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ABSTRACT

Phosphoenolpyruvate carboxylase (PEPC) was examined during cold acclimation

of seedlings of the freezing-tolerant cultivar (Medicago saliva ssp falcala cv Anik) and

the relatively freezing-sensitive cultivar (Medicago saliva cv Trek) ofalfalfa. With four

days of cold acclimation, PEPC activity increased to 3.S-fold and 2-fold the control

levels in Anik and Trek, respectively. This was associated with an increase in the level

ofa 110 kD PEPe protein and a decrease in the amount of a 120 kD PEPC polypeptide

in both cultivars. The role of reversible phosphorylation in regulating PEPe activity

was demonstrated by in vitro phosphorylation and dephosphorylation, which caused

partial activation and deactivation of PEPC, reSPectively. In vivo phosphorylation

experiments revealed that the 110 kD PEPC subunit is phosphorylated on serine

residue(s) during cold acclimation in Anik but not in Trek. Increased PEPC activity

could account for the 70% increase in the non-autotrophic or dark fixation of carbon

observed in cold acclimated Anik seedlings. A possible raie for dark carbon fixation

in the cold-induced development of freezing tolerance is through the production of

NADPH. Such a source of reducing power May be required for the repair of cold­

induced damage and restoration of normal cellular functioDS.
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RÉsUMÉ

Phosphoenolpyruvate carboxylase (PEPC) fut examiné pendant l'acclimatation

au froid d'un cultivar tolérants à la congélation (Medicago sativa sspfa/cata cv Anik)

et d'un autre relativement sensibles à la congélation (Medicago saliva cv Trek) d'alfalfa

Après quatre journées d'acclimatation au froid, l'activité de PEPC a a~gmenté à un

Divau 3.5 et 2.5 fois plus élevé que les nivaux des controles d'Anik et de Trek,

respectivement. Ceci fut associé à une augmentation dans la quantity d'une protéine

PEPC de 110 kD et d'une diminution de celle d'un polypeptide de 120 kD dans les deux

cultivars. Le rôle de la phosphorylation réversible dans le contrôle de l'activité de PEPe

fut démontré par la phosphorylation et la déphosphorylation in vitro résultant dans

l'activation et la inactivation partielle de PEPe, respectivement. Les expériences de

phosphorylation in vitro ont révélé que la protéine PEPe de 110 kD est phosphorylée

sur un résidu sérine pendant l'acclimatation au froid dans Anik mais pas dans Trek.

L'augmentation de l'activité de PEPC peut expliquer entierement l'augmentation de 70%

dans la fixation du carbone non-autotrophique ou dans l'obscurité observée dans des

pousses d'Anik acclimatées au froid. Un rôle possible de la fixation du carbone à

la'obscurité pendant dévelo[[ement de la tolérance à la congélation serait par la

production de NADPH. Une telle source de reducteur peut être requise pour la

réparation de dommages induits par le froid et pour la restoration des fonctions

normales.

iii



TABLE OF CONTENTS

Abstract Ü

Resume iii

Table of Contents iv

Preface vi

Acknowlegements viii

List of Figures ix

Introduction and Literature Review 1

Plants and Cold Stress 2

( Plants and Cold Acclimation 4

Proteins and Cold Acclimation 6

Phosphoenolpyruvate Carboxylase Il

Project Aims 16

(

Modulation of Phosphoenolpyruvate Carboxylase Activity during

Cold Acclimation of Alfalfa

Abstract

Introduction .

Materials and Methods

Results

iv

19

20

21

23

29



(

(

Discussion

Acknowledgements. .

Conclusions .

Literature Cited

v

38

41

42

44



(

(

PREFACE

Candidates have the option of including, as part of the thesis, the text of one or

more paPers submitted or to he submitted for publication, or the clearly-duplicated teX!

of one or more published paPers. These texts must he bound as an integraI part of the

thesis.

If this option is chosen, connecting texts that provide logical bridges between

the diff'erent papen are mandatory. The thesis must he written in such a way that

it is more than a mere collection of manuscripts; in other words, results of a series of

papers must he integrated.

The thesis must still conform to aIl other requirements of the "Guidelines for

Thesis Preparation". The thesis must include: A Table of Contents, an abstract in

English and French, an introduction which clearly states the rationaIe and objectives of

the study, a comprehensive review of the literature, a final conclusion and summary, and

a thorough bibliography or reference list.

Additional materiaI must he provided where appropriate (e.g. in appendices) and

in sufficient detail to a110w a clear and precise judgement to he made of the importance

and originality of the research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the

candidate is required to make an explicit statemeDt in the thesis as to who

contributed to such work and to what estent. SUPervisors must attest to the accuracy

of such statements at the doctoral oral defense. Sînce the task of the examiners is made
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more difficult in these cases, it is in the candidate's interest ta make perfectly clear the

responsibilities of aU the authors of the co-authored papers.

This thesis is being submitted in the manuscript-based format. It consists of a

literature review, followed by the manuscript submitted to "Plant Physiology", entitled

"Modulation of Phosphoenolpyruvate Carboxylase Activity during Cold Acclimation of

Affalfa" and co-authored by Scott A. Frank, Antonio F. Monroy and Rajinder S.

Dhindsa. A list of literature cited for bath components of the thesis is combined at the

end.

Scott A. Frank is responsible for the execution of ail experiments and for much

of the writing of the manuscript.

Antonio F. Monroy contributed to the paper by experimental planning and

anaIysis and in editing of the manuscript.

Finally, Rajinder S. Dhindsa generated the experimental direction, supervised and

financed the research, and provided suggestions for the improvement of the manuscript.
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INTRODUCTION AND LITERATURE REVIEW

Plants undergo normal growth and metabolism only when conditions are optimal.

However, manyareas of the eanh typically exhibit one or more factors which are in

excess or deficit, imparting stress to both wild and cultivated plants. These stresses result

in reduced gro~ poor quality of plant nutrition, and even death, resulting in

agricultura1 losses around the worId.

Unlike animais, plant species cannot actively avoid stressful conditions by virtue

of mobility, but rather deal with stress by two mecbanisms: either avoidance or

tolerance. Avoidance refers to the ability of a plant to maintain normal metabolism even

though the extemal environment is heavily stressful. For example, some plants grow

normally in soils containing toxic levels of aluminum with the aid of exclusion

mechanisms which prevent the Metal from being taken up into the plant (Delhaize and

Ryan, 1995). Stress tolerance describes the ability of a plant to develop normally onder

internaI as weIl as extemal stress conditions. In the case of aluminum-tolerant plants,

internai mechanisms exist which allow the plant to function normally under high

concentrations of internaI aluminum (Delhaize and Ryan, 1995).

There are many different types of stresses which restrict agricultural output

including drought and salt stress, Metal toxicity, minerai deficiencies and anaerobic stress

due to flooding. Of particular concem in northem climates is low-temperature stress

which causes reductions in seed germination, plant growth and reproductive ability

(Andrews, 1987). In Canada, alfalfa is a major agronomic crop which is used cattle feed

1



(

(

c

by dairy industries. There are many varieties of this perennia1 plant, some of which are

able to survive fteezing, and are therefore, capable of overwintering, and others that are

not. Examinarion of the similarities and differences among these varieties serves as a

useful model for understanding stress tolerance and adaptive mechanisms, in addition to

being potentially useful in the development of improved agricultural crops.

PLANTS AND COLD STRESS

As winter approaches and the temperature declines, plants experience low­

temperature stress. Cold stress can he due to cbilling, which is observed when plants

located in tropical or subtropical climates are subject to non-freezing temperatures, or

due to freezing which occurs when plants in northem or temperate cJjmates experience

temperatures below 0 ·C (Levitt, 1980). 80th of these stresses, of which we will focus

on freezing, MaY he temporary or permanent, and cause direct and indirect injury 10

plants, resulting in reduced plant viability.

