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ABSTRACT

Hexokinase (HK) has been shown to highly control the rate ofglycolysis in

animal systems. It has been hypothesized that HK may exert a similar high level of

control within plant systems, especially during periods of02 limitations. In order to

quantify the level ofcontrol transgenic potato roots were created with altered levels of

HK protein and enzyme activity. A HK (SCHK) cDNA clone of ,lo lanum chacoense was

sequenced and analyzed. The SCHK amino acid sequence is nearly identical to S.

tuberosum HK2. The sequence also shows a high level of similarity to other plant HKs,

when compared to non-plant eukaryotic HKs the sequences share similarities in

conserved binding domains. Transforming potato with SCHK using sense and antisense

constructs in an Agrobacteritnt rhizogenes transformation system created hansgenic

roots. The resulting root lines had a range ofHK protein from 0.2 to 4-fold that ofthe

control lines, as determined by immunodetection. This alteration in protein level

corresponded to an increase in phosphorylation activity using both glucose and fructose

as substrates. A HK activity range of 0.6 to 6.4-fold of the control lines was observed

when using glucose (GK) as substrate and 0.7 to 4.5-fold range of activity when using

fructose (FK). This range in protein and HK activity is broad enough for use in

determining the degree ofcontrol that HK exerts on the rate ofpotato root glycolysis.



I.O INTRODUCTION

The study ofhexokinase (HK) is interesting since it has been shown to be

involved in many aspects of plant physiology. HK functions in primary metabolism as the

first committed step in glycolysis. HK has also been shown to function in sensing the

cellular sugar status ofplant cells, resulting in alterations in plant gene expression.

HK is thought by many to exert a high degree ofcontrol on the rate ofglycolysis

during 02 deprivation. The reasoning behind this hypothesis is that i) HK is one of20

enzl,rnes preferentially induced during 02 deprivation. ii) HK is inhibited by reduction in

ATP/ADP ratio and reduction in cytosolic pH, both of which occur during anoxia. iii)

Evidence obtained from animal systems indicates that HK plays a key role in the rate of

glycolysis. These points all indicate that HK may be a key regulatory step in the rate of

plant energy production during anoxia. There is however no experimental evidence from

plants to quantify the level ofcontrol that HK plays on the rate ofglycolysis during

anoxia.

The process of Metabolic Control Analysis (MCA) can be used to quantify the

level of control that HK exerts on plant glycolysis during 02 limitation. The MCA

process requires methods ofaltering enzl.rne levels, and a mechanism for measuring the

rate offlux. To determine the control that HK exerts on plant glycolysis, tissue with

altered HK levels are needed and the rate ofglycolytic flux can be measured by tracking

radioactive metabolites.



1,1 Objectives

The ultimate objective of this research is to quantify the amount ofcontrol that

HK exerls on anoxic metabolism. The objectives of this project are to develop the

material necessary in order to quantify this level ofcontrol. This work includes i) to

sequence and characterize a HK oDNA from Solantnt chacoense, ii) to produce

antibodies against a recombinant HK for use in screening transgenic lines, iii) to produce

plant transformation vectors with HK cDNA in both sense and antisense orientations, iv)

to transfom potato with the HK vector and produce many transgenic lines, v) to screen

the transgenic lines for the presence ofaltered HK protein levels and vi) to screen the

transgenic lines for altered HK activity.

The transgenic root lines characterized for level ofHK activity will then be used

to measure the rate ofglycolysis during anoxia. By comparing the rate offlux in respect

to amount of in vitro enzyrne activity the degree ofcontrol that HK exerts will be

quantified.



2.0 LITERATURE REVIE\ry

2.1 Introduction

This review examines the broad adaptations that plants have developed to deal with

the effects of 02 deprivation. These adaptations include both physiological and

morphological changes. The physiological changes were examined in greater detail and

particular attention was paid to metabolic adaptations, including the alteration ofgene and

protein expression under Oz limitation as well as the changes in enz),rne activity.

The role ofhexokinase (HK) under 02 limiting conditions is thought to be part of this

adaptative process. If HK is an important part of the metabolic adaptations, the level of

metabolic control will be high. Therefore particular focus was paid to how metabolic control

is quantified and the characteristics that make HK a likely candidate to display a high degree

of control were examined in detail.

The present study hypothesizes that HK is involved in the metabolic control over the

rate ofplant glycolfic flux under 02 limiting conditions. This hypothesis was based from the

regulatory characteristics ofplant HK and the strong degree of metabolic control observed in

some animal system HKs.

Transgenic potato roots displaying altered levels of HK were generated in this work.

Therefore, the strategies for altering the HK protein levels were discussed. This includes the

mechanisms for plant transformations, the over-production ofenzymes and the strategies for

gene silencing.



2.2 Occurrence of oxygen deprivation

Throughout their lives higher plants experience many different stress conditions.

These include biotic (e.g. insect predation, weeds and diseases) and abiotic (e.g. oxygen

deficiency, water defìciency, salinity and temperature) stresses. Abiotic stresses are by far

the most detrimental stresses to crop plants, resulting in feld losses reaching 71 o/o of the

crops potential (Boyer 1982). Oxygen deficiency in particular is a major agricultural

concem under flooded soil conditions. Excess water is the second leading cause ofcrop

losses and represents more than 160/o of crop insurance claims paid in the United States in

the modem era (Boyer 1982).

Most plants require the energy generated by respiration for continued growth and

development. Flooding causes 02 diffusion into the soil to decrease dramatically, 02

diffuses 10 000 times more slowly in HzO than in air (Armstrong 1979). The 02 supply

within a flooded soil is quickly depleted by the plant roots and existing microorganisms

within the soil. Plants experiencing a decrease in the levels ofavailable 02 gradually shift

from normoxia (normal 02 levels that ensure maximal respiration rates) to hypoxia

(limiled 02 concentration resulting in a mixture of respiration and fermentative

metabolism) to finally anoxia (complete absence of Oz resulting in fermentation only)

(Drew 1997) (Figure 1). Under field conditions, the roots rapidly become hypoxic and

completely anoxic within a few hours (Fox et a1.7995).



2.3 Metabolism during oxygen Iimitations

2.3.1 Energy production

Mitochondrial respiration is dependent on 02, which serves as the terminal

electron receptor. During hypoxia, oxidative phosphorylation and the mitochondrial

electron transport chain are severely impaired, and completely stopped when a state of

anoxia is reached. This results in an increased steady state of NADH and FADH2, formed

by gtycolysis and the Krebs Cycle (TCA). The TCA cycle functions slowly during

hypoxia and is suppressed completely under anoxia in most cases (reviewed by Drew

1997). Therefore plants in general are completely dependent on glycolysis in most cases

for energy production, however partial TCA function coupled with the pentose phosphate

pathway generates ATP in Echinochloa phyllogon (Fox et a1.1994). However, the energy

generated from glycolysis is only 2 ATP/glucose whereas the complete oxidation of

glucose through respiration produces 38 ATP/glucose, therefore the rate ofglycolysis is

increased during 02 limitation (reviewed by Drew 1997).

Energy utilization in plants is under stringent control. Many enzymes, especially

those involved in phosphorylation and dephosphorylation reactions, are dependent on the

ATP/ADP and ATP/AMP ratios (reviewed by Pradet and Raymond 1983). The energy

status of a living cell as defined by Atkinson and Walton (1967) can be measured by

estimating the energy charge (ATP + % ADP/ (ATP + ADP +AMP). Typically the

energy charge of metabolically active plant cells ranges from 0,8 to 0.9 (Pradet and

Raymond 1983). A decrease in energy charge is observed during hypoxia and is further

decreased when the cells become anoxic (Saglio et aLI980).



2.3.2 Fermentation

Under anoxia, the generation of metabolic energy is highly coupled to the C flux

through the glycoilic and fermentative pathways. The rate of glycolysis depends on the

availability ofNAD*, which serves as a co-factor. The steady state concentration of the

reduced form, NADH, accumulates under anoxia and needs to be recycled for continued

energy production. The regeneration ofNADH to NAD* occurs through fermentation.

Ethanol fermentation is the most common pathway for NAD* regeneration in plants

(Figure 1). Pyruvate is decarboxylated to yield acetylaldehyde through the action of

pynrvate decarboxylase (PDC). Acetaldehyde is a toxic product, which is reduced to

ethanol by alcohol dehydrogenase (ADH). This process regenerates NAD+. Lactate

fermentation involves the reduction ofpyn¡vate to form lactate through the action of

lactate dehydrogenase (LDH) this reaction regenerates NAD+ directly (Figure 1).

During the transition ffom normoxia to anoxia the initial glycolytic flux is

directed towards lactate. Lactate production occurs concurrently with a cytosolic

acidification of-l pH unit (D avies et al.l974; Roberts ¿¡ ¿/.1984a; Roberts et al.l985).

The decrease in pH inhibits LDH activity and activates PDC (Figure 1). Within a few

minutes to a few hours the production oflactate levels off. The action ofPDC coupled

with ADH produces ethanol and COz, thus taking over the role of NADH regeneration

and ATP production (Davies et a1.1974; Roberts e¡ a/.1984b). This pattem of

fermentation occurs in most plants systems, however several systems have revealed

altemative fermentative pathways. Sustained C-flux towards lactate has been observed in
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Figure 1. Redirection of metabolism under oxygen deprivation. Under anoxia the
glycollic flux is no longer directed towards respiration, but is redirected towards
fermentation. Solid lines represent carbon flux, hatched lines represent regulatory
mechanisms,

barley aleurone layers (Hanson and Jacobsen 1984) and in the anoxic roots ofseveral

species of the genus Limoniuni (Rivoal and Hanson 1993) several hours after transition to

anoxia. In rice seedlings there is no detectable lactate formation under anoxia, however,

ethanol fermentation is active(fuvoal et al.1989).ln hypoxically pretreated maize root

tips initial fermentative C-flux is directed towards ethanol (Xia and Saglio 1992).

Other significant metabolic end products fiom anoxic tissue include gamma-

amino butyric acid (GABA)(Fan et al.l988), which is formed from the decarboxylation

of glutamate through the action of glutamate decarboxylase. It is hypothesized that the

Acetoldehyde

\'
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formation ofGABA serves to regulate the cellular pH under anoxic conditions by

absorbing excess H* (Mene gus et a1.1989; Shelp et al.l999). Alanine is also a significant

end metabolite in ¡oot tissue (Good and Crosby 1989). Alanine is formed from pyuvate

through the action of the anaerobically induced enzyme alanine aminotransferase (AAT)

(Muench and Good 1994). The significance of increased alanine production under

oxygen stress is not yet known.

2.4 Induction of the hypoxic and anoxic response

The exact mechanism ofhow plants sense their Oz status is unknown, however

there are many theories that have varying degrees of experimental support in existence.

Since plant metabolism is very sensitive to the cellular energy charge, a reduction in the

energy charge occurring during oxygen deprivation may sewe as a signal to the oxygen

status of the plant (reviewed by Drew 1997). This theory was studied using respiratory

inhibitors in tobacco, where fermentation was induced under normoxic conditions

(Bucher et a1.7994). The decrease in cellular energy status did not, however, account for

the preferential induction of ADH (Brcher et a1.1994). In bacterial systems 02 sensing

mechanisms have been discovered and well characterized. These bacterial 02 sensing

mechanisms generally involve an 02 binding to a protein heme group (Monson el

al.I992; Monson et aL1995).In plants the Oz binding to a heme group in hemoglobins

has been proposed as means of sensing the 02 status (Appleby et al.l988; Sowa et

a1.1998). Other indirect theories ofplant cell 02 sensing invoive a signal linked to Ca+

concentration, since increased closolic Ca* has been observed in anoxic cells and Ca*
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has been shown to induce ADH gene expression (Subbaiah el a/.1994a; Subbaiah et

al.l994b). Ethylene signaling has been proposed as a means of sensing the transition of

normoxia to hypoxia, since ethylene production has been shown to be increased under

hypoxia, and is implicated with signaling for formation of aerenchyma (He et a1.1996).

Within a few minutes of anoxia the ¡oots will completely utilize their remaining

ATP pool in metabolically active cells (root tips) (Sachs et a1.1996; Drew 1997).

Evolutionary adaptations including both physiological and morphological changes allow

plants to survive anoxia (reviewed by Drew 1997). Physiological changes occur quickly

under anoxia, and involve altering the plant's gene and protein expressions in order to

utilize the low levels of energy produced and maximize effrciency. Morphological

changes occur more slowly and are generally viewed as adaptations to long-term stress.

These morphological changes involve changing the plants physical structure to facilitate

oxygen transport to the anoxic tissue and reestablish oxidative phosphorylation. All plant

tissues are able to survive anoxia for several hours, while some anoxic tolerant plant

species are able to survive for weeks without any oxygen (Barclay and Crawford 1982;

Couêe et al.l992; Bucher and Kuhlemeier 1993).

Plants in general have an increased tolerance to anoxia if they experience a

transitional period ofhypoxia prior to anoxia. This process is referred to as hypoxic pre-

treatment (HPT). This period of adjustment is often used in laboratory studies and allows

the plants to make the necessary physiological modifications to their metabolism, gene

expression and protein synthesis, while there is some energy produced through oxidative

phosphorylation (Johnson et aL1989). The HPT can last for a few minutes or several

hours. For example an ovemight (-16 hours) HPT accounts for a 3-fold inc¡ease in the
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rate of glycollic flux in maize roots (Bouny and Saglio 1996). HPT is similar to the

gradual transition between normoxia, to hypoxia and finally anoxia that a plant would

experience under natural conditions. The regulation ofcytosolic pH is substantially better

with HPT maize root tips as compared untreated root tips under anoxia (Xia and Robers

1e94).

2.5 Aerenchyma formation

The ability ofplants to change their physical structure as well as their

physiological characteristics to deal with environmental stresses is helpful in long{erm

stress adaptations. Under hypoxia and anoxia some plants can form aerenchyma.

Aerenchyma formation occurs by programmed cell death in which hollow air spaces are

formed within the plant root cortex(Webb and Jackson 1986). These aerenchyma allow

for Oz diffusion from normoxic (above water) plant organs to the 02 deficient (flooded)

organs. This gas diffusion to Oz deficient tissue allows for continuation ofenergy

production tkough oxidative phosphorylation (reviewed by Drew 1997). Aerenchyma

formation is considered to be advantageous to long term survival under anoxia, since they

are present in the roots of many aquatic plants which are tolerant to long term anoxia

(Drew et a1.1985).

The cellular degradation of the cortex leading to aerenchyma formation begins

within 6-12 hours (Webb and Jackson 1986). The programmed cell death in the cortex

appears to be associated with ethylene signaling (He et aL1996). Genes encoding proteins

associated with aerenchyma formation, including xyloglucan eldotransglycoslyase

(XET), have been identified in maize and are preferentially induced under Oz limitation
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(Sachs et a1.1996). XET is believed to loosen cell walls required for cellular growth, this

may have a function in enhancing the formation of aerenchyma (Sachs et a1.1996).

2,6 Metabolic adâptations

2.6.1 Anaerobic proteins

Major changes occur in gene expression under anoxia. Under Oz deficiency, the

majority ofproteins synthesized under normoxia are no longer produced (Sachs et a/.

1980). This occurs at the transcriptional level and at the translational level through the

dissociation of polyribosome complexes (Hake et aI.1985; Sachs et al.1996). During

anoxia, 20 proteins represent 7)Yo of the total protein synthesized in maize roots (Sachs

et a|.1980). These proteins produced under limited 02 levels are called anaerobic proteins

(ANP). Induction ofANPs is the result of transcriptional up-regulation and post-

transcriptional regulation. The vast majority ofANPs are involved in glycolysis and

fermentation (Sachs et al. 1996)(Figure 2). ANPs have been characterized in maize roots,

rice seedlings and a few other model systems. These proteins include: sucrose synthase

(SuSy) (Springer et al.l986), HK (Bouny and Saglio 1996; Fox et a1.1998), glucose 6-

phosphate isomerase (PGI) (Kelley and Freeling 1984a) , pyrophosphate-dependent

phosphofructokinase (PPi-PFK) (Mertens et al.1990), fructose- 1,6-diphosphate

aldolase(Kelley and Freeling 1984a; Kelley and Freeling 1984b), glyceraldehyde-3-

phosphosphate dehydrogenase (GAPDH) (Kelley and Freeling 1984b; Russell and Sachs

1989; Ricard et a1.1989), enoiase (Lal et aLl991), ADH (Freeling 1973), LDH (Hoffman

et al.l986), AAT (Good and Crosby 1989; Muench and Good 1994) and PDC (Kelley

1989; Peschke and Sachs 1993).
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Several of the more strongly induced ANPs (ADH and SuSy) share a conserved

anoxic response element (ARE) within their prornoter region. This promoter element may

serve to coordinate the induction ofseveral ANPs during the initial stages of02

deprivation (reviewed by Drew 1997).

2,6.1,1 Sucrose synthase

Sucrose cleavage is essentially the first step in sugar catabolism in higher plants.

Reactions generally proceed through the action ofinvertase or via the reversible reaction

catalyzed by SuSy (8.C.2.4.1.13) (Figure 2). Although both enz)¡rnes catalyze the

cleavage ofsucrose, invertase is strongly inhibited by 02 limitation (Ricard el a/.1998;

Zeng et al.l999), while SuSy has been shown to be preferentially induced under 02

limitation in many plant systems (Springer et al.l986;Ncard et al.l99l; Zeng et

al.I998). The SuSy cleavage ofsucrose results in the production offructose and IIDP-

glucose. Most plants generally contain 2 or 3 distinct SuSy isoforms. These isoforms

typically exist as "feast or famine" enzyrnes, such that one isoform typically functions at

low sucrose levels while the others function when sucrose is abundanl (Zeng et al.I998).

Evidence from the study of maize SuSy mutants suggests that SuSy plays a crucial

metabolic control role in sugar metabolism under anoxia (Ri card et at.1998).
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2.6.1.2 Hexokinase

HK (E.C. 2.7 .1.1) catalyzes the phosphorylation of hexose sugars, typically

glucose and fructose to form, glucose-6-phosphate (G6P) and fructose-6-phosphate (F6P)

respectively (Figure 2). The HK-mediated step is the first dedicated step in glycolysis.

HK has been shown to be preferentially induced in some plants under anoxia (Bouny and

Saglio 1996; Fox et aL.1998). ln some anoxic tolerant plant species, HK activity increases

up to 4-fold the normoxic levels under anoxia (Fox et a1.1998).

2.6.1.3 Glucose 6-phosphate isomerase

PGI (E.C. 5.3.1.9) calalyzes the isomerization reaction converling G6P to F6P,

frgure 2. This equilibrium reaction occurs in both glycolysis and in sucrose biosynthesis

in plants. PGI is a dimer of approximately 150 kDa native molecular weight and there are

three distinct PGI isoforms that have been identified (Kelley and Freeling 1984b). PGI

gene expression, protein quantity and enzyme activity have been shown to increase 2-fold

after 72 hours ofanoxia in maize (Kelley and Freeling 1984b), and may occur in other

plant systems as well.

2.6.1.4 Pyrophosphate-dependent phosphofructokinase

PPi-PFK (8.C. 2.7 .1 .90) catal¡zes the phosphorylation of fructose 6-phosphate to

form fiuctose 1,6-bisphosphate using PPi as a phosphate donor (Figure 2). This reaction

is completely reversible, functioning in both sucrose synthesis and glycolysis, unlike

ATP dependent-PFK which function only in the glycolytic direction. PPi-PFK functions
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as either a tetramer or octomer composed of 2 distinct c¿ and p subunits. These subunits

have molecular masses of60-68 kDa (reviewed by Plaxton 1990). PPi-PFK has been

shown to be preferentially induced during phosphate staryation (Duff et a1.1989;

Theodorou et a1.1992) and anoxia (Mert ens et al.l990). PPi-PFK enzl,rne activity

increases up to 10 fold normoxic levels within 8 days of anoxia, while ATP-PFK activity

does not change during anoxia (Mertens et a1.1990). Plant PPi-PFK is very sensitive to

the activator fructose 2,6-bisphosphate, which accumulates to physiologically significant

levels in plants during anoxia (M erTens et a1.1990). Two ATP/hexose are generally

required for glycolysis to proceed, however, the plants using PPi-PFK during glycolysis

require only 1 ATP/hexose. Reducing the cellular demand on ATP used in glycolysis by

50%. PPi is produced by many biosynthetic reactions and typically hydrolyzed by plant

cells and not used in metabolism (Mertens 1991).

