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Abstract

GABA (4-aminobutyrate) is synthesized through the decarboxylation of L

Glu- (L-Glu-+ H+ ---> GABA + C02), and compared to many free amino acids is

present in high concentrations in plant cells. GABA levels rise rapidly and

dramatically in response to varied stress conditions including anaerobiosis.

Recent papers suggest that GABA production and associated H+ consumption are

parts of a metabolic pH-stat mechanism which ameliorates the intracellular pH

decline associated with anaerobiosis or other treatments. To test this hypothesis

GABA production and efflux have been measured in isolated Asparagus sprengeri

cells in response to three treatments which potentially cause intracellular

acidification. Acid loads were imposed using 60 min of (i) anaerobiosis, (ii) H+/L

Glu- cotransport, and (iii) treatment with permeant weak acids (butyric, acetic and

propionic). Both intra- and extracellular GABA concentrations increased more than

100% after anaerobiosis, almost 1000% after H+/L-Glu- cotransport (light or dark)

and almost 5000/0 after addition of 5 mM butyric acid at pH 5.0. HPLC analysis of

amino acids indicates that as GABA concentrations increased in response to

butyric acid addition, glutamate concentrations decreased. Time-course studies

demonstrated that added butyric acid stimulates GABA production by 2800/0 within

15 seconds. A fluorescent determination of cytosolic pH indicates that addition of

butyric or other weak acids resulted in a rapid reduction in cytosolic pH of 0.6 pH

units. The half time for the response to butyric acid addition is 2.1 seconds,

indicating that the decline in cytosolic pH is rapid enough to account for the rapid

stimulation of GABA production. The acid load in response to butyric acid addition

was assayed by measurements of 14C-butyric acid uptake. Calculations indicate

that GABA production accounted for 45% of the imposed acid load. The biological

significance of GABA efflux is not yet understood. The results support the original

hypothesis suggesting a role for GABA production in cellular pH regulation.
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Introduction

GABA, or 4-aminobutyric acid is a naturally occurring non-protein amino

acid found in both higher and lower plants, bacteria, vertebrates and non

vertebrates. In plants, GABA has been found in virtually all tissues in high

amounts. Further, GABA levels have been shown to increase dramatically in

response to stress, including darkness, temperature reduction, mechanical

manipulation and anaerobiosis (Menegus et al., 1989; Reggiani et al., 1988;

Streeter and Thompson, 1972a; Wallace et al., 1984). Recent reports also indicate

GABA production in response to H+/L-Glu- cotransport (Chung et al., 1992;

Snedden et al., 1992).

GABA is produced almost exclusively by the decarboxylation of L-glutamate,

a reaction catalysed by glutamate decarboxylase (GAD) (EC 4.1.1.15) (Bown and

Shelp, 1989; Satyanaryan and Nair, 1990):

L-Glutamate + H+ ------------> GABA + C02

GAD has an acidic pH optimum of about pH 6.0 (Snedden et al., 1992; Tsushida

and Murai, 1987). This pH optimum may be significant in the cellular response to

anaerobiosis and H+/L-Glu- cotransport. Anaerobiosis is reported to reduce

cytosolic pH by 0.4-0.8 pH units (Roberts et al., 1984) as is H+/L-Glu- symport

(McCutcheon et al., 1988). A lower pH may stimulate GAD activity thereby

increasing L-glutamate decarboxylation. Decarboxylation may be part of a

metabolic pH-stat in which lower pH values activate the proton consuming

decarboxylation of metabolites such as malate and L-glutamate (Guern et al., 1986;

Mathieu et al., 1986; Menegus et al., 1989; Reggiani et al., 1988). The relationship

between cytosolic pH changes and GABA production has not been investigated

and the role of GABA production is still unclear.

In Asparagus sprengeri mesophyll cells, newly synthesized 14C-labelled

GABA, produced in response to H+/14C-L-Glu- cotransport, was released to the

medium (Chung et al., 1992; Snedden et al., 1992). Similar studies demonstrated
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conversion of labelled glutamate to GABA using chestnut seeds (Castanea sativa

L.), excised wheat leaves (Triticum aestivum) (Walker et al., 1984 and Desmaison

and Tixier, 1986 respectively). However, as intact tissues were used in these

studies, there could be no distinction between intracellular and extracellular GABA.

In animal cells, GABA functions as an extracellular inhibitory neurotransmitter by

regulating chloride channels. In plants, GABA production and subsequent efflux

suggests a role for GABA as an extracellular messenger denoting stress. However,

it is not known whether GABA levels increase in response to acidifying treatments

other than anaerobiosis and H+/L-Glu- cotransport. In addition, it is not clear

whether GABA efflux is normally associated with a stimulation of GABA production

or occurs only in response to H+/L-Glu- cotransport.

The present investigation examines the stimulation of GABA production in

isolated Asparagus sprengeri Regel mesophyll cells in response to cellular

acidification induced by anaerobiosis, permeant weak acids and H+/L-Glu

cotransport. The following questions were addressed:

1. Do acidifying treatments other than H+/L-Glu- cotransport

stimulate GABA production?

2. Does GABA efflux occur when GABA production is stimulated

by a variety of acidifying treatments?

3. Is there a measurable decline in intracellular pH in response

to acidifying treatments?

4. If so, is the decline rapid enough to account for rapid stimulation of

GABA production?

5. To what extent does GABA production contribute to the regulation

of cytosolic pH during the imposition of a measured acid load?
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Literature Review

A. pH Regulation in Plant Cells

Numerous in vitro studies have demonstrated the sensitivity of various

enzyme activities to their working environment (Cohen,1976). There are many

factors which may effect a change in an enzyme's activity, for example, ionic

strength of the medium, substrate and product levels, the presence of allosteric

effectors, and pH. Clearly, if a cell is to maintain necessary concentrations of

metabolic intermediates in vivo, then enzyme activities and the factors which

influence these activities must be tightly controlled. In plant cells, intracellular pH is

closely controlled both for reasons of regulation of enzyme activity and for the

maintenance of pH gradients across membranes which are required for transport of

sugars, amino acids or other metabolic ions. Raven (1985) suggests that the

cotransport of glucose and protons across the plasma membrane, in the absence

of regulatory mechanisms, would lead to the minimum tolerable cytosolic pH of 6.5

being reached within seventeen minutes. Also, Chara cQrallina cells incubated

with 3 mM butyric acid for a prolonged period (20 hours) only showed a relatively

small pH decline; this despite a calculated cytosolic butyric acid concentration of

200 mM (Reid et al., 1989). Clearly, mechanisms must and do exist within the cell

to regulate these potentially deleterious pH changes.

1. Evidence for pH Regulation

In a review by Kurkdjian and Guern (1989, see table 1) cytosolic pH values

remain consistently in the narrow range of 7.0 to 7.5.
1

These data were compiled

from several plant species using various pH measuring techniques. Furthermore,

intracellular pH values remain nearly constant despite large variations in external

pH. Changing the external pH in a range from pH 3.0 to pH 10.0 demonstrated that

cytosolic pH is relatively insensitive to these changes (Horn et al., 1992; Johannes
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and Felle; Reid et al., 1985, 1987; Reid and Smith, 1988; Spanswick and Miller,

1977).

Treatment of cells with permeant weak acids also demonstrates the cell's

ability to regulate pH (Sanders and Siayman, 1982; Guern et al., 1986; Felle,

1991). Data have indicated that after an initial drop of cytosolic pH in response to

acetic, propionic or butyric acids, the pH begins to rise and slowly recover.

Permeant weak acids, in their neutral forms, cross the plasma membrane,

dissociate according to the Henderson-Hasselbalch equation, and may acidify the

cytosol. In all cases, recovery (alkalinization) and achievement of equilibrium at a

new plateau occurred within two minutes. Cytosolic pH regulation has also been

demonstrated in response to anaerobiosis and ammonium treatment in maize root

tip cells where a similar pH decline and subsequent recovery within two minutes

was observed (Roberts et al., 1992).

2. Mechanisms of pH Regulation

Regulation of pH in animal cells has been extensively studied (Roos and

Boron, 1981). It is thought that transport mechanisms used to pump protons across

the membrane are used in long-term regulation of cytosolic pH, whereas metabolic

biochemical mechanisms offer only short-term or immediate solutions. In plant

cells, experiments with acid loading techniques, such as addition of permeant

weak organic acids, or bubbling with C02-enriched air have indicated a diversity of

pH regulating mechanisms, dependent on the intensity and type of the pH stress

(Mathieu et al., 1986).

a. Long and Short Term Regulation

Regulation of pH falls into two categories - long- and short-term

mechanisms. Long-term regulation is the requirement to keep the intracellular pH

within tolerable limits throughout the cell's life span. This involves controlling pH

imbalances linked to metabolism. Long-term regulation does not necessarily imply

11



that the cell producing H+ or OH- has to consume or neutralize them. Protons can

be pumped out of the cell and the xylem or phloem can transport excess ions to

other organs for 'disposal'. Short-term regulation involves mechanisms which

resist sudden pH changes. The cell senses the pH change and rapidly activates

mechanisms to combat the pH shift. These mechanisms include physico-chemical

buffering, metabolic adjustments, transfer of protons between organelles, and

proton export. Normally, as the acid is neutralized, cytosolic pH gradually returns

towards the original pH or to a new stable lower level. Proton extrusion via the

plasma membrane-bound H+-ATPase or proton transport across the tonoplast into

the vacuole may function as short-term regulatory mechanisms stimulated in

response to an acid load. Carboxylating (H+ producing) or decarboxylating (H+

consuming) reactions are examples involving metabolic adjustments to restore a

perturbed cytosolic pH. Guern et al. (1986) demonstrated a short-term pH recovery

in response to propionic acid. After washing the cells free of propionic acid, an

overshoot in alkalinization resulted, illustrating the dramatic efficiency of regulatory

mechanisms in~ pseudoplatanus cells. All of these short-term mechanisms

may be involved in regulating cytosolic pH in response to a rapid pH perterbation.

i.) Passive Cytosolic Buffering Capacity

All cells have inherent passive physico-chemical buffering capacity within

the cytosol that can absorb sudden acid loads. These natural buffers include

phosphates, bicarbonates, or some macromolecules such as proteins. Published

values indicate cytosolic buffering powers in the range of 20-1 00 JlEq H+ Iml

(Kurkdjian and Guern, 1989 see table 2). However calculations suggest that they

are insufficient to maintain cytosolic pH within the narrow pH ranges observed

(Felle, 1988b and Raven, 1985). Passive buffering capacity is limited, however the

cytosol may be the first site to detect any pH change and will react immediately

without the input of energy. It is clear though, that processes other than passive

buffering must be involved in regulating cytosolic pH.
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ii.) Biophysical pH-Stat

Perturbations in pH may result from biophysical events (e.g. sugar or amino

acid cotransport with H+) or from biochemical events (e.g. reduction of nitrate to

ammonium consuming 2 mol H+ per mol nitrogen transformed). Analogously, there

are biophysical and biochemical mechanisms by which pH can be regulated.