Low-temperature damage includes a decrease in membrane fluidity resulting in

membrane deformation and altered permeability (Levitt, 1980). In addition, ice crystal

penetration inside the cell can rupture intraeellular organelles including mitoehondria

(penas and Sarhan, 1984), causing decompartmentation of the cell and Joss oforganellar

functions. Indirect injury occurs as a result of ice crystaUization in the extracellular

space. As solutes accumuIate with ice crystallizjng in the intercellular space, the œIl

experiences dehydration stress as water moves osmotically out of the œll (Levitt, 1980).

2
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It is therefore, thought that drought is a signifieant component offreezing injury and that

tolerance to freezing stress impües drought-tolerance (Lin et al., 1990; Levitt, 1980).

The low-water content of the cell can result in oxidative stress which cm alter redox

balance (Dhindsa, 1991; Vanlerberghe et al., 1989; Levitt, 1980) causing significant

negative consequences to the plant including reduced protein synthesis (Mohapatra et al.,

1987) via the generation of harmfuI oxidative radicals (Ingram and Bartels, 1996;

Elstner, 1982).

In competent genotypes, this damage results in the induction of metabolic

changes that May play a role in responding to the stress and allowing the plant to

survive freezing and to overwinter. Adaptive changes to the low-temperature stress

include specific gene expression, increased membrane fluidity, changes in the levels and

activities of enzyme isoforms, the accumulation of soluble protein and intracellular

osmoprotectants, and the appearance of antifreeze proteins (Guy, 1990; Levitt, 1980).

The magnitude of these changes depends upon the degree of the stress, and can have

significant effects on the chance of surlival.

As mentioned above, not all plant species are capable ofsurviving freezing-stress

(ie. it is genotype-dependent), nor do they all necessarily employ the same mechanisms

of withstanding sub-zero temperatures. There is a continuum of tolerance ranging from

freezing-tolerant plant species to those which are irreversibly damaged by exposure ta

low-temperature (ie. chilling-sensitive).

3
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PLANTS AND COLD ACCLIMATION

The ability to withstand freezing temperatures and to overwinter is common to

many Canadian plants including agronomically important crops such as alfalfa. This

freezing tolerance can he induced by exposure to low, but non-freezing temperatures

(coId acclimation). Cold acclimation, or cold hardening, occurs naturally in the falI and

results in the accumulation of the plant stress hormone abscisic 8Cid (ABA), and the

inhibition of 810wth (Guy, 1990; Levitt, 1980).

The ability to cold acclimate and attain freezing-tolerance is a genotype­

dependent process that MaY he aided by a number of factors. Freezing-tolerance

increases with greater length of cold acclimation and with lower acclimating

temperature. A change in photoperiod May also aid in priming the plant for cold

acclimation as decreasing sunlight during the fall signaIs the oncoming winter. Younger

organs tend to acclimate better than older ones and aerial parts of the plant also exhibit

a greater ability to coId acclimate than organs which are not exposed during winter. As

with MOst plant processes, the ability to cold acclimate also depends on adequate

nutrition (Levitt, 1980; Weiser, 1970).

Cold acclimation can he thought to he comprised of two separate functions:

frrstly, as the adjustment of metabolism and cellular processes to low temperature which

occurs in chilling-tolerant, but not in chilling-sensitive plants; and secondly, as the

induction of freezing tolerance, which occurs only in freezing-tolerant plants (Guy,

1990). Freezing tolerance is assessed by measuring the percent survival of cold-
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acclimated plants at a given temperature or determining the temperature at which half

of the acclimated plants survive (LT50). The LTSC) varies greatly between plant species

allowing annual and biennial plants to tolerate temperatures ranging from -lOto _30ae

and perennials to withstand temperatures as lowas -60a C (Weiser, 1970).

Development of freezing tolerance is a process which is inducible by exposure

to low-temperature as weil as by other methods. Exogenous treatment of a plant with

ABA (Chen and Gusta, 1983; Chen et al., 1983) or dessicating conditions, (Siminovitch

and Cloutier, 1982) which are known to result in the accumulation of ABA (Wright,

1977), both induce plant tolerance to subsequent freezing temperatures. This suggests

tbat the responses to dessication and cold acclimation May share common adaptive

mechanisms as bas been proposed by Lin et al. (1990) and Levitt (1980).

In comparison to heat shock and the development of thermotolerance, freezing

tolerance is a slow process, taking up to months depending on the plant SPecies, whereas

deacclimation and loss of freezing tolerance are more rapid processes. Some perennial

plants are able to acclimate and deacclimate very rapidly in order to adapt to temperature

fluctuations during winter (Guy, 1990).

The capacity to cold acclimate is a complex, polygenic trait (Hummel et al.,

1982; Norell et al., 1986). It is interesting that onder mild stress, cold acclimation is a

dominant trait, whereas it is recessive under more severe conditions (Sutka and Veisz,

1988), supporting the idea that different genes effect tolerance at different levels of

stress (Gullord et al., 1975). Severa! genes have been shown to he specifically expressed

with cold acclimation and are well-characterized (Momoy et al., 1993b; Wolfraim et al.,
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1993; Wolfraim and Ohindsa, 1993; Houde et al., 1992; Mohapatra et al., 1989).

Although the appearance of sorne proteins and disappearance of others MaY not he

directIy related to freezing tolerance, the findings that some genes co-segregate with

freezing tolerance (Thomashow, 1990), and that cold-acclimation specifie (cas) genes

are induced to a greater degree in freezing-tolerant than in sensitive cultivars (Houde et

al., 1992; Mohapatra et al., 1989), strongly suggest that the proteins encoded by certain

genes MaY play important roles in the cold-indueed development of freezing toleranee.

PROTEINS AND COLD ACCLIMATION

It has been shown that protein metabolism plays a major role in cold acclimation

and the development offreezing tolerance (Guy, 1990). Siminovitch and Briggs (1949)

first noted the correlation hetween soluble protein accumulation and freezing tolerance

during cold acclimation of black locust trees. The increased protein content may he due

to increased SYQthesis and stability of proteins and/or reduced degradation and turnover.

In addition to increased overall soluble protein content with cold acclimation as a

general stress response in Many plant species, the levels of Many individual proteins

increase or decrease. Results from SOS-PAGE, in vivo radiolabeling and experiments

with cycloheximide have demonstrated that changes in protein patterns occur with cold

acclimation, and that Many ofthese changes are due to novel protein synthesis (see Guy,
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1990).

Comparative studies of proteins of non·acclimated and cold acclimated plants

have identified proteins that are correlated with freezing-tolerance. In spinach, time­

course studies have demonstrated the synthesis and appearance ofhigh-moiecular weight

proteins during the induction of freezing tolerance and their disappearance during

deacclimation (loss of freezing tolerance) (Guy and Haskell, 1987), suggesting a central

role in freezing tolerance. These proteins May aid in stabilizing key proteins, be

structurally important, or represent cold-stable isoforms of enzymes catalyzing

housekeeping or cold-specific metabolic processes.

