts; Lane 2: Vector 2.5 for ligation to the Nhe I Deleted PEPCase
inserts.
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the ligation reactions ( Figures 6a, 6a1, 6c and 6c1). Appropriate controls were set up (Appendix
B) to ensure the ligation reaction worked, and if it didn't, give a possible reason why.

3.4.2

Ligation of Vector 2.5 to the Nhe liNde I Digested cDNA PEPCase Plasmid

The Vector 2.5 used in this ligation mixture has one blunt Nhe I end and one sticky Nde I end.
The Vector 2.5 should therefore bind to the PEPCase insert which has a blunted Nhe lend and a
sticky Nde I end. T4 DNA ligase was again employed to carry out the ligation reaction (Appendix
B). Two controls were also set up, ligation of the deleted insert itself and ligation of Vector 2.5 by
itself.

All the above ligation reactions (Figure 6b1), were incubated overnight at 15°C and stored in the
freezer (-80°C) until transform ation.

3.5

TRANSFORMATION OF E.coli

3.5.1

Preparation of Competent PCR1 Cells

The preparation of competant PCR I cells and their subsequent transformation is per the instruction
manual for the Gene Pulser (Biorad) pages 20-21. IL of LB was innoculated with with 1/100
volume of PCRI cells . This strain of E. coli lacks PEPCase activity and requires glycerol as a
carbon source owing to the defect in the PEPCase gene (Izui et al., 1986). The cells were grown at
37°C, with vigorous shaking to an AS600 of 0.5 to I. In some cells, the growth phase at which
the cells are harvested is related to their competence in electrotransformation. The period of
greatest competence for E. co/i is early to mid log phase (this takes approx. overnight), with a
significant reduction as the cells move into late log.

To harvest the cells, the flask was put on ice for 15-30 mm, centrifuged for 15 min at 4°C using
the Beckman Refrigerated J2-21M/E centrifuge (2500 x g;400rpm;rotor 20). Each pellet was
resuspended in a total of 1L of distilled water (reduces ionic strength of cell suspension), and spun
at 2500 x g. The pellet was then resuspended in 0.5 L of water and spun at another 2500 x g. The
pellet was resuspended in 20 ml of IO% glycerol and spun once more at 2500 x g. Finally, the
pellet was resuspended to a final volume of 2-3 ml in 10% glycerol which was divided into
aliquots of 50tl on a mixture of ethanol and dry ice which was stored at -70°C.

Figure 6a
Construction of the Deleted Clone Bsm Al by blunt-ended ligation of the Deleted Bsm Al insert and
Vector 4.4.
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Figure 6a1
Vector 4.4 and the Deleted Bsm Al PEPCase inserts from Clones 5 and 7 ready for ligation. Lane 1: Deleted
Bsm Al PEPCase insert from Clone 5; Lane 2: Vector 4.4; Lane 3: Deleted Bs,n Al PEPCase insert from

clone 7.
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Figure 6b
Construction of the Deleted Clone Nhe I by blunt-ended and Sticky-ended ligation of the Deleted Nhe I insert
and Vector 2.5.
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Figure 6b1
Vector 2.5 and the Deleted Nhe I PEPCase inserts from Clones 5 and 7 ready for ligation. Lane 1: Deleted
Nhe I PEPCase insert from Clone 5; Lane 2: Vector 2.5; Lane 3: DeletedNhe I PEPCase insert from clone 5.
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Figure 6c
Construction of the Deleted Clone Bsi El by blunt-ended ligation of the Deleted Bsi El insert and
Vector 4.4.
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Vector 4.4 and the Deleted Bsi El PEPCase inserts from Clones 5 and 7 ready for ligation. Lane 1: Deleted
Bsi El PEPCase insert from Clone 5; Lane 2: Vector 4.4; Lane 3: Deleted Bsi El PEPCase insert from
clone 7.

1 3
1MW Marker

21 Rb

5.1kb
4.9kb
4.2kb
2.0kb
1.9kb
1.5kb
I.3kb

4.4kb
3. lkb

33

3.5.2

Electro-transformation

Aliquots were thawed prior to electroporation and placed on ice. In a cold, 1.5 ml polypropylene
tube, mix 40tl of the competent PCRI cells with 1-2p.l of each ligation mix (The greater the
concentration of DNA, the greater the frequency of transformants). This was mixed well and left
to sit on ice for approximately 1 miii. Transfer each mixture of cells and DNA to a cold 0.2 cm
electroporation cuvette, shake to spread cells over the bottom of the cuvette. The cuvette was
placed in a pre-chilled safety slide and placed betwen the contacts in the base of the chamber.
Samples were electroporated with the Geiie Pulser (Bio-Rad) appartus at 25tF and 2.5 kV, and the
Pulse Controller set to 200 Q 1 ml of SOC (Appendix A) was added to the cells in the cuvette
.

and quickly resuspended. The cell suspension was then transferred to a falcon tube for recovery of
transformants and placed in incubator and shaken at 37°C for lhr (at 225 rpm). Each of the
transformation mixtures was plated on minimal media agar (Appendix A) containing 50 ig/ml
Amp and placed in a 30°C incubator over 2 nights. Colonies were then counted on each plate.
3.5.3

Phenol cracking

Transformants were selected from the minimal media plates with a tooth-pick and transferred to a
tube containing 20tl 20 mM Tris-HCI and 0.1 M NaCl, pH 8. Picked colonies were also plated out
on a grid on LU plates (Appendix A) and incubated at 37°C. 20tl of buffered phenol/chloroform
was added to each tube, vortexed fro 2 rnin and spun at top speed for 5 minutes in a micofuge.
lOpi of the upper phase was removed and the DNA separated oii 0.75% agarose gel at bOy for
60 inin. Plasmid (supercoiled) was identified for each colony. Colonies with the expected inserts
were selected and cultured. Plasmids containing the deleted PEPCase inserts Bsrn I and Bsi I
were 7.5 kb and ran as 5 kb supercoiled bands. In coiitrast, plasmids containing the deleted Nhe I
PEPCase insert were 5.1 kb and raii as 3.6 kb supercoiled bands. Colonies containing these inserts
were selected and cultured overnight in minimal medium. DNA was isolated from a S ml culture
(Section 2.1) and used for restriction mapping ('Sal I and Eco RI) to confirm the size of the deleted
PEPCase insert.
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3.6

CONFIRMATION OF THE NEW DELETED CLONES

3.6.1 Restriction Digests of Deleted Clones 5 and 7, Nhe I

Transformaiits for the deleted Nhe I and Bsi Al clones were identifed and the DNA of these
transformants were extracted and purified by the protocol listed in Sectioiis 3.1. Confirmation of
the Nhe I clones were achieved by digestion with Sal I. Since the the unique Sal I site in the
pSI4001 vector was blunted, the remaining Sal I site is present in the deleted PEPCase Nhe I insert
with 974 bases removed (Fig 3 ). A simple digestion with this restriction enzyme was carried out
to confirm that the deleted plasmid DNA contained the expected PEPCase insert (see Appendix B
for details).
Restriction digest was carried out with Sal I at 37°C for 2 Ii and stopped by heating at 70°C for 10
mm. The digestion products were separated on 0.7% agarose gel to see if in fact Sal I had
linearised the new deleted plasmid. The size of the linearised fragment was in fact:

Deleted Nhe Insert (2.6kb) + Vector 2.5 (2.5kb)

=

5.1kb

A restriction digest was also carried out with EcoRl which has a unique site on the Vector 2.5 used
in the ligation of the Nhe I deleted clones. This restriciton enzyme was also expected to linearise
the new PEPC plasmid.