Biophysical pH-stats (mechanisms to stabilize intracellular pH) involve the

energy required to actively move protons for pH regulation. The plasma

membrane-bound H+-ATPase has been shown to actively pump H+ ions out of the

cell after cytosolic acidification induced by acid loads (Berti and Felle, 1985;

Brummer et al., 1985; Marre et al., 1983). The pump is pH-dependent with a pH

optimum of 6.6 (Kurkdjian, and Guern, 1989). Stimulation of proton efflux is

observed as the pH drops from 7.5 to 6.5. These characterisitcs are consistent with

the functioning of a pH-stat.

The extent to which the pump is capable of regulating pH is unclear (Felle,

1991). Recent data suggest that the pump may not in fact significantly contribute to

pH regulation. Mathieu et al. (1986) described a Na+/H+ antiporter in Acer cells,

and Felle (1989) a K+/H+ antiporter in Riccia cells, suggesting that several

membrane-located proton transporters function cooperatively in regulating pH.

Felle (1991) suggests that because the pump is unidirectional it can react to

cytosolic pH changes but does not regulate cytosolic pH. The pump responds

rapidly to pH perturbations but functions only as part of a feed-back loop for pH

regulation in which passive buffering of the cytosol, metabolic adjustments and

other proton transporters also contribute.

iii.) Biochemical pH-Stat

Davies (1973, 1986) has described a pH-restoring process involving the

production or consumption of protons by reactions involving organic acids. The

concentration of acids available limits the ability of this method. Consequently the

method has been described as a short-term regulation, useful for fine-tuning pH
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(Smith and Raven, 1979). In contrast, the mass movement of protons requires

pumps and biophysical pH-stats.

Restoration of pH to a set point involves pH-mediated removal or formation

of carboxyl groups:

RCOO- + H+ --------> RH + C02 decarboxylation raises pH when pH is low

RH + C02 -----------> RCOO- + H+ carboxylation lowers pH when pH is high

The basis of the biochemical pH-stat is that in acidic conditions the pKa of the

compound generated by the regulatory mechanism must be higher than the pH of

the cytosol and originate from a compound with a lower pKa than that of the cytosol

(Raven, 1985). The reverse is true for restoring a pH that has become too alkaline.

And, "if there is a point of intersection on the pH activity curves of the two enzymes

involved in the formation and removal of a carboxyl group from a shared metabolite

then these two enzymes have the potential to form a pH-stat" (Davies, 1986).

Illustrating this concept, if the pH falls, then the decarboxylase, which has a more

acidic pH optimum, will become more active as the pH declines, while the

carboxylating enzyme, which has a more basic pH optimum, will become less

active. Protons and strong acid are metabolically consumed as the pH is restored

to its original set point. Again, the reverse is true in alkaline conditions.

Malate has been implicated as part of a biochemical pH-stat.

Phosphoenolpyruvate carboxylase (EC 4.1.1.31) and malic enzyme (EC 1.1.1.40)

are the enzyme pair involved. The system produces malate when the pH is high or

pyruvate, C02 and NADPH when the pH is low. The proposition that this system

operates as a pH-stat was based upon work by Hiatt (1967), who stimulated malate

synthesis by treating cells so as to alkalinize the cytosol (K+ and S042- uptake).

Similarly, Mathieu et al. (1986) acidified the cytosol of~ cells by acid loads and

measured a decrease in 14C incorporation into malate from 14C02 and a net

consumption of malate which accounted for 55% of the total H+ consumption

during recovery from the initial pH drop.
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It has also been suggested that decarboxylation of glutamate to GABA

occurs in response to acidosis resulting from anoxia (Menegus et al., 1989;

Reggiani et al., 1988; Reid et al., 1985; Tsushida and Murai, 1987). Thus

glutamate decarboxylation may also function as a biochemical pH-stat. Chung et

al. (1992) and Snedden et al. (1992) also implicate glutamate decarboxylation in

this role when cotransport of H+/L-Glu- in Asparagus mesophyll cells results in

cytosolic acidification.

b. Interaction of Biochemical and Biophysical pH Restoring Processes

The processes (or pH-stats) involved in pH regulation and the contribution of

biochemical or biophysical processes vary depending on the type of plant or cell

being studied (Smith and Raven, 1979). Interactions of these two types of pH-stats

are also often difficult to quantify. Contribution of the proton pump in resistance to

acid stress can be determined by inhibiting and/or stimulating its action. However,

inhibitors of the pump, vanadate, erythrosin B, and DCCD have poor specificity and

limited efficiency which makes absolute quantification questionable (Kurkdjian and

Guern, 1989). Inconsistent results have also been obtained in studies where the

pump was stimulated by fusicoccin. The contribution of pump activity, metabolic

pH-regulating reactions and K+/H+ antiport systems in initiating a recovery in

cytosolic pH varies depending on both the concentration of the fusicoccin as well

as K+ in the medium (Marre et al., 1986). Further, individual proton-transporting

systems or metabolic proton-consuming reactions and their interactions may be

adversely affected in a non-specific manner by various inhibitors, stimulators or

uncouplers, thereby confounding the problem of quantification of their relative

contribution (Felle, 1988b).

Measuring techniques will also affect interpretation of results. Tests using

microelectrodes for measuring pH do not temporally extend beyond about a ten

minute period. This may be too short a time to observe the point at which pH

regulating mechanisms that consume protons are exhausted and long-term
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regulation begins (Berti and Felle, 1985). Similarly, DMO (5,5-dimethyl

oxazolidine dione) weak acid distribution studies and NMR (nuclear magnetic

resonance) methods do not measure pH changes continuously whereas

fluorescence techniques do. Further, studies of proton pump activity allow intact

cells access to a large extracellular compartment (liquid culture, medium) which

will likely affect the pump efficiency in contrast to their activity in situ (Raven, 1985).

The contribution of the biochemical pH-stat mechanisms to pH control is also

difficult to determine since access to specific enzymes or metabolic pathways is

required. Results often depend on in vitro enzymatic assays with putative inhibitors

that again, may have poor specificity or deleterious effects on other metabolic

pathways.

The importance of the contribution of each type of pH-stat mechanism in pH

homeostasis is plant and tissue specific. Some species, Neurospora crassa and

Sinapis a!.b.a, can maintain cytosolic pH in the short-term in the absence of H+

transport (Sanders and Siayman, 1982 and Felle, 1987 respectively), whereas

Mathieu et al. (1986) concluded that in Acer pseudoplatanus cells, proton transport

and metabolic consumption of protons contribute equally to cytosolic pH recovery

after acidification by propionic acid. This is supported by the fact that~ cells

contain high levels of organic and amino acids pools available to be used for

biochemical proton-consuming reactions. Additionally, Reid et al. (1989) suggest

that in Chara corallina, unlike fungi and higher plant cells, it is the H+ pump which

functions most significantly to restore intracellular pH. In Chara, the amount of pre

existing organic and amino-acids would not be sufficient to account for the

quantities of protons needed to be consumed after acidification with butyric acid.

The vacuoles of fungi and higher plants, unlike the vacuoles of Chara, contain high

levels of carboxylates that can be utilized for decarboxylation reactions. Thus, the

large vacuolar pools of metabolites allow biochemical pH-stats to playa more

significant role than the proton pump. Roberts et al. (1992) illustrated the temporal
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contribution of a variety of pH-regulatory mechanisms in hypoxic maize root tips.

Restoration of cytosolic pH after the first ten minutes of hypoxia was first observed

as protons were actively pumped into the vacuole. This biophysical form of pH

regulation was followed by biochemical regulation involving decarboxylation of

malate. This biochemical proton consumption occurred between 15 and 35

minutes after hypoxia began. Finally when all other biochemical regulatory

mechanisms were exhausted, more protons were consumed by the

decarboxylation of glutamate to 4-aminobutyric acid (GABA).

3. pH Changes as Intracellular Signals

The role of pH in intracellular signalling or the function of protons as second

messengers in plant cells is not firmly established. As described earlier, enzymatic

activity depends to a great extent on pH. Small intracellular pH changes can exert

a large effect on cellular activities. Protons also have the potential to convey

information about cellular metabolic status between enzymes or structures that are

otherwise not linked because protons function as both substrates and products in

many biochemical pathways (Felle, 1988b). It seems likely therefore that protons

may playa significant role in the regulation of cellular events.

In animal cells, cytoplasmic pH is an important factor in growth and

development. An acidic cytosol is an indication of a dormant or quiescent cell; any

increase in pH signals cellular reactivation (Busa and Nuccitelli, 1984; Frelin et al.,

1988). Thus in these cells, pH is an important signal in the control and regulation

of the cell cycle, division and growth. There are few such reports of pH regulation

in plants. Two studies do indicate that dormant tubers and non-dormant tubers

display different cytosolic pHvalues (Kurkdjian and Guern, 1989). However, the

dormant tuber cells are alkaline and the non-dormant cells are acidic. These

results are the reverse of those obtained in animal cells. The significance of pH

changes as signals in this situation is still unknown.
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To function as a cellular messenger a molecule must be present in small

quantities and subject to transient changes in concentration that initiate, mediate or

regulate enzymatic activity, leading to signal amplification (Felle, 1989 b). Protons

exhibit these characteristics in that an extracellular signal (eg. a hormone) can be

transduced into cytosolic pH changes that could serve to regulate other

intracellular events or pH-regulatory mechanisms. There is evidence of interaction

between hormones and pH since pH functions by influencing the distribution of

weakly acidic hormones (indoleacetic acid, abscisic acid or gibberellic acid)

between the extracellular medium and the interior of the cell, and between the

various compartments of the cell (Kaiser and Hartung, 1981 ; Kurkjdian et al., 1979).

However, the effect of hormones on intracellular pH is still open to question.

Cytosolic pH changes may be regarded as very common signals and it is

suggested that protons cannot be the sole effectors required for hormonal signal

transduction in plants. Since the role of calcium as a second messenger of

hormone action is animal cells is well established, a possible relationship between

protons, calcium and hormones has been investigated. Felle (1988c) and Gehring

et al. (1990) monitored the effects of auxin (indoleacetic acid, IAA) on cytosolic pH

and Ca2+ levels using either double-barrelled microelectrodes or confocal

scanning optical microscopy in z.e..a~ and Petroselinum hortense (parsley).

Both workers measured a decline in cytosolic pH of 0.1-0.2 units with a

concomitant rise in cytosolic Ca2+, suggesting that together they mediate early

auxin action. Felle's work demonstrated out of phase oscillations in both cytosolic

pH and Ca2+ indicating a close interrelation between them. He ascribed the pH

oscillation pattern to initial cytosolic acidification which in turn stimulated proton

extrusion via the H+/ATPase. The role of the proton pump and subsequent external

cell wall acidification in the action of auxin-induced elongation growth is unclear

(Kutschera and Schopfer, 1985). However, the change in pH may also modulate

other cytosolic pH-dependent events involved as a result of this hormone. In a
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further study, Felle (1988a) suggested that observed pH reductions may function to

modulate Ca2+ activity through pH-sensitive binding proteins like calmodulin, or by

mediating the increase in cytosolic Ca2+ as part of a H+/Ca2+ antiport system at the

tonoplast and subsequently regulating hormone action.

Gehring did not monitor oscillations in pH and calcium levels but did

compare the effects of another hormone, abscisic acid (ABA), with those of IAA.