The use ofPPi as an altemative energy source under anoxia has further support

through the identification of a vacuolar H*-pyrophosphatases (V-PPase), which are

preferentially induced during Oz limitation. Plant V-PPases were first discovered in rice

(Carystinos et a1.1995) and have since been discovered in mung bean (Nakanishi and

Maeshima 7998), Arabidopsrs (Schumacher et a1.1999) and com (Rocha and de Meis

1998) and function in the same manner as vacuolar H*-ATPases. The V-PPase is

strongly induced by anoxia showing a 75-fold increase in protein level and enzl,rne

activity in rice (Carystinos er a1.1995). Other enzymes that utilize PPi as a phosphate

source under anoxia may exist, since PPi levels are relatively insensitive to plant 02

status (Carystinos et al.1995).
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2.6.1.5 Fructose-1,6-diphosphate aldolase

Aldolase (8.C.4.1.2.13) catalyzes the reversible cleavage of fructose 1,6-

bisphosphate to dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3-phosphate

(G3P), figure 2. Aldolase exists as homotetramers with subunit molecular masses of 36-

40 kDa, in cytosolic and plastidic isoforms. The cytosolic isoform have been shown to be

preferentially induced under oxygen deprivation in Acorus calantus (Bucher and

Kuhlemeier 1993) and in maize (Kelley and Freeling 1984a). An increase in gene

expression of50-60 fold was observed in the anoxic tolerunt A. calamus after 72 hours

while a 2-fold increase was seen in maize(Kelley and Freeling 1984a). The anoxic

tolerant L calantus shows a very high induction ofaldolase during anoxic stress, which

may indicate a key role in the long{erm anoxic tolerance (Bucher and Kuhlemeier 1993).

2.6.1.6 Glyceraldehyde-3-phosphosphate dehydrogenase

Two isoforms ofGAPDH exist in higher plants, one operational in the cytosol and

the other in the plastid. Cytosolic GAPDH (8.C. 1.2.1.12) catalyzes the conversion of

G3P and NAD+ to 3-phosphoglycerate (3-PGA) and NADH (Figure 2) and has been

shown to be preferential induced in ¡ice seedlings (Ricard el a/.1989) and maize roots

(Russell and Sachs 1989). GAPDH exists as a homo or heterotetramer, with subunits

being approximately 35-40 kDa in size. Activity was shown to increase up to 3 fold in

anoxic rice seedlings after 72 hours (Ricard et a/.1989) and up to 50% activity increase

was seen in maize aÍÌer 24 hours (Kelley and Freeling 1984b) (Russell and Sachs 1989).
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2.6.1.7 Enolase

Enolase (8.C. 4.2.1.11) catalyzes the interconversion of 2-phosphoglycerate to

phosphoeno/pynrvate (PEP) (Figure 2). Generally two isoforms ofenolase exist in plants,

typically one cloplasmic and one localized to the plastid (Miernyk and Dennis 1984).

Enolase has been shown to be preferentially induced under hypoxia and anoxia in maize

(Lal et a1.1991; Lal et aL1998), nce (Umeda et a1.1994), Echinochloa phyllopogon, and

E. cnrs-pavonis (Fox et a1.1995). ln maize enolase gene expression unde¡ anoxia

increased up to 5-fold, while it's activity increased 2 to 3-fold (Lal et a1.1998).lnthe

anoxic tolerant E. phyllopogon, activity increased 5-fold after 3 hours of anoxia (Fox et

al.I995).

2.6.1.8 L actate dehydro gen ase

LDH (8.C. 1.1.1.27) as previously stated catalyzes the reduction ofpyruvate to

form lactate and NAD+ @igure 2). LDH exists as a hetero-tetramer composed of two

subunits (Piivoal et a1.1991). LDH is strongly induced initially during anoxia with

enzl'rne activity continuing to increase for up to 6 days. However, gene expression and

protein synthesis under anoxia begin to decrease after only 24 hours ofanoxia. I¡creases

in LDH activity of 16-fold in wheat, 3-fold in maize and 8O-fold in anoxic rye roots have

been observed (Hoffinan ei al.l986).
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2.6.1.9 Pyruvate decarboxylase

PDC (E.C. 4.1.1.I) catalyzes the first step bridging glycolysis and ethanol

fermentation, conveÍing pyruvate to acetylaldehyde and COz (Figure 2). There have

been 3 PDC genes discovered in maize, encoding fo¡ 3 distinct PDC isoforms (Peschke

and Sachs 1993). PDC transcript level has been shown to increase up to 2O-fold under

anoxia. Protein level increases 5.6-fold, and enz]ryne activity increases 9-fold during

anoxia (Kelley 1989; Rivoal et a1.1997).

2,6,1.10 Alcohol dehydrogenase

ADH (8.C. 1.1.1.1) is the most studied ANP in plants. As previously stated, ADH

catalyzes the reduction ofacetaldehyde to form ethanol, while regenerating NAD*,

(Figure 2). It exists in the cytoplasm as either a homodimer or heterodimer. The

molecular masses ofthe subunits vary between plant species. Generally plants have either

2 or 3 ADH genes encoding for distinct ADH isoforms(Deruris et a1.1984; Den¡ris e/

al.l985). ADH transcript levels can be induced at levels greater than SO-fold the

normoxic levels in maize roots during hypoxia (Gerlach et aL.7982). Similar transcript

induction has been observed in barley (Hanson et al.l984)and maize shoots (Andrews et

a1.1993). The increase in ADH activity is generally 3 to5-fold and is tissue and species

dependent (Andrews et a\.1994). ADH índuction is consistent with long-term anoxic

tolerance, since ethanol does not contribute to cytosolic acidification (Bucher and

Kuhlemeier 1993).
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Ethanol toxicity was thought to be a source ofcellular injury during anoxia, since

high concentrations of ethanol can interfere with membrane stability and metabolism .

Support for this theory has disappeared since ethanol can diffuse th¡ough into the

sunounding environment with relative ease and the concentrations required for cellular

injury are far beyond the physiological levels produced by plants (Drew 1997).

2,6,2 Regulatory function of anaerobic proteins

The adaptative function of most ANPs in respect to metabolic regulation is largely

unknown. Several of the enzlmes, especially SuSy and HK have been speculated to

highly controlling on the rate ofC-flux through glycolysis (Bouny and Saglio 1996; Fox

et a\.1998; P.tcard et a\.1998). However, little experimental evidence has been conducted

on the significance ofANPs. Experiments using hansgenic tomato roots overproducing

LDH in large quantities showed no increase in lactate production (Rivoal and Hanson

1994). These findings indicated that although LDH expression increases under anoxia the

level of the protein does not control the rate oflactate fermentation (Rivoal and Hanson

1994). The LDH example is a good indication that increased gene and protein expression

in the glycollic pathway does not necessarily correspond to an increased C-flux.

2.7 Metabolic control in the glycolytic pathway

Traditionally, control over metabolic pathways was believed to be governed by

one or a few so called key "pace-making", or "rate limiting enz)¿mes" (Newsholme and

Crabtree 1979) (reviewed by ap Rees and Hill 1994). These key enzynes were identified
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on the basis ofone or more key characteristics: i) low extractable activity, ii) a substrate

and product far íÌom equilibrium, iii) classical sigmoidal kinetics for the enz1,rne, iv) and

regulation by allosteric effectors (Thomas and others 1997a).

In plant glycolysis the control points.are genereally believed to be the two

enzymes phosphofructokinase (PFK) and pymvate kinase. However, as early as 1973

Kacser and Bums argued that all enz)'rnes within the pathway in fact, share the regulation

offlux through a metabolic pathway. This theory was supported by a formalized

flamework, the Metabolic Control Theory (Kacser and Bums 1973; Kacser and Bums

1995). With the advent ofgenetic engineering it has recently become easier to quantify

the control of individual enz)ûnes within a metabolic pathway. Enzyme levels can be

easily altered by over and under-expressing their genes, while the rate of metabolic flux

can be measured and tracked using radio or heavy isotopes (NMR) (reviewed by Fell

1992). The altered enzlnne level can then be compared with the rate of metaboiic flux to

determine the extent of ln ylyo control for that particular enz)¡rne. This procedure is

referred to as Metabolic Control Analysis (MCA) (Kacser and Bums 1979) (reviewed by

Fell 1992 and ap Rees and Hill 1994)), which is derived from the Metabolic Control

Theory.

Even though the control over flux ofa pathway is shared among the enzymes,

some enzymes are more controlling than others. The level ofcontrol, which an individuai

enzyme exhibits, can be measured as the Flux Control Coefficient (FCC). The FCC is

defined as the relative relative change in palhway flux resulting fiom a relative change in

enzyme activity (Fell 1992; ap Rees and Hill 1994; Kacser and Bums 1995). The sum of

all enz)ryne FCCs within a pathway is equal to 1. Enzymes having a FCC greater than 0.8
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would still be considered "rate limiting"(ap Rees and Hill 1994). For example, if an

enzyme has a FCC of 0.5, then doubling the enz)'rne concentration would increase the

flux through the pathway by 50%.

MCA was used to determine the control of PFK in plant glycolysis (Thomas et al.

1997b). It was found that modifying PFK levels to greater than 4O-fold control levels had

almost no effect on glycolytic flux during normoxia (Thomas et a1.1997a). These

findings contradict the notion that PFK is a rate-controllin g enz¡,rrre in glycolysis.

Evidence from these experiments indicated that the majority ofcontrol over glycolysis is

upstream of the PFK step.

2.8 Metabolic role of hexokinase

2.8.1 Hexokinase function

HK has been postulated to be highly controlling on the rate of anoxic glycolytic

flux (Bouny and Saglio 1996; Piicard et aL1998). HK has already been shown to exhibit a

high level ofcontrol on animal glycolysis and gluconeogenesis. A FCC gteater than 0.7

have been observed in Xenopus oocytes (Ureta ¿t a1.2000), human erfkocytes

(Rapoport er ø/.1974) and rat hepatocfes (Agius et a1.1996; De Atauri et a1.2001).It is

possible that a similar level of control exists in plant systems, however there is no

experimental evidence that quantifies the extent ofHKs control.

HKs catalyze the phosphorylation of hexose sugars, which is the first committed

step in the glycolytic metabolism ofsugars. HKs are constitutive enzymes found in all

eukaryotic and most prokaryotic cells. True HKs (EC 2.7 .1.1.) utilize glucose

preferentially but are able to phosphorylated, to some degree, fructose and mannose
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(Cardenas et a1.1998). True non-specific HKs are generally only found in animal and

yeast systems, while substrate-specific HKs are generally found in bacteria and plants.

Substrate specifìc HKs or glucokinases (GK) (EC 2.7.1.2.) have a high affinity for

glucose (and related aldoses such as mannose), and have significantly less affinity (>10X

less) for fructose (and related ketoses) (Renz and Stitt 1993; Cardenas er a/.1998). GKs

however, are very similar to true HKs and the nomenclature has been interchanged often

(Schnanenberger 1990).

In plants and bacteria, fructose is phosphorlyated primarìly by a separate family

of enzymes. These fructose phosphorylating erz),,lnes are termed fiuctokinases (FK) (EC

2.7.1.4.). FKs have a very high afftnity (K,,, -150pM) and activity for ffuctose (Doehlef

1990; Renz and Stitt 1993; da Silva et aL2001} These enzymes exist in their native

configuration as homodimers composed typically of 30-40 kDa subunits (Martinez-

Barajas et al.l997). Since FKs are highly specific for fructose they are not considered to

be part of the HK family.

Non-specific HKs have been studied extensively in mammalian and yeast

systems. Multiple isoforms were initially studied in yeast which contains three distinct

HKs (Womack et a1.1973; Gancedo et al.I977). Subsequent studies have identified four

distinct HKs, which were initially observed in rat hepatocytes through their

electrophoretic migration characteristics. These HK isoforms appear to be present within

all animal systems and are classified as HK I, II, III, and [V (Katzen et a1.1968) (or A, B,

C, and D (Gonzalez et a1.1964)). Most plant species contain either two o¡ three distinct

HK isoforms.
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The partially purified enzymes characterized in potato tubers (Renz et a1.1993)

revealed a high affinity and activity towards glucose, which is the prefened substrate for

all 3 HK isofoms. The K. value for glucose ranges between 35 pM for HK3 to 130¡.rM

for HK2, where as the Kn. value for fiuctose was between 9 and 22 mM (as much as a

500-fold difference). The i/*," values are similar between both sugars (Renz and Stitt

1993). The affinity and activity values for both of the sugars are very similar to HKs

observed in com (Doehlert 1989), tomato (Maf inez-B araj as and Randall 1998), and

spinach leaves (Schnarrenberger 1990).

Animal, plant and yeast HKs are able to utilize a wide range of nucleotides as

substrates, however there is a strong preference to the utilization ofATP. The affinity for

most HKs is approximately 10 times greater for ATP than for any other NTP (Pollard-

Knight and Comish-Bowden 1987; Doehlert 1989; Renz and Stitt 1993). Bacterial HKs

however are capable ofusing a variety ofNTPs as phosphate donors, with many enz)¡rnes

having a similar affinity for ITP as with ATP (Hengartner and, Zuber 1973). There have

also been HKs cha¡acterized from bacteria which utilize ADP (Kengen et al. 1995) and

polyphosphate (Phillips et a|.1993).

The native molecular masses of the different HK isoforms are typically in either

the 50 or 100 kDa range in both animal and yeast systems (reviewed by Wilson 1995 and

Cardenas et al.l998)). The native molecular masses differjust as significantly in plants,

ranging from 38 kDa in castor beans (Miemyk and Dennis 1983) to as large as 100 kDa

in wheat germ (Higgins and Easterby 1974). The masses of the isoforms also vary within

species with 39 and 59 kDa isoforms found in maize (Doehlert 1989)and 50 and 100 kDa

HKs discovered in wheat germ(Higgins and Easterby 1974).
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In most plant systems the HKs appear to be monomers (Fox el r¿l.1998). This

appears to also be the case in animal systems (Cardenas et a1.1998). However, several

fungal, bacterial and protozoa have oligomeric HKs, which are generally homodimers

(Cardenas et a1.1998).ln rare cases structures as large as hexamers have been observed,

for example: the protozoa Trypanosonn bruceia has a HK with a native molecular mass

of 300 kDa composed of six 50-kDa subunits (Misset e/ a/. 1986).

The detailed molecular structure and substrate binding characteristics of HK were

first determined with the yeast HK (Anderson et a1.1978a; And,erson et aL 1978b) and has

since been determined in mammalian HK (Sebastian et a1.1999). The high degree of

amino acid similarity in substrate binding regions between most HKs implies that there

are similar structural characteristics among most HKs (reviewed by Wilson 1995). The

yeast HK consists of2 distinct regions, a "large lobe" and a "small lobe" (Bennett, Jr. and

Steitz 1980). Between the lobes a cleft exists in which the sugar substrates bind. The

binding of the substrate initiates a conformational change in the protein, changing from

an "open cleft" when no sugar is bound to a "closed cleft" in the presence ofsugar

(Anderson et a1.197 8b).

2,8,2 Hexokinase regulation

2.8.2,1 Coarse control

The HK isoform composition in distinctive tissues and at the developmental state

ofthe tissue varies considerably within an organism. Tissue specific isoforms have been

studied primarily in mammalian systems (Griffin et al.1992), while relatively little

analysis has been conducted on plant systems. A detailed study on potato indicated a
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dramatic change in the isoform composition oftubers in respect to their developmental

stage (Renz et al.l993). This showed a glycoly,tic dependence on FK (FK1 and FK2) in

young tubers, corresponding to an initial activity ofsucrose cleavage by SuSy (Renz ef

a1.1993). As the tubers aged and eventually began to germinate the activities of HKl and

HK2 become more prominent correlating to increased invertase cleavage of available

sucrose. The change in HK isoforms also varied between the potato tissue, leaves having

primarily FK3 activity, which was completely absent from the tubers (Renz et a1.1993).

This alteration in HK composition between tissues may be due to the preferential

induction of HK based on sugar availability. For example in tomato ftuit FK gene

expression was sho\ryn to be induced by fructose concentrations at physiological levels

(20 mM) (Kanayama et a1.1998).

2.8,2,2 Fine Control

HKs in general are very sensitive to feedback inhibition by their products. In

animal systems HK I, II and III are extremely sensitive to G6P, while HK IV (GK) is

insensitive to physiological levels ofG6P (reviewed by Cardenas et a/.1998). The

substrate specific HKs in plants, however, behave more like animal true HK in terms of

feedback inhibition. G6P has been shown to inhibit potato and tomato HK by non-

competitive binding (K¡ 4.1mM) (Renz and Stitt 1993; Martinez-Baraj as and Randall

1998). This is highly significant since G6P concentrations of3-7 mM are present in

potato tubers (Hajurezaei and Stitt 1991). ADP the other product of the HK reaction is

also involved in feedback inhibition. ADP inhibits HK by competitive binding to the ATp

site ofthe enz)'rne. The sensitivity ofdifferent HK isoforms varies greatly. In potato
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tubers K¡ value for ADP ranges fi'om 40 ¡rM in HKl to 108 pM in HK3 (Renz and Stitt

1993), and similar values have been observed in corn (Doehlert 1989) and tomato

(Martinez-Baraj as and Randall 1998). Studies perfomred by Doehlert et al. (1989)

indicated that com kemel GKs were inhibited by glycolytic intermediates other than G6P;

3 r¡M PEP and 1 mM G3P inhibited GK activity by 10 and 25% respectively.

Hexose sugars, other than fructose, competitively bind to HK and inhibit glucose

phosphorylating activity. The different HK isoforms ofpotato and spinach were shown to

have their activity inhibited by 50 and 70% with the addition of 10 mM man¡rose (Renz

and Stitt 1993;Schnanenberger 1990).

Classic HK inhibitors discovered working with animal and yeast HKs generally

inhibit plant HKs as well. These inhibitors are generally amino sugars and hexose

analogues, such as glucosamine, N-acetylglucosamine, 2-C-hydroxymethyl glucose

(Salas et a|.1965)and mannoheptulose (Martinez-Barajas and Randall i998).

Plant FKs are not as strongly inhibited by feedback inhibition as the HKs.

Typically FKs are not inhibited by even high concentrations ofG6P. However, many of

the isoforms are weakly inhibited by F6P (Renz and Stitt 1993) (Martinez-Baraj as er

al.l997). The inhibition by ADP is also significantly lower in FKs, the K¡ value for ADP

in tomato is 400 ¡rM (Martinez-Baraj as et a1.1997) while inhibition oî Arabidopsis FK is

not detected until the concenhation reaches 10 mM (Gonzali et aL200l).Inhibition by

glycollic intermediates other than F6P has not been observed. An interesting

characteristic ofplant FKs is that they are typically inhibited by their own subshate

fiuctose. In com the Ki value for fructose was 1.42 and,4.1mM respectively (Doehlert

1990), whereas values of3-21 mM were observed in potato (Renz and Stitt 1993). These
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values for the most part are below the physiologically occurring concentrations of the

sugars, indicating very stringent control on fiuctose metabolism.