The appearance of many new proteins upon exposure to low temperature is due

to both altered gene expression, as proposed by Weiser (1970), and upregulation of

Many genes (Guy, 1990). The ability to synthesize and maintain the concentration of

housekeeping proteins at low temperature is greater in cold acclimated plants than in

non-acclimated plants due to increased rRNA and protein.synthesis capacity, consistent

with the need to sustain basal metabolism at reduced temperature (Guy, 1990). Other

candidates for induction or enhanced expression are antifreeze proteins, which restrict

ice crystal growth from the protoplasm (Griffith et al., 1992), and cold·stable enzymes

involved in the synthesis ofcryoprotectants, such as sorbitol, proline, glycinebetaine and

sucrose, which is required for the development of freezing tolerance (Steponkus and

Lanphear, 1968). Antioxidants, such as ascorbate peroxidase, glutathione reductase and

superoxide dismutase, which function in the removal of toxins, have a1so been shown

to he upregulated in response to oxidative stress (Ingram and Bartels, 1996; McKersie
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et al., 1993; Dhindsa, 1991; Eistner, 1982). Proteins involved in the production of

lipids for membrane biosynthesis and restructuring, including the activation of

desaturases to increase membrane fluidity, are also important candidates for enhanœd

synthesis during cold acclimation because of the extensive damage incurred to biological

membranes during freezing (Guy, 1990; Levitt, 1980).

Protein regulation hY reversible phosphorylation

It is also possible that post-translational modifications to proteins could enhance

stability or alter activities with concomitant effects to cellular metabolism.

Phosphorylation is an important universal mechanism for regulating biological functions

in response to extemal stimuli or intracellular signaIs (Smith and Walker, 1996).

Changes in the relative phosphorylation levels of target proteins are brought about by

the opposing actions of protein kinases and protein phosphatases. The kinases are

responsible for the addition of phosphate groups to proteins (phosphorylation) whereas

phosphatases are responsible for the reverse process (dephosphorylation). The actions

of these modifying enzymes shifts the equilibrium to the more or less phosphorylated

state and directly effects the activities of target proteins, which can also affect

downstream processes via signal transduction cascades. In eukaryotes, 97% of protein

phosphorylationoccurs at serine and threonine residues, although tyrosyl-phosphorylation

also plays an important role in signaI transduction (Smith and Walker, 1996).

Changes in phosphoprotein profiles oecur in response to a number of internai and
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extemal stimuli ineluding transitional stages of development (Nakamura et al., 1993;

Raghothama et al., 1985), the important plant stress hormone ABA (Koontz and Choi,

1993) and environmental eues (Bursa et al., 1994; Wu et al., 1992), although the

mecbanisms indueing plant responses have yet to he established.

A1though there is a significant amount of researeh demonstrating increased

protein content with cold acclimation (see Guy, (990), the effect of low-temperature

stress on protein pbosphorylation is in its infancy. Thylakoid proteins have been shown

to he affected by chilling in many species (Val and Baker, 1989; MolI et al., 1987), and

cold bas been shown to affect the phosphorylation status ofthe Iight-harvesting complex,

resulting in changes in the organization of the thylakoid membrane (Carlberg et al.,

1992), and presumably affecting photosynthesis. Research in this laboratory on the

eflects of cold acclimation on protein phosphorylation bas clearly demonstrated changes

in phosphoprotein profiles during cold acclimation (Monroy et al., 1993a). Some of

these changes have been shown to he dePendent on calcium and protein synthesis as weil

as require the action of protein kinases (Monroy et al., 1993a) and protein phosphatases

(Monroy et al., 1996).

Stone and Walker (1995) have recently reviewed the different types of plant

protein kinases and their role in signal transduction, Many of which are inducible by

stress. Urao et al. (1994) reported that two genes encoding protein kinases were induced

by drought and salt stress, an ABA-inducible kinase bas heen isolated from wheat

(Anderberg and Walker-Simmons, 1992), a pathogenesis-related kinase has been cloned

from tomato (Martin et al., 1993) and a cold-induced calcium-dependent protein
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kinase(CDPK) bas been identified in alfalfa (Monroy and Dhindsa, 1995). Although,

the phosphorylation of proteins by kinases bas been demonstrated in many systems, the

signaling pathways leading to altered gene expression and physiological responses have

not yet been elucidated.

It is ooly recently that the importance of research on protein dephosphorylation

by protein phosphatases bas been recognized, and as usual, plant studies lag far behind

animal research. However, homologues of the mammalian protein phosphatase classes

l, 2A and 2C have been found in plant species, in addition to unrelated phophatases, and

the role of dephosphorylation in regulating enzyme activities and cellular processes is

becoming clear (Momoy et al., 1996; Smith and Walker, 1996).

Although recent attention bas been given to the modifying kinases and

phosphatases, most research remains focused on the effect of phosphorylation status on

protein function. Enzymes involved in many different cellular processes have been

found that exhibit a1tered activities when phosphorylated (see Ranjeva and Boudet,

1987). Phosphorylation is involved in regulating the cell cycle, gene expression, and is

an aImost universal requirement for the activation of protein kinases themselves (Stone

and Walker, 1995). Some plant enzymes that have been shown to he regulated by

reversible phosphorylation include pyruvate dehydrogenase, pyruvate Pi dikinase and the

important carbon-metabolism enzyme, phosphoenolpyruvate carboxylase (Ranjeva and

Boudet, 1987).
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PHOSPHOENOLPYRUVATE CARBOXYLASE

Phosphoeno/pyruvate carboxylase (PEPC) (EC 4.1.1.31) is a well-characterized

cytosolic enzyme that occurs ubiquitously in plants, animais and bacteria (for a recent

review of PEPC in plants, see Chollet et al., 1996). This enzyme, which is a

homotetramer comprised of approximately 110 kD subunits, catalyzes the irreversible

B-carboxylation ofphosphoenolpyruvate (PEP)in the presence ofmetal ions and RC03-,

to generate oxaloacetate and inorganic phosphate. In addition to the well-known role

of this enzyme as the primary carbon-fixing enzyme in the leaves of plants operating

under C4 photosynthesis (C4 plants) or Crassulacean acid metabolism (CAM plants),

PEPC bas Many other important funCtioDS. These include the replenislunent of

tricarboxylic acid cycle intermediates providing carbon skeletons for nitrogen

assimilation and amino acid biosynthesis, maintenance of redox balance, recapture of

respiratory CO2 and transfer ofreducing power from NADR to generate NADPH by the

non-autotrophic or dark fixation ofcarbon. Other specialized roles include the provision

of C4-dicarboxylate substrates to nitrogen-fixing bacteria in the root nodules of

leguminous plants, and production of malate as an osmotic solute for the regulation of

stomatal aperture and generation of turgor-driven growth (Dhindsa et al., 1975).

Associated with a variety of functions and intracellular localizations of PEPC, there are

different isofonns which are encoded by multigene families (Lepiniec et al., 1994).

In the leaves ofC4 or CAM plants, PEPC is the initial carboxylating enzyme that

fixes atmospheric CO2 into dicarboxylates. The enzyme is active during the day in C4
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and during the night in CAM plants. During the dark and light for C4 and CAM plants,

respectively, the enzyme is less active and the CO2 is released from the dicarboxylic

acids to serve as substrate for the Calvin cycle. In the case of C4 PEPe, it bas been

found that light reversibly induces a two- to three-fold increase in catalytic activity and

decrease in sensitivity to the inhibitor L-malate, when assayed at suboptimal, but

physiological levels of pH and PEP (reviewed by Chollet et al., 1996 and Jiao and

Chollet, 1991). Similarly, CAM plants exhibit significant day-night differences, PEPe

activity heing higher in the night so that the stoma can remain closed during the day to

conserve water. Although there are light-induced changes in the levels of opposing

Metabolite effectors (positive regulator glucose-6-phosphate and negative regulator L­

malate), the major mechanism of regulating PEPe activity bas been found to he

reversible phosphorylation. This post-translational modification occurs specifically at

a serine residue near the N-terminus of the protein. This covalent modification occurs

at Ser-8 in Sorghum, at Ser-IS in maize and at Ser-ll in the facultative CAM plant

Mesembryanthemum crysta//inum (Chollet et al., 1996; Lepiniec et al., 1994). Moreover,

it is now clearly established that this seryl-phosphorylation of PEPC directIy results in

increased catalytic activity and decreased sensitivity to inhibition by malate, both in vitro

and in vivo (see review by Chollet et al., 1996 and references therein).