The functions of the two hormones are antagonistic in that ABA inhibits IAA

induced elongation growth while IAA reverses the ABA-induced inhibition of

stomatal opening. After treatment of plant segments with IAA or ABA, he observed

that both hormones led to an increase in cytosolic calcium levels. However, IAA

caused a cytosolic acidification and ABA caused a cytosolic alkalinization. In

agreement with Felle, Gehring suggests that cytosolic pH changes regulate Ca2+

binding proteins, but the opposing effects of IAA and ABA on pH changes are

probably related to their opposing hormonal functions. Since the different pH

changes both lead to Ca2+ increases, it is not clear how opposite cellular

responses occur.

Nonhormonal signals may also use changes in intracellular pH as second

messengers. Acidification of the cytosol of Eremosphaera viridis was shown to

induce 'action potential like responses' which corresponded to an increase in the

conductivity of potassium channels (Kohler et al., 1986; Steigner et al., 1988). It

was suggested that modification of these ionic channels by pH may have an

important role in signal transduction as is seen in animal cells. Treatment of

Phaseolus vulgaris cells with glucan (which is known to elicit synthesis of a

phytoalexin) induced rapid and transient decreases in vacuolar and cytoplasmic

pH (Ojalvo et al., 1987). This example also suggests that a change in intracellular

pH may act as a second messenger.
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4. Techniques for Measuring Intracellular pH

Several techniques exist for measuring intracellular pH including 31 P NMR,

pH-sensitive microelectrodes, distribution of weak acids and fluorescence

spectroscopy. Each of these techniques will measure variations in pH, however,

each will also exhibit limitations in accuracy and specific artefacts which may make

absolute pH measurements difficult to obtain. The choice of technique will

therefore depend on minimizing artefacts which may derive from the biological

material being used (isolated cells, organs or highly vacuolated cells etc.), the

response time required, the amount of material required, as well as ease of

utilization (e.g. instrument simplicity, ease of sample manipulation, cost etc.)

(Kurkdjian and Guern, 1989).

a. 31 P Nuclear Magnetic Resonance

31p NMR is a non-invasive and non-destructive method for measuring the

pH of both cytosolic and vacuolar compartments simultaneously (Roberts et al.,

1980, 1981). It has been used extensively since 1973 when Moon and Richards

determined the intracellular pH of erythrocytes. In plants, it has been applied to

algae, organs, cell suspension cultures, intact growing seedlings and isolated

organelles.

NMR spectrometry can be regarded as a form of absorption spectroscopy. A

sample absorbs electromagnetic radiation at a particular radio-frequency that is

related to the characteristics of the sample. More specifically, absorption is due to

the activities of certain nuclei in the sample and their behaviour in the imposed

electromagnetic field. The frequency of absorption varies according the

environment of the nuclei. As an example, for pH measurements 31 P nuclei can be

employed since their proton environment will change depending on pH (ie.

H3P04<--->H2P04-<--->HP042-<__->P043-). Thus the absorption frequency of the

phosphate peak will change depending on pH. An NMR spectrum is a plot of peak

intensities (which is a measure of the number of nuclei present in the. sample)
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versus frequency of absorption relative to a reference standard. Frequency of

absorption, or the resonance frequency, is called the chemical shift. Thus chemical

shift varies with the environment of the sample. Chemical shift is measured in

Hertz, or in dimensionless units, expressed as parts per million (ppm), by dividing

the observed frequency by the applied frequency and multiplying by 106.

Since the natural abundance of 31 P in biological systems is 1000/0, extrinsic

probes need not be introduced into the sample. 31 P signals are commonly derived

from phosphorylated sugars, inorganic phosphate, adenosine triphosphate and

adenosine diphosphate, compounds containing phosphate groups that can be

reversibly protonated at physiological pH values. Cytosolic pH is generally

detected through shifts in the glucose-6-phosphate peak and vacuolar pH as shifts

in the vacuolar inorganic phosphate peak, as eloquently described by Roberts et

al., (1980). Individual peaks are assigned to a particular molecular species located

within a specific compartment in the cell on the basis of chemical shifts and

published analyses of 31 P-compounds in plant tissues. Since the chemical shifts

of compounds containing phosphate groups are pH-dependent, the determination

of intracellular pH can be made from titration curves of measured chemical shifts.

One drawback to this technique is that the relationship between chemical shifts and

pH measured within the sample may differ from that previously established in an

artificial medium with a different ionic environment.

This technique has several other limitations. Due to the low concentration of

phosphate in plant cells there is low sensitivity, and a high density of biological

material is required to increase the concentration of phosphorylated intermediates.

The long time required for NMR-signal aquisition with high densities of respiring

samples may result in anaerobiosis and observed pH changes. Most biological

samples will therefore require aeration which disturbs the magnetic field and thus

accuracy of the measurement. The resolution is at best 0.05 pH units and is

usually not better than 0.1-0.15 pH units (Kotyk and Slavik, 1989; Kurkdjian and
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Guern, 1989). Further, like all other techniques, this method may be affected by

factors other than pH such as ionic strength, magnesium concentration and the

solute concentration of the cytosol (Roberts et al., 1980, 1981 , 1982; Aducci et al.,

1984).

b. Microelectrodes

pH-sensitive microelectrodes allow direct measurement of cytosolic pH by

penetrating the cell wall and membrane and detecting changes in the vicinity of the

probe. However, in plant cells the vacuole occupies a very large proportion of the

cell and this proves to be one of the major obstacles involved in measuring

cytosolic pH using microelectrodes. Due to the size of the vacuole there is only a

thin layer of cytosol in which to make the measurements. Giant algal cells are most

appropriate for this type of measurement. The technique has proven successful in

work by Felle and Berti (1986) and Felle (1987) in Biccia fluitans. Actual

penetration of the cell wall also presents problems and it has been suggested that

impalement of the cell may itself cause local and transient pH changes (Talbott et

al., 1988, Heiple and Taylor, 1980).

This method, however, does give a reasonably fast response time, on the

order of a few seconds, and its resolution is also reasonable at 0.02-0.05 pH units.

Spanswick and Miller (1977) measured intracellular pH in Nitella translucens using

both microelectrodes and the distribution of 5,5-dimethyloxazolidine-2-4-dione

(DMO), and obtained comparable results from the two techniques. The major

drawback of this technique is that it is limited to giant cells and also the problem of

cell damage on penetration. Kurkdjian and Guern (1989) suggest that several pH

measuring techniques need to be applied to one system for accurate interpretation

and confirmation of results.

c. The Distribution of Weak Acids

The measurement of intracellular pH using this method is based upon

monitoring the equilibrium distribution between the intra- and extracellular spaces,
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of a radiolabelled membrane-permeant weak acid added extracellularly at a low

concentration. The undissociated form of the probe (HA) diffuses across the

membrane as the neutral species and then dissociates according to the pH of the

cellular compartments. The assumptions are that only the undissociated form of

the probe will pass across the membrane and that a pH-dependent equilibrium

distribution of the probe is obtained. The anionic form of the weak acid (A-) will

accumulate inside the cell if the intracellular pH is higher than the extracellular pH,

whereas the concentration of the uncharged species inside the cell will equal that

outside. It is assumed that the pKa of the acid is the same in both compartments. At

equilibrium the internal pH can be calculated. Calculation requires: i)

measurement of the external proton concentration; ii) calculation of the

concentration of the external anionic form of the weak acid, [A-lout, using the

Henderson-Hasselbalch equation, the pH and pKa, and the radioactively measured

total extracellular concentration of the acid in all forms; and iii) calculation of the

concentration of the internal anionic form of the weak acid, [A-lin, can be calculated

from the measured total amount of radioactivity inside the cell (HA + A-) minus the

equilibrium concentration of the uncharged species, [HAl, (determined using the

Henderson-Hasselbalch equation). The concentration of protons within the cell,

and thus intracellular pH can be calculated according to:

[A-lout / [A-lin = [H+lin / [H+lout

This method requires that the cellular volume be accurately measured in order that

the anion concentration inside can be calculated.

Assumptions that must be made are that the probe is not metabolized, that

the probe is distributed homogeneously within the cell, that the dissociation

constant of the probe is the same both in and outside the cell, that the probe does

not bind to any intra- or extracellular component, and that the concentration of the

uncharged species is equal on both sides of the membrane (Leguay, 1977).

Further, while the distribution technique is relatively convenient and simple, it has
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some limitations which often render an inaccurate or static estimation of

intracellular pH. These include: i) the difficulty in estimating the volume of the

cytosol in order to determine probe concentration; ii) the distribution of the probe

across all membranes, resulting in the possibility that the acidic vacuole may

contain a significant portion of the total cellular uptake of the weak acid probe; iii)

the difficulty in demonstrating that only undissociated probe crosses the

membrane; iv) the overaccumulation and overestim'ation of pH due to the

metabolism of the probe; v) the slow response time due to the length of time

required for equilibration to be reached, so short-term pH variation~ cannot be

detected; and vi) the resolution is at best only 0.1-0.2 pH units (Kurkdjian and

Guern, 1989).

The most widely used and common weak acid probe is 14C-DMO. DMO has

been used for pH determination in isolated cells (Kurkdjian et al., 1978; Espie and

Colman, 1981), protoplasts (Pfanz et al., 1987), organ segments (Marre et al.,

1986) and algal cells (Raven and Smith, 1980; Smith, 1986). This technique has

been verified by comparison of results obtained using both pH-sensitive glass

microelectrodes and DMO distribution (Spanswick and Miller, 1977; Boron and

Roos, 1976) and by comparison between results of pH determinations using 31 P

NMR and DMO distribution in maize and barley root tips (Reid et al., 1985).

d. pH-Sensitive Fluorescent Probes

Fluorimetry is a spectroscopic method of analysis which has found many

uses in biological studies. The applications of fluorescence techniques are

numerous and diverse, and include, monitoring conformational changes, detecting

binding interactions, measuring pH changes and continuous assessment of the

progress of enzymatic reactions. The use of fluorescent probes in conjuction with

fluorescence spectroscopy and microscopy offers one of the more sensitive and

convenient methods for measuring intracellular pH with good temporal resolution.

Membrane-permeant dyes, whose fluorescence intensity is pH-dependent, provide
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a technique for measuring rapid and transient changes in internal pH (fluorescence

spectroscopy) while fluorescence microscopy, with the same dye, allows visual

location of the probe in the cell.

The technique has been successfully used in several types of animal cells

including Ehrlich tumor cells (Thomas et aI., 1979), murine lymphocytes (Gerson

and Kiefer, 1982), aerobic smooth muscle cell (Little et al., 1988); rat heart

myocytes (Miyato et al.,1989) and pancreatic cells (Bastie and Williams, 1990), and

in yeast cells (Slavik, 1983). In plants the technique is also becoming popular.

Dixon et al. (1989) studied intracellular pH using this method with Emiliania huxley,

a unicellular alga.- Hoffmann et al. (1992) measured pH in the apoplast of

sunflower leaves. Hagendoorn et al. (1991) studied the role of pH in signal

transduction in Petunia hybrida cells and Yin et al. (1990) studied light-dependent

changes in the pH of various cell compartments in C3 plants. The method has also

been validated by comparison with results obtained using 31 P NMR for pH

determination in hypoxic maize root tips (Roberts et al., 1992).