In biological systems metal cofactors are essential for optimal enzyme function,

this is no different in regards to plant HKs, which require metal ions to chelate ATP. Like

most kinases, HK utilizes Mg+2 lUg-eff¡ preferentially (Tumer et al.I977). However,

other divalent cations can serve to chelate ATP to a lesser degree these include: Mn*2,

Co*2 and Ni*2 lsalas et at.1965). Excess fiee Mg'2 can also strongly inhibit the function

of all HKs. Generally Mg*2 concentrations greater than 10 times the ATP concentrations

will severely inhibit the HK activity(Tumer et al.l977). As with some plant enz)mes

(e.g. pyn-rvate kinase), the presence of K* serves as a crucial enz)¡me activator for HK.

HK activity increases proportionately until the K+ concentration reaches 20-40 mM, at

which point the optimal ion levels is reached. K* becomes inhibitory to HK activity in

concentrations greater than 10OmM (Gonzali et a\.2001).

Unlike most plant enzyrnes, which are preferentially induced under anoxia, HK

shows sensitivity to the reduced pH occurring under anoxia (Bouny and Saglio 1996).

The pH during oxygen deficiency decreases rapidly in most plants, from 7.2-7.5 to 6.8

within as little as 20 minutes(Roberts et al.l984a; Roberts e¡ a/.1984b). In potato HKl,

HK2, FK1 and FK2 all show a drop in sugar phosphorylating activity of approximately

50olo fiom normoxic to anoxic pH levels (Renz and Stitt 1993). Similar frndings were

found in maize kemel HKs (Doehlert 1989), maize roots (Bouny and Saglio i996) as

well as in tomato (Martinez-Barajas and Randall 1998).

HK is strongly inhibited by two conditions that occur during anoxia: a decrease in

the cytosolic pH, and a decrease in ATP/ADP ratio. This along with the fact that HKs
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have been shown to be highly controlling in animal glycolytic systems, suggests that HK

is a highly controlling enzyrne in plant anoxic metabolism. This has been postulated in

several publications (Doehlert 1989; Bouny and Saglio 1996; Fox et al. 1998; Ricard e/

al.1998), however no detailed quantification of the control has been published.

2,8,3 Hexokinase in sugar sensing

Sugars serve not only as metabolic substrates and structure components, but have

also been shown to be important regulatory components. Sugars serve in the regulation of

gene expression, metabolic rate, cell cycle and development (Jang et al.l997). HKhas

been associated with glucose sensing in mammalian, yeast and plant systems (reviewed

by Koch et a1.2000; Rolland et al.2\1l;Rol\and et a1.2002). The predominant work with

plants was conducted with transgenic Arabidopsrs expressing a wide range ofHK

activities through use ofsense and anti-sense transformations (Jang et al.l997).

Arabídopsis over-expressing HK showed a decrease in seedling growth and hypocotyl

greening as compared to wild type and HK under-expressing plants. This decreased

gowth and inability to form proper leaves was also observed in tomato, with similar

findings (Dai et a1.1999). The reduced growth of the transgenic plants was assumed to be

the result ofrepression ofmany photosynthetic genes (Jang et a1.7997). The genes that

were repressed by the HK glucose signal were: chlorophyll a./b binding protein, ribulose-

1, 5-bisphosphate carboxylase and plastocyanin (Jang et aLl9971'Dai et a1.1999). Nitrate

reductase on the other hand, was induced by the HK signal (Jang et a1.1997). The sugar

signaling itself was independent ofglycolysis since a similar repression was found using

2-deoxyglucose. 2-deoxyglucose binds HK and is phosphorylated efficiently, however, 2-
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deoxyglucose 6-phosphate camot be metabolized. A secondary set ofevidence came

fiom the use of Arabidopsis transformed with yeast HK. ln this case the gene repression

was not observed even with an over-production ofglucose phosphorylating ability (Jang

et a\.1997), proving that metabolite production is not the critical aspect ofHK sugar

signaling.

The exact mechanism of the HK sugar sensing is unknown although it is believed

that signaling may be due to a conformational change of the plant HK when bound to

glucose (Koch et a1.2000).

2.8.4 Hexokinase in sucrose biosynthesis

Reduced carbon from photosynthesis is transported to the cytoplasm as glucose

and triose-phosphates (triose-P) (Schleucher er a/.1998). The transport ofglucose

accounts for as mucl'r as 75% of the reduced C transported to the cytosol (Schleucher er

al. 1998). Both triose-P and glucose are used for sucrose biosynthesis. HK mediates the

phosphorylation of glucose to G6P, required for the biosl.nthesis of sucrose (Veramendi

et al.1999). Use ofArabidopsis glucose transporter mutants revealed a 5-fold starch build

up in the mature leaves following their light period (Trethewey and ap Rees T. 1994). It

was hypothesized that the inability to transport glucose from the chloroplast resulted in

feedback inïibition of the starch degradation pathways, and an excessively starchy

phenotype (Trethewey and ap Rees T. 1994). ln transgenic potato with reduced HK

expression, increases in leafstarch levels were observed (Veramendi et a1.1999).

Increased concentrations ofglucose were present in the antisense HK potato leaves,

resulting in feedback inhibition ofglucose transporters and increased leafstarch
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(Veramendi et al.l999). These findings indicate that HK plays a key role in the

production of sucrose ffom photosl,nthetically fixed carbon (Veramendi et al.1999).

2,9 Plant transformations

2.9.1 Plant transformation techniques

The use of genetic engineering to introduce foreign genes into plant species has

become a powerful tool for agricultural benefits and for detailed understanding ofgene

function. Agriculture has been revolutionized by the recent production ofherbicide and

pest resistant crops.

Genetic engineering is also a powerful tool to study the physiological function of

genes. This is accomplished by altering the expression level of a single gene, by either

increasing or decreasing the gene expression level, The effect ofaltering the protein level

can be deduced by closely examining physiological characteristics in transgenic lines

engineered.

Many techniques for inserting foreign DNA into plant systems have been

developed including: Agrobacterium-mediated transformations, viral transformation,

microinjection, electroporation, and particle bombardment (reviewed by Lessard et al.

2002 and Potrykus 1991).

Of all these transformation techniques, the most widely used method of plant

transformation is the use of Agrobacteriuri (reviewed in Hooykaas 1989 and de la Riva e/

a1.1998). Agrobacterium is a soil bacterium that utilizes plants to produce its food source

opines. Agrobactería are attracted to a plant wound signal, arising generally fiom insect

predation or direct physical wounding. Duing Agrobacteriunt infection part ofan
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endogenous Ti-plasmid is inserted into the plant's genome. This transfened DNA (T-

DNA) encodes genes for opine production and oncogenic genes responsible for tumour

(4. tuntefaciens) or root (1. rhizogenes) production (de laRiva et al1998). Opines are

produced by condensation between amino acids and carbohydrates or organic acids. They

are synthesized within the transformed plant tissue (callus or roots) and used by the

Agrobacterium as a carbon and nitrogen source (de laRiva et al.l998). The genes from

the T-DNA encoding for opine synthesis can be replaced with foreign DNA, through use

ofa binary vector, and used to insert these novel genes into plants. One ofthe early

limitations of Agrobacteria transfomations was the inability to insert DNA into cereal

crops, in recent years however more virulent strai ns of Agrobacteria have been

developed that can transform most agriculturally important crops (Hemalsteens el

al.I984; Schafer et a1.1987;Hiei et al.l994; Hansen 2000).

The most commonly used I grobacterium system is that of A. twnefaciens

(reviewed by Hooykaas 1989 and de la Riva ¿t al.l998). A. tuntefaciens inserts the T-

DNA into the plant cells, which then form callus tissue. Calli are non-differentiated plant

cells, which can be used to regenerate whole plants using various hormone treatment for

shoot and root formation (de lafuva et a1.1998). Each callus generated by A. tuntefociens,

is the result of multiple transformations, therefore plant regeneration must be conducted

on media containing a selectable element (generally a herbicide or antibiotic)(Lessard et

a|.2002).

An altemative transformation system is that of A. rhizogenes, which transfers

foreign DNA into plants as efficiently as A. tunreÍaciens does (Chilton et al. 1982

reviewed by Giri and Narasu 2000 and Shanks and Mor gan 1999). A. rhizogenes has fhe
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advantage ofproducing hairy roots instead ofcalli. Each root produced arises from a

single transformation event, resulting in clonal material. The ability to grow on media

absent ofexogenous hormones is a reliable method to screen for successful

transformations. These hairy roots are physiologically similar to normal roots, however

they tend to have a "highly branching" phenotype and demonstrate plagiotrophism

(lateral growth) (Shanks and Morgan 1999). This allows for rapid production of material.

Unlike callus the roots can be characterized directly for the presence of the transgene. If

whole plants are required the roots can be used to regenerate whole plants, using various

treatments with exogenous hormones (Giri and Narasu 2000).

2.9.2 Technologies used to modify gene expression in plants

2.9,2,1 Increasing gene expression

The production ofplant lines over-expressing a particular gene is relatively

simple. The DNA encoding for the desired protein is placed in a plant expression vector

in the sense orientation under the control of a promoter. The choice of promoter can vary

depending on the particular application. Constitutive promoters are most commonly used

for continuous gene expression; inducible promoters offer an inducible response

expression of the gene and tissue specific promoters for gene product isolated to a

particular tissue (reviewed by Lessard et a\.2002). The most common promoter used in

plant transformations is the cauliflower mosaic virus 35S (CAMV 35S) promoter (Benfey

et al.I990). The CAMV 35S promoter is very well characterized and has relatively high

gene expression. A wide range ofgene over-expression can be produced using a sense

construct under the control of a CAMV 35S promoter, depending on the location of DNA
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integration in the plant genome. For example in potato transformed using the sense

construct of HKl under the control of CAMV 35S resulted in a 5-fold increase in HK

activity in leaves and a 2-fold increase in tubers (Veramendi et a1.1999).

2.9,2,2 Decreasing gene expression

Gene silencing was discovered inadvertently in transformed organisms containing

a non-homologous copy of foreign gene. These genes were silenced pre-transcriptionally

by DNA-DNA or DNA-RNA interactions, which induced a de novo methylation of the

tlansgene (Matzke and Matzke 1995). Gene silencing was initially viewed as an

annoyance, since it made the production ofstable transgenic lines more difficult. It did,

however, reveal a powerful tool for scientists by allowing them to develop new

techniques for decreasing the translation of endogenous genes. In plant biotechnology

there are three genetic mechanisms available to reduce the levels ofendogenous proteins:

co-suppression, anti-sense RNA and RNA interference (RNAi),

Gene silencing by co-suppression involves inactivation of an endogenous gene,

through use ofa hansgene in the sense orientation (Napoli et a/.1990; van der Krol el ø/.

1990a). This mechanism ofgene silencing was also discovered accidentally while

attempting to overproduce pigment producing genes in petunia, only to find that the

transgenes along with the endogenous genes were inactivated (Napoli el a/.1990). Co-

suppression was thought to occur only in plants but it has since been observed in fungi

(Cogoni and Macino 1999; van West et al.l999), Drosophilia (Pal-Bhadra et a1.1999),

Parameciunt (Ruiz et a1.1998) and mice (Bah:ørmian and, Zarbl 1999). The exact
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mechanism for gene silencing is unknown, however, it is thought that multiple gene

copies may lead to DNA methylation and silencing (Kooter et aLl999).

Recently it was discovered in Caenorhabditis elegans that injecting a small length

double stranded RNA (dsRNA) of 2l-25 nucleotides in length dramatically silences

genes containing that sequence (F*e et al.l998). This process known as RNAi has been

shown to be effective in degrading and silencing nRNA in a variety of organisms

(reviewed by Fire 1999; Bosher and Labouesse 2000). Stable gene silencing has been

accomplished by producing constructs encoding mRNA that form "hairpin" loops of 21-

25 nucleotides long (Chuang and Meyerowitz 2000). However, the exact mechanism of

RNAi gene silencing is unknown.

The most common strategy ofgene silencing used is that ofanti-sense constructs.

Constitutively expressed genes in anti-sense orientation are transcribed, hybridizing to

the complementary sense mRNA strand. The dsRNA duplex can no longer be translated

and is degraded by RNase, therefore being reduced. The plant cells degrade the dsRNA

complexes. The degradation is thought to be part of the plant cells host viral defense

mechanism (Vy'assenegger and Pelissier 1998).

Anti-sense gene silencing occurs naturally in bacteria, animal and plant systems.

Initial anti-sense gene reduction experiments were conducted on mice (Izant and

Weintraub 1984). Subsequent experiments showed that previously inserted sense genes

could be silenced in plants, using this technique (Rothstein et a1.1987). The degree of

gene expression reduction was dependent on the antisense: sense RNA ratio the higher

this ¡atio the greater the suppression. RNA stability and the secondary structure ofthe

RNA also influence the degree ofsuppression, this is often reliant on the type and size of
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construct used (van der Krol et al.l990b). Using various lengths ofanti-sense sequences

can increase the odds ofsuccesslul gene silencing (van der Krol et al.l990b). The

similarity required for gene reduction varies, however the higher the sequence similarity

the greater the reduction (van der Krol et a1.1988a).In transgenic potato tubers use of

antisense HKl gene resulted in nearly complete silencing of HKl and approximately

50% reduction of HK2, which shares approximately 85% similarity with HK1

(Veramendi et al.l999).

Using an anti-sense DNA construct under the control of a CAMV 35S promoter

can potentially produce potato root lines displaying a range ofreduced gene and protein

expression. This technique ofgene suppression has been successful in reducing HK

activity in potato using a single antisense construct (Veramendi et aL1999).

Using the MCA approach on HK, a greater understanding of the regulation of

plant primary metabolism can be achieved. In this thesis, this will be accomplished by

using genetic engineering to produce potato roots, which have altered levels ofHK. Then

by comparing the rate ofglycolytic flux under anoxia to the extractable HK activity, we

can determine the FCC of HK, an important parameter of its in vivo function.



3.0 MATERIALS AND METHODS

3,1 Chemicals

All chemicals used were purchased from either Sigma Chemical Co. or Fisher

Scientific lnc. unless otherwise stated and were of anallical grade or higher.

3.2 Biological material

3.2.1 Plant material

Mature Solanunt tuberosutn tubers (cv. Russet Burbank) were planted in standa¡d

potting soil (2 parts loam: 1 parl sand: 1 part peat: 1 part vermiculite) placed over a -4cm

layer of packed peat. Potatoes were allowed to grow in growth chambers at 23 "Cwith 12

hour light periods for 2 weeks without watering. Weekly watering was performed

following plant emergence using a watering solution containing 0.2 g of 20:20:20

îefülizer/|. Plants were grown for up to 8 weeks and used as the primary material for

transformations.

3.2.2 Root cultures

Potato root cultures were grown and maintained on MS based media (Murashige

and Skoog 1962) supplemented with 0.5 mg/l thiamine-HCl, 150 mg/l L-asparagine and

30 g/l sucrose adjusted to pH 5.7 with KOH prior to autoclaving. Solid MS media in petri

plates (2.5 g/l phfagel) were used to maintain the root cultures; these plates were

produced by transferring several root tips (20-30) to ffesh plates every 3 weeks. Liquid
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MS root cultures of 50 and 100 ml were produced by inoculation of the media with 20-30

root tips ffom plates and maintained in 250 and 500 ml flasks respectively agitated

continually using a gyratory shaker at 150 rpm. Root material was harvested fiom liquid

cultures after 2 to 3 weeks, the fiesh material being flash frozen using liquid N2 and

stored at -80 
oC until needed. Roots from solid media were used for initial screening of

transgenic lines, while roots from liquid cultures were used for activity measurements.

3.2.3 Escherichr¿ c¿ll stocks and cultures

Competent.E'. coli cell lines of DH5cr (supB44 AlacU169 þ80 lacZLMl5 hsdRl7

recAl'endAl gtrA96 thi-l relAl), HB101 (hsd20 (rs-, ms-), recAl3, rpsl20

(streptomycinR), leu, pro{2), and BL21 (DE3XE coli B,F , clcnt, ompT, hscls (rs-ms-),

galÀ (DE3))were generously prepared and donated by Dr. Sonia Dorion (Université

Laval).

E. coli was glown at 37'C on Luria-BeÍani (LB) media (10 gllbacto tryptone

(Dilco), 5 g/l yeast extract (Difco) and 5 g/1 NaCl pH adjusted to 7.5 with NaOH prior to

autoclaving). Solid media was produced on petri plates by addition of 15 g/l bacto agar.

Liquid media cultures required high-speed agitation (250 rpm) on a gyratory shaker.

3.2,4 Agrobacteríum rhizogenes stocks and cultures

Agrobacteria rhizogenes strain A4 was generously donated by Dr. D. Tepfer

(INRA, Versailles, France). A. rhizogenes was grown at28"C on mannitol yeast

ammonium (MYA) media (containing 5 g/l yeast extract, 0.5 g/l casaminoacids, 8 g/l

mannitol, 2 g/l CNH4ÞSO4 and 5 g/l NaCl pH adjusted to 6.6 prior to autoclaving with
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NaOH) plates (15 g/l bacto agar) and liquid agitated at 200 rpm with a gy.arory shaker.

A4 stocks were maintained over long periods in 25%o (v/v) glycerol stocks, which were

flash ffozen in liquid N2 and store at -80 oC.

3.3 Cloning vectors

3.3.1 pBK-CMV Phagemid

The phagemid vector pBK-CMV (Stratagene) is derìved from ZAP express

lambda vector (Stratagene). It contains a kanamycin resistance gene and ColEl origin of

replication for selection and rapid amplihcation inE. coli. The multiple cloning site

contains 17 unique restriction sites. The vector contains the /rzc promoter for prokaryotic

expression as well as the CAMV 35S promoter for eukaryotic expression. The fl origin

ofreplication also allows for production and packaging of single-stranded DNA (ssDNA)

Íìom either the sense or anti-sense strand in the presence ofthe fl phage.

3.3.2 pProEX HTa

The pProEX HTa (Invitrogen) vector was desigaed for expression of foreign

proteins within E coli. The foreign protein is under the control of a tuc inducible

promoter enabling control over gene and protein production. The vector adds a 6-His

sequsnce to the foreign protein for rapid purification of the protein on a Ni-affinity resin.

A 7 amino acid spacer peptide containing a rTEV protease site is added for removal of

the 6-His tag. The plasmid contains an ampicillin resistance gene and a pBR322 origin of

replication. The fl origin ofreplication also allows for production and packaging of

ssDNA from either the sense or anti-sense strand in the presence ofthe fl phage,
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3.3.3 pGA643

The binary vector pGA643 was designed to transfer foreign DNA into a plant

system within I grobacteriutn with the aid of a helper plasmid (Ri plasmid in l.

rhizogenes). Both Agrobacteriunt and E. coll origins of replication are present in

pGA643. Tetracycline (2 mgll inB. coli and 5 m/IinA. rhizogenes) and kanamycin (10

m/l E. coli and,25 m/linA. rhizogenes) resistance genes provide selectable markers for

bacteria. The multiple cloning site contains 9 restriction sites. A cauliflower mosaic virus

(CAMV) 35S promoter allows for constitutive gene expression within plants.

3,4 Plasmid amplification, purification and ligation

3.4.1 Competent E. coli transformations

Standard.E. coli transformation involved incubating 100 ng of plasmid with 90 ¡rl

ofcompetent E. coli and 10 ¡rl of 10X TCM buffer (containing final concentration 10

mM Tris (hydroxymethyl) aminomethane (Trìs)-HCl pH 7.5, 10 mM CaCþ and 10 mM

MgClz) in a 1.5 ml Eppendorf tube on ice for 30 min. Following the incubation the

transformation mixture containing the competent cells was heat shocked at 42 oC lor

precisely 2 min in a water bath. Immediately after heat shock 1 ml of aerated 3'7 "C LB

media was added to the transformation mixture, followed by a t hour incubation at 37 "C.