Further !"esearch on PEPC bas revealed that the non-photosynthetic isofonns of

the enzyme are regulated by reversible phosphorylation as well. Regulatory seryl­

phosphorylation of PEPC plays an important role in the coordination ofcarbon-nitrogen

metabolism in the leaves of~ plants (Duff and Chollet, 1995; Van Quy et al., 1991).
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ln addition, the PEPe-mediated generation of dicarboxylic 8Cids to supply respiratory

substrates and carbon skeletons for amino 8Cid biosynthesis to nitrogen-fixing bacteria

in legume nodules is regulated by reversible phosphorylation at serine residue(s) (Zhang

et al., 1995; Schuller and Werner, 1993). Phosphorylation ofPEPC bas been implicated

in the regulation of stomatal aperture in Vicia laba guard cells (Zhang et al., 1994).

There bas been a great deal of research on the signal transduction pathway

leading to the activation of PEPC. Earlier reports indicated that the activity of PEPC

was dependent on the oligomeric status ofthe enzyme (tetrameric fonn more active than

dimeric fonn) in both C4 and CAM species (Wu and Wedding, 1985 and 1987).

However, the findings that the light and dark forms of PEPC from C4 and CAM plants

exist as tetramers, yet exhibit their characteristic differences in activity and sensitivity

to inhibition, effectively argues against this aggregation hypothesis (see Jiao and Chollet,

1991).

Researchers have found that upstream events are required for the phosphorylation

and therefore, activation of PEPC. These include roles for: cytosolic aIka1inization and

increased cytosolic calcium (Giglioli-Guivarc'h et al., 1996; Pierre et al., 1992), calcium­

dependent protein kinases (Giglioli-Guivarc'h et al., 1996), cross-talk between the

photosynthetic œil types of the C4 leaf (Giglioli-Guivarc'h et al., 1996; Jiao and Chollet,

1992), and protein synthesis (Giglioli-Guivarc'h et al., 1996; Jiao and ChoUet, 1992;

Pierre et al., 1992; Jiao et al., 1991b).

More recently, attention bas tumed ta the PEPC-modifying protein kinases and

phosphatases. In aIl sources studied to date, the PEPC kinase bas been found to he a
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(Chollet et al., 1996). Although both calcium-dependent and -independent

kjnases are capable of phosphorylating PEPC in vitro and consequently altering its

activity and malate sensitivity (Li and Chollet, 1993), the calcium-independent kinase

is likely the in vivo regulating enzyme, because of its light-dependency and sensitivity

to inhibitors of protein synthesis and photosynthesis (Li and Chollet, 1993). As

mentioned above, these factors have been implicated in the regulation of PEPC,

indieating that activation of PEPC requires the activated synthesis of the modifying

kinase itself.

There is much less work on the dephosphorylation event that inactivates PEPC,

although it bas been found that it involves a type 2A protein phosphatase (Jiao et al.,

1991a; Echevarria et al., 1990). However, this enzyme is likely to he less important

in the regulation of PEPC since its activity is fairly constant during light-dark or day­

night transitions (Chollet et al., 1996) and hence, most attention is directed toward the

regulation of PEPC by its serine-threonine kinase.

The diversity of function of the PEPC isoforms is consistent with the finding of

small multigene familles in many plant species (Lepiniec et al., 1993 and 1994). In the

common ice plant, at least two distinct genes for PEPe encode the ~-like and CAM­

specific isoforms, the expression of the latter is enbanced as the plant switches from C3

to CAM in response to salt stress (Cushman et al., 1989). Sorghum possesses three

different genes encoding the housekeeping, root and C4-photosynthetic isoforms

(Lepiniec et al., 1993), and maize contains at least five genes for PEPC. Many other
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species contain PEPe multigene familles including tobacco, rice, wheat and alfalfa

(Lepiniec et al., 1994; Pathirana et al., 1992).

In ail amino acid sequences of plant PEPC reported to date, several highly

conserved residues and motifs are found (Lepiniec et al., 1994). These domains are

likely to he important for enzyme activity, and probably either represent components of

the active site or are involved in regulation of the enzyme. As mentioned above, the

major mechanism of regulating PEPC is by reversible phosphorylation. Consistent with

this, one of the MOst conserved regions in all PEPC's sequenced to date is the seryl­

phosphorylation site near the N-terminus of the protein (EIDRlKxxSIDAQLIMR). It is

this domain that confers the ability to regulate PEPe activity as bas been confirmed by

the inability to phosphorylate and therefore alter the properties of phosphorylation-site

mutants of Sorghum (Duff et al., 1995).

Cold acclimation, phosphoenolpyrovate carboxylase and dark carbon fixation: Basis of

the thesis project

ft is well-known that freezing stress causes great perturbations to the plant.

Damage to the plasma membrane and internai organelles (Levitt, 1980), protein­

synthesizing machinery (Mohapatra et al., 1987) and a1teration of redox balance due to

dehydration (Ingram and Bartels, 1996; McKersie et al., 1993; Clare et al., 1984;

Dhindsa and Matowe, 1981) are ail consequences of cold-exposure. A source of

reducing power which can he used to repair biological components damaged by the
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freezing stress may he important in imparting freezing-tolerance to the plant. A major

mechanism ofgenerating reductant is the production ofNADPH by the non-autotrophic

or dark fixation of carbon. This pathway, which is catalyzed by PEPC (Sehuller et al.,

1990b), coupled with transhydrogenation from NADH to NADP+ (Ting and Dugger,

1965a) is well-characterized in both plants and animals (Ting, 1971). Moreover the role

of regulatory phosphorylation of PEPC on dark carbon fixation during CAM bas been

demonstrated (Carter et al., 1995). Dark carbon fixation bas been implieated in the

ability ta recover from desiccation in masses (Dhindsa, 1985) and in restoration of redox

balance during anaerobiosis (Vanlerberghe et al., 1989). Furthermore, NADPH

ameliorates oxidative damage ta protein synthesis (Dhindsa, 1987), and is required for

the reductive biosynthesis of membrane components (Stumpt: 1980). We therefore,

decided to investigate whether there was a change in the level of dark carbon fIXation

that occurs with cold acclimation of alfalfa, and whether PEPC was responsible for

some, if not ail, of any such aIteration.

PROJECT AIMS

Alfalfa is a major agronomie crop in Canada producing bay and forage for the

cattle and dairy industries of North America. Production of this over-wintering crop

accounts for 300 million dollars in Quebec and 1 billion dollars in Canada as a whole.

Once planted, this crap cao he harvested for 3-4 years aIthough a small percentage of

plants die each year from freezing. It is thought that an increase in the ability of plants
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to survive the freeze-tbaw process will result in increased agricultural productivity,

particularly in light of the fact that the high-yielding cultivars are freezing-sensitive (ie.

Trek) whereas the lower-yielding cultivars are relatively freezing-tolerant (ie. Anik).

The wide range offreezing-tolerance ofthe various alfalfa species and cultivars, coupled

with the agronomic importance of this plant and the availability of cold-acclimation

specific (cas) genes as markers for cold acclimation (Wolfraim and Dhindsa, 1993;

Wolfraim et al., 1993; Monroy et al., 1993b; Mohapatra et al., 1989), make it a good

system for the study of cold acclimation and freezing tolerance.

The damaging effects offreezing to plants are well-characterlzed (Levitt, 1980).