3.6.2

Restriction Digests of Deleted Clone 7 Bsi El

Similar tests were carried out for the deleted Clone 7Bsi El (Appendix B).
The size of the resulting plasmid was

Deleted Bsi El insert (3.1 kb) + Vector 4.4 (4.4 kb)

=

7.5 kb
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3.7

EXTRACTION OF THE ENZYME FROM E. co/i

3.7.1 Protein determination

Protein of cell extracts of PEPCase clones was determined at 750 nm spectrophotometrically using
the method of Lowry et al., (1951). The cell extracts were desalted through Sephadex G25 (3 cm
column) to remove DTT and then used directly for protein assay. DTT interferes with the protein
assay. BSA (0-300 ug protein) was used as standards (Figure 7). 25-5Op] cell extract from each
clone was used for protein assay. The protein concentration of the extract (mg/jil extract) was then
used for determining the PEPCase activity in the sample (in nmol NADH oxidised/mg
protein.min).

3.7.2

Measurement of enzyme activity

There are a number of different ways to measure the activity of PEPcase in a sample, the use of
radioactive bicarbonate as a substrate; the measurement at 272 nm of the formation of OAA
(Jones et al., 1978), the determination of P production (Walkeret al. 1986a), or a coupled enzyme
assay using malate dehydrogenase (Angelopoulos et al. 1988). The radioactive bicarbonate method
was not used because of cost. However, it is very sensitive and could be useful in measuring
PEPCase clones with little activity. Other methods which include the measurement of the formation
of OAA (at 272 nm) and the determination of P1 production were not very sensitve for measuring
the PEPCase clones in this study as the activity was relatively low in some of the deleted clones.

The PEPCase activity of the clones examined in this study were determined using the coupled
enzyme assay:

PEP + CO2

PEPCase + Mg 2+
==================

OAA + NADH + H

OAA

===============-

+

P

malate + NAD

MDH

The reaction is monitored spectrophotometrically by measuring the decrease in absorbance at
340nm as NADH is oxidised (Figure 8). A disadvantage of the coupled enzyme assay is that OAA
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Showing the general trace obtained from a PEPCase assay, and the calculation of PEPCase activity from the
change in absorbance at 340nm. Each PEPCase assay was substrate initiated.
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is known to spontaneously decarboxylate (Meyer et al., 1988) and as a result can give an
underestimation of the PEPCase activity. To counteract this, lactate dehydrogenase can be used in
the assay (Meyer et al., 1988). However, if there are a significant number of phophatases in the
sample an overestimation of total PEPCase activity can occur (Smithet al., 1989). Since extracts
assayed in this project were not highly purified and were therefore likely to contain a high
proportion of phosphatases, lactate dehydrogenase was not used. Rather the coupled assay using
malated dehydrogenase was used. This is a very common assay and is widely used by researchers.
It is simple and cost effective and provides a fairly accurate estimate of the enzyme activity present
in the extract.

Regardless of the assay method, it is crucial to take into consideration the liability of the enzyme
in dilute solutions. In such solutions, PEPCase activity is stabilised by PEP, Glycerol, G6P and
some osmolytes; therefore the composition of the diluting medium could effect the activity
measured afterwards. Consideration must be taken into account whether the substrate or enzyme
has been added first as variabilities do occur. Angeopoulos et al., (1988), recommends an enzyme
initiated assay because the PEPCase enzyme rapidly loses actvity due to dilution. However, this
problem could be minimised by including glycerol (refer to section 1.4.5) in the extraction and
assay media. In which case a subsrate (PEP) initiated assay can be used without much problem
(Figure 8). This is the method adopted in this study. Another reason for using the substrateinitiated reaction is that it allows an accurate measure of the background rate derived by the
oxidation of NADH by endogenous dehygenases commonly present in cell extracts.

The assay employed in this study contains (in a total volume of 1.2 ml) the following: 100 mM
Tris-H2SO4 (pH 8.0), 10mM MgSO4, 10mM KHCO1 and 20% glycerol. In each case, malate
Dehydogenase (4 U, MDH) and 0.1mM NADH were also added. The assay was normally carried
out at saturating PEP (2.5 mM).
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The PEPCase activity in the cell extract was calculated in nmol NADH oxidised/mg protein.min.
The rates were determined using the Beer-Lainbert Absorbtion Law:
Rate

A

Abs at 340nm.

mind

x volume of assay (ml)

x 1000

------------------------------------------------------------------------

x

Irig protein/pi x volume of enzyme extract (100tl)

where:
FINADII

=

Extinction coeffecient of NADH

assay volume (ml)
volume of extract

=

6.22 mM'.cm 1

1.2m1

=

(50-100p.l)

=

All assays requiring the determination of kinetic parameters were done in triplicates per cell extract
and normally three different cell extracts were used for each experiments.

For convenience, all the absorbance measurements in the experiments for each extraction are
multiplied by a constant (k) in order to provide a ready and quick comparison between and within
sets of data (and clones). This constant was calculated in the following way:

K

=

volume of assay (ml)
-------------------------------

x mg protein/tl extract

PEPCase Activity

=

Kx

(b-a)

x 1000

nmol/rng protein.rnin

---------------------------

volume of extract used

3.7.3

Determination of K 11 and

The kinetic parameters,

iç

max

and Viiiax were determined by the Lineweaver and Bourke analysis.

A computer program was developed by S Shanahan (NTU) for the determination of the above
kinetic parameters. This program is based on a weighted linear regression analysis described by
Wilkinson (1963). The values of K.

GGP

and K nalate were determined in a similar manner.

CHAPTER 4
RESULTS AND DISCUSSION
CONFIRMATION OF DELETED CLONES
4.1

PHENOL CRACKING

After transformation into PCRI (sections 3.5.1 and
plates, supplemented with

50igIml

3.5.2),

colonies that grew on the selecting Minimal Media

Amp, were counted (Table I). The results showed only

5 colonies on the Deleted Clone 5 Bsm Al plate ( 2 colonies on control ), 4 colonies on the Deleted Clone
7 Bsm A/plate (3 on control ), 36 and 108 colonies on the Deleted Clones 5 and 713si El

plates respectively,

76 and 65 colonies of cells on the Deleted clones 5 and 7Nhe / plates respectively.
The plasmid DNA from each of the above colonies was isolated and sized by the phenol cracking technique.

( Section

3.5.3).

This technique helped to identify and isolate one colony of the Deleted Clone Bsi El, one of

the Deleted Clone 7 Nhe / and 5 of the Deleted Clone 5 Nhe I. No Bsm Al clones were discovered. The clones
identities were subsequently confirmed by restriction mapping.

Thus 3 putative deleted PEPCase clones were obtained: Deleted Clone 7Nhe I; Deleted Clone

7

Bsi El and

Deleted Clone S Nhe I.