After incubation the cells were precipitated by centrifugation for 30 s, then resuspended

in 100 pl ofLB. The resuspended cells were then plated onto LB plates containing the

appropriate antibiotic concentrations for the plasmid used. Transformed -8. coli colonies
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were stored as 25o/o (v/v) glycerol stocks, which were flash frozen in liquid N2 and stored

at -80'c.

3,4,2 Agrobøcterium úzogenes competent cell preparation and transformation

A. rhizogenes were transformed using a modification of the transformation

protocol of An et a/. (i988). A preculture was started using 5 ml of MYA inoculated

flom a glycerol A4 stock stored at -80 'C and grown for 30 hours with vigorous

shaking. A culture of 50 ml of fresh MYA was inoculated with the preculture and

allowed to grow until an OD666 of0.5-1 was achieved ( 10- 12 hours). Cells were placed

on ice to halt growth after appropriate OD66e was reached, and then precipitated by

clinical centrifugation (-10009) for 7 min at room temperature. The supematant was

removed and the pellet was resuspended in I ml of sterile ice cold 20 mM CaCh. A¡

aliquot of 100 ¡rl of the resuspended cells were placed into chilled sterile Falcon tubes

(Simport model # T406-24) containing approximately 1 ¡rg of the appropriate pGA643

plasmid. The cells with the DNA were flash frozen in liquid N2 and left frozen for a

minimum of 5 min. The tubes were then place in a 37 "C water bath for precisely 5 min

to heat shock the cells. To the heat shocked cells, 1 ml of fresh MYA was added,

followed by a 4 hour incubation at 28 oC with gentle agitation (-100 rpm) to allow for

the expression ofthe antibiotic resistance genes. Following incubation the cells were

precipitated by a 1-min centrifugation at 12 5009 and the pellets resuspended in 100 pl

of fresh MYA. The 100 ¡rl of cell suspension was then plated onto solid MYA media

containing 25 mg/l kanamycin sulfate (lnvitrogen) and 5 mg/l tetracycline. The plates
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were incubated and the positive transformants emerged within 5-7 days. Transformed

A. rhizogenes were stored as glycerol stocks, methods described previously.

3.4,3 Rapid plasmid preparation from E. coli

Plasmids for diagnostic restriction analysis were prepared using a rapid alkaline

lysis "niini-prep" protocol. All steps in this protocol were performed at room temperature

unless otherwise stated, and all centrifugations were done using a microcentrifuge at 12

5009. Liquid E. coli cultures of2 ml were grown for 16-20 hours and centrifuged for I

min in order to harvest the cells. The cells were resuspended in 100 pl ofcold sterile

buffer I (25 mM Tris-HCl pH 8.0, 1 mM EDTA and 1% (w/v) glucose) by vofexing for

30 s. To the resuspended cells, 200 ¡rl ofbuffer II (0.2 M NaOH and I %o (w/v) sodium

dodecyl sulfate (SDS)) was added and mixed by inverting the tube 5-7 times. To the

sample, 150 ¡.rl of cold buffer III (3M KCH3COO and 1.8 M CH¡COOH) was then added

followed by vortexing for 30 s, the samples were then incubated on ice for 15 min. To the

mixture,450 ¡rl of cold PCI (50:48:2 % (v/v) phenol: chloroform: isoamyl alcohol and

0.1 % (w/v) hydroxyquinoline) was added and was vortexed for 30 s followed by

centrifugation lor 15 min. The samples were separated into 2 phases, and the aqueous

phase containing the plasmid DNA was carefully removed and placed into a new sterile

Eppendorftube. To the aqueous phase,450 pl ofisopropanol was then added and was

mixed by vortexing for 30 s, followed by a 15 min centrifugation. The supematants were

carefully removed and 450 pl of ice cold 80 % (v/v) ethanol was added to the DNA

containing pellet and centrifuged for 15 min. The ethanol was removed from the plasmid

DNA pellets and were left to dry (30-60 min) at which time they were resuspended in 20
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pl of 10 mM Tri-HCl pH 8.5 and stored aI -20 "C until needed. These DNA preparations

were used for confirmation ofsuccessful transformations, for the presence and correct

orientation ofinserts and for A. rhizogenes transformations.

3,4,4 Highly purified plasmids from E. coli

3.4.4.1 High copy plasmids (SV2-c3)

Highly purified plasmids were prepared using the Qiagen Midi-prep system with

a modified protocol for high and low copy plasmids. For high copy plasmid (SV2-G3)

preparations 5 ml of LB (Kanamycin 50 mgll and ampicillin monosodium 100mg/l) was

inoculated with E. coli cells containing the desired plasmid and grown for 16 hours with

vigorous shaking. Five hundred ¡rl of the grown culture was used to inoculate 50 ml of

fresh LB media, and the culture was allowed to grow for an additional 16 hou¡s. Cells

were harvested by centrifugation at 60009 at 4 oC for 15 min. The cells were resuspended

in 4 ml of buffer Pl (containing 50 mM Tris-HCl pH 8.0, 10 mM EDTA and 100 mg/l

RNase A) by vortexing. Four ml of buffer P2 (containing 200 mM NaOH and l% (w/v)

SDS) was then added to lyse the cells, which were mixed gently by inverting the tube 5

or 6 times. Four ml of the cold buffer P3 (3.0 M KCH3COO pH 5.5) was quickly added

to neutralize the lysed cells, and mixed by inverting tube and incubating on ice for 15

min. Following the incubation the mixture was centrifuged twice at 20 0009 at 4 oC for

30 min ¡emoving the supematant containing the plasmid DNA. The supematant was then

loaded onto a QIAGEN{ip 100 column, which had been previously equilibrated with 4

ml of buffer QBT (containing 750 mM NaCl, 50 mM morpholinopropane sulfonic acid

(MOPS) pH7.0,15% (v/v) isopropanol and 0.15% (v/v) Triton X-100), using gravity
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flow. The column was washed twice with 10 ml of buffer QC (containing 1.0 M NaCl, 50

mM MOPS pH 7.0 and 15% (vlv) isopropanol). The DNA was eluted fiom the column

by loading 5 ml ofbuffer QF (containing 1.25 M NaCl, 50 mM Tris-HCl pH 8.5 and l5%o

(v/v) isopropanol) onto the column. The eluted DNA was precipitated by adding 3.5 ml

of isopropanol to the sample and centrifuging at 1 5 000 g at 4 oC for 30 min. The

isopropanol was discarded and the DNA pellet washed with 2mlof 70o/o (v/v) ethanol,

which was further centrifuged at 15 0009 for 10 min. The ethanol was discarded and the

DNA pellet allowed to air dry. It was then resuspended in 200 pl of 10 mM Tris-HCl pH

8.5. The DNA was further purified, since this Midi-prep protocol consistently had high

levels of protein, by PCI extraction and sodium acetate (NaCH3COO) precipitation. To

do this, 200 pl of cold PCI was added to the resuspended plasmid, which was mixed by

vortexing for 30 s and centrifuged for 15 min at 12 5009. The aqueous phase was

transferred to a new Eppendorftube and subjected to a second PCI extraction. To the

DNA, 20 ¡-rl of 3 M NaCH3COO pH 5.2 was added, which was mixed by vortexing. To

the mixture, 450 pl ofabsolute ethanol was added, which was mixed and incubated at -
20 oC for 12- 16 hours. The sample was then centrifuged at 12 500 g for 15 min to

precipitate the DNA. The ethanol was discarded and the pellet washed with 1 ml of 80%

(v/v) ethanol, followed by centrifugation of 1 min. The supematant was discarded, and

the was pellet air-dried and then resuspended in 200 pl of 10 mM Tris-HCl pH 8.5. The

OD26e: OD2ss was measured to evaluate purity of DNA, ratios >1.7 was acceptable.
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3,4,4.2Low copy plasmids (pcA6a3)

The protocol used for purification of low copy number plasmids was similar to

that ofhigh copy stated above with several exceptions. The culture volume used was 1

litre of LB media (kanamycin 10 mg/l and tetracycline 2 mg/l). The harvested cells were

resuspended in 20 ml of buffer P1, lysed with 20 ml ofbufler P2 and neutralized with 20

ml ofbuffer P3. After the second centrifugation step to remove cellular debris, 42 ml of

isopropanol was added to the supematant and incubated at -20 oC for 30 min. Following

the incubation the sample was centrifuged at 15 0009 at 4 oC for 30 min to precipitate the

DNA. The pellet was then resuspended in 500 pl of TE buffer (containing 10 mM Tris-

HCI pH 8.0 and 1 mM EDTA), and brought to a final volume of 5 ml by adding buffer

QBT. The sample was then processed as per high copy plasmids.

3,4.5 Small scale plasmid purification of pGA643 from A, rhizogenes

Agrobacterium plasmid purification was modified from the protocol described in

An et al. (1988). For this protocol all centrifugation took place using a microcentrifuge at

12 5009 at room temperature. A culture of MYA (i ml containing 25 mg/l kanamycin

and 5 mg/l tetracycline) was inoculated with a single l. rhizogenes colony and grown for

16 hours. The cells were transferred to a 1.5 ml Eppendorftube, precipitated by

centrifugation for 30 s, and resuspended by vortexing for 30 s in 100 ¡rl ofcold sterile

buffer I (containing 25 mM Tris-HCl pH 8.0, 50 mM glucose and 10 mM EDTA). The

cellular suspension was incubated at room temperature for 10 min. Following incubation

200 pl of fresh buffer II (containing 200 mM NaOH and 1% (w/v) SDS) was added to
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lyse the cells, followed by inverting the tube 6 times and allowed to incubate at room

temperature for an additional 10 min. To the lysed cells, 30 pl ofphenol equilibrated with

60 ¡-rl of buffer II was added, followed by vortexing for 15 s. One hundred and fifty ¡rl of

3 M NaCH¡COO pH 4.8 was added to the tube to neutralize the sample, which was

mixed by invefing 10 times then allowed to incubate ar. -20 "C for 1 5 min. The sample

was then centrifuged for 5 min, and the resulting supematant transferred to a new tube.

To the tube 1 ml of ice cold 95% (v/v) ethanol was added and mixed by vortexing for 10

s and incubated at -80 
oC for 15 min. The DNA was precipitated by centrifugation for 5

min and resuspended in 500 ¡rl of sterile 0.3 M NaCH¡COO pH 7.0. To the tube, 1 ml of

cold,95o/o (v/v) ethanol was added, and mixed by inverting 10 times and incubated at -80

oC for 15 min. The DNA was precipitated by centrifugation for 15 min and the

supematant was carefully discarded. The pellet was washed with 1 ml of cold 70% (v/v)

ethanol, vortexed for 30 s and centrifuged for 3 min. The ethanol was discarded and the

pellet air dried, then resuspended in 30 pl ofTE and stored at -20 
oC until needed, These

DNA preparations were used to confirm the successful transformation ofl. rhizogenes

with pGA643, the presence ofthe conect insert (size and orientation).

3,4.6 Restriction analysis

All restriction endonucleases were purchased ÍÌom Invitrogen. Restriction digests

were performed using an estimated 5 units of enzyme per pg of DNA, the reactions

proceeding for I hour at 37 oC unless otherwise specified. The addition of 5 units of

ribonuclease A was required for rapidily purified plasmids. The supplied reaction buffers

were used for single digests, but when multiple enz)'mes were used together the reaction
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buffer with the best performance for all the enzymes was used (complete list available at

http://www.invitrogen.com/ContenlTechOnline/molecular biology/manuals_pps/

react.pdf).

3.4.7 Agarose gel electrophoresis

DNA samples were mixed with 6X loading buffer (0 .25% (w/v) bromophenol

blue and 40% (w/v) sucrose in H2O), and were loaded onto the appropriate gel. Tris-

Borate EDTA (TBE) gels containing 1',/o or 0.7o/o (w/v) agarose (Invitrogen) and 0.5 pg

/ml ethidium bromide in TBE buffer (working solution 89 mM Tris base, 89 mM boric

acid and 2 mM EDTA) were used for diagnostic analysis. The molecular markers î.

DNA/IlrnrlIII fragments and/or 1 Kb Plus DNA ladder (Invitrogen) were used in every

agarose gel. These gels were run using a Kodak Biomax QS710 or MPi015

electrophoresis tanks with TBE buffer at 80 or 120 volts respectively until adequate band

separation was achieved (45 min- 90 min respectively). Ethidium bromide intercalates

DNA, and in this state fluoresces when illuminated by ultraviolet (W) light. For

anallical purposes, DNA was visualized by illuminating the gel with short wave (260

nm) UV light using a Geldoc transilluminator. For preparative electrophoresis Tris-

acetate EDTA (TAE) gels containing l% (wlv) agarose and 0,5 pglml ethidium bromide

in TAE buffer (working solution 40 mM Tris-acetate and 1 mM EDTA) were used.
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3.4.8 DNA fragment purification

3,4.8.1 Gel purification of DNA fragments

Insert DNA requi¡ed fo¡ construct ligation were purified fiom agarose gels using

the QIAEX II (Qiagen) gel extraction system (lrttp://,'vrvrv.qiagen.conr/liter.atui:e/

handbooks/qexlVl01 1033_qiaexll.pdf). All steps were canied out at room temperature

unless otherwise stated. All centrifugation was done using a microcentrifuge at 12 5009.

The DNA bands were carefully cut out of the gel with a minimal amount of excess

agarose (approximately 300 mg for the width of 4 wells), and placed in a sterile 1.5 ml

Eppendorftube. The agarose was dissolved by adding 3 volumes (900 ¡rl) olthe supplied

buffer QXl and the DNA ftagment was bound through the addition of 30 ¡rl of the

supplied QIAEX II beads. The mixture was incubated in a 50 oC water bath for 10 min,

vofexing for 5 s every 2 min. The sample was then centrifuged fo¡ 30 s and the

supematant was discarded. The pellet was washed and ¡esuspended in 500 ¡rl of QXl by

vortexing and centrifuging for 30 s 3 times, each time discarding the supematant. The

pellet was then washed and resuspended in 500 pl of the supplied buffer PE by vortexing

and centrifuging for 30 s an additional 3 times, discarding the supematants. Following the

washes the DNA was eluted from the pellet by resuspending it in 30 ¡rl of 10 mM Tris-

HCI pH 8.5 by vortexing, then centrifuging for 30 s with the supematant containing the

DNA being collected. The elution was repeated, pooling the supematants and storing

them at -20 
oC until needed. DNA was quantified visually by comparing the ethidium

bromide floresence intensity ofthe purified Íìagrnent with the 1 650 bp fragment from the

1 KB+ molecular ladder, with standard loads of 10-80 ng.
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3.4.8.2 HPLC purification of DNA fragments

The vector fragments for the constructs were isolated from digested plasmids by

HPLC using a Waters Gen-Pak FAX column (4.6 mm X 100 mm) with a Waters Alliance

2690 separations module. The ckomatography was performed using a 2 eluent buffer

system. Buffer A cor.rsisted of 25 mM Tris-HCl pH 8.0 and 1 mM EDTA, while buffer B

consisted of 25 mM Tris-HCl pH 8.0, 1 mM EDTA and 1 M NaCl. 10 pg of digested

DNA was run at 37 oC at 0.75 mUmin with a linear gradient from 30 % buffer B to 100%

buffer B over 40 min. After the gadient the column was washed with 5 ml of 0.04 M

H¡PO¿. Peaks were detected using a Waters 996 photodiode array detector at 260 nm.

Fractions were collected using a Waters Íìaction collector II in time mode set to collect

each fraction in 30 s samples.

Afler chromatography the fragment sizes were confirmed by agarose gel

electrophoresis. Following the gel, the fractions containing the appropriate fragment were

pooled and precipitated by adding 3 volumes of 95% (v/v) ethanol/ 0.12 M NaCH¡COO

and incubating at -20 "C ovenight. The DNA was then precipitated by centrifugation for

15 min at 12 5009, the supematant was decanted and the pellet washed by vofexing with

1 ml of 70% (v/v) ethanol before being centrifuged fo¡ 5 min. The ethanol was discarded,

the pellet air-dried and resuspended in 50 pl of 10 mM Tris-HCl pH 8.5 and stored at -20

oC until needed. DNA was quantified as per the gel extraction protocol.
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3.4.9 DNÀ fragment ligation

Ligation reactions were performed using T4 DNA Ligase (Invitrogen). All

ligations were performed with 3 ¡atios of inse¡t to vector: 3:1, 6:i and 9:1 (10-30 ftnoles

ofvector: 30-280 fmoles insert) in a total volume of20 ¡rl. Double cohesive end ligations

were incubated at room temperature for t hour using the following reaction mixture; 4 pl

of 5X reaction buffer (containing final concentrations 50 mM Tris-HCl, 10 mM MgCl2, I

mM ATP, 1 mM dithiothreitol (DTT) and 5% (w/v) polyethylene glycol-8000), 1 U of T4

ligase, and appropriate insert to vector ratio, with the total volume brought to 20 pl with

sterile H2O. All ligations with blunt ends were incubated at 14 oC for 24 hours using 5 U

ofT4 ligase. Following the incubation the ligation mixture was used to transform

competent .¿'. coli cells.

3.5 Hexokinase cDNA sequencing

The plasmid SV2-G3 was obtained from Dr. Daniel Matton (University of

Montréal). SV2-G3 contained a full length oDNA clone of Solanum chacoensce HK,

within the phagemid vector pBK-CMV. SV2-G3 was transformed into HBl0l cells,

amplified fiom a 50 ml culture and purified using Qiagen Midi-prep system. Five pg of

purified SV2-G3 was sequenced by Dr. lngeberg Roewer (National Research Council

ofCanada), using the Big Dye Terminator 2.0 kit based on the Sanger method (Sanger

er al. 1977). Fluorescently labelled ¡eaction products were analyzed on a 377 DNA

sequencer (ABI) using T3 and T7 primers.
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3.6 Recombinant hexokinase immunoblotting

3,6.1 SDS-PAGE and membrane electro-transfer

Clarified protein extracts were denatured by boiling in SDS sample buffer for

15 min (SDS buffer contains final concentration of 60 mM Tris-HCl pH 6.8,l0% (v/v)

glycerol, l% (w/v) SDS, 0.lM DTT,0.002 % (w/v) bromophenol blue). SDS-

polyacrylimide gel electrophoresis was performed according to Laemmli (1970)

(Laernmli 1970) at room temperature using a 4 % (w/v) acrylamide (Invitrogen):

0. 107% bis-acrylamide stacking and 12 To: 0.32 % (w/v) separating gel. Gels were run

to completion (approximately 80 min) in SDS-PAGE buffer (25 mM Tris, 190 mM

glycine and 0.1% (w/v) SDS) at 120 volts. All gels were run wirh Bio-Rad SDS-PAGE

low range molecular weight standards. Following electrophoresis the gels were either

stained directly using Coomassie Blue or they were electro-transfer¡ed onto

polyvinylidene (PVDF) membranes for immunodetection.

Gels were stained with Coomassie Blue stain (containing 0.1% (w/v) Coomassie

Brilliant Blue R250,50% (v/v) methanol and l0To (v/v) glacial acetic acid) for

approximately 30 min. Destaining was done by washing the gel 3 or 4 times with

destain (containing25% (v/v) methanol and 10 o/o (v/v) glacial acetic acid) for 20 min.

Following destaining the gels were dried between 2 sheets ofcellophane for 2 hours

under vacuum at 80 oC using a gel drier (BioRad, model #583).

Electro-transfer was performed by transferring the separated proteins to a 45 pm

pore PVDF membrane in ice-cold TGM transfer buffer (25 mM Tris, 190 mM glycine

and,20%o (v/v) methanol) using a Bio-Rad (Mini Trans-Blot cell) transfer apparatus at
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100 volts for 60 mìn. The blots were stained for 1-2 min in Ponceau S (1% (w/v) in 1%

(v/v) acetic acid) then washed with H2O to verify protein transfer.