It is logical that a source of reducing power to repair damage and restore metabolic

functions may he of importance towards imparting freezing tolerance to the plant. The

generation of NADPH by the non-autotrophic or dark fixation of carbon may he the

source of such reductant. We, therefore, decided to examine whether any change in the

level of dark carbon fixation occurs with cold acclimation, and we were particularly

interested in the principle enzyme catalyzing this process, PEPe. By exarnining the

mRNA, protein and activity levels, as weil as the phosphorylation status ofPEPC during

cold acclimation, we hoped to determine whether PEPC could he responsible for any

alterations in the level ofdark carbon fixation. We also aimed to identify the mechanism

by which the enzyme is regulated in this process.

This investigation represents novel research in the field of cellular metabolism

in response to cold acclimation and the development of freezing tolerance. Although

any findings are purely correlative (i.e. we do not know if increased dark carbon fixation
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and/or PEPe activity are directly involved with increased freezing tolerance), the

identification of any differences hetween freezing-tolerant and -sensitive cultivars that

arise due to cold acclimation, would suggest at least a partial role, and May also shed

light on different plant responses to stress. Furthermore, these findings May reveal any

cold-induced components which are absent or defective in the sensitive plants, and may

therefore he useful to the commercial development of a1falfa strains with improved

agricultural productivity.
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ABSTRACT

Phosphoeno/pyruvate carboxylase (PEPC) activity and levels were examined

during cold acclimation of seedlings of the freezing-tolerant cultivar (Medicago saliva

ssp fa/cata cv Anik) and the relatively freezing·sensitive cultivar (Medicago sativa cv

Trek) of a1falfa. PEPC activity increased 250 % and 100 % with coId acclimation in

Anik and Trek, respectively. This was associated with an increase in the level of a 110

kD protein and a decrease in the amount of a 120 kD polypeptide, both of which

immunoreacted with an anti-PEPC antibody. Incubation of soluble protein extracts with

ATP increased PEPe activity by about 30 % while incubation with alkaline phosphatase

decreased PEPC activity by about 70 % in Anik seedlings. Immunoprecipitation of

proteins trom extracts with antiphosphoserine antibody followed by immunoblotting of

the precipitated proteins with antï-PEPC antibody revealed the 110 kD polypeptide only

in cold acclimated Anik seedlings. These findings suggest that the 110 kD PEPe

subunit is phosphorylated on serine residue(s) during cold acclimation in Anik but not

in Trek. Increased PEPC activity could account for the 70% increase in non-autotrophic

carbon fixation observed in cold acclimated Anik seedlings. A possible role for dark

carbon fixation in the cold-induced development of freezing tolerance is discussed.
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INTRODUCTION

Exposure to low, but nonfreezing temperatures (cold acclimation) confers on

many plants tolerance to subsequent freezing temperatures (Levitt, 1980; Guy, 1990).

During cold acelimation, Many metabolic changes occur including specific gene

expression and protein synthesis (Guy, 1990; Thomashow, 1990). During the initial

stages of cold acclimation, a transient damage to various cellular constituents is

observed. For example, ATP levels decline (perras and Sarhan, 1984) indicating

mitochondrial dysfonction, solute leakage is manifested indicating membrane

dysfunction (see Levitt, 1980), and a reduced rate ofprotein synthesis is observed even

on return to normal temperature (Mohapatra et al., 1987) indicating an impairment of

the protein-synthesizing apparatus. As cold acclimation proceeds, these damages are

reversed and the plant develops increased freezing tolerance. There is considerable

evidence that oxidative damage occurs on exPOsure to low temperature thereby altering

the cellular redox state (Levitt, 1980). Availability of NADPH as a reductant is

expected to he of importance during damage repair and restoration ofcellular functions.

An important way of producing NADPH is through clark fixation of carbon catalyzed

by phosphoenolpyruvate carboxylase (pEPe) coupled with transhydrogenation from

NADH to NADP+ (Ting and Dugger, 1965a). It bas been proPOsed (Vanlerherghe et

aL, 1989) that provision of reducing power by dark or non-autotrophic fixation of

carbon may contribute to overall redox balance in eells during anaerobic conditions.

Furthermore, ability to recover from complete desiceation in mosses bas been eorrelated
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with an ability to resume dark carbon fixation (Dhindsa, 1985) and the ameliorative

effects of NADPH on oxidation damage to protein synthesis have been demonstrated

(Dhindsa, 1987). Therefore, we considered a possible role of PEPC during cold

acclimation worthy of investigation.

PEPC (EC 4.1.1.31) is a ubiquitous enzyme that catalyzes the irreversible

conversion of PEP and HC03- to oxaloacetate and Pi (for a recent review, see Chollet

et al., 1996). This enzyme, which is a homotetramer comprised of approximately 110

kD subunits, accounts for 0.5-2% of the soluble protein in alfalfa (Deroche and

Carrayol, 1988; Vance et al., 1994). In leaves of C4 and CAM plants, PEPC is the

initial carboxylating enzyme that fixes atmospheric CO2 into C4 dicarboxylates. In C3

leaves and N-flXing nodules of leguminous plants, PEPC plays an anapleurotic role in

the provision of C skeletons for N assimilation into amino acids (Schuller and Werner,

1993; Duff and ChoUet, 1995). PEPC has been shawn to be POst-translationally

regulated by reversible phosphorylation at a serine residue. The phosphorylated enzyme

is more catalytically active, and aIso more sensitive ta activation by glucose-6-P and less

sensitive to inhibition by L-malate (reviewed by Jiao and Chollet, 1991). Leaf PEPC

is phosphorylated in the day in C4 plants and in the night in CAM plants when the

enzyme is active in the primary fixation of CO2 in photosynthetic reactions. The

enzyme is dephosphorylated during the night in C4 and dwing the day in CAM plants

(Le. when it is not needed). The C3-leaf and nodule PEPe isofonns are reguiated in the

same manner (Duff and Challet, 1995; Zhang et al., 1995).
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ln this paper, we examined the activity, protein levels and phosphorylation status

ofPEPC during cold acclimation in two alfalfa cultivars differing in freezing tolerance.

We show that PEPe activity increased with cold acclimation in both the freezing­

tolerant cultivar Anik and the relatively freezing-sensitive cultivar Trek, although ta a

greater degree in Anik. This difference between cultivars was not due to variations in

the PEPC transeript or protein levels, but rather due to regulatory seryl phosphorylation

of the 110 kD PEPe subunit in Anik but not in Trek. The increased PEPe activity

could account for the enhanced dark fIXation of carbon that occurred with cold

acclimation in Anik seedlings. A possible role for dark carbon fixation in the cold­

induced development of freezing tolerance is discussed.

MATERIALS AND METRODS

Plant Materia.

Seeds of 2 alfalfa cultivars (Medicago saliva ssp fa/cala cv Anik, and Medicago

saliva cv Trek) were surface sterilized in 5% (w/v) sodium hypochlorite and genninated

in Murashige-Skoog medium (Sigma, St. Louis), pH 5.7 containing 1% sucrose.

SeedIings were grown in liquid-culture at a PPFD of 200 l'mol photons m-2
S-I under

a 16-h photoperiod with shaking at 240 c. After 10 d, sorne of the seedlings were

maintained as the non-acclimated sample while the remaining seedlings were transferred

to 40 C, under otherwise identical conditions, for cold acclimation.
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Protein Extraction

Seedlings were sampled at different times during cold acclimation starting with

zero time as non-acclimated control. Samples were immediately frozen in üquid N2 and

stored at -800 C until further use. Ail steps in the extraction ofprotein were carried out

at 4° C. The frozen seedlings (1-2 g fresh weight) were ground in liquid N2 in a chilled

mortar. The resultant powder was homogenized in pre-chilled extraction buffer

containing 100 mM HEPES, pH 7.2, 10 mM MgCI2, 2 mM K2HP04, 20% (v/v)

glycerol, 1 mM EDTA, 2 mM 4-(2-Aminoethyl)-benzenesulfonyl fluoride (AEBSF) and

10 #LM leupeptin (Boehringer Mannheim, Laval) and 10 mM 8-mercaptoethanol in a 1:4

(w/v) tissue:buffer ratio. The extract was filtered through Miracloth (Calbioehem, San

Diego) and eentrifuged at 15000 x g for 5 min. The supematant served as a source of

soluble protein for enzyme assays, determination of soluble-protein concentration, and

PEPC immunoblotting and immunoprecipitation, and was used either immediately or

aliquoted for storage at -800 C.