4..2

RESTRICTION DIGESTS

Plasmid DNA was extracted from the 3 new deleted clones as outlined in section 3.1, and restriction digests
made using the enzymes Sal I

and Eco RI to give secondary confirmation of the Deleted PEPCase clones.

These restriction enzymes were selected as there is only one Sal / site in the PEPCase insert of the PEPCase
and only one Eco RI site in the expression vector of the PEPCase plasmid. (Figure 3). Hence digestion with
each of these enzymes should give linearised fragments which would show that both the vector and insert are
present in the plasmid

Plasmid DNA of the putative Deleted Clone 7 Bsi El was incubated with Eco RI and Sal I. A 7.5 kb fragment
was obtained in each of the digestion, which confirmed that the insert contains the DeletedBsi El ( Figure 10).
Similarly, digestion of the proposed Deleted Clones S and 7 Nhe I with Sal / and Eco RI also gave linearised
fragments 5.1kb long, which was the expected length (Figure 11).
These results confirmed that the isolated clones contained the Deleted PEPCase inserts. These deleted clones
and the original full length clones were used in the subsequent study to examine the relationships between
structure and function of the PEPCase enzyme.

Table I
Number of transformants that grew on the minimal media plates + Amp.

Ligation Mix

Transformants (colonies)

I

Clone 5

Clone 7

36

108

Control : Deleted Bsi El insert only

3

4

Control : Vector only

2

2

76

65

Control : Deleted Nhe I insert only

3

2

Control : Vector only

2

2

5

4

Control : Deleted Bsin Al insert only

2

3

Control : Vector only

2

2

Deleted Bsi El insert

Deleted Nhe I insert

+

+

Deleted Bsrn Al insert +

Vector

Vector

Vector

Figure 9
Assaying for transformants that contained the Bsi El Deleted PEPCase plasmid by Phenol Cracking. Lane 10:
Colony of cells carrying the Deleted Clone 7 Bsi El PEPCase plasmid (supercoiled).

Colony containing
Deleted Bsi El plasmid

Figure 10
Confirmation of the Deleted Clone Bsi El.

Lane 1:Deleted Clone 7 Bsi El cut with Sal I ; Lane 2: Deleted

Clone 7 Bsi El cut with Eco RI; Lane 3: Full Length Clone 7 cut with Eco RI; Lane 4: Deleted Clone 7 Bsi
El uncut DNA; Lane 5: Full Length Clone 7 uncut DNA;

MW Marker

7.5kb
6.1kb

2.Ok

3k

Figure 11
Confirmation of the Deleted Clone 5 Nhe I and the Deleted Clone 7Nhe I. Lane 1: Full Length Clone 7 uncut
DNA; Lane 2: Deleted Clone 7 Nhe I uncut DNA; Lane 3: Deleted Clone 5 Nhe I uncut DNA; Lane 4: Full
Length Clone 7 cut with Eco RI; Lane 5: Deleted Clone 7 Nhe I cut with Eco RI; Lane 6: Deleted Clone 5
Nhe I cut with Eco RI;
with Sal I.

Lane 7: Deleted Clone 7 Nhe I cut with Sal I;

Lane 8 Deleted Clone 5 Nhe I cut
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CHAPTER 5
RESULTS
CHARACTERISATION OF PEPCase CLONES

The biochemical properties of PEPCase isolated from the deleted clones, Deleted Clone 5 Nhe I,
Deleted Clone 7 Nhe I and Deleted Clone 7Bsi El were determined and compared to the PEPCase
from the Full Length Clones 5 and 7. The properties examined include catalytic activity, affinity to
PEP and the response to pH, G61? and malate.

5.1

RESPONSE TO pH

The response of PEPCase in 5 clones to varying pH (7.0-8.0) is shown in Figures 12a and b. All
clones, full length and deleted, had a p1-I optinlUrn of 7.6. Similar results were obtained by Wedding
et al. (1989) and Stamitakis et al. (1988) with PEPCase from plant extracts.

The enzyme from Clone 7, full length or deleted, appeared to be more responsive to pH changes, than
all the clones from Clone 5. The PEPCase activities of the Full Length Clones 5 and 7 measured at
pH 7.6 were about 50 and 250 nmol/mg protein. miii respectively (Figure 12a). In contrast, the deleted
clones had approximately 1/5 of the activity of their respective full length clones (Figure 12b).
Furthermore, the results indicate that the Deleted Clone 7 Nhe I was more sensitive to low pH than
the Full Length Clone 7(Figures 12a and b). In addition, since the same cloning vector was used for
the Deleted Clone 5 Nhe land Clone 7 Nhe I, the differences in PEPCase activity observed between
these deleted clones may well reflect intrinsic differences in the 3' coding regions of the two full
length clones.

5.2

RESPONSE TO PEP

The response to varying PEP concentrations (0-5 mM) was studied at the pH optimum, 7.6. For all
clones, increasing PEP concentration increased PEPCase activity (Figures 13a and b). At 2.5mM
PEP, Deleted Clone 5 Nhe I had a PEPCase activity of 8 nmol/mg protein. miii compared to a value
of 40 nmol/mg protein.min for Deleted Clone 7 Nhe I. The respective full length clones had rates
of 50 and 220 nmol/mg protein respectively. Thus, the relative decline in the activities of these 2
deleted clones compared to their full length counterparts is similar.

Figure 12a
Effect of pH (7-8.0), on the activity of PEPCase from the Full Length CloneS and the Full Length Clone 7
of Flaveria trinervia at 30 °C

.

PEPCase activity was determined at 2.5mM PEP, 20% Glycerol, 100mM tris,

10mM MgCl2, 10mM KHCO1, 0.1mjiM NADH and 4U of MDH. Legends :------,Full Length Clone 5 and
Full Length Clone 7.

Figure 12b
Effect of pH (7-8.0), on the activity of PEPCase from the Deleted clones 5 and 7 ofFlaveria trinervia at 30 °C.
PEPCase activity was determined at 2.5mM PEP, 20% Glycerol, 100mM tris, 10mM MgCl.,, 10mM
KHCO3.0.1mM NADH and 4U of MDH
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Figure 13a
PEPCase activity of the Full Length Clone 5 and the Deleted Clone 5Nhe I from Flaveria trinervia in response
to varying PEP concentrations (0-5mM) at pH 8.0 and 30°C. Reaction mix contained 20% Glycerol, 100mM
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Figure 13b
PEPCase activity of the Full Length Clone 7, Deleted Clone 7 Nhe I and the Deleted Clone 7 Bsi El from
Flaveria trinervia in response to varying PEP concentrations (0-5mM) at pH 8.0 and 30°C. Reaction mix
contained 20% Glycerol, 100mM Tris, 10mM MgCl2, 10mM KI-1CO3, 0.1mM NADH and 4U of MDH.
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It was interesting that even though Deleted Clone 7 Nhe I had 974 bases removed from its coding
sequence, it's maximum activity of 40 nmol/rng protein. miii was just below that of the Full Length
Clone 5 PEPCase (Figures 1 3a and b). These results iiidicate that some isoforms of PEPCase which
have a major portion of their coding sequence removed, can still exhibit activity similar to that of a
different full length PEPCase clone.