3,6,2 Estimation of protein concentration and molecular weight

Quantification ofprotein concentrations was conducted by visually comparing

the Coomassie Blue staining intensity of the protein band to the 45 kDa standard

(ovalalbumin) in the BioRad low molecular weight standards, of which 0.5 pg was

loaded per SDS-PAGE.

Estimation of MW was based on the relative mobility (R). The MW standards

were used to generate a standard equation plotting the R¡of the protein = distance

migrated by the protein/ distance migrated by the protein û.ont against the ln of the MW

of the protein. Equations were produced fiom these lines, and the MW of the samples

was determined.

3.6,3 Recombinant hexokinase expression vector

The prokaryotic expression system pProEX HT (Invitrogen) was used since it

has a removable 6-histidine peptide sequence. This 6-His tag allows for pH dependent

binding to the supplied Ni purification resin, which allowed us to rapidly purify the

recombinant protein.

The general strategy used for the construction ofthe recombinant HK

expression vector is outlined in Figure 3. SV2-G3 was digested to completion with

XhoI, followed by partial EcoRI digestion (1 min 37 oC, reaction halted though

addition of2.5 volumes of PCI). These digestions produced DNA fiagments of 1618,
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923 and 695 bp in length. The 1.6 Kb fragment was isolated by gel extraction. The

isolated fragment was ligated into pProEX HTa prepared by digestion with ðcoRI, XhoI

and purified by HPLC. The ligation reaction proceeded using cohesive end ligation

protocol. The ligated plasmid was used to transform competent DH5cx E. coli cells

(Figure 3). The successfully transformed cells formed colonies on LB plates (50 mgll

kanamycin and 100 mg/l ampicillin) after 16 hours. Diagnostic restriction analysis was

performed on the rapidly purified plasmids using .EcoRI and XhoI fo confìrm insert was

successfu lly integrated.

3.6,4 Recombinant protein induction and purification

Recombinant protein was obtained using a modified version ofthe protocol

supplied with the pProEX HT system. This involved inoculating 500 ml of LB broth

containing (100 mg/l ampicillin and 50 mg/l kanamycin) with an isolated colony

containing the pProEX-HK plasmid. The culture was grown until an ODaoo of 0.6 was

obtained. Isopropyl-beta-D{hiogalactopyranoside (IPTG) (0.6mM final concenhation)

was added to the culture to induce the prokaryotic tr? promoter, and the culture was

allowed to grow for an additional 5 hours. All subsequent procedures were performed

at 4'C unless otherwise stated. The cells were harvested by centrifugation at 10 0009

for 10 min and resuspended in 40 ml of lysis buffer (containing 50 mM Tris-HCl, pH

8.5, 5 mM DTT, 1 mM phenylmethylsulfonyl fluoride (PMSF), I mM benzamidine, 1

mM e- amino n-caproic acid (e-CA), and 0.1% (v/v) triton X-i00). The cells were lysed

by passing them twice through a French press at 18 000 psi. The recombinant protein
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along with the cellular debris was precipitated by centrifugation at 10 0009 for 25 min,

and the supernatant was removed. Purification buffers B, C, D, and E all contained 6M

urea, 0.1 M NaHzPO¿, and 10 mM Tris-HCl at the given pH. The pellet was

resuspended in buffer B (pH 8) by vigorous shaking (200 rpm) for i hour. Cellular

debris were removed by centrifugation at 10 0009 for 15 min. The clarified sample was

incubated for t hour with 1 ml of Ni affinity resin (settled volume), and then loaded

onto the supplied column (10 mm X 50 mm). The column was washed with 4 volumes

of buffer B, followed by 2 volumes of buffer C (pH 6.3). The recombinant protein was

then eluted from the column with 2 ml of buffer D (irH 5.9) and 2 ml buffer E pH (4.5)

in 1 ml fractions. The eluted protein was visualized by SDS-PAGE. Fractions

containing the recombinant HK were pooled (4 ml total volume), and their pH was

raised by addition of 1 ml 1 M Tris-HCl pH 8.5. The protein sample was dialyzed

against 50 mM Tris-HCl pH 8.5 and 5 mM DTT for 16 hours. The dialyzed sample

was then centrifuged at 13 000 g for 25 min to remove any remaining insoluble

components. The sample was stored at 4 "C (16 hours) until it was further processed.

In order to remove the 6-His purification tag ffom the recombinant protein, the

3 ml ofprotein solution were incubated with 200 U of rTEV protease for 3 hours at

30'C with TEV reaction buffer (containing final concentration 50 mM Tris-HCl pH

8.0 and 0.5 mM EDTA) and 30 pl of 0,1 M DTT. Following protolytic cleavage the

rTEV buffer was replaced to buffer F (containing 50 mM NaH2POa pH 8.0, 300 mM

NaCl and i0 mM imidazole) by loading the 3 ml of protein sample onto 2 buffer F

equilibrated PD-10 gel filtration columns (Amersham Pharmacia Biotech). The protein

was collected by loading an additional 1 ml ofbuffer F onto each ofthe columns. The



56

desalted protein solutions were pooled, incubated with the Ni affinity resin (1 ml settled

volume) for 1 hour, and then loaded onto the supplied column. The flow through

contained the recombinant protein lacking the 6-His purification tag. Washing the

column with 8 m1 of buffer G (containing 50 mM NaH2POa pH 8.0, 300 mM NaCl and

20 mM imidazole) followed by 3 ml of buffer H (containing 50 mM NaH2POa pH 8.0,

300 mM NaCl and 250 mM imidazole) eluted the rTEV and any non-cleaved

recombinant protein, which was analyzed by SDS-PAGE. A total of 12 ml of

recombinant protein mixture was concentrated 6-fold by centriñlgation of a YM-30

Centricon tube (Millipore) at 4oC for 4 hours at 50009. Protein concentration was

confirmed visually by comparing Coomassie Blue staining intensity of an SDS-PAGE

gel. Approxirnately 200 ¡.rg of recombinant p¡otein was produced.

3.6.5 Antiserum production

Purified recombinant HK was mn on a 20 ml preparative SDS-PAGE.

Polypeptides were stained with Coomassie Blue and the band corresponding to the

recombinant HK (-50 kDa) was excised. The HK protein was electro eluted using a

Bio-Rad electroplater according to the directions of the manufacturer. The protein

solution (200 ¡rg in 500 pl) was separated into 3 injection volumes, of300 pl and two

100 ¡r1 booster injections. A¡tibodies were raised using a2-kg New Zealand White

rabbit. After collection of the preimmune serum, recombinant HK (300 ¡il, emulsified in

complete Freunds adjuvant) was injected subcutaneously into the back of the rabbit.

Booster injections were performed at days 14 and 2l with 100 pl of recombinant HK

emulsified in incomplete Freunds adjuvant. Blood was collected on day 28, 35 and 42
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the final bleed by cardiac puncture. The serum was collected after centrifugation at

1500 x g, frozen in liquid N2, and kept at -20oC.

3.6.6 Affinity purification of cr-HK IgGs

Crude anti-serum was affinity purified against recombinant HK using a

modifìcation of the method described by Plaxton (1989). All steps were performed at

room temperature unless otherwise stated. Fifteen ¡rg ofrecombinant HK per lane was

run on a 12% SDS-PAGE and electro-transferred to a PVDF membrane. After staining

with Ponceau S the membrane was air dried. The band corresponding to 53 kDa (HK)

was carefully excised from the blot, placed in a 2 ml Eppendorf tube, wetted with

methanol for 1 min and then with HzO for 15 min. The membrane strips were incubated

in 1.5 ml of blocking solution for t hour and then washed 3 times by vortexing for 45 s

with 1.5 ml of TBST. The membrane strips were then incubated for t hour with 1.5 ml

of crude rabbit c¡-HK anti-serum, and washed to remove the remaining antiserum by

vortexing 4 times 30s with 1.5 ml of TBST. Lightly vortexing the membranes with 1.5

ml of cold elution buffer (containing 20 mM glycine-HCl pH 3.0, 500 mM NaCl,

0.04% (w/v) NaN3 and 0.25 % (v/v) Tween 20) for 2 min eluted the bound IgGs. The

elution was removed and added to a fresh tube which contained 15 ¡ll of 1M Tris and

150 pl of 5% (w/v) BSA in TBST, mixed, flash frozen with liquid N2 and stored at -80

oC. The procedure was repeated 18 times vvith the same membranes, incubating with

crude antiserum for 15 min each subsequent time.

3.6.7 Protein extraction and quantilication
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Root samples of 300-500 mg were extracted in a 1:1.5 weight to volume ratio of

roots to ice cold extraction buffer. The extraction buffer was modified from Renz and

Stitt (1993) (containing 100 mM Tris-HCl pH 8.0, 10 mM Mgclz, 10 mM KCl, 1 mM

EDTA, 1 mM ethylene glycol-bis (B-aminoethyl ether)- N, N, N', N'{etraacetic acid

(EGTA), I mM PMSF, 1 mM benzamidine, 1 mM e-CA, 5 mM DTT, 5% (w/v)

Polyvinylpolypyrrolidone (PVPP), L0% (vlv) glycerol and 0.1%o (v/v) Triton X-100).

Roots proteins were extracted using a pre-cooled mortar and pestle containing

approximately 50 mg of sea sand. Extracts were clarified by 4 oC centrifugation at

12 5009 for 10 min. The extract supematants were analyzed for protein content using

the Bradford protein assay (Bradford 1976) on a microplate reader (Molecular Devices

VERSAmax) using Bio-Rad protein reagent with a bovine serum albumin (BSA)

standard. Crude protein samples of 20 ¡rg were loaded onto SDS-PAGE and used in

primary screening.

3.6.8 Immunodetection

All steps in immundetection were caried out at room temperature and under

constant agitation (150 rpm) on a gyratory shaker. Non-specific protein binding was

blocked by incubating the memb¡anes in a 3 % (w/v) skim milk solution in TBST

(containing 50mM Tris-HCl pH 7.6, 150mM NaCl, 0.05% (v/v) Tween 20 and,0.02o/o

(w/v) NaN) for a minimum of 60 min. The blocking solution was removed and the

membranes washed 3 times for 10 min with TBST. Affinity purified cr-HK IgGs (1:3

dilution in 3% (wlv) BSA TBST solution) were added to the membranes and incubated

for 60 min. After washing them 3 times in TBST, the membranes were incubated with



59

the secondary antibody (a 1 : 10 000 dilution of goat cr-¡abbit alkaline phosphatase

antibodies (Promega) ín 3% (w/v) BSA TBST solution) for 60 min. Thereafìer, the

membranes were washed an additional 3 times with TBST. Staining was accomplished

by incubating the membrane in 0.33 mg/ml nitroblue tetrazolium salt (NBT) and 0.165

mg/ml 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) in alkaline phosphatase bufler (a

solution containing 100 mM Tris-HCl pH 9.5, 5 mM MgClz and 100 mM NaCl) for

approximately 10 min (or until bands were clearly visible).

3,6,9 Quantification of hexokinase content

The intensities of HK bands from immunoblots were quantified by comparing

the peak areas of the bands from digitally scanned (Deskscan II, Hewlett Packard)

immunoblots using the Image J software system (http://rsb.info.nif.gov/ij/). The HK

levels within the individual protein extracts were compared to the peak intensity ofa

control transformation line and a relative HK protein level was then determined.

3,7 Plant transformation vectors

3.7.1 pGA643

The binary vector pGA643 (An et a1.1988) was used for all plant transformation

constructs. The plasmid was purified using Qiagen Midi-prep for low copy plasmids, E

coli pGA643 was grown on LB 10 mg/l kanamycin and 2 m/l tetracycline. Clones

were only maintained on LB plates for a maximum of 2-3 days, in order to prevent

mutations. For potato transformation experiments, one control construct, one sense

construct, and 3 anti-sense constructs were engineered. For all constructs the plasmids
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of the plant transformation vectors is demonstrated (Figure 4).

3,7.2 Sense pGA643 construct

The sense construct was prepared by digesting the HK oDNA flom SV2-G3

wtlh Cltú (31 bp upstream) and HincII (1834 bp downstream). The 1875 bp fi.agment

was then ligated into a ClaI , HpaI digested pGA643 using blunt end ligation protocols.

Positive colonies were confirmed by digesting prepared plasmids with ^Ba ntHI and Dral

(Figure 4).

3.7.3 Antisense-1 pGA643 construct

Antisense-l was prepared by digesting the HK oDNA withXåal (12 bp

upstream) and EcoRV (600 bp downstream). The 612 bp fragrnent was ligated into

pGA643 digested with XåaI and .É1pal using the blunt end ligation protocol. Positive

clones were confirmed by digesting the prepared plasmids wrth BatnHl and, Clal

(Figure 4).

3.7,4 Antisense-2 pGA643 construct

Antisense-2 was prepared by digesting pGA643 wilh HpaI. 10 ¡rg of pGA643

was digested with HpaI and then dephosphorylated by incubating with 150 U of

bacterial alkaline phosphatase (BAP)(Invitrogen), in BAP reaction buffer (final

concentration 10 mM Tris-HCl pH 8.0) for t hour at 65 "C. The BAP was removed by

PCI extraction and NaCH3COO precipitation. The insert was prepared by digesting the
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HK oDNA in SV2-G3 with EcoRV (61 1 bp downstream) and HincII (1834 bp

upstream), and was ligated into the prepared vector using the blunt end protocol.

Positive clones were confirmed by digesting the prepared plasmids with ÀanHI (Figure

4).

3.7.5 Antisense-3 pGA643 construct

Antisense-3 was prepared by digesting the HK cDNA with XåaI (12 bp

upstream) and HittcII (1834 bp downstream). The 1846 bp fragment was ligated into

pGA643 digested with Xå aI and HpaI using the blunt end protocol. Successful

transformants were confirmed by digesting with BamHI (Figure 4).

3.7.6 A. rhizogenes pGA constructs

Rapidly purified construct DNA and a pGA643 plasmid were used to transform

A. rhizogenes using the protocol described previously. Transformed colonies grew on

MYA plates containing 25 mgll kanamycin and 5 mgll tetracycline. The transformants

were confirmed by restriction analysis using the enzytnes desc¡ibed above for each

construct.
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Figure 4. Production ofplant expression vectors.
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3.8. A, rhix,ogenes mediated potato transformations

Potato petioles from plants 4-6 weeks old were used for transformations. Leaves

were removed from plants with stems being surface sterilized for l0 min in a solution

containing I0% (vlv) commercial bleach and 0.005% (v/v) Tween 20. The sterilized

stems were washed 4 times in sterile H2O for l0 min per wash. Sterile washed stems

\.vere cut into 2-3 cm segments and placed in reverse orientation into small jars

containing -40 ml of solid MS based media (4 g/l phytagel). The freshly wounded stem

tissue was then infected by a single colony o f A. rhizogenes from a 3-4 day old MYA

(25 mg/l kanamycin 5mg/l tetracycline) plate stleaked with the desired pGA643 vector

using a flamed platinum wire. The infected tissue was then incubated in a growth

cabínet aT23 oC until transgenic roots of 1-2 cm emerge from the infected stem

segments. Emerging transgenic roots were sub-cultured 3 times by transfening only the

fieshly grown tissue onto petri plates containing solid MS media (2gll phflagel) \'vith

reducing concentrations ofantibiotics 500, 500,200-mg/l carbenicillin. Following sub-

culturing the individual transgenic root lines were maintained on solid antibiotic free

MS media.

3,9 ltt vitro hexokinase assays

Rapidly growing root tissue samples of 250-400 mg, were harvested from liquid

MS media blotted dry, flash frozen and stored at -80 
oC until needed. Protein was
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extracted as previously described, except that a 3:1 buffer to root ratio was used. The

volumes of the clarified extracts were carefully measured then loaded onto a PD-10

desalting column at 4 oC previously equilibrated with 50 ml of desalting buffer

(containing 20 mM Tris-HCl pH 8.0, 5 mM MgCl2, 1 mM DTT and 20% (v/v)

glycerol). Desalting buffer was added to the column such that the extract volume

totaled 2.5 ml, and allowed to flow by gravity. The protein is eluted from the PD-10

column by loading an additional 3 ml of desalting buffer onto the column. Activity

assays were conducted on the desalted protein extracts using a protocol modified from

Ttmer et al. (1977) which uses a glucose-6-phosphate dehydrogenase (G6PDH)

coupled reaction at25 oC monitoring the production on NADH at 334nm using a

Molecular Devices VERSAmax microplate reader. Desalted extracts of 10, 20 and 30

¡rl were assayed in an assay buffer (containing final concentration 50 mM Tris-HCl pH

8.0, 50 mM KCl, 5 mM MgCþ, 0.3 mM NAD*, 5 mM DTT, 1 mM ATp, lU/ml

G6PDH and 5 mM glucose), to a total volume of200 ¡rl. The background activity was

determined by performing the same assay in duplicate without glucose, and was

subtracted ffom the total activity. Substituting glucose for 5 mM fructose and adding 1

U/ml phosphoglucoisomerase determined total fructose phosphorylation activity.

Specific activity for each line was determined by calculating the activity per mg oftotal

protein, in terms nmoles min-l mg protein-l (mI-I).
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4.0 RESULTS AND DISCUSSION

This section will describe and discuss the relevant results in regards to production

and screening oftransgenic potato lines with altered HK levels. The results presented will

examine the sequence of the Solanum chacoense HK cDNA clone, the production of

recombinant HK for antibody production, the production ofplant transformation vectors,

production oftransgenic potato lines, screening the lines for HK protein levels and

screening the transgenic lines for altered HK activity.

4.1 Hexokinase eDNA

4.1.1 cDNA sequencing and sequence analysis

Solanutn chacoenseHK cDNA was sequenced as described in Materials and

Methods. The sequence was determined to be 1808 bp in length (Figure 5). The coding

sequence begins with an ATG codon at position 64 and terminates with the TGA stop

codon at position 1552 (Figure5). The poly-A tail begins at position 1790. The oDNA

was translated using Expasy Translate (lrttp://us.expasy.org/toolsidna.hturl) in 5'-3,

reading ffame 1, and predicted a 496 amino acid polypeptide with an expected molecular

mass of53.751 kDa (Figure 6). The isoelectric point was calculated using Protparam

(http://us.expasy.orgicgi-bin/protparam) and determined to be 6.07. The hydrophobic

nature of the deduced amino aid sequence was analyzed using protScale

(http://ca.expasy.org/cgi-bin/pr:otscale.pl), with the Kyte and Doolittle algorithm. The

presence ofa high abundance ofvaline and alanine residues near the expected protein,s
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N{erminus predicts a highly hydrophobic region (Figure 7). This is indicative ofa

possible membrane anchor region in the protein.