Generally, fluorescence can be emitted from molecules that are aromatic or

contain multiple conjugated bonds. These are molecules which have delocalized

1t electrons that can be shifted to energetically higher (excited) states. The return of

the electron to the initial lower or ground state may involve the release of a photon

in the form of fluorescence. There are a few naturally occurring intrinsic

fluorophores, including aromatic amino acids, flavins, vitamin A, chlorophyll and

NADH. Although these are non-invasive and non-toxic, these fluorophores are not

applicable to all investigations. Most biological investigations therefore adopt the

use of foreign, extrinsic fluorophores as fluorescent probes of pH.

Probes are chosen according to leakage rate, permeability into other

membrane-bound compartments within the cell itself, and according to their pKa

values. Usually an indicator is effective at a pH of pKa + 1 pH unit, consequently

probes require a pKa value close to physiological values. The most common form
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of fluorescent probes commercially available for pH measurement are lipophilic

membrane-permeant esters which are colourless and non-fluorescent. The tissues

being studied are incubated with the probe for a predetermined length of time

according to the type of tissue and desired location of probe. Once inside the cell,

cytosolic esterases hydrolyse the ester linkage and the probe becomes fluorescent.

The fluorescence properties of this charged form of the molecule, which is now

essentially impermeant, are dependent on the pH of its environment.

Fluorescein and its derivatives are commonly used pH probes. It has six

dissociation forms which are soluble in aqueous solution, with pKa values of 2.2,

4.4 and 6.7. It can therefore function in the physiological range of pH 1-8.

Derivatives of fluorescein, such as BCECF or 5-(6) carboxyfluorescein, ·should all

follow the same dissociation pattern of fluorescein, and their absorption, excitation

and emission spectra should resemble that of fluorescein also. Fluorescein

derivatives have similar but different membrane permeability properties, pKa's and

slightly shifted wavelenth maxima for absorption, excitation and emission spectra.

Other examples of probes suitable for intracellular pH measurement include

pyranine and coumarins. Pyranine is a derivative of pyrene with two forms which

yield large fluorescence intensity changes in the pH range of 4-10. However, it has

three sulphonate groups which become completely ionized in this pH range.

Consequently they are attracted to positively charged surfaces and may not give

accurate cytosolic pH measurements. Coumarins and derivatives are suitable for

intracellular pH measurements because of their appropriate pKa values (-7.8), low

toxicity, uniform intracellular distribution and their large change in fluorescence

with pH. However, these probes are membrane permeant and easily equilibrate or

leak out across the plasma membrane. Both of the above probes are commercially

available in the acylated, membrane permeant, form.

As with all indirect pH measuring techniques a standard calibration curve

relating fluorescence intensities to pH must be obtained in order to interpret results.
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The intensity of the probe's fluorescence, measured at the excitation and emission

maxima, and at the concentration of the dye that is to be used in the sample, at

varying pH values is determined. Each dye and/or combination of dyes used must

be calibrated in accordance to the background fluorescence of the sample cells

since quenching of fluorescence and/or varying ionic strengths may well affect the

dye's behaviour in situ (see methods section and Thomas et al., 1979).

Compared to the DMO distribution and 31 P NMR techniques, the

advantages of using fluorescence spectroscopy are the sensitivity and temporal

resolution. The limitations include obtaining a probe that will be taken up by the

tissue and cleaved appropriately by endogenous esterases, fluoresce in the

appropriate wavelength range, and be sensitive over the pH range likely to be

encountered in the experiment.

B. 4-Aminobutyric Acid - GABA

1. GABA Biosynthesis

GABA, or 4-aminobutyric acid is a naturally occurring non-protein amino

acid found in plants, bacteria, vertebrates and invertebrates. Although it's role in

higher plants is unclear, GABA has been shown to be present in nearly all plant

tissues, in concentrations higher than those for many of the free amino acids. The

major route of GABA biosynthesis is through the a-decarboxylation of L-glutamate

catalysed by glutamate decarboxylase (GAD) (EC 4.1.1.15). This metabolic

pathway has been demonstrated in germinating seeds (Collins and Wilson, 1975;

Inatomi and Slaughter, 1971; Vandewalle and Olsson, 1983), isolated plant cells

(Koiwai and Noguchi, 1972), roots (Guinn and Brinberhoff, 1970), leaves (Streeter

and Thompson, 1972b; Wallace et al., 1984) and tubers (Satyanarayan and Nair,

1986). Production of GABA by decarboxylation of glutamate is supported by the

widespread distribution of both GAD and its substrate, glutamate, in the plant

kingdom (Bown and Shelp, 1989 and Satyanarayan and Nair, 1990) as well as by
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in vivo demonstrations of the production of GABA from endogenous or exogenous

glutamate (Bown et al., 1989; Streeter and Thompson, 1972b; Tsushida and Murai,

1987; Walker et al., 1984; Wallace et al., 1984). Radiotracer studies have shown

that GABA can also be produced from 14C-arginine via the hydrolysis of

guanidinobutyric acid to GABA and urea in spruce buds (Steward and Durzan,

1965 and Kato et al., 1985), in chestnut fruit with the intermediate formation of

ornithine before conversion to GABA by L-ornithine-2-oxo-acid aminotransferase

(Tixier and Desmaison, 1980), or by the oxidation of pyrroline in Zfla~

seedlings (Terano and Suzuki, 1978). These, however, are pathways whose

overall contribution to GABA production is thought to be minor. Further, each of

these intermediates is ultimately derived from glutamate in higher plants,

suggesting that glutamate is the sole source of GABA through either

decarboxylation or via these other intermediate compounds.

~ 1 arginine----->guanidinobutyric acid----->GABA
---",.-'-

Glutamate------>ornithine----->GABA
" "

....... ~putrescine---->spermidine---->pyrroline---->GABA

2. Metabolism of GABA

a. Utilization of GABA via the GABA Shunt Pathway

Oxidative deamination of L-glutamate to a-ketoglutarate, catalysed by

glutamate dehydrogenase, allows entry of L-glutamate carbon into the Krebs cycle.

The conversion of glutamate to succinate via GABA and succinate semialdehyde

according to the following reactions, constitutes the GABA shunt:

H+ + L-glutamate ---1--> GABA + C02

GABA + pyruvate <--2--> succinic semialdehyde + alanine

succinic semialdehyde + NAD(P)ox + H20 ---3--> succinate + NAD(P)red
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where '1' refers to glutamate decarboxylase (EC 4.1.1.15), '2' refers to GABA

pyruvate transaminase (EC 2.6.1.19) and '3' refers to succinic semialdehyde

dehydrogenase (EC 1.2.1.16). These reactions facilitate an alternate, or by-pass

route for the entry of glutamate carbon into the Krebs cycle, and glutamate nitrogen

into GABA and alanine. The occurrence of the GABA shunt pathway has been

demonstrated in many higher plants (Satyanarayan and Nair, 1990 for review).

However, the presence of all three shunt enzymes has only been shown

unequivocally in radish leaves (Streeter and Thompson, 1972a), wheat embryos

(Galleschi and Floris, 1978) and potato tubers (Satyanarayan and Nair, 1986).

This may be due to the lack of adequately sensitive techniques for detecting the

enzymes, and not due to an absence of the enzymes.

The production of succinate via the direct oxidative deamination of

glutamate to a-ketoglutarate and subsequent conversion to succinate via the Krebs

cycle produces 6 ATP and 1 GTP. The shunt pathway, however, is energetically

less efficient, producing only 3 ATP via NAD(P)+ reduction by succinic

semialdehyde dehydrogenase. It is not clear why two distinct pathways which

accomplish the conversion of glutamate to Krebs cycle succinate are required, and

whether or not they have significantly different roles. In addition, the relative flux of

glutamate carbon to succinate carbon through these two pathways is not known

and not easily determined. In a recent study using developing soybean

cotyledons, Tuin and Shelp (1993, in press) demonstrated unequivocally that

labelled glutamate carbon was rapidly metabolized into Krebs organic acids and

protein via both deamination or transamination of glutamate to produce a-

ketoglutarate as well as via decarboxylation of glutamate to GABA and subsequent

metabolism to succinate. The rapid metabolism of GABA suggests that glutamate

decarboxylation is a normal and actively functioning route for glutamate

metabolism in this tissue and not a response to stress.
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Vandewalle and Olsson (1983) suggest a role for the GABA shunt in

germinating mustard seeds during imbibition. During this time substrate for the

Krebs cycle is produced via the GABA shunt because GAD is more active at a

lower level of hydration than either glutamate dehydrogenase (EC 1.4.1.3) or

aspartate transaminase (EC 2.6.1). However, as germination proceeds and the

hydration level increases, glutamate dehydrogenase or glutamate transaminase

become more active and succinate is then produced via a-ketoglutarate.

Alternatively, depending upon the differential activities of GAD (pH optimum

6.0), or GABA:pyruvate transaminase (pH optimum 8.9) and succinic semialdehyde

dehydrogenase (pH optimum 9.0-10.0), GABA may accumulate in the cell. Studies

have demonstrated that the activity of GAD is twenty times the activity of

GABA:pyruvate transaminase in radish leaves (Streeter and Thompson, 1972b)

more than 30 times in soybean leaves (Wallace et aI., 1984) and also that the

reversisible transamination reaction favours accumulation of GABA. This suggests

that GABA may accumulate rather than be metabolized to succinate semialdehyde.

This would be particularly likely at low pH values when GAD activity is stimulated

and GABA:pyruvate transaminase is inhibited. These studies also suggest that in

plants subjected to anaerobiosis, temperature reduction and mechanical stress the

shunt pathway is impaired and GABA accumulates (Streeter and Thompson,

1972b and Wallace et af., 1984).

b. Accumulation of GABA

i). Proton/Glutamate Cotransport and GABA Production

The cytosol appears to be both the site of glutamate decarboxylation by GAD

as well as the site of GABA accumulation. GAD was shown to be a soluble,

cytosolic enzyme by subcellular distribution studies involving differential

centrifugation techniques in extracts of pea (Dixon and Fowden, 1961), soybean

(Wallace et af., 1984) and potato tubers (Satyanaryan and Nair, 1986). Further,

approximately 50% of glutamate, GABA and alanine in cells has been shown to be
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located outside of the vacuoles (Wagner, 1979 and Yamaki, 1982), presumably in

the cytosol, and not maintained in separate compartments. However, in Asparagus

cells fed labelled L-Glu-, the specific activity of GABA released to the medium is

eighty times greater than that of intracellular GABA (Chung et al., 1992). In contrast

with the work of Wagner and Yamaki, these data suggest that in Asparagus cells

newly synthesized GABA is readily available for efflux and is not in equilibrium with

a pool of previously synthesized GABA. This indicates that the site of GABA

production is not the site of GABA accumulation in these particular cells. Secor

and Schrader (1984) also observed that GABA was the major component of the

amino-acid pool and when compared to other amino acids it exhibited slower net

efflux suggesting that, in isolated soybean cells, GABA is also sequestered within

an organelle, away from the site of glutamate decarboxylation, and not available for

efflux.