There are many reasons as to why PEPCase from Deleted Clones 5 and 7 Nhe I is of much lower
activity than the Full Length Clones 5 and 7 respectively. These include: (1) the Nhe I deletion
removes many basic amino acid residues, such as cysteine and histidine (Figure 1) which may be
involved in binding PEP at the active site (Andreo el at., 1987)

.

As a result the enzyme cannot bind

to PEP very efficiently and PEPCase activity consequently decreases. (2) Deletion of over 300 amino
acids is likely to remove a whole doniain in the haloenzyme and hence, cause multifacial
conformational changes which are likely to affect the enzymes catalytic activity, and (3) the deletion
disrupts the tetrameric structure of the enzyme and causes dissociation of the enzyme into dimers or
even monomers (Walker ci al., 1986). Future work on this clone could involve the study of the 3D
structure via crystallisation or 2D NMR of the Deleted Clones 5 and 7 Nhe Ienzymes to see if in fact
the Nhe I deletion had caused dissociation of the deleted PEPCase enzyme.

The Deleted Clone 7Bsi El again had lower activity than the Deleted Clones 5 and 7Nhe I. This
result is surprising since theBsi El deletion removes only 78 bases compared to 974 for the Nhe I
clones. The reason for this low activity is unclear, but maybe due to the large plasmid size (7.5kb).
If this is true, theii it may explain why the Deleted Clones 5 and 7Bsm Al were not isolated. Since
the Deleted Clones 5 and 713sni Al would have the same size plasmid plus 4 times the deletion of the
Bsi El clone, then presumably, the PEPCase activity in theBsm Al clones would be too low to
complement the deficiency in the PCR I mutation.

5.3

KINETIC ANAL YSIS AT DIFFERENT pHS

Experiments have shown that the PEPCase of all 5 clones has a pH optimum of 7.6. (Figures 12a and
b). These results did not show whether p1-I changes affect the K,, of the enzyme from different clones.
The kinetic parameters in the different clones were determined at pH 7.6 and 8.0 and compared. The
highest pH was chosen because this is the pH used by most researchers on PEPCase. Values of

K. and

Vmax were determined using Lineweaver-Burke Plots (Figure 14). The K, is the substrate concentration

at which the enzyme exhibits half its maximal activity and is a measure of enzymes affinity for the

Figure 14
Lineweaver-Bourke plots used to asses PEPCase activity of the Full Length
in response to varying PEP concentrations (0-5mM) at pH 7.6 and pH 8.0
Glycerol, 100mM Tris, 10mM MgCl2, 10mM KHCO3 , 0.1mM NADH

Clone 7 from Flaveria trinervia

at 30C. Reaction mix contained 20%

and 4U of MDH.
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substrate PEP. It thus reflects the intrinsic properties of the protein involved. A lower 1ç1 means the
enzyme has a higher affinity for the substrate PEP. The V,ax is the true maximum activity, and
differences in

values between extracts of various clones reflects the relative PEPCase content in

the extract, rather than the intrinsic differences between the proteins.

Figure 14 showed that PEPCase activity from the Full Length Clone 7 increased Vniax when the pH
decreased from 8.0 to 7.6. The other clones followed the same trend. Table 2 summarises the 1' and
Vmax values obtained in the different clones at pH 7.6 and 8.0.

Differences in affinities for PEP were observed at different pUs, but in contrast to the V ax' these
differences varied between PEPCase clones. For the Full Length Clones 5 and 7, and the Deleted
Clone 7 Nhe I, lowering the pH (8.0—*7.6) lead to a decrease in

iç

.

Thus a decrease in pH

increased both the PEPCase activity and its affinity for PEP in these three clones.

In contrast, the Deleted Clone 7 Nhe I and Deleted Clone 7Bsi El showed an increase in K when
the pH was changed from 8.0 to 7.6 (Table 2). These results indicate that the deleted clones are
affected differently by pH compared to the Full Length Clone 7. These results suggest a "trade-off'
between catalytic activity and decreased affinity in the deleted clones from Clone 7. However, it is
unclear how this may be achieved in the deleted clones, since deletion byNhe I in Clone 5 did not
produce such an effect. Possible reasons would include the Nhe Ideletion affecting the PEP binding
site in the clone 7 in such a way that the binding of PEP was hindered to a greater extent at pH 7.6
compared to p1-I 8.0. The resultant 3D structure or conformation increased the catalytic activity of the
protein.

Not only were there differences in l and V, between PEPCase clones at different pHs, but
differences between PEPCase clones at the same pH (Table 2).

The K,11 for the Deleted Clone 5 Nhe I at both pH 7.6 and 8.0, was higher than that of the Full Length
Clone 5. In contrast, both Deleted Clones 7 Nhe I anclBsi El had lower K11 values than Full Length
Clone 7. The K 11 values varied from 0.521nM in Deleted Clone 7Nhe I, to 0.891TiM in the Full Length
Clone 7 at pH 7.6. Similar results occurred at pH 8.0 in these clones. It would appear that deletion
of the 5' regulatory region has increased the substrate affinity in the deleted clone. The contrasting
results between Clones 5 and 7 suggest intrinsic differences between the 3' region of these clones.
Apparently, the 5' region deleted by the Nhe I enzyme was able to mask or override the factor

Table 2
Kinetic parameters of PEPCase activity at pH 7.6 or pH 8.0 in the various clones of Flaveria trinervia at 30
T. PEPCase activity was determined at varying PEP concentrations (0-5mM) with 20% Glycerol, 100mM
Tris, 10mM MgCl2, 10mM KHCO3, 0.1mM NADH and 4U of MDH.

Kinetic parameters of PEPCase clones at pH 7.6 and pH 8.0.

PEPCase Clone

K 1 (PEP)(mM)

(nmol/mg protein.min)

pH 7.6

pH 8.0

pH 7.6

pH 8.0

0.55±0.05

0.76±0.06

74.7±3.9

50.40±1.4

0.68+0.07

0.80±0.02

7.5±0.3 0

4.89±0.3 2

0.89±0.02

1.0±0.002

284.5±5.9

182.4±4.5

Deleted Nhe I

0.52±0.001

0.42+0.02

56.2±6.80

32.1±0.97

Deleted Bsi El

0.8 1±0.02

0.55±0.02

9.1±0.098

7.26±0.09

Clone 5
Full Length
Deleted Nhe I

Clone 7
Full Length
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responsible for the low affinity for PEP observed in th Full Length Clone 7. Presumably, this would
involve conformational changes and/or subunit oligomerisation in the enzymes protein.

5.4

EFFECT OF G6P

Experiments were carried out to assess the effect of modulators such as G61? on both the full length
and deleted clones. PEPCase activity for each clone was measured at 1mM PEP with varying
concentrations of G61? (0-10mM) at pH 7.6. G61? enhances PEPCase activity in all the clones, but the
extent of the activation varied between the PEPCase clones (Figures ISa and b). The largest increase
(% Control) was observed with the Deleted Clone 7Bsi El which had the lowest activity in the
controls, and the smallest increase was obtained in the Full Length Clone 7 which had the highest
activity of the controls.

Comparisons between the Full Length Clone 5 and the Deleted Clone 5 Nhe Ishowed that the latter
had the smallest increase in activities (Figure ISa). A probable explanation for these results is that
the deletion by Nhe I results in the removal of several cysteine and histidine residues (Figure 1),
thought to be involved in the binding of G6P (Wedding et at, 1989) and causes a decrease in G61?
activation. Furthermore, these residues are known to also be involved in the maintenance of the
active tetrameric structure (Walker et at,. 1986). Their deletion could potentially affect enzyme 3D
structure and result in lower catalytic activity.