1 GGÀ TCC ÃÃÀ GÀÃ TCÀ ÀTC CCA ATT CCC CTT CTC TAT CAT TTT TTC CTT ÄÃT CGG ÀTÀ GTA
51 AGG ÀTG ÀÀG ÀÀG GCG ACG GTG GCT GCG GTG GTG GTA GGT ACA GCG GCG GCG GTA GCT GTG
1-2T GCG GCG CTC ATC ATG CGC CÀC CCC ATG GGT ÃÃ-A TCG ÀGC AÀÀ TGG GCA CGT GCC AGG GCA
181 ATT ClG A.AG GAÀ TTC GAG GAG A.AÂ TGT GCC ÀCC CCA GAl GGC ÀÃG CTG ÀAG CÃ.A GTG GCT
24I GAT GCC ATG ACG GTG CÀG ATG CAC GCC GGA CTC GCC TCT GÄ¡, GGC GGC AGC Ä.AG CTC ÄÀG
301 ÀTG CTT ATT ÀGC TAT GTC GAT AÀT CTC CCT ÀCT GGC GÀT GÀÀ GGA GGA GTC TTT TAT GCA
361 TTG GAT CTT GGl GGA ACA ÀÃT TTT CGÀ GTA TTG CGG GTG CÀÀ TTG GGG GGA ÀÀÀ GAT GGT
421 GGC ATT ATC CAT CAÀ GÀÃ TTT GCG GAG GCA TCA ATl CCT CCA ÀAT TTG ATG GTT GGA ACT
481 TCA GÃÀ GCA CTT TTT GAC TAT ÀTT CCG GCA GÃ.A, CTT GCA Ã.AÄ TTC GTA GCT GAÃ GA.A GGA
541 GAÂ GÀG TTT CAT CCA CC? CCT GGT AGG CAG ÀGÀ GÀ.A TTA GGC TTC ÀCC TTC TCG TTC CCA
601 ATA ÀTG CAG ACT TCA ATC ÀAT TC? GGA ACT CTT ÀTC AGG TGG ACG ÀÀÀ GGT TTC TCC ÀTT
66I GA? GÀC ACG GTT GGC ÀÀÀ GAT GTT GTT GCA CÀÀ CTG ACA ÀAÀ GCÀ ATG CÄ.A AAÀ CGA GÃ-A
72I ATT GÀT ATG AGG GTC TCÀ GCG CTI GTG ÀÀT GÀT ÀCT GTT GGÀ ÀCÀ TTG GCT GGT GGT AGA
?81 TTC ACC ÀÃT AAG GÀT GTA TCC ATT GCl CTG ATA TTA GGT ÀCT CGG ACC AÀT GCA GCA TAT
841 GTG GA.A CGG GC? CÀG GCA ATT CCC ÂÂÀ TGC CAC GGT CCT CTG CCT ÀÀA TCT GGA CÀÀ ATG
901 GTG ATC ÀAT ÀTG GAÃ TGG GGT ÀÀC TTII AGG TCC TCC CAC CTT CCC TTG ACÀ GÀG TAC GAT
961 CAT GCT ATG GAl ACC GAT AGT T?À ÀÀT CCT GGT GÀA CÀG ATA TTT GAG ÃÀG AlA TGT TCT
1021 GGC ATG TÀC TTG GGA GÂÀ ATT TTA CGC AGA GTT CTÀ CTT AGA ATG GCT CÀÀ GAÃ GCT GGC
1081 ATT TTT GGC GAG GÀÀ GTT CCT CCA AÃÂ CTC ÀAG ÀÀT TCA TTC ATA TTG ÀGG ACA CCT GÀÀ
1141 ATG TCT GCT ATG CÀT CÀT GAC ACA TCC TCT GÀT TTG AGA GTG GTT GGC GAC ÃÀG TTG ÀAG
1201 GAT ÀTC TTA GAG ATA TCC AAT ACC TCC TTG ÀÀG ACA AGG AGA TTÀ GTT GTT GAG CTG TGT
1261 ÀÀT ATT GTT GCA ÀCÀ CGT GGC GCC ÀGA CTT GCG GCÀ GCT CGG ATC TTG GGC ÀTT ATC Ã.AÀ
1321 ÀÂG ATG GGÀ ÀÀG GAT ACA CCC ÀGG GÀÄ AGT GGT CCÀ GÀÀ ÀÀG ATT GTC GTA GCC ATG GAT
1381 GGC GGÀ TTG TAT GÂÀ CÀT TAT ACA GÀÄ TÀC ÀGT ÀÃG TGC TTG GÀG ÀÀC ACT TTG GTT GAA
1441 TTA CTT GGA ÃÄG GÃÃ ATG GCC ACA AGT ATT GTT TTC Ã.AG CAC GCC ÀÀT GAT GGT TCT GGC
1501 ATT GGC GCT GCA CTC CTT GCG GCC TCT AÄC TCC GTG TAT GTT GAÀ GAC ÀÀG TõÀ GAG TGÀ
1561 TCA ÃÀ.A TGA TÀT TTA GCT AGA GCA ÀÀC TCC ATT TAC CTT TTA TAT TAT GTT TTT TCT CTG
1,62L GCC TTT TCT TTT TGG ATT CTC TCT CTC CTT lTT GGT TCT TCT ÎÀC ÀÀT TAT TTC CAG ÀÀT
158], TTT CCA GCA CTT GTA CTT GGT TTT CTÀ GGA TAT TAT TCC TGG GÄÃ TGC CÃA CÀT ATT TCT
1?41 TCT GGA .AÀ.A, GGG TCC À.A.A. GAÀ ÀTT ÀTA TGA ÀÄC TCA GCA TTG CTT ATT CAå. ÀÀÀ AÃA A.A.A,
1801 ÃÀA AÀÀ ÀC

Figure 5. Solanunt chacoense oDNA sequence. The nucleotide sequence of
SCHK determined using a modification of the Sanger method (Sanger and others 1977).
Coding region begins with ATG codon at position 64, terminates at the stop codon TGA
at position 1 552, marked in bold. The poly-A tail begins at position 1790 and is
underlined.
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1 MKXATVAÀVV VGTA.A¡.VAVA AÍJIMRHRMGK SSKWÀRÀRAI I]KEFEEKCAT PDGKTKQVAD
61 ÀMTVEMHAGT, ASEGGSKI,KM T,ISYVDNLPT GDEGGVFYAI D],GGTNFRVL RVQLGGIOGG
12 1 Ï IHQEFAEAS IPPNLMVGTS EÃI,FDY] AAE LAKFVAEEGE EFHPPPGRQR ELGFTFSFPI
181 MQTSINSGTL IRV¡TKGFSID DTVGIOWÀE LTKAMQKREI DMRVSÀIJVND TVGTLAGGRF
241 TNKDVSTAVI LGTGTNAÀW ERÃQAIPKWH GPIJPKSGEMV INMEWGNFRS SHT,PLTEYDH
3 O 1 AMDTDST,NPG EQIFEKICSG MYLGEI],RRV LLRMÃEEAGI FGEEVPPKI]K NSFIIJRTPEM
3 6 1 SAMHHDTSSD ],RWGDKI,KD ILETSNTSI,K TRRLWE],CN TVATRGARLA AAGII,GTIKK
421 MG¡OTPRESG PEKIWAMDG GLYEHYTEYS KCLENTLVEL LGKEMATS]V FKHÃNDGSGT
481 GÀALLAASNS VYVEDK

Figure 6. Deduced amino acid sequence of the SCHK oDNA. The oDNA was translated
5'-3' in Íìame 1, using the ATG codon at nucleotide 64 and the TGA stop codon at
nucleotide position 1552.

?øø e5ø
PositiÒh

figure 7. Hydrophobic nature ofthe deduced SCHK amino acid sequence. lncreasing
number indicate a higher degree of hydrophobicity, based on individual amino acid
scores: A=1.800,R=-4.500,N:-3.500,D=-3.500,C=2.500,Q=-3.500,E=-3.500,
G = -0.400, H = -3.200, I : 4.500, L = 3.800, K = -3.900, M = i.900, F = 2.800, P = -
1.600, S = -0.800, T: -0.700, W = -0.900, Y = -1.300, Y = 4.200.

t5øLøø

Protscå1e outÞut foF r¡se¡ sequence



68

The hydrophobic nature of the deduced protein is similar to the nature of HKl and

HK2 of .L tuberosunt, and other plant HKs including: Arabidopsis IlKl and, HK2 (Jang et

a1.1997), tomato HKl (Martinez-Baraj as and Randall 1998) and HK2 (Menu et at.200l)

and tobacco HKi (Wiese et al.I999) among others. These HKs have been noted as

having N{erminus membrane anchoring regions.

The benefit of membrane anchoring of the N-terminus would likely assist in

binding the HK to the outer membrane of the chloroplast and mitochondria. This would

allow the HK access to the ATP generated by these organelles (Wiese er a/.1999). This

membrane anchor appears to be conserued throughout the plant HKs, while it is not

present in mammalian or yeast enzJ,Tnes.

4.1.2 DNA sequence comparisons

The DNA sequence obtained was compared to published sequences using Blastn

similarity search (http://u'wt,.ncbi.nlm.nih.gov/BLAST). The results obtained indicated

high similarities to other plant HKs. As expected, the highest degree of similarity was

between the S. chacoense HK (SCHK) oDNA and,9. tuberosunt HK2 (STHK2). The

sequences had near identical nucleotide sequences at the 5' end, having 1576/1585

identities with no gaps for >99Yo similarity (2 penalty for mismatches and -5 penalty for

gaps). The sequences differed slightly at the 3' end having 1321138 identities with 3 gaps,

for 95%o similarity.

High similarities were observed between SCHK and S. tuberosunr HKI (STHKI)

as well. The sequences displayed 110111296 identities with 11 gaps for 85% similarity.

The sequence for potato HK3 has not yet been published and could not be compared.
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Comparison of SCHK to other plant HKs also revealed relatively high

similarities, 96% with tomato HK2, 82 Vo wtlh Prunus persica HK2 and 82% with

Ar ab id op s i s t h a I ina HK2.

Comparison to non-plant hexokinase gene sequences revealed significantly lower

nucleotide similarities. There was only 2lo/o similarity between the 50 kDa human HKiV

and similar findings with other mammalian HKs. Yeast HKA and HKB had only 19 and

18% sequence similarities with SCHK.

4.1.3 Amino acid sequence comparison

The deduced amino acid sequence of SCHK had a 99% similarity with the amino

acid sequence of STHK2. The intemal sequences and the C and N-termini were nearly

identical between the two peptides with the only minor deviations apparent (Figure 8).

Similarities between STHK1 and SCHK were less in the amino acid sequences, as there

was only 75% homology between the two peptides. There were some differences

throughout the sequences with the major differences occurring between amino acids 75

through 95 (Figure 8).

Comparisons ofSCHK to other plant HK amino acid sequences revealed high

levels of similarities, which is consistent with previous reports (Jang and others 1997;

Menu and others 2001). There is 90% similarity between SCHK and tomato HK2,86%

to tobacco HKl, 80% and 70To to Arabidopsis HKI and HK2, 79% to spinach HKl and

7'l%;o to rice HKl. This high degree of sequence similarity is expected due to the

conserved nature ofthe plant enzymes.
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Figure 8. Comparison ofHK amino acid sequences. A comparison ofthe predicted
amino acid sequences of S. chacoensce SCHK, Saccharomyces cerevisiae Yeast HKA
and HKB (Stachelek et aLl986), S. tuberosum STHK1 (AC# 064390) and STHK2 (AC#
Q95Q76), A. thaliana ATHK2 (Jang et al.l997)and human HK4 (Tanizawa et a1.1991).
Arrow H, lrom position 4-24 is a transmembrane region. Arrow Pl, flom 99-120 and
arrow P2, from 254-273 are phosphate binding domains I and 2 (Bork et a1.1992). Anow
A, ÍÌom positions 458-476 is the adenosine binding domain (Bork et al. 1992). Anow S,
fi'om position 173-192 is the sugar binding domain (Bork et al. 1993). The numbering
above the seqìlences is the relative position of the amino acid residues. Identical residues
are indicated by "*", highly conserved residues by ":", mildly conserved residues by
"."and gaps by "-".
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Compared to non-plant eukaryotic HK SCHK has a significantly lower degree of

sequence similarities. There are 33 and 34% similarities with yeast HKA and HKB.

While the 50 kDa mammalian HK4 has 33%o similarity to SCHK. This is indicatative of a

very distant common ancestor of the plant, yeast and animal HKs (Cardenas et a1.1998).

Figure 8 displays the sequence comparisons between seven 50 kDa eukaryotic

HK amino acid sequences. The plant HKs STHKl, STHK2, SCHK and ATHK2 all

contain a putative 20 amino acid hydrophobic region between residues 4-24.The

hydrophobic nature of this region is shown in Figure 7, at the N{erminus. There are two

phosphate binding regions (starting at positions 99 and 254) along with an adenosine

binding domain (starting at position 458) shared by all 7 amino acid sequences (Figure

8). The phosphate binding domains interacts with the B and y phosphates ftom ATP,

while the adenosine binding domain interacts with the adenosine pofion of ATP (Bork er

aI.1992). These domains were identified by amino acid similarities between different

protein families of sugar kinases and ATPases (Bork et a1.1992; Wilson 1995). The sugar

binding domain is indicated starting at position 173, which was identified by sequence

similarities between sugar kinases (Bork e/ a/. 1993).

The phosphate 1 binding domain (Figure 8, P1 residues 99-120) was highly

conserved between all seven HKs compared, which, several identities and several highly

conserved residues. The phosphate 2 domain (Figure 8, P2 residues 254-273) was also

highly conserved among all seven of the sequences. The adenosine and sugar binding

domain, however as not as highly conserved (Figure 8, S residues 173-192 and, A

residues 458-47 6). There are some identities in the region, however this is not throughout
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the sequence. It is unlikely that these differences are due to different substrate

specificities, since all HKs aligned have a preference for glucose and ATP.

The degree of amino acid sequence similarity is similar between plant HKs and

the yeast HKs, as well as 50 kDa mammalian HKs. This is consistent with the conclusion

that there was an ancestral 50 kDa HK in eukaryotes (Cardenas et al.l998). The

divergence between the plant, vertebrate and yeast HKs occuned at the same time, based

on relatively equal similarities between the 3 classes of 50 kDa HKs (Cardenas el

a|.1998).

4.2 Production and purification of recombinant hexokinase

4.2.1 E. coli expression vector production

The E. coli expression vector was assembled as described in the Materials and

Methods section. The expression vector was used to transform DH5c¿ Æ. col/, resulting in

42 positive colonies growing on the antibiotic selection media (LB 50 mg/l kanamycin

and 100 mg/l ampicillin). The positive colonies were tested for the presence and proper

orientation of the HK insert, Throtgh EcoRll XhoI digestion of purified plasmid. All of

the 36 colonies tested displayed DNA bands of900 and 700 bp as expected (the plasmids

isolated from 9 colonies are shown in (Figure 9), indicating the presence of the insert and

in the correct orientation for proper protein production. Colony #3, (Figure 9 lane 3), was

used as the .8. coli line for protein production, since a high level ofplasmid was

produced.
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Figure 9. proEX HTa containing the SCHK oDNA insert. TBE gel of plasmids isolated
f¡om different resistant colonies digested with EcoRU XhoI in lanes 1-9. MW is I kb+
molecular weight markers.

The truncated oDNA insert along with the additional codons added for 6-His

sequence purification and protease cleavage region encode for a polypeptide of 52.8 kDa

are shown in Figure 10, Afler removal of the 6-His tag by rTEV the pollpeptide will

have a molecular mass of 49.8 kDa.
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r- Msyy@ DVDrprrENr, yFe*cArqDpE - FEEKCATPDGK r,KevADAltTV EMHAcLAsEc
61. GSK¡KMLISY VDN],PTGDEG GVFYA¡DLGG TNFRVIJRVQL GGKDGGIIHQ EFAEASIPPN
I2I ],MVGTSEAI,F DYI,AÃEIJAKF VAEEGEEFHP PPGRQRET,GF TFSFPIMQTS INSGTLIRWT
].81 KGFSIDDTVG KDWAELTKA MQKREIDMRV SAI,VNDTVGT LAGGRFTNKÐ VSIAVI],GTG
24A TNAAYVERÀQ AIPKWHGPLP KSGEMVINME WGNFRSSHLP LTEYDHAMDT DSLNPGEQIF
301 EKICSGMYLG EILRRVLI,RM AEEAGIFGEE VPPKI,KNSFT LRTpEMS.AtvtH HDTSSDIJRW
361 GDKLIOIIJEI SNTSLKTRRL WELCNIVAT RGARLAÀÀ.GT ],GIIKKMGKD TPRESGPEKI
427 \¡VAIVIDGGLYE HYTEYSKCTE NT],VELLGKE MÀ.TS IVFICI,A NÐGSGIGAÀI, ],AASNSVYVE
4BI DK

Figure 10. The deduced amino acid sequence of the recombinanf HK. 29 amino acid
residues were added to the truncated SCHK oDNA for use in affinity purification. The
transition from SCHK to additional sequence is marked by -. The rTEV protease cleavage
site is marked by *. The 6-His purifrcation tag is highlighted.

4,2,2 Optimizing recombinant protein induction conditions

Small scale induction experiments were performed to determine the optimal

conditions for recombinant HK expression in E. coli. Cell cultures were grown in

duplicate until OD6¡6 of 0.5-0.6 were obtained, at which point IPTG was added to one of

the cultures to induce the lrc promoter. Protein profiles obtained under various the

induction conditions are shown in Figure i 1. Substantial increase in a protein slightly

larger than the 49.5 kDa molecular marker is visible in all ofthe induced cultures (lanes

2,4,6 and 8). Based on relative mobility this band corresponds to approximately 53 kDa,

which was the mass predicted from the nucleotide sequence. Maximal protein induction

was visible in lanes 2 and 6, both conditions conesponding to 5 hours ofinduction at

37 'C. The sample in lane 6 was stored ovemight at 4 oC. The protein yield was

determined solely by visualization, since no difference was observed by storing the

sample ovemight at 4 oC. A 5 hour induction at 37 "C was used as standard induction

procedure,
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Figure 11. Optimization of recombinant protein induction conditions. SDS-PAGE of
crude protein extracts fi'om DH5c¿ containing the proEX:HK plasmid, the recombinant
protein induced with the addition ofIPTG under different conditions. All lanes were
loaded with 15 pl of crude extracts denatured in 5 pl of4X SDS sample buffer. Lanes 1

and 2 were grown for 5 hours at 37 "C,lane 2 was induced. Lanes 3 and 4 were grown
for 5 hours at 30 oC, lane 4 was induced. Lanes 5 and 6 were grown for 5 hours at37 oC

then left ovemight at 4 "C,lane 6 was induced. Lanes 7 and 8 were grown for 3 hours at
37 oC, lane 8 being induced. MW is Bio-Rad high prestained molecular weight markers.

6
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4,2,3 Recombinant protein extraction for affinity purification

Large-scale induction ofprotein was carried out as described in the Materials and

Methods. The lysed cells were centrifuged to pellet the cellular debris, at which point the

presence of protein was determined in both the supematant and pellet by SDS-PAGE. If

thqprotein was in the supematant it would be possible to proceed with protein

purification under native conditions. The pellet was resuspended in 6M urea and

compared to the denatured supernatant by SDS-PAGE (Figure 12). From this gel it was

clearly visible that the majority of the recombinant protein was in the pellet. This

indicated that all subsequent purification steps should be performed under denaturing

conditions.

When the dissolved pellet was clarified by centrifugation a significant amount of

pellet was again produced. The pellet produced was analyzed for protein content by SDS-

PAGE (Figure 13). The majority of the protein remained in the urea solution (lane

labeled SNT Figurel3). There was no detectable protein band in the 50 kDa range visible

in the precipitate (lane labeled pellet Figure i3). Therefore, the clarified redissolved

pellet was used for protein purification.
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Figure 12. Localization ofrecombinant HK protein in soluble and insoluble fractions
from E. coli. SDS-PAGE of resuspended pellet protein and soluble protein lane marked
SNT. Pellet contains 20 ¡rl ofprecipitated material resuspended in urea and denatured in
SDS sample buffer. SNT contains 20 pl of soluble material denatured in SDS sample
buffer, MW is Bio-Rad high molecular weight prestained markers.
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Figure 13, SDS-PAGE analysis of clarified urea supematant of the recombinant HK.
SDS-PAGE of20 pl ofurea denatured supematant (SNT) and 20 pl ofresuspended and
denatured pellet material. MVr' is Bio-Rad high molecular weight prestained markers.