Enzyme Assays

PEPC activity was measured under suboptimal but physiologically relevant

conditions (Schuller et al., 1990a; Duffet al., 1995), at 25° C using a radiometric assay.

The 600 ilL reaction mixture contained 50 mM Bieine, pH 7.5, 1 mM MgC12, 0.1 mM

NADH, 0.4 #LCi NaHI4C03 (56 mCi/mmol) and 0.25 mM PEP. Ail reactions were

initiated with an aliquot of the protein extraet and allowed to proceed for 5 min. The

reaction was terminated with 600 pL of 10% TCA and unreacted 14C was diluted with
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the addition of 8 mM NaHC03• The mixture was centrifuged at 15000 x g for 5 min

and an aliquot of the supernatant was removed for measurement of 14C incorporation

into acid-stable products by liquid scintillation counting. This was taken as the PEPC

activity, and is expressed as cpm per pg soluble protein per min. For the optimal PEPC

assay, the conditions were the same as above except that the buffer was adjusted to pH

8, and 2.5 mM PEP was used.

Malate dehydrogenase and malle enzyme activities were assayed spectro­

photometrically at 25° C by measuring the change in absorbance at 340 Dm. An aliquot

of the soluble protein extraet was added to the 3-mL reaction mixtures prior 10 initiation

of reactions with the addition ofoxaloacetate or L-malate for the malate dehydrogenase

and malle enzyme assays, respectively. The reaction mixture for malate dehydrogenase

activity contained 50 mM Tris-Cl, pH 7.4, 0.1 mM NADH, and 0.25 mM oxaloacetate.

Activity was measured as the reduction in NADH which was monitored by decrease in

absorbance at 340 Dm. For malle enzyme, the assay medium contained 50 mM TES,

pH 7.0, 0.4 mM MnCI2, 0.1 mM NADP+, and 0.4 mM L-malate. The increase in

NADPH, which was observed as the increase in absorbance at 340 Dm, was taken as

malic enzyme activity.

ln vitro AdivatioDlDeactivatioD 01 PEPe

In vitro phosphorylation and dephosphorylation of alfalfa PEPC was achieved

by incubating soluble protein extracts from non-acclimated or cold acclimated Anik

seedHngs with 5 mM ATP or alkaline phosphatase (0.05U/"'8 protein), respectively, at
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30° C for 30 min. ln vitro activation and deactivation was assessed by comparing

PEPC activity after these treatments with controls incubated with water.

Electrophoresis, Immanoblotting and ImmunoprecipitatioD

SOS-PAGE (10%) was perfonned using an established protocol (Laemmli,

1970). Resolved proteins were electroblotted onto a Polyscreen POlyvinylidene fluoride

(PVDF) transfer membrane (NENlDuPont, Boston) in 192 mM glycine, 25 mM Tris,

pH 8.3 (Towbin et al., 1979) using a Bio-Rad Trans-Blot cell. Protein concentrations

and efficiency of transfer were verified by staining the membrane in 0.1% (w/v)

Ponceau S in 1% acetic acid. The blot was incubated in blocking buffer (pBS

containing 0.2% Tween) for 1 h to block non-specific binding sites on the membrane

and then probed for 30 min at 37° C with anti-(alfalfa nodule PEPC) antiserum diluted

in blocking buffer (1 :4000 dilution). Unbound antibodies were removed with 4 changes

of wash buffer (pBS containing 0.05% Tween) at 25° C. Immunoreactive polypeptides

were recognized by incubation with horseradish peroxidase-linked goat anti-(rabbit

immunoglobulin G) antibody (Transduction Laboratories, Lexington) diluted in blocking

buffer (1:4000 dilution) for 30 min at 37° C, foUowed by 4 washes as above. Detection

of immunoreactive bands was achieved using the Renaissance chemiluminescence

system (NENlDuPont, Boston) and/or colour development using diaminobenzidine as

substrate. Immunoprecipitation experiments were carried out by incubating soluble

protein extracts containing equal amounts of protein with mouse monoclonal

antiphosphoserine antibody (Sigma, St. Louis) in a 1:200 dilution and placing on ice for
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3h. The samples were then centrifuged at 15000 x g for 15 min and the precipitated

proteins resuspended in SOS-sample buffer (Laemmli, 1970) and subjected to Western

blotting using anti-PEPC as described above.

Protein determÎDation

Soluble protein concentration was determined by the dye-binding method

(Bradford, 1976) using the Bio-Rad reagents and aSA as a standard.

Non-autotrophic carbon fixation

Triplicate samples (1 g fresh weight) of non-acclimated or cold acclimated

seedlings were incubated at 4° C in 100 mM Citrate buffer, pH 6.0, in a 1:4 (w/v)

tissue:buffer ratio. Non-autotrophic carbon fixation was initiated with the addition of

3 p.Ci of NaH14CO) (56 mCilmmol) and the reaction allowed to proceed in the dark

for Ih with shaking at 40 C. At the end of incorporation, the seedlings were washed

3 times with distilled water to remove unincorporated 14C and the sample immediately

frozen in liquid N2 and stored at -800 C. Extraction was achieved by grinding the

frozen samples in liquid N2 in a chilled mortar and the powder obtained was transferred

to a test-tube and weighed. The aqueous and organic phases were separated in

chloroform:methanol:water and measurement Ofl4C flXed in the acid-soluble fraction of

the aqueous phase was determined as described by Ting and Dugger (1965b).
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Analysis of PEPe tnmscript levels

Non-acclimated or cold acclimated Anik seedlings (1-2 g fresh weight) were

harvested as for protein extraction. Isolation of total RNA and Northem blots were

done as described by Mouroy et al., 1993a. Blots were probed with a 40S bp product

generated by RT-PCR (Monroy and Dhindsa, 1995). Primers used were the degenerate

sense oligonucleotide S'-TGCNTGGACACA(G/A)ACA(C/A)G(GIA)TT(T/C)-CA...3'

and the complementary oligonucleotide 5'...ATCGCGGATCCGTTTCAATGTGTA-3',

corresponding to nucleotides 2427 ta 2450 and 2809 ta 2832, respectively, ofthe alfalfa

nodule PEPC cDNA sequence (pathirana et al., 1992). Conditions for PCR were 94°

C for 2.S min and 80G C for 2 min for one cycle followed by thirty-five cycles of 94°

C for 1 min, 60° C for 2 min and 72° C for 2 min.
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RESULTS

PEPe aetivity and dark carbon fixation

Transfer ofalfalfa seedlings (cv Anik) to 40 C for 4 d resulted in a 70% increase

in the level of non-autotrophic carbon fixation (Fig. 1). Hence, enzymes involved in

this process were tested for activity. There were no measurable changes in the activities

of malate dehydrogenase or malic enzyme (data not shown), however, PEPC activity

increased significantly with cold acclimation (Fig. 2). Although PEPC activity increased

at least 100% with cold acclimation, this increase was more pronounced (250%) when

assayed under suboptimal conditions, which were subsequently employed for all further

PEPC assays.

PEPe proteiD and aetivity during cold aee6matioD

Cold acclimation affected bath PEPe activity as weIl as the amount of protein

that immunoreacted with an anti-PEPC antibody. PEPC activity increased during 4 d

ofcold acclimation to a maximum of3.5-fold the activity of untreated plants (Fig. 3A).