In contrast, the Deleted Clones 7Bsi Eland Nhe Iwere activated to a much greater extent than the Full
Length Clone 7 (Figure 1 Sb). Activation was greatest in the DeletedBsi EIClone, and least in the Full
Length Clone 7. Apparently the region deleted by theBsi Elenzyme appears to overide the factor
responsible for the low activity observed in the Full length Clone 7 The reduced G61? activation
.

in Deleted Clone 7 Nhe I in comparison to Deleted Clone 7Bsi Elis consistent with the hypothesis
that the cysteine and histidine residues are binding sites for G61? (Wedding et at., 1989)

5.5

EFFECTS OF MALA TE

Malate decreased the activity of the PEPCase enzyme in all the deleted and full length clones (Figures
I6a and b). However, the extent of this inhibition varied between clones. Malate inhibition was
negligble on both Deleted Clones 5 and 7Nhe I. In contrast, malate almost totally abolished PEPCase

Figure iSa
Effect of G6P on PEPCase activity in clone 5 from Flcn'eria trinervia at pH of 7.6 and 30°C. PEPCase
activity was determined at varying malate concentrations (0- 10mM) using 1.0mM PEP in a reaction mix of
20% Glycerol, 100mM Tris, 10mM MgCl2, 10mM KHCO3, 0.1mM NADH and 4U of MDH. The PEPCase
activity of the Full Length Clone 5 and the Deleted Clone 5 Nhe I control in the absence of G6P is 53.9 and
6.2 nmol/mg protein.min respectively. Legend:

,

Full Length Clone 5 and V..

,

Deleted Clone

5 Nhe I.

Figure I5b
Effect of G6P on PEPCase activity in Clone 7 from Flaveria trinervia at pH of 7.6 and 30°C. PEPCase
activity was determined at varying G6P concentrations (0- 10mM) using 1.0mM PEP in a reaction mix of 20%
Glycerol, 100mM Tris, 10mM MgCl., 10mM KHCO3 , 0.1mM NADH and 4U of MDH. The PEPCase activity
of the Full Length Clone 7, Deleted Clone 7 Nhe I and the Deleted Clone 7 Bsi El controls in the absence of
G6P are 215, 37.6. and 6.5 nmol!mg protein.min respectively. Legend :
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Figure 16a
Effect of malate on PEPCase activity in clone 5 from Flaveria trinervia at pH of 7.6 and 30°C. PEPCase
activity was determined at varying malate concentrations (0- 4.37mM) using 1.0mM PEP in a reaction mix of
20% Glycerol, 100mM Tris, 10mM MgCl,, 10mM KHCO3, 0.1mM NADH and 4U of MDH. The PEPCase
activity of the Full Length Clone 5 and the Deleted Clone 5 Nhe I control in the absence of Malate is 53 and
6.5 nmollmg protein.min respectively. Legends: —R--

,

Full Length Clone 5 and

,

Deleted Clone

5 Nhe I.

Figure 16b
Effect of malate on PEPCase activity in Clone 7 from Flaveria trinervia at pH of 7.6 and 30°C. PEPCase
activity was determined at varying malate concentrations (0- 4.37mM) using 1.0mM PEP in a reaction mix of
20% Glycerol, 100mM Tris, 10mM MgCl,, 10mM KHCO3, 0.1mM NADH and 4U of MDH. The PEPCase
activity of the Full Length Clone 7, Deleted Clone 7Nhe I and the Deleted Clone 7 Bsi El controls are 215,
37.6, and 7.5 nmolimg protein.min respectively. Legends:
Deleted Clone 7 Nhe I and

Deleted Clone 7 Bsi El.
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activity in the Deleted CloneBsi El and strongly inhibited PEPCase activity in the full length clones.
(Figures I6a and 23b). Deleting 79 bases off the PEPCase cDNA sequence in the case of the Deleted
Clone 7Bsi El, would remove the serine residue shown to confer protection for the enzyme against
malate (Figure 1), and consequently enhance the inhibition of malate compared to the full length
clones.

Conversely, removing 974 bases from the PEPCase cDNA (Deleted Clones 5 and 7Nhe 1), removed
not only the serine site, but also the putative malate binding site. As a result, malate is unable to bind
to the enzyme, and inhibition is virtually abolished. These results strongly suggest that the malate
binding site lies between theBsi El and Nhe I sites of the enzyme.

5.6

EFFECTS OF MALA TE AND G6P AT VAR YING PEP CONCENTRATIONS

Figures 17a and b show the effect of malate or G6P on PEPCase activity at increasing PEP
concentration in the Full Length Clone 7 (Figure 17a) and the Deleted Clone 7 Bsi EI(Figure 17b).
In comparison to the control, malate decreased PEPCase activity and G6P increased the activity.
Lineweaver -Burke analysis indicated that malate inhibition did not effect the Y,for PEP (Tables 3
and 4) indicating that it is a non-competitive inhibitor (Figures 18a and b). In contrast, G6P activation
decreased the K value, showing that G61? enhances the catalytic activity of PEPCase, by increasing
the enzymes affinity for PEP. All other clones showed the same trend (Tables 3 and 4) implying that
even though there are deletions to the cDNA of the PEPCase gene, G6P could still have an activating
effect by decreasing the lK, and thereby increasing the affinity of the enzyme for PEP.

Finally, the results suggests that malate and G6P bind at different sites on the PEPCase enzym for
two reasons. Firstly the results with Nhe I showed a negligible effect with malate, wheras G6P
caused substantial activation. Secondly, malate did not alter the Km vataue for PEP, but G6P
decreased it on all clones studied.

Figure 17a
PEPCase activity of the Full Length Clone 7 from Flaveria trinervia in response to varying PEP concentrations
(0-5mM) ± Malate or G6P at pH 7.6 and 30°C Reaction mix contained 20% Glycerol, 100mM Tris, 10mM
MgCl.,, 10mM KHC031 0.1mM NADH, 4U of MDH, 1.0mM G6P (when present), and 4.9mM Malate (when
present) : Legend :
_-$---
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Figure 17b
PEPCase activity of the Deleted Clone 7 Bsi El from Flaveria trifler-via in response to varying PEP
concentrations (0-5mM). ± Malate or G6P at pH 7.6 and 30°C Reaction mix contained 20% Glycerol, 100mM
Tris, 10mM MgCl2, 10mM KHCO3 , 0.1mM NADH, 4U of MDH, 1.0mM G6P (when present), and 4.9mM
Malate (when present) Legend :
Clone 7 Bsi El

-

___-----,

Malate: and —±---

,

Deleted Clone 7 Bsi El;

-----

Deleted Clone 7 Bsi El ± G6P.