80

4,2,4 Ãllinity purification of the recombinant HK

The protein solubilized in urea was incubated with the Ni-affinity resin batchwise,

The suspension was then poured into the supplied column as described in the Materials

and Methods section. A substantial amount of recombinant HK was present in the flow

through fraction (lane 1, Figure 14), indicating that the affinity resin was overloaded.

Presumably, all ofthe proteins larger than the recombinant HK did not bind to the resin

and were present in the flow through. The two washes contained protein with a molecular

mass similar to that of the recombinant HK. The proteins in the wash fractions

represented proteins, which were presumably loosely bound to the Ni resin (lanes 2 and 3

Figure 14). Significant amounts of protein with a similar molecular mass to the

recombinant HK eluted at pH 5.9 (lanes 4 and 5 Figure 14), however the majority of the

protein eluted at pH 4.5 (lanes 6 and 7 Figure 14). The eluants were then pooled together

and pH was adjusted (lanes 4-7 Figure 14).

The pooled samples contained urea, which was removed in order for the ITEV

protease to cleave the 6-His tag. This was accomplished by ovemight dialysis against a

buffer (containing 50 mM Tris-HCl pH 8.5 and 5 mM DTT). Following dialysis

significant amounts of precipitate were visible in the protein sample. The solution was

clatified by centrifugation, and the supernatant and pellet were analyzed by SDS-PAGE

(Figure 15). The lack ofprotein present in the redissolved pellet (lane 3 Figure 15)

indicates that the protein remained in solution following dialysis.
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Figure 14. Elution of affinity purified recombinant protein. SDS-PAGE samples (20¡rl)
eluting Ílom Ni affinity column. Lane 1 contains the flow through, which was the
material that did not bind to the column. Lanes 2 and 3 were 4 ml washes at pH 6.3 and
contained unbound protein. Lanes 4 and 5 were elutions of 1 ml each at pH 5.9. Lanes 6
and 7 were elutions of 1 ml each at pH 4.5. MW is Bio-Rad low range molecular weighl
standards.

32 7é54
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Figure 15. Analysis of recombinant HK protein solubility following dialysis. SDS-PAGE
of20 pl samples denatured in SDS sample buffer. Lane 1 contains protein, prior to
dialysis. Lane 2 contains the supematant, which was the soluble fraction after the
removal of urea by dialysis. Lane 3 contains the pellet, which was the insoluble fiaction
after urea was removed and the suspension centrifuged. MW is Bio-Rad low range
molecular weight standards.

The presence ofprotein bands smaller than the recombinant HK was hypothesized

to be products ofproteolytic degradation, which occur ín vívo. This conclusion was

supported by the fact that the protein bands of lower molecular weights had a 6-His tag,

since they were bound to the resin. The ratios ofthese bands were identical throughout all

of the purifi cation fiactions

32
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4,2,5 Removal of the 6-His tag

The 6-His tag was removed by incubation of approximately 2 mg of recombinant

HK with 200 U of rTEV protease. Following the proteolytic reaction, the protein was

incubated with the Ni affinity resin (i ml settled volume), and then poured into a 10 X 50

mm purification column. The protein present in the flow through (lane 2 Figure 16) was

the processed recombinant HK. The size was decreased by approximately 3 kDa as

compared to the undigested proteins (lane 1, Figure 16). Washing the column with 4 ml

of wash buffer (20 mM imidazole) eluted negligible amounts of protein (lanes 3 and 4,

Figure 16). Loading elution buffer (250 mM imidazole) onto the column, eluted protein

that was unsuccessfully digested by the protease along with the rTEV (lanes 5,6 and 7,

Figure 16).

The flow through was concentrated using Centricon YM-30 units, as described in

the Materials and Methods. The protein was concentrated 6-fold to a final volume of 2

ml, The amount of protein was estimated by visualization of a SDS-PAGE (Figure 17).

By comparing with staining intensity of the molecular weight markers it was estimated

that there was a total amount of 400 ¡rg of recombinant HK (to be 0.2 pg protein/ ¡rl of

solution). The 50 kDa protein was isolated from the smaller protein fragments by electro-

elution. The protein was then used to produce rabbit o-HK anti-serum.
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Figure 16, Purification of rTEV digested recombinant HK protein. SDS-PAGE of
fíactions from the purification ofprocessed recombinant HK following rTEV digestion.
Each lane contains 20 ¡rl of sample denatured in SDS sample buffer. Lane 1 contains
undigested protein. Lane 2 contains the column flow through. Lanes 3 and 4 were washes
of 4 ml each (20 mM imidazole). Lanes 5, 6 and 7 are eluted (250 mM imidazole)
proteins, which were bound to the Ni affinity matrix. MW is Bio-Rad low range
molecular weight standards
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I'igure 17. Visual quantification of the recombinant HK protein. SDS-PAGE loaded 20

¡rl of sample denatured in SDS sample buffer. Lane 1 contains undigested protein. Lane 2
contains the digested protein with rTEV prior to concentration. Lane 3 contains the
concentrated digested protein. MW is Bio-Rad low range molecular weight standards.

4,2.6 Testing the anti-serum for HK recognition

Crude anti-serum was used to estimate specificity for recognition of the

recombinant protein. Recombinant protein (2 ¡rg) was electro-transferred to a PVDF

membrane, after SDS-PAGE. The membrane was probed, using a 1/1000 dilution of

crude anti-serum and compared to a membrane probed with a 1/500 dilution of pre-

immune serum (Figure 18). The anti-serum recognized many protein bands, all of which

were equal or smaller in size than the recombinant HK. There was no recognition of the

recombinant HK with the pre-immune serum. Multiple bands recognized by the crude

antiserum may have been due to the fact that there was proteolytic degradation of

recombinant HK in vivo, or That possibly addition al E. coli proteins were inj ected

accidentally into the rabbit. The antibody titer was sufficient to produce adequate band
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intensity with 2 pg of recombinant protein using a 1/1000 dilution of crude antiserum

(Figure 18 lane IS).

óó,2 kDo -

45 kDo -

$l lçls - =u.r-

Figure 18, Antiserum testing against recombinant HK. Immunoblot of 2 ¡rg of
recombinant protein in lanes IS and PIS. IS was screened with 1/1000 dilution of crude
anti-serum. PIS was screened using a 1/500 dilution of preimmune serum. Staining was
allowed to develop for 5 min. Molecular mass was determined using Bio-Rad low range
molecular weight standards.

The specificity of the crude antiserum was low when crude potato extracts were

probed. The crude-antiserum when used in immunodetection of crude potato extracts

resulted in some unspecific protein recognition (Figure 19). This was similar to what was

observed with antibodies raised against recombinant A¡abidopsis HKl (Jang et al.l997).

For this reason the antibodies (IgGs) were affinity purified. When purified there was

significantly less background interference and several of the interfering bands ofthe

crude antiserum we¡e removed (Figure 19). The affinity purified o-HK IgGs \ryere more

PISIS
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specific to proteins with molecular massed corresponding to potato HKs (Figure 19). The

pre-immune serum had some faint protein recognition, however, the signal intensity was

negligible as compared to the purified IgGs (Figure 19).

Crude o-HK IgG PIS

66,2kDo-.

.'.,*sr!a!**êsâ{"- - 55 kDA' {HfffiffiÞ-u.**
- 50 kDq

Figure 19. Testing and comparing purified o-HK IgGs with crude and preimmune serum
on crude potato protein extracts. Lanes 1, 3 and 5 were loaded with 10 ¡rg ofdenatured
control potato root extracts. Lanes 2, 4 and 6 were loaded with 20 pg protein from potato
extracts. Lanes 1 and 2 were probed with 1/250 dilution of crude antiserum. Lanes 3 and
4 were probed with affinity purified IgGs (1 in 3 dilution), while lanes 5 and 6 were
probed with 1/250 dilution of crude preimmune serum. Development time of 5 minutes
was done for all blots. Molecular mass was determined using Bio-Rad low range
molecular weight standards.

The affinity purified a-HK IgGs recognized 2 main bands at 55 and 53 kDa

respectively (Figure 19). There is also a minor band, which appears at 50 kDa. The band

appearing at 53 kDa corresponds to a protein ofthe molecular weight of the gene

published for STHK2. The 55 kDa band corresponds to the predicted molecular mass of

65432
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the gene published for STHK1. The minor band that appears at 50 kDa is presumably a

degradation product of the existing HKs, since the intensity of this band increases with

increasing HK levels. A major protein band of approximately 54 kDa was present when

screening using the crude antiserum, however since it was removed after affinity

purification it is not believed to be a HK isoform (Figure 19).

There has been only one report of the production ofantibodies against plant HKs

in the literature (Iang et al.l997). This is interesting since there have been many studies

in isolating and chalacterizing the different plant HK isoforms. Westem blots are

invaluable in determining the comparative levels of the protein concentration in various

tissue, and induction conditions. The lack ofantibodies to plant HKs may indicate

difficulties involved in producing the required protein or low immunogenic responses in

animals. However, the reasoning for the lack ofantibodies developed is diffrcult to

ascertain, since researchers typically do not publish results from unsuccessful

experiments.

4.3 Plant transformation vectors

4.3.1 Sense construct

The HK over-expressing vector was assembled as described in the Materials and

Methods. The full length oDNA was inserted between the HpaI and CIaI site of pGA643.

When the ligated vector was transformed into H8101 cells, two different ligation

conditions resulted in the production ofthree antibiotic resistant colonies (LB 10 mgll

kanamycin and,2 mgll tetracycline). These colonies were named ,A,1, B1 and 82.

Plasmids isolated from these colonies were analyzed by digestion with, BatnHI and



89

BamHUClaI. Of the three colonies tested only colonies Ai andB2 generated the 2.3 kb

fragment from the BanfII digest (Figure 20, lanes 4 and 8) and the 1.8 and 2.3 kb bands

from the BanúIIlC/aI digest (Figure 20, lanes 5 and 9). A reduction in size of the top

fragment of B1 digested with BamIIU ClaI indicates the presence of insert, however there

we¡e no clear bands at 1.8 and 2.3 kb (Figure 20, lane 7).

6557
4361
2322
202

Figure 20. TBE gel of the restriction analysis ofplasmids isolated fiom various E coü
colonies containing the sense construct. Lane I contains undigested pGA643. Lane 2 is
pGA643 digested with Ba ntIII. Lanes 3,4 and 5 is A1 plasmid tndigested,, BamIII
digested and BanI{lJ Clal digested respectively. Lanes 6 and 7 is B1 plasmid -Bazrlll
digested and BamHAClal digested respectively. Lanes 8 and 9 is B2 plasmid BamIII
digested and BamI{A Chl digested respectively. MW is },lHbdIII DNA standards.

543
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Plasmids isolated from colonies A1 and B2 were used to transform A. rhizogenes

44. The A1 plasmid resulted in no antibiotic resistant A. rhizogenes (MYA with 20 mg/l

kanamycin and 4 mgll tetracycline) colonies being formed. The B2 isotated plasmid

produced four A. rhizogenes antibiotic resistant colonies, named B21, B.22,P.23 and 824.

Tlre plasmids ffom the 4 colonies were analyzed for the presence of the insert by

digesting with -BanHI. All4 plasmids produced the appropriate 2.3 kb band (Figure 21

lanes 2-5), and were used in plant transformations.

ì4 vw,

Figure 21. TBE gel of S-1, AS-2 and AS-3 constructs fuom A. rhizogenes. Lane 1 in E
coli isolated plasmid 82 digested wilh BamIII. Lanes 2-5 contain isolated plasmids 821-
824 digested with BantflI. Lanes 6-9 contain isolated plasmids AD21-AD24 digested
with BamIIL Lanes 10-14 contain isolated plasmids AGl 1, AGL2, AG21, AG22 and,
AG51 respectively digested with BamIII.MWl is I KBl molecular markers while MW2
is À///¡¡¡dIII DNA standards,
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4.3,2 Antisense constructs

The different antisense constructs used vary in the length ofsequence used: AS-1

is 612 bp, AS-2 is 1223 and AS-3 is 1846 bp. Comparing the individual shortened

antisense sequences with the STHKl and STHK2 sequences indicate relatively equal

levels of similarity between all 3 constructs. Table 1 summarizes the similarity between

each antisense sequence and STHK1 and STHK2. Similarity was very high between all

three antisense sequences and STHK2, with 99 or 98 % identities. The level ofHK2

repression was anticipated to be high. The homology ofthe antisense sequences to

STHK1 was somewhat lower, ranging fiom 87o/o for AS-1 to 84 % for AS-2 and AS-3.

However, the efficiency ofgene reduction using antisense technology is difficult to

predict and may rely on chance to produce the correct identities between sequences

(Inouye 1988; van der Krol et a1.1988b).

Table 1. Similarity between antisense sequences and STHK genes. The similarity
between the various antisense sequences used was compare to STHKI and STHK2 using
Blast2 alignments. The scores are based on % identities with standard gap penalties. AS-
1 is antisense-l, AS-2 antisense-2 and AS-2 antisense-3.

A¡tisense Construct

HK Gene AS-1 AS-2 AS-3

STHKl

STHK2

87%

99%

84%

98%

84%

99%
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4.3.2.1 Antisense-1

The antisense-l construct used the 5' end sequence of the SCHK oDNA in the

anti-sense orientation. The 612 bp ffagment was ligated between the HpaI and.[?¿I sites

ofpGA643, and used to transform H8101 cells. The transformation produced six

antibiotic resistant colonies Íiom three different ligation reactions. These colonies were

named J1, J2, J3,KI, K2 and Ll. The plasmids isolated Íiom these colonies were

a\alyzedby Barnl{I and BanúIIJ C/aI restriction digestion. The plasmids containing the

insert in antisense orientation were expected to produce a 3.1 kb fragment from the

BamIIUCIaI dtgest as opposed to 2.5 kb fragrnent, which is produced by the empty

pGA643 plasmid (Figure 22). FromFigure 22 it is clear that colonies Kl (lane 3), K2

(lane 4) and Ll (lane 5) produced the appropriate sized fragments, as well as colony J3

(not shown).

tr'igure 22, TBE gel ofAS-1 plasmids isolated from various E coli colonies. Lane 1

containspGA643 digested with Ba wIII|ClaL Lane 2 contains plasmid K1 digested with
BantIII. Lane 3, 4 and 5 contain plasmids Kl, K2 and Ll digested with BamIIIlClaL MW
is À/t1tn dIII DNA standards.
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The plasmids isolated from J3, Kl, K2 and Ll were used to transform l.
rhizogenes. Over 50 antibiotic resistant colonies resulted from these 4 transformations.

From these, Mo A. rhizogenes colonies from each plasmid were analyzed for the

presence of the transformation vector. These colonies were named J31 , J32,KIl,K12,

K21,K22, Ll1 and Ll2 respectively (Figure 23 lanes 1-8). Plasmids isolated from these

colonies produced the appropriate 2.5 kb band when digested with B anúII (Figure 23).

These L rhizogenes colonies were used to transform potatoes.

Figure 23. TBE gel of AS-1 plasmids isolated from A. rhizoger¡es. Lanes 1-8 contain
plasmids 131,J32, Kl1, K12, K21,K22,L11 andLl2 digested wifh BamHI rcspectively.
MW is 1 kb+ DNA standards.

I765432
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4,3.2.2 Antisense-2 construct

The antisense-2 construct used the 3' end of the SCHK oDNA in antisense

odentation. The \223 bp insert was blunt ended, and could be inserted in either the sense

or anti-sense orientation at random, in the HpaI site of pGA643. The ligated plasmids

were used to transform H8101 cells. Six antibiotic resistant colonies were produced

from th¡ee separate ligation reactions. These resistant colonies were labeled AC1, AD1,

AD2, AD3, AD4 and AEl. Plasmids isolated from the resistant colonies were digested

using BamIII, if the insert was in the antisense orientation a 3.7 kb fragment would be

generated, ifthe insert was in the sense orientation a 2.5 kb fragment would be generated.

Of the six plasmids tested only AD2 and AD4 produced a 3.7 kb fragment, which is the

conect size (Figure 24 lanes 3 and 5).

5000
4000
3000

2000
I ó50

Figure 24, TBE gel containing plasmids from AS-2.8. coli colonies. Lanes 1-6 contain
the plasmids AC1, AD1, AD2, AD3, AD4 and AEl digested with.Bam.FII respecrively.
MW is 1 kb* molecular markers.
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The plasmids from AD2 and AD4 were used to transform A. rhizogenes. Ã Íotal

of 12 antibiotic resistant colonies grew, all of which were ÍÌom the AD2 plasmid. Four of

the 12 colonies were analyzed for the presence ofthe correct insert. These colonies were

named 4D21, AD22, AD23 and AD24 (Figure 21 lanes 6-9). All of the plasmids

analyzed by restriction digestion with -B antHl produced the appropriate 3.7 kb fiagnent.

The conf,rrmed L rhizogenes lines were then used to transfoml potato.

4,3.2.3 Antisense-3 construct

The antisense-3 construct used the full length SCHK oDNA in antisense

orientation. The 1846 bp fragment was inserted between the HpaI and XåaI sites of

pGA643. The ligated plasmids were used to transform H8101 cells. Ten antibiotic

resistant colonies were obtained from three separate ligation reactions. These colonies

were labeled AFl, AF2, AGl, AG2, AG3, AG4, AG5, AI1, AI2 and AI3. Plasmids

isolated fi'om these colonies were analyzed by restriction digestion with B¿r¡11I. Plasmids

containing the insert were expected to produce a 4.3 kb fÍagment from the BanúL|

digestion (Figure 25). The plasmids from the colonies AGl (lane 3), AG2 (lane 4), AG3

(lane 5), AG5 (lane 7), AIl (lane 8) and AI2 (lane 9) all produced DNA fragrnents of the

proper length.



Figure 25. TBE gel of AS-3 plasmids isolated from E. coli colonies. Lanes 1-10 contain
the plasmids AF1, AF2, AG1, AG2, AG3, AG4, AG5, AI1, AI2 and AI3 all digested
with BanúII. MW is 1 kb* molecular markers.

These five plasmids were used to transform A. rhizogenes. More than 60

antibiotic resistant A4 colonies were formed. Of these resistant colonies two from each

plasmid were selected. They were named 4G11, AGl2, AG21, AG22, AG31, AG32,

4G51, 4G52, AI11 and AI12 respectively. No antibiotic resistant colonies were formed

ÍÌom the AI12 plasmid. Plasmids were isolated and analyzed by digestion with.Banl1l.

All of the plasmids tested generated the expected 4.3 kb ffagment (Lanes 10-14, figure

21). These plasmid containing l. rhizogenes lines were used to kansform potato.

4.3.3 Control vector

pGA643 plasmids, undigested and with no insert were used to produce control

root lines. These were required to ensure that the transformation events did not cause

alterations in the tissues metabolic activity. When used to transform l. rhizogenes four
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colonies were isolated on MYA 20 mgll kanamycin and 4 mg/l tetracycline. These

colonies were named P1, P2, P3 and P4. Presence of the plasmid was confirmed using

restriction analysis with -B¿¿ nIIU ClaI a 2.5 kb fragment was produced, as expected

(Figure 26). These l. rhizogenes colonies containing the pGA643 plasmid were then used

to transform potato.

MW 432

5000
4000

3000

2000

ì ó50

Figure 26. TBE gel containing digested empty pGA643 plasmids isolated from L
rhizogenes. Lane 1-4 contain plasmids from colonies P1-P4 respectively, each digested
with BamIIIlClaI. MW is 1 kb+ molecular markers.

4,4 Potato stem transformations

Following the verification of vector with the conect insert in l. rhizogenes, pofafo

transformations were performed. The transformations took place in small sterile jars,

which contained either 3 or 4 sterile stem segments. Seven separate transformation sets
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were performed. The total number ofavailable lines was in excess of500, however the

maintenance ofthese lines was unnecessary and were not subcultured to completion, due

to rapid identification of lines with altered HK protein levels.