During the same period of cold acclimation, there was an increase in the amount of a

110 kD PEPC polypeptide and a decrease in the level of a 120 kD PEPC polypeptide

(Fig. 3D). The minor immunoreactive bands could he PEPC degradation products or

simply represent cross-reaction of the antiserum with unrelated polypeptides. This

alteration in the levels of PEPC isofonns was not due to changes in the level of PEPC

mRNA (data not shown). Due to the greatest difference in PEPe activity and protein

29



(

(

(

levels occmring after 4 d at 4° C, this length of cold treatment was used for ail further

experiments.

ComparisOD of PEPC in alfalfa cultivan differiDg in freezing tolerance

A comparison ofPEPC activity and protein levels in the freezing-sensitive alfalfa

cultivar Trek with the relatively freezing-tolerant cultivar Anik is shown in Figure 4.

With cold acclimation, PEPC activity increased in bath cultivars, although the difference

was greater for Anik than for Trek (250% and 100%, respectively). Figure 3B reveals

that the relative PEPC protein levels change in the same manner for bath cultivars, in

that the amount of the 120 kD band decreased and of the 110 kD band increased with

cold acclimation. This suggests that factors other than the amount of the PEPC

isoforms May he involved in causing the difference in PEPC activity that occurs with

cold acclimation between Anik and Trek (Fig. 4A).

ln vitro activationlde-aetivatioD of PEPe

It bas been found that seryl phosphorylation of PEPC is an important means of

activating the enzyme in leaves of C4, CAM and C3 plants as well as in nodules of N­

fixing legumes (Jiao and Chollet, 1991; Duff and Chollet, 1995; Zhang et al., 1995).

In vitro experiments were carried out to investigate the role of reversible

phosphorylation in regulating PEPC activity with cold acclimation in alfalfa seedIings.

Figure 5 summarizes the results of experiments on in vitro phosphorylation or

dephosphorylation of PEPC in soluble protein extracts obtained from non-acclimated or
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cold acclimated Anik seedlings. Incubation with 5 mM ATP resulted in 2901'0 and 34%

activation of PEPC activity over the control levels for non-acclimated and cold

acclimated extracts, respectively. In contrast, treatment with a1kaline phosphatase

resulted in a 67% and 72% reduction in PEPC activity for the non-acclimated and cold

acclimated extracts, respectively. Thus, dephosphorylation of proteins in the cold

acclimated extraet by alkaline phosphatase reduced PEPC activity to the level of the

non-acclimated control (Fig. 5). Similar in vitro results were obtained for Trek (data

not shown). These findings suggest that the principle mechanism of regulating PEPC

with cold acclimation is by altering its phosphorylation status.

ln vivo phosphorylatioD status of PEPe and eold aeelimatioD

The in vivo phosphorylation status of PEPe in non-acclimated and cold

acclimated seedlings of the alfalfa cultivars Anik and Trek was assessed by

immunopreciptation. Soluble protein extracts were incubated with anti-phosphoserine

antibody and an immunoblot analysis carried out on precipitated proteins using anti­

PEPe antibodies. The only protein that was detectable after this procedure was the 110

kD polypeptide in the cold acclimated sample from Anik (Figure 6). This suggests that

differential PEPC phosphorylation on serine residue(s) during cold acclimation accounts

for the difference in cold-induced activity between Anik and Trek.
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Figure 1: Effeet ofcold acclimation on clark carbon fixation in alfalfa seedlings (cv

Anik). Samples of non-acclimated seedlings (NA) or seedlings cold acclimated for 4

d (CA) were incubated with NaHI4C03 for lh in the dark and measurement ofradiolabel

incorporated into acid-stable products determined by liquid-scintillation counting as

described in "Materials and Methods". The value of dark carbon fIXation by non­

acclimated seedIings, fixed as 100 %, was 34 cpm per ILg protein per min. The results

are given as the Mean ± SE (n=6).
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Figure 2: Effect of cold acclimation on PEPC activity in alfalfa seedlings (cv Anik).

PEPC activity was assayed under optimal (pH 8, 2.5 mM PEP) or suboptimal (pH 7.5,

0.25 mM PEP) conditions in soluble protein extracts obtained from non-acclimated

(NA) or cold acclimated (CA) seedlings. PEPe activity is expressed relative to the NA

level for each condition which did not vary by more than 20% between experiments.

The value for PEPC activity in non-acclimated seedlings was fixed as 1 and was 22 cpm

per p,g protein per min under suboptimal conditions and 35 cpm per p.g protein per min

under optimal conditions. The results are given as the mean ± SE (0=3).
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Figure 3: Time course of suboptimal activity (A) and protein levels (8) of soluble

PEPC during cold acclimation. Alfalfa seedlings (cv Anik) were harvested after the

indicated lengths of cold acclimation and soluble protein extracted. (A) PEPC activity

was assayed at pH 7.5, 0.25 mM PEP and values represent the average ofthree separate

experiments :!: SE. (8) Soluble proteins (20 p,g) were separated by SOS-PAGE,

transferred to a polyvinylidene membrane, and probed with anti-alfalfa nodule PEPC

antiserum. Immunoreactive bands were visualized as described in "Materials and

Methods". The upper and lower arrows point to the 120 kD and 110 kD PEPe

polypeptides, respectively.

34

1



• A -c
°ë 80

as 70
~

i 60
50-

~ 40
os: 30

~ 20

~ 10
W 0
~

0 3 6 24 48 96

Cold Accfimation (h)

(

(

B CA(h)
o 3 6 24 48 96

--_..• :



Figure 4: Suboptimal aetivity (A) and protein levels (B) of soluble PEPC during cold

acclimation in two alfalfa cultivars differing in fteezing tolerance. Soluble proteins

were extraeted from non-accJimated (NA) and cold acclimated (CA) seedlings of the

freezing-tolerant cultivar Anik and the freezing-sensitive cultivar Trek. (A) The activity

in non-acclimated seedHngs was assigned the value of 1 which represented an activity

of 114 cpm per p.g protein per min in cultivar Anik, and 66 cpm per Ilg protein per min

in cultivar Trek. PEPe activity was assayed under suboptimal conditions (pH 7.5, 0.25

mM PEP) and values represent the Mean ± SE of at least five independent experiments.

(H) Immunoblot analysis of soluble protein (25 ILg) from NA and CA Anik and Trek

seedlings was performed as described in Figure 2.
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Figure 5: PEPC activity in non-acclimated (NA) or cold acclimated (CA) Anik protein

extraets subjected to various treatments. PEPC was assayed onder suboptimai conditions

(pH 7.5, 0.25 mM PEP) following incubation with 5 mM ATP (+ATP), 0.05U/l'g

aIkaline phosphatase (+AP), or H20 (Control), at 30° C for 30 min. Ail values are

expressed relative to control NA activity, which was 33 cpm per p.g protein Per min,

and represent the means ± SE of three separate eXPeriments.
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Figure 6: Immunoblot analysis ofalfalfa PEPC preceded by immunoprecipitation with

antiphosphoserine. Soluble protein (130 p,g) extracted from non-acclimated (NA) or

cold acclimated (CA) seedlings of alfalfa cultivars Anik and Trek was incubated with

antiphosphoserine antibody (1:200 dilution) and immunoblot analysis canied out on

precipitated proteins as described in Figure 2. The 110 kD immunoreactive polypeptide

is indicated by an arrow. Lane C: Anik NA sample without antiphosphoserine.
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DISCUSSION

The results of the present study demonstrate that there are changes in PEPe

activity and protein levels that occur with cold acclimation, and that a fteezing-tolerant

(Anik) and a freezing-sensitive (Trek) cultivar of affalfa differ with respect to these

changes. The increase in PEPC activity that occurs with cold acclimation is paralleled

with changes in the levels of PEPC isoforms in both Anik and Trek (Figs. 3A and 4).