,

Deleted

Full length Clone 7 at pH 7.6 +1.0mM G6P

MOMIGI
Full Length Clone 7 at pH 7.6

Q)

0

---------------

0

200

E
0

E 150

------------------------------------------

Full Length Clone 7 at pH 7.6 +4.9mM Malate
(-)

111W

Q)

co

C-)

50

ClCl-

2

3

4

5

Deleted Clone 7 Bsi El at pH 7.6 +1.0mM G6P

E
10
Q)
q

c)
E

L•I
------------------------------------------

0

Deleted Clone 7 Bsi El at pH 7.6

E
>
C)

------------------------Deleted Clone 7 Bsi El at pH 7.6 +4.9mM Malate
A

ri
AL

/

Q)

AL

Cl)

0

2

CL
L
0

A

iJ

2
3
4
PEP Concentrtion (mM)

5

Figure 18a
Lineweaver-Bourke plots used to assess PEPCase activity of the Full Length Clone 5 fromFiaveria trinervia
in response to varying PEP concentrations (0-5mM) + Malate or G6P at pH 7.6 and 30°C

.

Reaction mix

contained 20% Glycerol, 100mM Tris, 10mM MgCl2, 10mM KHCO3, 0.1mM NADH, 4U of MDH, 1.0mM G6P
(when present), and 4.9mM Malate (when present).

Figure 18b
Lineweaver-Bourke plots used to assess PEPCase activity of the Full Length Clone 7 fromFlaveria trinervia
in response to varying PEP concentrations (0-5mM), + Malate or G6P at pH 7.6 and 30°C

.

Reaction mix

contained 20% Glycerol, 100mM Tris, 10mM MgCl.,, 10mM KHCO3, 0.1mM NADH, 4U of MDH, 1.0mM G6P
(when present), and 4.9mM Malate (when present).
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Table 3
Kinetic parameters of PEPCase at pH 7.6 from Clone 5 of Flaveria trinervia PEPCase activity was determined
at varying PEP concentrations (0-5mM) with 20% Glycerol, 100mM Tris, 10mM MgCl2, 10mM KHCO3,
0.1mM NADH, 4U of MDH, 4.9mM Malate (when present) and 1.0mM G6P (when present) at 3YC. Control
is the activity determined in the absence of G6P and Malate.

Kinetic parameters of Clone 5 PEPCase at pH 7.6.

K. (PEP)(mM)

Clone 5

(nmol/mg

Effect

protein.min)

Full Length
(Control)

0.55+0.06

74.7±3.9

+ G61?

0.34+0.03

100.4±2.3

+ Malate

0.58±0.030

56.20+5.0

activator

*

non-competitive
inhibitor

Deleted Nhe I
(Control)

0.68+0.07

7.50±0.30

+ G61?

0.39+0.01

9.4+0.8

*

activator

Apparent Vi1ax values determined at 1mM G6P or 4.8mM Malate

Table 4
Kinetic parameters of PEPCase at pH 7.6 from Clone 7 of Flaveria trinervia. PEPCase activity was determined
at varying PEP concentrations (0-5mM) with 20% Glycerol, 100mM Tris, 10mM MgCl2, 10mM KHCO3, 0.1mM
NADH, 4U of MDH, 4.9mM Malate (when present) and 1.0mM G6P (when present) at 30°C. Control is activity
obtained in the absence of G6P and Malate.

Kinetic parameters of Clone 7 PEPCase at pH 7.6

Clone 7

Km (PEP)(mM)

Vmax (nmol/mg
protein.min)

Full Length
(Control)

0.89±.020

284.54±5.9

+ G61?

0.48±0.05

317.3+19.5

activator

+ Malate

0.92±0.02

177.9±9.2

non-competitive
inhibitor

0.52±0.01

56.2+6.8

0.3 1±0.02

75.1±1.2

0.81±0.02

9.11±1.0

+ G6P

0.43±0.02

11.9+1.1

+ Malate

0.8±0.02

5.26±021

Deleted 1'/he I
(Control)

+ G61?

Deleted Bsi El
(Control)

Effect

activator

*

activator

*

non-competitve
inhibitor

*Apparent V iiax values determined at 1mM G6P or 4.9mM Malate

ME
CHAPTER 6
CONCLUSION
The characterisation of a series of truncated PEPCase clones from the E dicot F. trinervia has
provided insights into the underlying mechanisms of regulation associated with the 5 region of
PEPCase. The study focused on the role and function of malate and G6P on enzymes regulation and
catalysis and identified areas in the N terminal region of the protein that might be related to the
binding sites of these modulators.

The deleted PEPCase clones examined showed appreciable PEPCase activity and were also affected
by G61? and Malate. The PEPCase activity of the deleted clones were about 20% of the activity of the
full length clones. Presumably, this is due to conformational changes within the enzyme structure
itself. Such changes could include: (1)intrinsic changes within the subunit ie. deletion of amino acid
residues thought to be associated with the binding of PEP (Andreo et al, 1987) and histidine/cysteine
residues involved in the maintenance of the active tetrameric structure (Walkeret al., 1986). (2)
altering subunit interaction to such an extent that one subunit is no longer able to associate with other
subunits; and (3) altering the 3D structure of the enzyme so that the active tetrarner form of the
enzyme (Willeford et

al., 1992) is not formed

Malate, the product of the PEPCase carboxylation reaction, was found to be a non-competitive
inhibitor of both the full-length and the deleted clones (Tables 3 and 4). It did not change the affinity
(K1 ) of the clones for PEP but decreased Vax (Figures 1 8a and b). as was reported in previous
studies (Coombs ci al., 1973; 1-luber and Edwards, 1975).

The phosphorylated form of PEPCase not only exhibits greater activity, but also less sensitivity to
malate inhibition (Jiao and Chollet, 1986; Nimmo ci al., 1986; Sculler and Werner, 1993). Figure 1
shows that this regulatory phosphorylation occurs at the conserved serine residue at the N- terminal
region of the of the primary sequence (Terada et al., 1991; Jiao et al., 1991; Bakrimet al., 1993).
Deletion of this residue would presumably make the enzyme more sensitive to malate inhibition as was
observed with Deleted Clone 7 Bsi El (Tables 3 and 4). But malate has negligible effect on Deleted
Clones 5 and 7 Nhe I, yet almost abolishes the PEPCase activity of Deleted Clone 7 Bsi El Figure
I shows that the serine residue lies in the region deleted by Bsi El As a result of this removal the
PEPCase enzyme losses the protection site against mnalate inhibition, and consequently exhibits high
inhibition. Figure 1 6b shows that this occurred with Deleted Clone 7 Bsi El. Deletion with Nhe I also
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activation by G6P would occur. However, the opposite was observed. This indicates that G6P must
also bind to another site (in the C' region) on the enzyme

.

The extent of G6P activation varied

between clones. Deleted Clone 5 Nhe I exhibited a lower G6P activation rate compared to Full Length
Clone 5. This was expected as the Nhe Ideletion removes the cysteine and histidine residues thought
to be involved in G6P activation. However, Deleted Clone 7 Nhe I exhibited greater activity in the
presence of G6P compared to Full Length Clone 7. These results suggest that there are intrinsic
differences between the two full length clones, which only becomes apparent when the 5' end is
deleted. Presumably, deletion of the 5' end had induced conformational changes and/ or subunit
oligermerisation in the PEPCase protein which caused the greater G61? activation.