The 281 subcultured lines represented a population comprising all The E. coli

produced vectors, and the majority of the successfully transformed l. rlúzogenes with

confirmation ofthe presence ofthe appropriate transformation vector (Table 2).

Table 2. Summary of transformations and clones produced. S-1 is the sense construct.
AS-1, AS-2 and AS-3 have been previously defined. The control transformations are
potatoes transformed with an empty pGA643 vector.

Vector Number of Transformations
Events

Number of Clones

s-1

AS-1

AS-2

AS-3

Control

31

94

34

80

5t

30

89

65

82

15

276

The individual root lines were labeled based on the A. rhizogenes line used in

their production. For instance l. rhízogenes line B23 gave rise to the root lines 823001-

823020. The numbering ofthe root lines was based on the order in which they were

placed onto antibiotic free MS media.

281Total
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4.5 Screening of transgenic roots by evaluâting hexokinase protein levels

The primary screening for altered HK levels was performed by immunodetection

using affinity purified IgGs raìsed against the recombinant HK. Comparisons were made

between the staining intensity of the HK band of 53 kDa of the transgenic lines and that

of the control lines, using the ImageJ software. The HK levels were expressed as a

proportion of the control HK level. An example is presented in Figure 27. A protein

extract ofthe pGA643 transformed control line P2007 was loaded in lane 1 and serves as

the reference for all the other lines tested. 4D21008 loaded in lane 2 had 0.45-fold HK

level as control, in lanes 3 4D23019, lane 4 AD24007, lane 5 4D24011 and lane 6

L12006 there is no difference compared to the control line. AG5i008 loaded in lane 7

displayed 0.5-fo1d the control HK level, while 822003 loaded in lane 8 displays 4-fold

the control HK level. The extraction and immunoblotting of all lines displafng altered

HK was repeated with similar results to ensure that alteration in HK was not artifactual.

Many lines were screened to identify the distinct clones with altered HK

levels (Table 3). The production of overexpressing lines was relatively efficient. The

screening of 13 clones led to eight sense lines that represented a broad range ofaltered

HK levels (Table 3). The degree ofHK overexpression ranged ffom 1.5 to 4-fold conhol

levels (Figure 28). The discovery of the eight sense lines removed the need for the further

screening ofadditional sense lines. This level ofincreased protein is similar to but

slightly lower than the 5 to10-fold increase in HK protein observed in transgenic

Arabîdopsis seedlings over producing HKI (Jang et a1.1997).
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66.2 kDo'

45 kDo -

3l kDo -

Figure 27. Sample of immunodetection HK screening. All lanes were loaded with 20 pg
protein fiom crude extracts, and screening with affinity purified o-HK IgGs. Lane 1

contained control line P2007. While lanes 2-8 were loaded with 4D21008 (AS-2),
4D23019 (AS-2), AD24007 (AS-2), AD24011(AS-2), Ll2006 (AS-1), AGs1008 (AS-
3) and 822003 (S-1) respectively.



Relative HK levels

0.5

0

Figure 28. HK levels of individual root lines. HK leveis were determined by comparing staining intensities of immunoblots against
control lines, HK level : measured value/control vahte.2 or 3 separate measu¡ements were preformed for each line. The lines B22003
- 823014 a¡e contain the S-1 constructs, Kl1005- L12007 contunthe AS-1 construct, AD2l007 - AD24006 contain the AS-2
consfuct and AGI 1007-4112009 contain the AS-3 construct.
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None ofthe 13 S-1 lines tested displayed any signifrcant reduction in protein

level. Gene silencing ofendogenous genes by co-supplession is dependent on the degree

of sequence similarity. Co-suppression can occur more than 25Yo of the time when

endogenous genes are used to transform plants (van der Krol et a1.1990a). The fact that

no co-suppression was observed in the sense lines was surprising, given to the very high

similarity between SCHK and STHK2. However, a sample size of only 13 was

statistically insufficient to conclude that there was no co-suppression in any of the

transgenic lines; screening ofadditional S-1 lines may reveal reduction in HK2 protein.

Table 3. The efficiency of altering HK levels of the individual constructs.

construct Number of Lines screened Number with Altered HK
P¡otein Levels

s-1 8 (increased)

5 (decreased)

1 I (decreased)

12 (decreased)

Identification ofroot lines displaying reduced HK levels was far more difficult

than identifying overexpressing lines. Difficulty of identification of the antisense lines

was due to the relatively low intensity of the HK band, since the signal to noise ratio is

relatively low, The efficiency for decreasing HK protein levels is highest in AS-2

AS-1

AS-2

AS-3

13

19

31

38
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constructs (Table 3). Thilty five % ofthe AS-2 lines screened revealed a reduction in HK

levels as compared to 26% for AS-1 and 3l%o forAS-3. The degree ofdecrease in HK

protein levels was also highest in the AS-2 lines screened, 2 AS-2 lines (4D24001 and

4D21014) displayed levels under 0.2-fold that of the controls. The lowest HK level

observed in AS-1 was O.3-fold control levels (Ll2007) and the lowest AS-3 lines

observed were 0.5-fold control levels (AG5 i 008, AI2002 and AI2007) (Figure 28).

The level ofreduction in HK protein was significantly geater in our antisense HK

potato roots than observed in transgenic antisense HKl Arabidopsis.In Arabidopsis 0.5-

fold control levels of HKl were present in 6 day old seedlings and there was almost no

reduction of HK1 in 18 day old seedlings (Jang et aL1997). Similar to what was seen by

Jang et al. (1997) only the HK isoform that the antibody was raised against displayed any

reduction in protein level.

4.6 Hexokinase activity measurements

The lines displaying altered HK protein levels were analyzed ín vítro for altercd

enzyme activity. The change in protein level was expected to aiter the enzyme activity

proportionately. The activity was measured using both glucose and fructose as substrates.

Phosphorylation activity using glucose (1 mM) as a substrate is called glucokinase (GK)

activity, while activity when fructose (1 mM) is used as a substrate is called fructokinase

(FK) activity. All activity measurements were calculated as mU/ mg protein as described

in the Materials and Methods. The activity measurements were repeated several times in

order to establish whether or not the observed differences were significant.
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4,6.1 Control lines

Two control lines were used for measuring the GK and FK activities. The HK

activities were determined to be 7.30 +/- 0.78 mU GK and 13.98 +/- 1.52 mU FK for

P2012. For P2004 the values were9.84+/- 0.93 mU and 17.5 +/-1.25mU for GK and

FK respectively (Table 4). These values represent the average of the range ofactivities

displayed by the control lines (Figure 28). The cK activity in P2012 was 60 +/- 6.25

mU/gram fresh weight (g-fw), which is similar to the GK activities reporled in wild type

potato leaves of 61-72 mu/g-fiv (Veramendi et a1.1999). The GK levels in control roots

are signihcantly lower than the values reported for tubers of 101-106 mU/g-fu

(Veramendi et a|.1999). This is not unexpected since the requirement ofsugar

phosphorylation varies from tissue to tissue (Renz et a/. 1993).

The FIIGK ratios for the control lines werc 1 .92 and 1.78 respectively (Table 4).

The FK,/GK ratio from control roots differed significantly fiom that observed in growing

potato tubers and leaflets(Renz et al.l993). There, the FIIGK ratio varies flom 18.9 in

young growing tubers to 0.45 in germinating tubers, while leaftissue has a ratio of 2.5

(Renz et at.1993). The root FK./GK ratio most closely resembles that of stored tubers of

1.5 (Renz et a1.1993), where both SuSy and invertase are used in sucrose metabolism.

The root lines used in our activity measurement experiments were grown in liquid MS

media, which contained 37o w/v sucrose. This high concentration ofsucrose in the root

lines may alter the activity ofinvertase and SuSy as compared to non-transformed roots.

Growing the roots on sucrose free media may result in different FK/GK ratios.
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Table 4, Hexokinase activity of the various transgenic root lines. Activities are in mU/mg
protein in all cases, Glucokinase (GK) activity was determined by assaying in the
presence of 1 mM glucose. Fructokinase (FK) activity was determined by assaying in the
presence of 1 mM fructose. ND is not determined.

Root Line

(Construct)

Number GK Activity

of +/- SE

Replicates

FKActivity FIIGK

+/- SE ratio

ÀD24001 (AS-2)

AD21014 (AS-2)

AGs200s (AS-3)

Lr2007 (AS-1)

A'Gl1008 (AS-3)

4D24006 (AS-2)

AD2400s (AS-2)

A'D21008 (AS-2)

4D21019 (AS-2)

Ä.Gl1007 (AS-3)

P2012 (Control)

P2004 (Control)

823006 (S-1)

823014 (S-1)

823012 (S-1)

822003 (S-1)

5.44 +l- 0.43

5.78 +l- 0.29

6.31 +t- 0.99

7.48 +l- 0.96

7.81 +/- 7.52

8.10 +/- 0.81

8.21 +/- 1.08

8.83 +/- 0.40

9.19 +t- 2.51

9.66 +/- 1.05

7.30 +t- 0.78

9.84 +/- 0.93

12.34 +t- 0.22

26.17 +t- 2.62

43.03 +/- 10.42

55.03 +/- 8.18

10.91 +/- 0.69 2.00

13.39 +l- 0.72 2.32

17.53 +/- 1,94 2.78

ND ND

22.38 +l- 3.01 2.87

17.46 +l- 2.08 2.15

ND ND

ND NI)

ND ND

20.66 +l- 1.17 2.74

13.98 +/- 1.52 1.92

17.55 +l- 1.25 1.78

21.69 +t- 1.70 1.76

35.25 +/- 3.13 1.35

ND ND

70.57 +l- 0.37 1.28
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4,6.2 Sense lines

The level ofHK activity measured in the sense lines represented a significant

increase over the controls in all cases. The HK values ranged from 12.34 +/- 0.22 mll

GK,21.69 +/- 1.70 mU FK for 823006 to 55.03 +/- 8.18 mU GK, 70.6 +/- 0.37 mU FK

for line 822003 (Table 4). This represents a GK activity range comprised between 1.4 to

6.4-fold ofcontrols (Figure 29) and a FK activity range of 1.4 to 4.5-fold. The FIIGK

activity ratio is 1.75 for both lines 823006 and 823014, however 822003 line has a

lower ratio of 1.3.

The level ofincrease in HK activity is greater than that observed in transgenic

potato leaves and tubers overexpressing HKI (Veramendi et a1.1999). Leaves

overexpressing HKl had an increase in activity as great as 4.8-fold cornpared to wild

type levels. Tubers had a maximal HK activity increase of 2-fold wild type (Veramendi er

al.1999). Similar values were found in transgenic lrabidopsis seedlings overexpressing

HKl, wlrere HK increased up to 5-fold control levels (Jang et a1.1997). Transgenic

tomatoes homozygous for Arubidopsrs HKl overproduction have increases in GK

activity of 7-fold the wild tlpe levels (Dai et a1.1999). The increase in GK activity of the

transgenic roots is within the ranges ofthose observed in other plants overexpressing HK

genes.

The transgenic sense potato roots had a decreased FIIGK ratio as compared to

the control lines (Table 4). The decrease in the FK./GK ratio is due to potato HK2 having

a V ,,,n, for fructose of 58% as compared to glucose (HK2 I/ ,,,n,900 mU/mg-protein for

glucose, and 528 mU/mg-protein fiuctose) (Renz and Stitt 1993). Therefore, the greater

the increase in SCHK level in potato the lower the FIIGK ratio will become. This was
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observed in the line 822003, which had the highest level ofHK activity and the lowest

FIIGK ratio (Table 4).

4.6.3 Antisense lines

The level of HK activity in the antisense lines varies from 5.44 +/- 0.43 mU GK

for 4D24001 to 9.79 +l- 2.51 mU GK for 4D21019. The GK values represented a range

from 0.63 to1-fold that of the controls. The FK values varied from 10.9 +l- 0.69 mU line

4D24001 to 22.3 +/- 3.01 mU line AG1 1008. The FK values represent a range from 0.7

to 1.4-fold the control levels. A significant increase in FK activity over that of the control

lines was observed in lines AGl 1008 and AG1 1007, which, may be indicative of a FK

activity compensation for reduced GK activity. The FIIGK ratios in ths antisense lines

ranged from 2.0 in line 4D24001 to 2.85 in line A'Gl1008.

The level of GK activity decrease was lower than that observed in previous

experiments. In antisense HKl potato leaves the activity was reduced as much as 800%

while in tubers the reduction in activity was nearly 700/o (Veramendi et al.l999).

The reduction in HK activity observed in the antisense root lines was less than

that observed in tubers and ieaves (Veramendi et al.l999). Since there is no published

information describing the isoform distribution in potato root the explanation for this is

unclear. If there was a greater proportion of HKl in the roots, using antisenses with HK2

would be less efficient than if the main root HK isoform was HK2. As seen in Veramendi

et al. (1999) the reduction of HK2 activity was approximately 50% in antisense HKl

tubers. This is supported by the increases in the FK/GK ¡atios ofthe antisense lines.
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Reduction in HK2 levels as expected would lead to an increase in the FIIGK ratios since

all other HK isoz).rnes have equal or higher activities with fÍuctose (Renz and Stitt 1993).

The increase ofFK activity in several ofthe antisense lines as compared to the

controls is interesting. This induction ofFK activity may occur in order to compensate

for the decrease in glucose phosphorylation, and switching to the use ofÍÌuctose as the

primary glycolytic substrate. The reaction catalyzed by SuSy converts sucrose to

fiuctose and UDP-glucose (Figure 2). This may serve as an altemative to HK

phosphorylation of glucose, while glycolysis is continued using FK and UDP-glucose

pyrophosphorylase.

From the antisense constructs used in the production oftransgenic roots the

greatest reduction in GK activity was found in the AS-2 construct. This was observed

both in protein level tkough westem blots and tkough enzyme assays (Figure 29). Two

of the AS-3 lines, 4G52005 and 4G11008 had reduced GK activity as compared to the

controls. Very few of AS-1 lines were analyzed by activity measurements, due to the lack

of tissue produced required for the required sampling. Several factors apart from degree

ofsequence similarity affect the efficiency ofgene silencing by antisense DNA. These

factors include, blocking oftranslation sites and biocking the formation ofsecondary

structures. However, the prediction of the degree ofgene silencing by antisense DNA is

inaccurate and using several constructs using various lengths increases the chances of

significant gene silencing (Mol et aLl990).
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Figure 29. GK activity corresponding to HK protein levels. B. The GK levels for
individual lines as measured spectrophotometrically. Bars indicate standard enor. A. The
westem blot overlays the HK protein levels within the individual extract, with 10 ¡rg of
protein from the crude extract loaded. Lanes 1-9 are antisense lines, 10 and 11 are control
lines and 12-15 sense lines.

The alteration in GK activity corresponded to a decrease in protein level from

Westem blots (Figure 29). The level ofreduction in protein levels in the antisense lines

was not proportionate to the level ofdecrease in enzyme activity. Presumably this is due

to only measuring the level of HK2 accurately by immunodetection. The other HK

isoforms (HK1 and HK3) could not be determined by immunodetection, however their

activity would still contribute towards the total. ln the sense constructs increase in

activity conesponded approximately equally with an increase in banding intensity

through immunodetection. The banding intensity between B23012 and 822003 cannot be

differentiated from these blots, indicating that the banding intensity has reached a point of

saturation (Lanes 14 and 15, Figure 29).
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4.7 Future studies

The furlher characterization of the transgenic roots will also be investigated

looking at the HK isoform profiles will be generated flom the control, antisense and

sense root lines. These profiles will determine which HK isoforms are decreased in the

antisense and increased in the sense lines, similar to the work published by Veramendi et

al. (1999) with potato tubers. The isoform profile from the control lines can serye to

complement the previously published profiles ofpotato tubers and leaves (Renz and

others 1993). Western blot analysis of the collected HK isofomrs will also verify the

speculations made in respect to multiple bands visualized during immunodetection of

crude protein extracts.

The ultimate application ofthis research is to determine the effect of HK on the

rate ofglycolysis during Oz limitations. The degree ofregulation that HK exerts will be

measured using Metabolic Control Analysis. The rate of glycolytic flux will be measured

for the individual root lines during anoxia, by tracking the path ofradioactive carbon

(toC). A comparison will then be made between the rate of glycoly,tic flux to the relative

HK activity within the root line. This comparison is the flux control coefficient (FCC),

which is a measure of the degree ofcontrol that HK exerts on glycolysis. If the FCC for

HK in potato roots is high, as it has been found in animal systems (Rapoport et al.l974;

Agíus et aLl996), it may be used as a potential target for genetic engineering of

resistance to anoxic and hypoxic stress. These findings will help to indicate the

significance of HK induction during 02 limitation.
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5.0 CONCLUSIONS

In plant systems, hexokinase (HK) has been speculated to play a key role in

controlling the rate of glycolytic flux. This hypothesis is supported by th¡ee main lines of

evidence. i) HK is preferentially induced during anoxia in some plant systems. ii) during

anoxia, HK activity is decreased by a reduction in cellular pH and ATP/AÐP ratios. iii)

experimental evidence in animal systems where the control that HK displays was

determined to be very high. In this thesis, the initial requirements for the detemination of

the degree ofcontrol HK exerts on plant glycolysis were developed. This included the

sequencing of a HK oDNA clone, the production ofan antibody raised against

recombinant HK, development and characterization of transgenic potato root lines with

altered HK levels.

A HK oDNA clone ffom Solanunt chacoense was sequenced and then compared

to various plant and non-plant HKs. The nucleotide and amino acid sequence was nearly

identical to,S. tuberosum HK2. There was also significant similarity between the SCHK

clone and various plant HKs examined, including STHK1 making an ideal gene for use in

genetic engineering. The similarity was less when compared to mammalian and yeast

HKs, however the domains responsible for phosphate binding were conserved similar to

those observed in previous studies.

Recombinant SCHK was produced using a prokaryotic expression system. This

protein was purified and used to produce rabbit o-HK antiserum. The specificity of the

crude antiserum was low and affinity purification was required. The production of

antibodies against plant HKs are rare in the literature, the only example was in

Arabidopsis where a-HK1 antibodies were produced. The o-HK IgGs identified fou¡
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clear bands from immunodetection of ctude potato root extracts, which may correspond

to the different HK isoforms in potato. HK isoform purification would be lequired in

order to confirm this antibody recognize the three isoforms.

Tkough the use ofsense and antisense constructs, it was possible to engineering

potato roots to produce altered levels ofHK, by using Agrobacterium rhizogenes

mediated transformations. The transgenic roots were screened by immunodetection with

the o-HK IgG and by activity assays using both glucose and fructose as substrates.

Modification of HK protein level corresponded to a proportional alteration in HK enzyme

activity indicating the transgenic protein is active.

The transgenic lines produced provided a wide range ofHK levels, ranging from

0.6 to 6.4-fold the control HK activity when using glucose (GK) as a substrate and 0.7 to

4.8-fold with fructose (FK). This range is comprised of 16 different transgenic root lines

and is similar to the range ofHK activities engineered in transgenic potato leaves. The

ratio of activities of FIIGK increased compared to controls with decreasing total HK

activity, and the ratio decreased with increasing total activity. This was expected due to

the altered HK2 activity from potato when using different substrates. This range of lines

is broad enough to perform detailed studies using Metabolic Control Analysis (MCA).

With the use of MCA, the extent of control exerted by HK on anoxia metabolism

can be determined using these transgenic lines. The findings from these studies should

provide scientist with an improved, general understanding ofthe regulation of primary

plant metabolism. This knowledge could have implications to improve the process of

metabolic engineering whereby carbon flux could be redirected from glycolysis in order

to produce desired chemical compounds.
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