Investigations have demonstrated a specific H+/L-Glu- cotransport system in

isolated Asparagus sprengeri Regel mesophyll cells (McCutcheon and Bown,

1987; McCutcheon et al., 1988). The uptake of glutamate is coupled to and driven

by a flux of protons down the proton electrochemical gradient. Measured

stoichiometries of the cotransport system initially indicated a ratio of 8H+ : 1L-Glu-.

However, further experiments with L-[U_14C]Glu- determined that this elevated

stoichiometry resulted from underestimation of L-[U_14C]Glu- uptake. This was due

to decarboxylation of glutamate to GABA and subsequent rapid release of labelled

GABA to the medium. The corrected H+/L-Glu- stoichiometry appears to be 2:1

(Liang, 1990). Rapid conversion of glutamate to GABA and subsequent GABA

accumulation have been demonstrated in other plant tissues (Wallace et al., 1984;

Streeter and Thompson, 1972b), but specific efflux of GABA has not. Consequently

the significance of GABA efflux had not previously been addressed.

Calculations predict that cotransport of protons with glutamate across the

plasma membrane of Asparagus cells, without active compensating mechanisms in
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the cell, would cause the intracellular pH to decline by 1.9 pH units/hr (Snedden et

al., 1992). The cell can actively regulate pH through transfer of protons to the

vacuole, export of protons (biophysical pH-stat) or by consumption of protons

(biochemical pH-stat), as previously stated. Rapid decarboxylation of glutamate, a

proton-consuming reaction, and accumulation of GABA may therefore function, in

Asparagus mesophyll cells, as a biochemical pH-stat mechanism.

ii.) GABA Levels in Response to Stress

Rapid accumulation of GABA in response to a variety of environmental

stress conditions is well documented. These stresses include low temperature and

darkness (Wallace et al., 1984), high temperature (Mayer et al., 1990),

anaerobiosis (Lane and Stiller, 1970; Streeter and Thompson, 1972b; Wallace et

al., 1984), mechanical manipulation (Lane and Stiller, 1970; Wallace et al., 1984),

addition of NH4+, glutamine (Kishinami and Ojima, 1980) or auxins (Kishinami,

1988), aging (Inatomi and Slaughter, 1971; Lahdesmaki, 1968; Vandewalle and

Olsson, 1983) or viral attack (Cooper and Selman, 1974).

The extent of GABA increase as well as the time at which the increase

occurs, depend upon the tissue, plant and treatment. Addition of NH4+ to cultured

rice cells or intact rice plant parts resulted in GABA accumulation in the cultured

cells only (Kishinami and Ojima, 1980). Addition of indoleacetic acid (IAA)/NH4+ to

meristematic regions (rice root tips) or mature tissues (shoots and roots) led to an

increase in GABA accumulation in the meristematic regions only (Kishinami, 1988).

Wallace et al. (1984) observed maximum GABA levels, representing a 2000%

increase, in soybean plants within 5 minutes of mechanical damage and low

temperature treatments, Streeter and Thompson (1972a) observed maximum

GABA accumulation in radish leaves after two hours of anaerobic incubation,

whereas Roberts et al. (1992) found maximum GABA production after 12 hours of

hypoxia in maize root tips. Furthermore, increases in GABAcontent in response to

environmental stresses have been shown to range from the most commonly
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observed 5-10 fold (Lane and Stiller, 1970; Kishinami, 1988; Satyanarayan and

Nair, 1986a) to as much as 80-100 fold (Streeter and Thompson, 1972a).

The mechanism(s) explaining elevated GABA levels in response to various

stresses is as yet unknown. One hypothesis is that stressed or older plant tissues

may have less demand for glutamate or glutamine due to overall lower rates of

metabolism and protein synthesis, hence increasing the available substrate,

glutamate, for GAD, the GABA forming enzyme. Increased proteolysis under these

conditions will also increase available free glutamate and glutamine. Kharkin

(1964) demonstrated an increase in GABA levels correlated with a decrease in

protein synthesis in leaves of various legumes of different ages.

Glutamate decarboxylase activity has been shown to increase after a

number of different stress conditions with a concomitant rise in GABA concentration

(Satyanarayan and Nair, 1986a; Streeter and Thompson, 1972b; Wallace et al.,

1984). The second hypothesis regarding increased GABA levels suggests

increased GAD activity. Because increases in GABA levels are often very rapid

(Wallace et al., 1984), increased GAD activity most probably does not result from

increased de novo synthesis of GAD. Glutamate and aspartate contents declined

while GABA and alanine contents increased in response to flooding, anaerobiosis,

low temperature and mechanical manipulation (Reggiani et al., 1988; Streeter and

Thompson, 1972a; Stewart and Larher, 1980; Tsushida and Murai, 1987; Wallace

et al., 1984). The shifts in the amino-acid pools were all similar. However, these

stresses mayor may not initiate a common mechanism for GAD stimulation.

Mechanism(s) initiating increased GAD activity might include a change in an

effector molecule (e.g. Ca2+), removal of an inhibitory molecule, a change in the

conformation of the enzyme, or covalent modification of GAD. These changes may

or may not be due to compartmental changes and subsequent changes in the

concentrations of effector molecules or enzymes in the immediate environment of

GAD. Stress such as anaerobic incubation has been shown to result in a leakage
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of ions, organic acids and amino acids from roots (Hiatt and Lowe, 1967) and in

protoplasmic disorganization (Marschner et af., 1966). Thus stresses do change

the compartmentation of molecules between cells and their environments.

Some stress conditions (anaerobiosis in particular) are known to reduce

intracellular pH. The pH optimum for GAD is pH 6.0 (Tsushida and Murai, 1987;

Streeter and Thompson, 1972b; Snedden et al., 1992) whereas GABA:pyruvate

transaminase and succinate semialdehyde dehydrogenase (GABA shunt

enzymes) have more basic pH optima, around pH 9.0 (Streeter and Thompson,

1972b; Desmaison and Tixier, 1986, Satyanaryan and Nair, 1986). Thus

anaerobiosis will lead to intracellular acidification. The lower pH will favour GAD

activity and increase GABA production while its breakdown due to metabolism by

the shunt enzymes will be decreased. Similarly, mechanical or physiological

disruption may rupture or inhibit normal vacuole function, thereby lowering

cytosolic pH and activating the decarboxylating enzyme. Finally, anaerobiosis will

also block the last reaction in the GABA shunt pathway when reoxidation of

NAD(P)(red) is inhibited. This could lead to GABA accumulation.
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Materials and Methods

A. Materials

35

Cell Isolation and Incubation
calcium sulphate
2-(n-morpholino)ethanesulphonic acid (MES)
monopotassium phosphate
dipotassium phosphate
tetrapotassium pyrophosphate buffer
butyric acid
L-glutamic acid
acetic acid
propionic acid
5,5-dimethyl-2,4-oxazolidinedione (DMO)
1-14C-butyric acid
aminooxyacetate (AOA)
antimycin
oligomycin

GABA Extraction and Determination
choroform
methanol
glycerol
GASase
a-ketoglutarate (a-kg)
4-aminobutyric acid (GABA)
nicotinamine adenine dinucleotide (NADP+)
mercaptoethanol

Fluorescence Studies
2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein

acetoxymethyl ester (BCECF-AM)
BCECF free acid
dimethyl sulfoxide

Photographic Supplies
Kodachrome 400ASA Slide Film

Other
H2S04
NaOH
KCI
'sodium dithionite
Aqueous Counting Scintillant

Plant Material

Supplier
SOH
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
ICN
Sigma
Sigma
Sigma

SOH
SOH
SDH
Sigma
Sigma
Sigma
Sigma
Kodak Eastman

Molecular Probes

Molecular Probes
Sigma

Kodak

SOH
SOH
Sigma
Sigma
Amersham

Asparagus sprengeri Regel plants were grown in a greenhouse in a slightly acidic

mixture of vermiculite and sphagnum peatmoss (40:60 v/v, pH 5 to 6.5) under



natural sunlight. The plants were watered daily and fertilized weekly (N:P:K

30:10:10). No pesticides or insecticides were used in the greenhouse.

B. Methods

1. Cell Isolation

Mechanically isolated asparagus (Asparagus sprengeri Regel) mesophyll

cells were prepared daily using a method similar to one described by Colman et al.

(1979). Three to four shoots, with glossy mature dark green cladophylls, were

chosen and cut from several plants. The cladophylls were stripped from the stems,

collected in a Buchner funnel and rinsed free of any debris under running tap

water. They were then cut into approximately 0.5 cm length segments with a razor,

collected in 50-100 ml of 1 mM CaS04, adjusted to pH 5.5 with Ca(OH)2, and

vacuum infiltrated for 5 minutes. After this procedure the sliced cladophylls were

drained, rinsed with fresh CaS04 and gently ground in a mortar with 5-10 ml

aliquots of CaS04. The grinding procedure pushed the cells out of the sliced

segments and the resulting cell suspension was strained through two layers of

cheesecloth and transferred with a Pasteur pipette to a 30 ml centrifuge tube. The

cell suspension was then centrifuged in a clinical benchtop centrifuge at 550g for 2

minutes, decanted and the cell pellet resuspended in fresh CaS04 and stored on

ice in the dark. This process of grinding, transferring and centrifuging was

repeated several times depending on the number of cells required. Periodically

throughout the day, the suspension was gently shaken to resuspend the cells as

they will naturally sink over time.

To test the integrity of the plasma membrane of the isolated cells, a small

amount of the cell suspension was incubated with a drop of Evan's blue dye (20%

w/v) solution. Evan's blue dye will not penetrate the semi-permeable membrane of

intact cells, but will stain damaged cells (Gaff and Okong'o-ogola, 1971). Cells

were examined and counted daily and only suspensions having greater than 850/0
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intact cells were used for experimentation. A Spencer Bright Line hemocytometer

and a Wild light microscope were used to determine cell numbers per millilitre of

suspension. A typical cell suspension contained 2 million cells/ml. Cells were

always used within six hours of their isolation to minimize any effects of storage.

2. Cell Incubation

Cells (4X106. mL-1) were resuspended and incubated in 5 mM MES,

adjusted to pH 6.0 or pH 5.0 with NaOH, as indicated. Cell suspension volumes

varied from 5ml to 30ml depending on the experiment; and were maintained at

250C in a water jacketed incubation vessel with constant stirring and aeration.

Suspensions were kept in the dark or illuminated with a 300-W Tungsten lamp

giving an irradiance of 2.1 x 10-3 mol.s-1.m-2. Depending on the experimental

procedure, cells were incubated for periods ranging from 15 seconds to 60

minutes. Untreated (control) suspensions were incubated simultaneously with

treated (experimental) suspensions. Each stock cell suspension was used to

derive one untreated sample and a corresponding treated sample. Replication

involved new stock cell suspensions.