Similarly, the increase in affinity for PEP exhibited by Deleted Clones 7 Bsi Eland Nhe I compared
to the full length clone (Table 4) suggests that the deletions had affected the PEP binding site. Results
at either pH 8.0 or 7.6 showed that at either pH 7.6 or 8.0, the affinity for PEP is lower in the
Deleted Clone 5 Nhe I, than in the full length clone, which was expected. But in the cases of Deleted
Clones 7 Bsi El and Nhe Icompared to the Full Length Clone 7, the affinity for PEP increases. Again
this reflects a change in the PEP binding site
Further study needs to be done to clarify how this occurred. Was it due to an increase of PEPCase
affinity for the PEP-Mg2 complex over free PEP, which is thought to occur when going from a higher
to a lower pH (Meyer et al., 1990)? Was it due to a conformational change that resulted in the PEP
binding site to be more exposed? or was it do to electrostatic changes between in the enzyme that
resulted in a bigger attraction for PEP?

This study has provided exciting insights into the role of the Serine residue in malate inhibition and
identified a putative region for malate binding on the enzyme. It has provided evidence to suggest that
malate and G6P bind at different sites on the enzyme and that G6P binds to a "secondaryt' site on
the enzyme in the 3' region as well as in the 5' region as proposed by Walker et al. 1986. It indicates
the potential of using deleted clones for future research into the relationship between structure and
function of PEPCase. In summary, some of these studies should include:
*sequell ce analysis of the putative malate binding region between the deleted, full length and
the two other major isoforms of PEPCase

and Q.

*Furtl er deletions, and spot mutations at the proposed malate binding region
*31) analysis of the deleted and full length enzymes by 2D NMR and crystallisation, which
may give insight into conformational/ol igomerisation changes involved in PEPCase regulation.
*Sedilllelltatioll coefficients, Chromatography and PAGE Electrophoresis to determine the

activation by G6P would occur. However, the opposite was observed. This indicates that G6P must
also bind to another site (in the C' region) on the enzyme

.

The extent of G6P activation varied

between clones. Deleted Clone 5 Nhe Iexhibited a lower G61? activation rate compared to Full Length
Clone 5. This was expected as the Nhe Ideletion removes the cysteine and histidine residues thought
to be involved in G6P activation. However, Deleted Clone 7Nhe I exhibited greater activity in the
presence of G61? compared to Full Length Clone 7. These results suggest that there are intrinsic
differences between the two full length clones, which only becomes apparent when the 5' end is
deleted. Presumably, deletion of the 5' end had induced conformational changes and/ or subunit
oligermerisation in the PEPCase protein which caused the greater G6P activation.

Similarly, the increase in affinity for PEP exhibited by Deleted Clones 7 Bsi Eland Nhe I compared
to the full length clone (Table 4) suggests that the deletions had affected the PEP binding site. Results
at either pH 8.0 or 7.6 showed that at either pH 7.6 or 8.0, the affinity for PEP is lower in the
Deleted Clone S Nhe I, than in the full length clone, which was expected. But in the cases of Deleted
Clones 7 Bsi El and Nhe Icompared to the Full Length Clone 7, the affinity for PEP increases. Again
this reflects a change in the PEP binding site
Further study needs to be done to clarify how this occurred. Was it due to an increase of PEPCase
affinity for the PEP-Mg21 complex over free PEP, which is thought to occur when going from a higher
to a lower pH (Meyer et al. 1990)? Was it due to a conformational change that resulted in the PEP
binding site to be more exposed? or was it do to electrostatic changes between in the enzyme that
resulted in a bigger attraction for PEP?

This study has provided exciting insights into the role of the Serine residue in malate inhibition and
identified a putative region for malate binding on the enzyme. It has provided evidence to suggest that
malate and G6P bind at different sites on the enzyme and that G6P binds to a "secondary" site on
the enzyme in the 3 region as well as in the 5' region as proposed by Walker et al. 1986. It indicates
the potential of using deleted clones for future research into the relationship between structure and
function of PEPCase. In summary, some of these studies should include:
*Sequence analysis of the putative malate binding region between the deleted, full length and
the two other major isoforms of PEPCase (C3 and Q.
*Further deletions, and spot mutations at the proposed malate binding region
*3D analysis of the deleted and full length enzymes by 2D NMR and crystallisation, which
may give insight into conformational/oligomerisation changes involved in PEPCase regulation.
*Sedil.nen tation coefficients. Chromatography and PAGE Electrophoresis to determine the
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molecular weight of the deleted clones.
*Effects of other effectors on the deleted clones such as oxaloacetate (which is a competitive
inhibitor)
*Effects of effectors at various pH
*Deletions in the 3 region to examine the possible G61? binding site.
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APPENDIX A
(1)

Enzymes Used

Enzyme

Supplier

Concentration

Bsi El

New England Biolabs

10,000U/ml

Deletion of 79 bases from the
5' end of PEPCase cDNA

Bsm Al

New England Biolabs

5,000U/ml

Deletion of 477 bases from
the 5' end of PEPCase cDNA

Nhe I

New England Biolabs

8-12000U/ml

Deletion of 974 bases from
the 5' end of PEPCase cDNA

Nde I

New England Biolabs

20,000U/ml

Digestion of Nhe I deleted
insert

T4 DNA
Polymerase

New England Biolabs

3,000U/ml

Blunt-ending of 3' overhangs

DNA Polymerase I
Large
Fragment
(Klenow)

New England Biolabs

5,000U/ml

Blunt-ending of 5' overhangs

Malate
Dehydrogena
se (MDH)

Boehringer M.

25mg/5m1

Coupling enzyme in PEPCase
assay

RNase A

Boehringer M.

5,000UIml

Removes RNA from DNA
preparations

T4 DNA
Ligase

Promega

3,000U/ml

Ligation of deleted inserts to
vectors

Calf
Intestinal
Phosphotase
(CIP)

Promega

4,000U/ml

Dephosphorylation of the
digested pSI 4001 vector that
was to be ligated to the Bsm
Al and the Bsi El deleted
inserts

Use

Au
(2)

Chemicals Used

Chemical

Supplier

Use

G6P

Sigma

PEPCase assay
modulator

Malate

Boehringer M

PEPCase assay
modulator

Phosphoenol-pyruvate
Carboxylase (PEP)

Boehringer M

Substrate in PEPCase
assay

Nicatinamide Adenine
Dinucleotide (NAHD)

Sigma

Substrate in PEPCase
assay

Dithiothreitol (DTT)

Sigma

Stabiliser of PEPCase
enzyme

Deoxyriboneucleoside triphosphates
(dNTPs)

Boehringer M

blunting of deleted
inserts

IPTG

Sigma

Induces Lac-Z
promoter of pSI 4001

Ampicillin (Amp)

Sigma

selection of
transformed E. coli

BSA (lomg/ml)

Sigma

Restriction enzyme
supplement

Aiii

(3)

Solutions Used

Solution

Contents (per litre of H20)

Use

LB Broth

lOg Bacto Tryptone
5g Yeast Extract
5g NaCl

Growth media for E. coli
cells

LB Agar Plates

LB +lOg Agar

resuspending DNA

TE (pH 8.0)

10mM Tris-HC1 (pH:8.0)
imi EDTA

lOx TBE

108g Tris
55g Boric Acid
40m1 EDTA
(0.5M; pH 8.0)