The roles of the different isoforms have not yet been elucidated, but it appears that the

increase in the 110 kD monomer is responsible for at least some of the increased PEPC

activity in Anik and perhaps ail in Trek. The increase in level of the 110 kD subunit,

which was greatest after 4d of coId acclimation (Fig. 3B), occurs despite no change in

the level of PEPC mRNA (data not shown).

Throughout this investigation, we have chosen suboptimal pH and PEP for

examination ofPEPC activity, since it is weil established that the phosphorylation status

of PEPC is important when assaying under these conditions, but not when assaying

under near-optimal conditions (Fig. 2) (Ouff et al., 1995). We therefore exploited the

enhanced activity of PEPe with cold acclimation when assayed under suboptimal, but

physiologically relevant conditions (Schuller et al., 1990a), as an indicator of the

apparent phosphorylation status of the enzyme in vivo.

The in vitro activation and deactivation experiments on Anik clearly establish

that the phosphorylated PEPC is more active than the dephosphorylated form of the

enzyme (Fig. 5). It is likely that phosphorylation ofPEPe a1so decreases the enzyme' s

38



(

(

sensitivity ta inhibition by L-malate as bas been found for the photosynthetic isofonns

from C4 and CAM plants (for a review, see Jiao and Chollet, 1991) as well as the

nodule and ~-Ieafisoforms (Schuller and Werner, 1993; Duffand Challet, 1995; Zhang

et al., 1995). Finally, examination of the in vivo phosphorylation status of PEPC

through immunoprecipitation with antiphosphoserine antibody followed by PEPC

immunoblotting, revealed that the enzyme is seryl-phosphorylated in cold acclimated

Anik seedlings but not in Trek or in non-aeclimated plants (Fig. 6). This covalent

modification most likely oceurs near the protein's N-terminus at a target residue

homologous to SerS in sorghum or SeriS in maize (Jiao et al., 1991a; Lepiniec et al.,

1994), and explains the greater increase in PEPC aetivity that oeeurs with cold

acclimation in Anik than in Trek. PEPC was partially aetivated by incubation with

ATP suggesting that a protein kinase capable of phosphorylating PEPC is at least

partially active in soluble protein extracts. It is not known if the PEPC kinase is a Ca

2+-independent serine/threonine kinase as has been found elsewhere (Echevaria et

al., 1990; Li and Chollet, 1993; Duffand Chollet, 1995; Giglioli-Guivarc'h et al., 1996).

However, these fmdings also demonstrate that the effects of eold acclimation on PEPC

phosphorylation are complex and cannot he fully replicated in vitro (30 % in vitro

activation compared to 250% in vivo increase in activity). Intracellular

compartmentation is probably required to ensure site-specifie protein-protein or allosteric

interactions that regulate PEPC. It is also apparent that upstream events or parallel

pathways are required ta fully activate the enzyme including cytosolic a1kaIinization,

Ca2
+ mobilization, calcium-dePendent protein kinases and protein synthesis (pierre et
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al., 1992; Giglioli-Guivarc'h et al., 1996). Previous findings in our laboratory have

implicated raIes for increased cytosolic calcium and protein kinases and phosphatases

in low...temperature signal transduction during cold acclimation (Monroy et al., 1993a;

Monroyand Dhindsa, 1995; Monroy et al., 1996).

The încreased PEPC activity could account for the 70% increase in the level of

non-autotrophic carbon fixation observed in cold acclimated seedlings of cultivar Anik

(Fig. 1). This is in agreement with findings by other researchers who have attributed

an increase in non-autotrophic carbon fixation to increased PEPC activity (Schuller et

al., 1990b). Sînce malate levels remain unchanged during cold acclimation of alfalfa

(LeBlanc and Dhindsa, unpublished data), malate is probably decarboxylated to

pyruvate, thereby generating NADPH. Availability of NADPH during the early stages

of coId acclimation may he useful to the cell in severa! ways. For example, NADPH is

required for reductive biosynthesis ofmembrane components (Stumpt: 1980). Oxidative

damage is common to severa! dehydrative environmental stresses such as drought

(Dhindsa and Matowe, 1981) and coId (Clare et al., 1984; McKersie et al., 1993). A

major consequence of the oxidative stress is the accumulation of oxidized glutathione

which is known to inhibit protein synthesis in animais (Ernst et al., 1978) and plants

(Dhindsa, 1987 and 1991). The regeneration of reduced glutathione and, therefore, the

repair of oxidation damage depend on the availability of NADPH. 1t bas been proposed

(Vanlerberghe et al., 1989) that the reducing power generated by the non-autotrophic

fixation of carbon May contribute to the maintenance of cellular redox balance.

In conclusion, to the hest ofour knowledge, the present study constitutes the fust
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report of regulatory phosphorylation ofPEPe during cold acclimation. We have shown

that an approximately 110 kD PEPe subunit is seryl-phosphorylated during cold

acclimation in the freezing-tolerant alfalfa cultivar Anik, but not in the freezing-sensitive

cultivar Trek. Moreover, this covalent modification is correlated with increased PEPC

activity and indicates that during cold acclimation, PEPC is regulated in the same way

as the enzyme from ~, C4 and CAM leaves, as weil as nodules of N-fixing legumes.

It should be of interest to characterize the signal transduction pathway, and particularly

the protein kinases and phosphatases that are involved in the regulation of PEPe during

cold acclimation.
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CONCLUSIONS

The results of the present study demonstrate that :

1) Cold acclimation of alfalfa results in an increased level of a 110 kD PEPe

polypeptide and decrease in amount of a 120 kD PEPC monomer.

2) This shift in isoform levels occurs in both the freezing-tolerant cultivar Anik

and the freezing-sensitive cultivar Trek and is associated with increased PEPC activity.

3) Cold acclimation results in a greater increase in PEPe activity in cultivar

Anik than in cultivar Trek when assayed under conditions in which the phosphorylation

status of the enzyme is important (250% and 100% increase, respectively).

4) PEPe is partially activated or deactivated as a result of in vitro

phosphorylation or dephosphorylation, respectively.

5) The 110 kD PEPC subunit is seryl-phosphorylated with cold acclimation in

the freezing-tolerant cultivar Anik, but not in the sensitive cultivar Trek. This May

account for the greater cold-induced enhancement of PEPC activity in Anik than in

Trek.

6) The increased PEPC activity could account for the increase in dark carbon

fixation that occurs with cold acclimation of Anik seedlings.
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Cold treatment results in an increased level of PEPC 3Ctivity in bath freezing...

tolerant and ...sensitive cultivars of alfalfa, although the enhancement is greater for the

tolerant cultivar Anik. This is due to regulatory seryl-phosphorylation of a PEPC

monomer that occurs with cold acclimation in Anik but not in Trek. This difference

in regulation of enzyme activity between cultivars does not, in itself, indicate that this

enzyme is responsible for imparting freezing tolerance to the plant. However, the

finding that PEPe accounts for the increased level of dark carbon fiXation during cold

acclimation supports our hypothesis that the production ofNADPH by this process MaY

he useful towards cellular repair and development of freezing tolerance. It will he

interesting to see if the enhancement of dark carbon fIXation is the same for Trek as it

is for Anik.

Future research might include exarnination of the signal transduction pathway

activating PEPC to determine which, if any, signaling components play a role in

regulation of the enzyme during cold acclimation. Of particular interest are the protein

kinases and phosphatases that modify the enzyme and the determination of whether any

activatinglregulatory components are defective or absent in the freezing...sensitive

cultivar. If 50, then genetic manipulation May he possible to aid in the production of

new strains of affaIfa which will he of great agronomic vaIue to the Quebec and

Canadian economies.
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