Cell suspensions were exposed to various treatments thought to induce

cellular acidification. These treatments included anaerobiosis, H+/L-glutamate

cotransport and addition of permeant weak acids. All experiments were performed

at an external pH of 6.0 or 5.0 as indicated. Anaerobic conditions were obtained by

gently bubbling N2 (3-5 minutes) through the cell suspension, prior to excluding

oxygen with a stopper inserted into the incubation vessel. Anaerobiosis was

verified using a calibrated 02 electrode while incubation proceeded in the absence

of light. Five mM L-glutamate (final concentration), adjusted to pH 6.0, was added

to cell suspensions in both light and dark conditions. Five mM butyric acid,

adjusted to pH 5.0, and 5 or 3.25 mM butyric acid adjusted to pH 6.0, were added

to illuminated cell suspensions incubated at pH 5.0 and pH 6.0 respectively. The
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butyric acid solution (pKa 4.81) contains a mixture of both the Bronsted acid and the

Bronsted base. However, throughout this thesis the acid designation will be used

with the understanding that the concentrations given refer to the sum of the two

components. The effects of acetic (pKa 4.75) and propionic (pKa 4.87) acids and

DMO (pKa 6.32) were also examined.

3. GABA Extraction and Determination

After the allotted incubation period, 5 ml aliquots of the suspension, each

containing 20 million cells, were centrifuged at 2800g for 5 minutes and the

extracellular medium collected. The cell pellet was resuspended and solubilized

by sequential addition and stirring with 2.5 mL methanol (thirty minutes), 5 mL

chloroform (twenty minutes) and 2.5 mL water (15 minutes). The aqueous phase

was separated from the chloroform phase by centrifugation at 2800g for 10

minutes, and retained. The intra- and extracellular fractions, derived respectively

from the cellular aqueous phase and the extracellular medium, were dried under a

stream of air at 40°C. They were redissolved in 0.5 ml of 1M potassium

pyrophosphate buffer pH 8.6 prior to GABA analysis with the GABase enzyme

system. In some experiments the 5 ml aliquot of cell suspension was transferred

directly into 5 ml boiling methanol and an aqueous fraction prepared, as above, but

altering the volumes of reagents appropriately. The resulting aqueous fraction

therefore contained both GABA retained by the cell (intracellular fraction) and

GABA that left the cell (extracellular fraction).

GABA was measured using the commercially available coupled enzyme

assay procedure for GABA (GABase) (Sigma Chemical Co., St. Louis, MO., USA.)

according to:

GABA + a-ketoglutarate <------1------> L-Glu- + succinate semialdehyde

succinate semialdehyde + NADP+ -----2-----> succinate + NADPH
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where '1' refers to GABA:glutamic transaminase and '2' refers to succinate

semialdehyde dehydrogenase.

The 1 ml assay volume contained 525-700 JlI of 0.1 M potassium pyrophosphate

buffer pH 8.6, 150 JlI of 0.04 M NADP+, 75 JlI GABase (0.067 units of active

enzyme), 25-200 )11 unknown GABA sample (dissolved in potassium

pyrophosphate) and the reaction was initiated by the addition of 50 JlI of 0.02 M (X-

kg. The volumes of buffer and GABA samples were varied appropriately to yield a

1 ml final volume in the cuvette depending on the concentration of GABA in the

sample. Increases in absorbance at 340 nm due to NADPH production were

measured in a Beckman DU-SO spectrophotometer after approximately 20 minutes,

or when the reaction reached completion. Using standard GABA solutions the

assay was found to be linear over the range of 0.03 Jlmoles to 0.11 Jlmoles GABA

per cuvette while yielding 90-100% of the expected absorbance change and

corresponding GABA content (Figure 1). GABA levels were calculated in nmoles

GABA / 106 cells.
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Figure 1 : Calibration of the GABase GABA Assay

- Standard GABA solutions were prepared in 5mM MES pH 6.0

- The solutions were dried under a stream of air, in a 400C water bath

- The resulting sediment was redissolved in 0.5ml 1M tetrapotassium phosphate
adjusted to pH 8.6

- GABA content was determined with the GABase assay using the Sigma
procedure

- n=4 replicates with each replicate being assayed in duplicate; bars indicate
standard error
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4. Monitoring Changes in Intracellular pH

8. Loading Cells with the Fluorescent Probe

The fluorescent probe, BCECF-AM (Molecular Probes, Eugene, Ore., USA),

is a membrane-permeant, lipophilic ester, which, after hydrolysis to BCECF by

endogenous esterases, exhibits pH-dependent fluorescence. The probe was

initially dissolved (1 mg/ml) in pure, dry dimethyl sulfoxide and stored dessicated at

-200C. To load isolated Asparagus cells with probe, 5 million cells were incubated

(ambient light and temperature and gentle stirring) in 1 mM CaS04, pH 5.5, with 6

JlM BCECF-AM . After a 30 minute incubation, the cells were washed three times

by centrifugation (at 550g for 1.5 minutes) and resuspension in fresh medium to

remove any extracellular BCECF-AM or BCECF before further analysis.

b. Fluorescence Microscopy

Cells loaded with fluorescent probe were observed using a Leitz Diaplan

microscope equipped with epifluorescence optics (100x objective lens, oil

emersion; 10x eyepiece lens). Photographs were taken using 400 ASA Kodak

Ektachrome film. Light was supplied by a super pressure mercury lamp (HBO

50W)and the combination filters were BP 450-490, RKP 510 and LP515. A green

coloured glass filter (peak transmission 535 nm) was employed to eliminate the red

autofluorescence of the chlorophyll and ascertain the intracellular location of the

probe.

c. Spectrofluorimetry

i. Instrumentation and Parameters

Fluorescence measurements were made in a Perkin-Elmer LS-50

spectrofluorimeter fitted with a thermoregulated cell compartment. BCECF-Ioaded

cells were resuspended and stirred at 25°C in 2 mL of 5 mM MES at pH 5.0 or 6.0 at

a density of 0.1 X1 06 cells.ml-1 in a 3 ml cuvette. Additions were made directly to the

cuvette, while located in the holder. Excitation was at 501 nm and 435 nm and
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emission from each was monitored at 527 nm with slit widths set at 5 nm. The

excitation ratio (1501/1435) was measured as a function of time.

In order to determine the appropriate excitation and emission parameters for

this particular system, series' of excitation and emission scans were initially

obtained throughout a range of pH values (Figures 2a and 2b). Fluorescence with

excitation at 435 nm is pH independent, whereas at 501 nm fluorescence declines

as pH declines. Consequently the 1501/1435 ratio also declines as the pH declines.

Peak fluorescence emission was observed at 527 nm.
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Figure 2a : pH Dependent Excitation Scans of BCECF - free acid

- 0.05 JlM BCECF (free acid) was added to 2 ml of 50 mM potassium phosphate
buffer at various pHs

- External pH was measured after each scan

- Emission was measured at 527 nm with excitation scanned from 420 - 550 nm

- The isosbestic point - 435 nm, and the wavelength of maximum fluorescence
intensity - 501 nm, were determined .

- The ratio of fluorescence emission, measured after excitation at 501 and 435 nm,
is pH-dependent
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Figure 2b : pH-Dependent Emission Scans of BCECF - free acid

- 0.05 JlM BCECF (free acid) was added to 2 ml of 50 mM potassium phosphate
buffer at various pH values

- External pH was measured after each scan

- Excitation was at 501 nm with emission scanned from 510- 620 nm

- Maximum fluorescence emission intensity was detected at 527 nm

- For all subsequent fluorescence analyses, emission was monitored at 527 nm
after dual excitation at 501 and 435 nm
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ii. Intracellular pH Calibration

Using the free acid form of the probe and a series of phosphate buffers at

different pH values, the 1501/1435 ratio was calibrated in terms of pH (Figure 3).

BCECF, 0.05 JlM final concentration, was introduced to 2 ml of a series of 50 mM

potassium phosphate buffers, which ranged in pH from 5.0 to 9.5. The external pH

was verified using a combined glass and reference electrode and the 1501/1435 ratio

measured in the fluorimeter. This calibration, however, does not take into account

any intracellular quenching of the fluorescence signal by photosynthetic pigments.

Therefore the 1501/1435 ratio had to be calibrated in terms of intracellular pH. A

method described by Thomas et. al. (1979) was employed. BCECF-Ioaded cells

were incubated in a phosphate buffer containing 10 JlM nigericin and 40 mM

dipotassium phosphate. Nigericin allows equilibration of the outside (0) to inside (i)

concentration gradients of H+ and K+ such that H+o/H+i = K+o/K+i. After 15-20

minutes of incubation with nigericin, the suspension was titrated through a

physiological pH range with 10 JlI aliquots of 0.05 M H2S04 and 1501/1435

measurements were made at each external pH (Figure 10, see Results). Knowing

internal and external K+ concentrations and external pH, internal pH can be

calculated. A calibration curve (1501/1435 vs. pHintraceliular) was constructed (Figure

11 , see Results). Using atomic emission spectroscopy and samples of cell sap the

cellular K+ concentration was determined to be 77.5 mM (see section 4.iii).

However, this method destroys all compartmention within the cell and as such 77.5

mM represents a mean cellular K+ concentration and therefore the actual cytosolic

K+ concentration is not known. Consequently a range of cytosolic K+

concentrations were employed in the calculation. A family of parallel calibration

curves resulted which allow for measurement of changes in pH but not absolute pH

(Figure 11 , see Results).

48



Figure 3 : Calibration of Changes in the Excitation Ratio in pH Units Using
BCECF in Free Solution

- 0.05 JlM BCECF-free acid was introduced to 2 ml of 50 mM potassium phosphate
buffer at various pH values as indicated

-The excitation ratio 1501/1435 (measuring emission at 527 nm) is plotted against pH
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iii. Intracellular K+ Determination

A minimum of 75 grams (dry weight) of mature cladophylls was collected and

cut into 0.5 cm pieces with a razor. These segments were placed into a press and

squeezed. The resulting sap was collected in an Eppendorf tube, microcentrifuged

for 10 minutes and the clear yellow supernatant collected. The supernatant was

then diluted (1 :9) with double distilled water, free of K+, and analyzed for potassium

content using Atomic Emission spectroscopy (courtesy Chemistry Department,

Brock University). Potassium standards (KCL) were used to calibrate the machine

before the sample K+ content was determined. The value obtained, 77.5 mM,

represented the mean cellular concentration of K+ (n=3). Other reports indicate

cytosolic K+ concentrations of 100-130 mM in Biccia fluitans and 60-80 mM in~

~ (Felle, 1988a).

5. Determination of Acid Loads with 1_14C-Butyric Acid

The term 'acid load' refers to the moles of protons entering a cell. Not all acid

loads will result in a decline in intracellular pH since there are rapid intracellular pH

regulating mechanisms. The acid load in Asparagus cells, in response to butyric

acid addition, was measured using radiolabelled butyric acid. Once inside the cell,

it is assumed that the butyric acid (pKa 4.8) dissociates fully (HA ------> H+ + A-),

such that a measure of A- will be representative of the acid load. A- was measured

by scintillation counting after uptake of 1-14C-butyric acid.

8. Uptake of 1_14C-Butyric Acid

Labelled butyric acid was diluted to with unlabelled butyric acid to give a final

concentration of 100 mM and a specific radioactivity of 1.11 x 109 dpm/mmol. Four

and a half million cells were suspended in 1.025 ml of 5 mM MES, pH 5.0 or 6.0 as

indicated, in a water-jacketed incubation chamber, stirred and maintained at 250C.