Gel Electrophoresis

SDS (10%)

bOg SDS
pH to 7.2 with HC1

cell lysis in plasmid extraction

1M Tris-HC1

121.1g Tris
adjust pH to 8.0 with HC1

Solutions

EDTA (0.5M)

186.lg EDTA
Adjust pH to 8.0 with NaOH

Solutions

SOC

20g Bacto tryptone
5g
Bacto Yeast Extract
10mM NaCl
2.5mM KC1
10mM MgCl2
10mM MgSO4
20mM Glucose

To recover transformed
E. coli

Medium E (50x)

10 g
bOg
500g
175g
pH to

MgSO4.7HO
Citric acid
K2Hpo4
NaNH4HPO4.
7.0 with NaOH

I Minimum Media

Amino Acid Supplements
(50x)

50mg
50mg
50mg
150jig

Leucine
Threonine
Arginine
Thiamine.HC1

I Minimum Media

Aiv
Mineral Medium (50x)

480mg FeCI3 6H20
280mg MnC12.4H20
270mg CaCl2
2g
ZnC11
290mg H3B04
130mg CoSO4

Minimum Media

Minimum Media

imi
Mineral Medium
20m1 Medium E
20m1 Amino Acid
Supplements
5m1
80% Glycerol

Growth of E. coli cells
expressing PEP carboxylation

Minimal agar plates

same as above + lOg agar

Selection of PEPCase cDNA
clones

on
APPENDIX B
(1)

*

Preparation of deleted inserts

Digestion of PEPCase plasmid with Bsm Al
Clone 5

Clone 7

Clone 5 cDNA

20

I

Clone 7 eDNA

/

BSA

0.5

Itl

0.5

/Ll

Bsm Al buffer (xl0)

10

Al

10

/Ll

water

59.5

ttl

64.5 Al

Bsm Al enzyme

10

l

10

tI;10jg

15

100 ftl

*

l;10jg

jA

100

Digestion of PEPCase plasmid with She I

Clone 5

Clone 7

Clone 5 eDNA

20

I

Clone 7 eDNA

I

Nhe I buffer (x10)

10

water

62.5

Nhe I enzyme

7

1;10g

/Ll
Itl
fLl

100 Al

15

/Ll;10jg

10

Itl

67.5
7

ftl

Itl

100 /Ll

Bii
*

Digestion of the PEPCase plasmid with Bsi El

Clone 5

Clone 7

Clone 5 eDNA

20

I

Clone 7 cDNA

I

BSA

0.5

ul

0.5

jtI

10

Id

10

j,d

Bsi El

buffer (x10)

water

64.5

Bsi El enzyme

5

d;10g

15

Al

ttl

100 Itl

*

1;10g

69.5 JLI

Itl

5
100

Itl

Blunt-ending of fragments from Bsm Al digestion

Clones 5 and 7

DNA from
Bsm Al digestion

27

dNTPs (1 mM)

20

T4 DNA Polymerase
buffer
(xl 0)

0.5 pI

BSA

0.5 /Ll

T4 DNA Polymerase

2

Ll;10/Lg

Itl

1A

50 Al

Biii

*

Blunt-ending of fragments from Nhe I digestion

Clones 5 and 7
DNA

Nhe I digestion

154 tl;10tg

dNTPs (10mM)

23 ILl

Kienow buffer
(xl0)

20 fLl

Kienow enzyme

3

/Ll

200 IL1

*

Blunt-ending of fragments from Bsi El digestion

Clones 5 and 7

DNA from
Bsi Al digestion

27 l;lOg

dNTP (mm)

20 JL1

T4 DNA Polymerase
buffer
(xlO)

0.5 IL'

BSA

0.5 Al

T4 DNA Polymerase

2 IL'
50 IL'

Biv
*

Digestion of Nhe I digested/blunted fragment with Nde I

clones 5 and 7
DNA from
Nhe I /Klenow

32

ItIJOAg

Nde I buffer
(xlO)

4

Itl

Nde I enzyme

4

Jl

40

Al

(2)

Preparation of vector for ligation to the Bsm Al and Bsi El deleted inserts

*

Digestion of pSI 4001 vector with Sal I

*

pSI 4001
vector DNA

90

pi20/Lg

Sal I buffer
(xl0)

10

il

water

44

al

Sal I enzyme

6

Al

150

Itl

Blunt-ending of pSI 4001 vector digested with Sal I

DNA from
Sal I digestion

100 tl;20jig

dNTPs (10mm)

30

!l

Kienow buffer
(xl0)

15

Itl

Klenow enzyme

5

Al

150

JLl

*

Dephosphorviating Sal I/blunted pSI 4001 vector: Vector 4.4

pSI 4001 vector DNA

4

1;15tg

CIP buffer (xl0)

15 ILl

water

125 IL'

CIP enzyme

6

jtl

150 IL1

(3)

Preparation of vector for ligation to the Nhe I insert :Vector 2.5

DNA from
Sal I /Klenow

30

l;5zg

Nde I buffer
(xl0)

4

IL'

Nde I enzyme

5

IL'

40 IL'

Bvi
(4)

*

Ligation of deleted inserts to the appropriate vector

Production of Bsm Al and Bsi El deleted nlasmids

ligation
BsiEI

ligation control
control
control
BsiAI
BsiEl
Bsm Al

Vector
insert

insert

Sal

41d

I

I

I

I

I

Deleted insert
Bsi El

41d

vector
Sal I

ilL1

I

Deleted insert
I
Bsm Al

4t1

41A

I

buffer
(xl 0)

1lL1

11d

i/Li

1/il

water

3/Ll

3/Ll

4/Ll

4p1

7/LI

Ligase
enzyme

l/Ll

1/Ll

1/Li

1/Li

1/Li

10/Li

10/Ll

10/Ll

10/Li

10/Ll

Bvii
*

Production of Nhe I deleted plasmid
ligation
reaction

control
vector
Sal I/Nde I

control
Nhe liNde I
insert

Deleted insert
Nhe I

41l

I

4d

vector DNA
Sal I/Nde I

l/Ll

lal

I

Ligase buffer

1i1

ljLl

1111

Ligase enzyme

11Ll

1/il

lJLl

water

3il

7ji1

4d

lO/Ll

1Od

lOjLl

(5)

Confirmation of Deleted Clones 5 and 7 Nhe I

*

Digestion with Sal I

DNA from
Deleted Clone 5 and 7 Nhe I

2

d;1g

Sal I buffer
(xl 0)

2

Al

Sal I enzyme

2

/Ll

water

14

pi

20

ILl

Bviii
*

Digestion with Eco RI
DNA from Deleted Clones 5 and 7 Nhe I

2

jl;1g

Eco RI buffer
(xl 0)

2

/Ll

Eco RI enzyme

5

i,d

water

11

Itl

20 1il
(7)

*

*

Confirmation of Deleted Clone 7 Bsi El

Digestion with Sal I

DNA from
Deleted Clone 7 Bsi El

3

Sal I buffer
(xl0)

1.5 Itl

Sal I enzyme

3

water

7.5 ILl

l;1tg

fLl

15

/Ll

DNA from Deleted Clones 7 Bsi El

3

ILl;lILg

Eco RI buffer
(xl0)

1.5 Al

Eco RI enzyme

5

water

5.5 ILl

Digestion with Eco RI

15

IL1

IL1

t2v- 97-
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