A 75 JlI aliquot of cell suspension was initially removed and collected on a Millipore

filter (HA type, 0.65 Jlm) as a control (or blank) sample. Fifty microlitres of labelled
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butyric acid were added to the remaining 950 JlI suspension (final concentration 5

mM). Aliquots (75 JlI, each containing 0.31 X1 06 cells) were removed over a period

of 3-300 seconds and collected on Millipore filters after washing. Samples were

washed with 2 X 5 ml and 1 X 10 ml aliquots of ice cold 5 mM MES/5 mM unlabelled

butyric acid (pH 5.0 or 6.0). Cells and filters were transferred to glass scintillation

vials and radioactivity counted (see Section 5b). Uptake of butyric acid is

expressed as nmoles / 106 cells and was calculated using the counts per minute

(cpm) and counting efficiency to determine disintegrations per minute (dpm), the

specific radioactivity and the number of cells. The control value was deducted from

each sample.

b. Scintillation Counting

The 14C-radioactivity in the cells, originating from uptake of 1_14C-butyric

acid, was measured in a Beckman LS 1800 Liquid Scintillation System counter.

Cell samples were collected on Millipore filters and placed into glass scintillation

vials containing 1 ml of 100% methanol. After 5 minutes, 14 ml of aqueous counting

scintillant (ACS, Amersham) were added to each vial. The vials were shaken and

held in the dark for 1 hour to eliminate delayed fluorescence from the scintillation

fluid. Subsequently, scintillation events were counted for 20 minutes.

The efficiency of the counting system was determined using both an internal

standard, 14C-n-hexadecane, and an automated external standard. Vials contained

an increasing number of cells, 10 JlI of 14C-n-hexadecane (8,686 dpm), 1 ml

methanol and 14 ml ACS. Vials were counted for 20 minutes. The % efficiency was

calculated as the cpm events detected by the instrument divided by the dpm value

of the added internal standard. The automated system expresses efficiency as the

H# (Manual: Beckman LS 5800 Series Liquid Scintillation Systems ,Section 5,

Beckman Instruments Inc., Fullerton CA, 1983). As cell number increases (greater

quenching) the H# increases and % efficiency decreases. The standard curves of

% efficiency and H# are expressed as a function of cell number per vial (Figure 4a)



and were used to produce a plot of % efficiency as a function of H# (Figure 4b). For

each subsequent calculation involving unknowns, the efficiency of the system was

taken into account such that:

DPM = 100 X CPM
counting efficiency
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Figure 4a : Counting Efficiency and H# as a Function of Cell Number

- Increasing numbers of cells were collected on Millipore filters and placed in
scintillation vials with the addition of 10 JlI of 14C-n-hexadecane (8 686 dpm) to
each

- The cells were solubilized with methanol and ACS and counted in the Beckman
LS1800 Counting System

- The H# was obtained from the output using the automated external standard

- The % efficiency was calulated by dividing CPM for each vial by the known DPM
value of 14C-n-hexadecane added to each vial

- The experiment was repeated three times; bars indicate standard error
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Figure 4b : Counting Efficiency as a Function of H#

- Data were derived from Figure 4a

- The equation of the line is y = 110.02 - (0.14747)x and was used in the
calculation to determine nmoles (butyric acid uptake) / 106 cells, given CPM and
H#
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6. Amino Acid Analysis by High Performance Liquid Chromatography

The amino acid content of cell suspensions after treatment either with or

without butyric acid for 45 seconds was determined. Samples and amino acid

standards were dried and derivatized prior to analysis. The Pierce™ hydrolysate

amino acid standard contained aspartate, glutamate, serine, histidine, cysteine,

threonine, alanine, arginine, proline, tyrosine, valine, methionine, isoleucine,

phenylalanine and lysine. GABA, ornithine, tryptophan, argininosuccinate,

asparagine, glutamine and homoserine standards were added separately. Each

dried sample was resuspended in 50 fJ.1 of methanol/water / triethylamine (2/2/1 by

volume), dried down in a Savant Speed Vac Concentrator and redissolved in 50 J.11

of the derivatization solution containing methanol/water / triethylamine /

phenylisothiocyanate (7/1/1/1/1 by volume). After 35 minutes the samples were

again dried under vacuum and resuspended in 400 fJ.1 (or 600 fJ.1 for standards) of

diluent, and filtered and centrifuged to remove precipitate. The diluent consisted of

710 mg Na2HP04 in 1L H20, adjusted to pH 7.4 with 10% H3P04, before addition

of 53 ml of acetonitrile to a final volume of 50/0 (v/v). Of the 400 fJ.1 (or 600 fJ.1), 20, 50,

200 or 250 fJ.1 (or 10 JlI of standards) were injected into the HPLC system. The

eluting buffers were 70 mM sodium acetate (pH 5.5) / acetonitrile (97.5/2.5 by

volume) and acetonitrile / methanol/water (45/15/40 by volume). HPLC grade

reagents and filtered water were used throughout. The above methods were

described by Micallef et al., (1989).

The HPLC system included the following hardware:

1. Two Waters M-45 Pumps

2. Waters Lambda-max Model 481 LC Spectrophotometer set at 254 nm

3. Waters 710B WISpTM Sample Processor

4. Waters 680 Automated Gradient Controller

5. Ramona Radio Chromatography System Software Package for Data Analysis

6. Waters Pico-Tag™ Column (3.9mm X 300mm) held at 460C
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7. Waters Temperature Control Module

These analyses were performed in the laboratory of Dr. Barry Shelp,

Department of Horticulture, University of Guelph, by Alice Deschene and Lucie Tuin.



Results

A. Stimulation of GABA Production

Anaerobiosis has been reported to stimulate GABA production (Reggiani et

al., 1988; Menegus et al., 1989) and in Asparagus sprengerj mesophyll cells H+/L

Glu- symport has been shown to stimulate GABA production (Chung et al., 1992;

Snedden et al., 1992). These studies suggest that GABA production and

associated proton consumption may function in regulating intracellular pH. To

investigate the role of glutamate decarboxylation and GABA production in a

biochemical pH-stat process, Asparagus cells were subjected to treatments

reported to acidify the cytosol and the GABA production measured using the

GABase assay.

1. GABA Production After Acidifying Treatments

Twenty million cells were incubated for 60 minutes and GABA production

measured in response to anaerobiosis, and to incubation with L-glutamate (light, L,

and dark, D), and butyric acid, a lipophilic weak acid (Figure 5). With the exception

of butyric acid addition at pH 6.0, these treatments stimulated GABA production by

1200/0 to 9140/0. The control concentration of GABA in untreated cells was 3.17

(±0.36) nmoles GABA/106 cells. The total GABA concentration was increased by

120% with anaerobiosis, 9140/0 with L-Glu-(L), 870% with L-Glu-(D), and 4280/0 with

butyric acid at pH 5.0. These results indicate that a variety of acid loads stimulated

GABA production. An explanation for the apparent lack of effect of butyric acid at

pH 6.0 is that the concentration of the permeant species (HA), butyric acid, is only

0.3 mM at pH 6.0 rather than 2.0 mM at pH 5.0. pH 6.0 also reduces the pH

gradient across the plasma membrane and may facilitate pH regulation through

increased ATP-driven H+ efflux.
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Figure 5 : GABA Production in Response to Various Acidifying Treatments

- Twenty million cells were suspended in 5 ml of 5 mM MES buffer at pH 6.0 or pH
5.0 where indicated and illuminated except where indicated

- Suspensions were maintained at 250C with constant stirring, treated as indicated
and incubated for 60 minutes (anaerobiosis (D); 5 mM L-Glu- in the light (L) and
dark (D); 5 mM butyric acid (HA) pH 5.0; and 5 mM butyric acid (HA) pH 6.0)

- Suspensions were fractionated (see Methods) and GABA content was determined
using the GABase assay

- Control values (3.17 + 0.36 nmoles/106 cells) represent 100%

- Each experiment was repeated 3-5 times with duplicate GABase assays
performed and averaged for each replicate

- Bars indicate standard error
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2. GABA Efflux During Acidifying Treatments

Anaerobiosis, L-Glu- (L or D) or 5 mM butyric acid (pH 5.0) increased extra

or intracellular GABA levels by 94% to 18000/0 (Table 1). To determine the

percentages of newly produced GABA which were extra- or intracellular, control

values (from Table 1) were subtracted from experimental values. Of the 1200/0 total

increase in GABA, as a result of anaerobiosis, 34% was located extracellularly and

66% intracellularly. Corresponding figures for L-Glu- (L) are 914%,96% and 40/0;

for L-Glu- (0) are 8700/0, 94% and 6%; and for butyric acid (pH 5.0) are 428%, 50%

and 50% (Figure 6). In all cases, newly produced GABA leaves the cell, although it

appears that the greater the amount of GABA produced, the greater the

extracellular proportion (eg. compare results for L-Glu- and anaerobiosis).
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Table 1 : Efflux or Retention of GABA Produced After Acidifying Treatments

Extracellular Intracellular

Treatment nmol~s GABAI
0/0

nmollis GABA/
%

10 cells 10 cells Incr.
Control Exp't

Incr.
Control Exp't

Anaerobiosis
0.64 1.52 137 1.51 3.21 113
(0.17) (0.25) (102) (0.14) (0.32) (41)

L-Glutamate 1.65 31.36 1800 1.79 3.47 94
(light) (0.15) (2.13) (305) (0.22) (0.31 ) (41)

L-Glutamate 1.79 28.47 1492 1.47 3.15 115
(dark) (0.34) (1.67) (393) (0.28) (0.51 ) (75)

Butyrate 1.73 10.08 482 2.09 10.28 393·

(pH 5) (0.15) (0.90) (101 ) (0.66) (1.08) (208)

- Twenty million cells were suspended in 5 mM MES buffer pH 6.0 or pH 5.0
where indicated

- Cells were incubated for 60 min after initiation of the acidifying treatment,
and maintained at 2SOC with constant stirring and aeration

- Concentrations used were 5 mM L-glutamate and 5 mM butyric acid

- Each experiment was repeated 3-5 times with duplicate GABase assays
performed and averaged for each replicate

- Brackets indicate standard error; % increase indicated by % Incr.



Figure 6 : The Distribution of Intra- and Extracellular GABA Produced in
Response to Acidifying Treatments

- Incubation conditions were as for Figure 5

- Control levels of GABA were deducted from the experimental to yield the total
GABA produced

- Each experiment was repeated 3-5 times with duplicate GABase assays
performed each time

- Bars indicate standard error
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3. Time Course of GABA Production and Efflux in Response to Butyric
Acid

The production and efflux of GABA were examined in detail using cells

incubated with 5 mM butyric acid at pH 5.0. Figure 7 indicates the time course of

appearance of extra- and intracellular GABA. By 5 minutes intracellular GABA had

increased by 10000/0 (approximately 15 nmoles GABA/106 cells) and remained at

this concentration thereafter. GABA levels in the extracellular portion were no

different from control levels after a 5 minute incubation, but after a 10 minute lag

period rose almost linearly for 60 minutes. The data from Figures 6 and 7 suggest

that GABA efflux may occur when a variety of acid loads stimulate the intracellular

GABA concentration beyond a threshold value. In response to butyric acid, given a

cell volume of 4.68 JlI/1 06 cells (Chung et al., 1992) and 14.2 (±1.04) nmoles GABA

produced / 106 cells at 5 minutes (Figure 7), this threshold concentration is 3.03

(±0.22) mM.
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Figure 7 : Time Course of GABA Production and Efflux in Response to
Butyric Acid

- 100 million cells were suspended in 25 ml of 5 mM MES buffer pH. 5.0

- Cells were suspended in the light, aerated and maintained at 250C with constant
stirring

- 5 mM butyric acid (adjusted to pH 5.0) was introduced at time zero to the treated
samples

- Five ml aliquots of cell suspension were removed from the treated (ex) and
control (c) samples at the times indicated, separated into intra- and extracellular
fractions and analyzed for GABA content

- Each point represents the mean of 5 separate experiments; duplicate GABase
assays were performed and averaged for each replicate

- Bars indicate standard error
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4. Rapid GABA Production in Response to a Butyric Acid

Figure 7 indicates that stimulation of GABA production in response to butyric

acid might be very rapid. To investigate this possibility, the production of GABA

was measured over a period of 15 to 900 seconds using cells incubated at pH 5.0

with butyric acid (Figure 8). The time required to separate the medium and cells

precluded measurement of extra- and intracellular GABA, and only total GABA

values were determined. After 15 seconds, GABA concentrations had risen above

the control values by 2800/0 at a rate of approximately 0.17 nmoles GABA/106

cells/sec. At 900 seconds GABA levels were still increasing but at a rate of only

approximately 0.0073 nmoles GABA/106 cells/sec. The data clearly indicate the

rapid production of GABA in response to butyric acid. It is technically very difficult

to resolve the timing of this stimulation below 15 seconds.
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Figure 8 : Early Time-Course of GABA Production in Response to Butyric Acid

- 120 million cells were suspended in 30 ml of 5 mM MES buffer pH 5.0

- Cells were suspended in the light, aerated and maintained at 250C with constant
stirring

- 5 mM butyric acid (adjusted to pH 5.0) was introduced at time zero to the treated
samples

- Five ml aliquots of cell suspension were removed at the times indicated and
placed directly into hot methanol prior to extraction into an aqueous phase which
was analyzed to determine total (intra- plus extracellular) GABA content

- Each point represents the mean of 5 separate experiments; duplicate GABase
assays were performed and averaged for each replicate

- Bars indicate standard error
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B. Intracellular pH Decline in Response to Acidifying Treatments

GABA levels have been shown to increase in response to treatments

thought to acidify the cytosol (Figures 5 and 6, Table 1). Possible changes in

cytosolic pH in response to these treatments were investigated using the

fluorescent probe BCECF as an indicator of intracellular pH.

1. Intracellular Location of the pH-Indicating Fluorescent Probe

Various factors, including incubation time and the pH of cellular

compartments, may affect the location of fluorescent probe accumulation in the cell

(Oparka, 1991). It was therefore important to determine where the BCECF was

located in the Asparagus cells. This was done using fluorescence microscopy,

after incubation of the isolated cells with 6 JlM BCECF-AM for 30 minutes. There

was orange/red autofluorescence from the chloroplasts, no fluorescence from the

vacuole, and yellowish/green fluorescence from the cytosolic strands between and

surrounding the chloroplasts (see frontispiece). To ascertain whether the probe

had entered the chloroplasts (which exhibit bright red autofluorescence in cells

without the probe) a green glass filter (peak transmission at 535 nm) was used to

eliminate any red autofluorescence of the chlorophyll. Figure 9 demonstrates that

the fluorescent probe was in fact absent from both the chloroplasts and the

vacuole. These results indicate that any changes in the fluorescence

characteristics of the probe reflected changes in the cytosolic pH.
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Figure 9: Fluorescent Micrographs of Asparagus sprengeri Regel Mesophyll
Cells

A. Bright-field photograph of an isolated cell, showing a large vacuole (V) and
several chloroplasts (C) lining the plasma membrane (4000x mag.).

B. Same cell viewed through epifluorescence optics (4000x mag.). The pH probe,
BCECF, was localized in the cytosolic strands around the chloroplasts (C), but
was not taken up by the vacuole (V). The probe is also detected in the sheath of
cytosol surrounding each chloroplast. Photographs of the fluorescent cells
have been taken with a green filter (peak transmission 535nm), thus the
autofluorescence of the chlorophyll is not seen.

C. Bright-field photograph of another isolated cell, showing numerous chloroplasts
(C) surrounded by cytosol (arrowheads). The vacuole was not visible in this
picture (2000x mag.).

D. Same cell as seen in C, viewed through epifluorescence optics. The cytosolic
strands (arrowheads) were strongly fluorescent (2000x mag.).
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2. Calibration of Excitation Ratio Changes with Intracellular pH

The fluorescence characteristics of the probe reflect pH changes. However,

calibration of fluorescent changes in phosphate buffers (Figure 3, Methods) may

not necessarily reflect the probe's intracellular fluorescence changes with changes

in pH. Intracellular fluorescence may be affected by inherent intracellular

quenching factors, such as chlorophyll. Thus, changes in the 1501/1435 excitation

ratio of BCECF within cells in terms of pH were investigated. Nigericin addition,

followed by titration of the external medium and simultaneous recordings of the

1501/1435 ratio were used to investigate the relationship between cytosolic pH and

the 1501/1435 ratio (Figure 10, and see Methods). The change in 1501/1435 as a

function of external pH is shown in' Figure 11. Calibration of the 1501/1435 excitation

ratio in terms of absolute cytosolic pH values was thwarted by lack of data

concerning the specific cytosolic K+ concentration (see Materials and Methods).

The mean value for the cell K+ concentration was determined to be 77.5 mM.

However, a range of arbitrary K+ concentrations resulted in a series of parallel plots

when 1501/1435 excitation ratios were plotted against pH values from 2.5 to 9.0

(Figure 11). Consequently, it was possible to calculate changes in cytosolic pH

from changes in the 1501/1435 ratio within this range, but not absolute pH values.
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Figure 10 : Intracellular Changes in the 1501/1435 Excitation Ratio of BCECF

- Five million cells were initially incubated with 3 Jlm BCECF-AM for 30 minutes

- 200 000 cells were resuspended in 40 mM potassium phosphate buffer and
preincubated with nigericin (1 mg/ml) for approximately 20 minutes

- Continuous measurement of the excitation ratio 1501/1435 (observing emission at
527 nm) is shown

- The suspension was titrated with aliquots of 0.05 M H2S04 and the external pH
measured

- Cytosolic pH can be calculated knowing external pH and external and cytosolic
K+ concentrations

- Cytosolic pH can then be plotted as a function of 1501/1435 (Figure 11)
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Figure 11 : Intracellular Calibration of Changes in the Excitation Ratio of BCECF
in Units of pH

- The calibration curve was plotted after measurement of 1501/1435 and calculaton of
the cytosolic pH (see Figure 10) using a range of arbitrary cytosolic K+
concentrations

- The mean K+ concentration in Asparagus cells, using cell sap extraction, was
determined to be 77.5 mM; other K+ concentrations used represent those
measured in various other systems (Felle, 1988a)
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3. Measurement of Intracellular pH Decline in Response to Butyric
Acid

Butyric acid was shown to stimulate GABA production at pH 5.0 but not at pH

6.0 (Figure 5, Table 1). Possible changes in cytosolic pH in response to butyric

acid at pH 5.0 and 6.0 were therefore investigated (Figure 12). An initial rise in the

1501/1435 ratio was an artefact resulting from cuvette exposure to ambient light when

the fluorimeter lid was raised for butyric acid addition. At pH 5.0 the mean

reduction in cytosolic pH was 0.62 (± 0.06) units, with half of this reduction

occurring in approximately 2 seconds. At pH 6.0 the comparable values were 0.16

pH units and 2.5 seconds. Thus, when results at pH 5.0 and 6.0 are compared,

there appears to be a correlation between a large decline in cytosolic pH and the

rapid production of GABA (Figures 12 and 5). These data indicate that the pH

decline may precede the stimulation of GABA production. This result is consistent

with the proposal that a reduction in cytosolic pH is implicated in the rapid

stimulation of GABA production (Figure 8).
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Figure 12: Continuous Recordings of Cytosolic Acidification in Response to
Butyric Acid

- Five million cells were initially incubated with 3 Jlm BCECF-AM for 30 minutes

- 200 000 cells were resuspended in 2 ml of 5 mM MES buffer pH 5.0 or 6.0 as
indicated, stirred and maintained at 250C in the spectrofluorimeter cuvette

- 5 mM butyric acid (pH 5.0 or 6.0) additions were made as indicated

- average pH decline and t1/2 at each pH are indicated

- The experiments were repeated with three different cell suspensions making
duplicate measurements

- These data represent typical experimental results
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4. Measurement of Intracellular pH Decline in Response to H+/L
Glutamate Cotransport

GABA levels were shown to increase almost 10000/0 in response to

cotransport of H+/L-Glu- (Figure 5). A large decline in cytosolic pH was therefore

expected in response to this process. Addition of 5 mM L-Glu-, however, did not

result in a reduction in cytosolic pH as is shown in Figure 13. Regulation of

cytosolic pH, via glutamate decarboxylation or the H+/ATPase, may be 100%

efficient. To investigate the possibility of active pH regulation by the H+/ATPase,

oligomycin (10 Jl,g/ml - final concentration) and antimycin (0.4 JlM - final

concentration) were employed to inhibit its action. If this biophysical pH-stat

mechanism has a significant role in elevating a reduced cytosolic pH, then its

inhibition may induce a measureable pH decline upon addition of L-glutamate.

Both inhibitors were dissolved in ethanol. Ethanol added to the cell suspension

resulted in a slight acidification of the cytosol. However, subsequent addition of 5

mM L-Glu- did not stimulate acidification beyond the control level. Oligomycin and

antimycin addition also resulted in slight cytosolic acidification, but again,

subsequent addition of glutamate did not stimulate further acidification (data are

shown for oligomycin addition only). Thus, the biophysical pH-stat mechanism (via

the H+/ATPase) does not appear to have a significant role in pH regulation, as its

inhibition did not affect the extent of cytosolic acidification; regulation may be

completely due to the decarboxylation of glutamate to produce GABA. Inhibition of

glutamate decarboxylation using 1 mM AOA, a potent inhibitor of GAD in vivo

(Snedden et aI., 1992), followed by glutamate addition, did not result in cytosolic

acidification (data not shown). However, AOA will also inhibit the cotransport

process and as such, acidification, requiring neutralization by GABA production,

may have never occurred.
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Figure 13: Continuous Recordings of Cytosolic Acidification in Response to
H+/L-Glu- Cotransport

- Five million cells were initially incubated with 3 Jlm BCECF-AM for 30 minutes

- 200 000 cells were resuspended in 2 ml of 5 mM MES buffer pH 5.0, stirred and
maintained at 250C in the spectrofluorimeter cuvette

- addition of 5 mM L-Glu- did not induce cytosolic acidification

- ethanol was added as a control as indicated, followed by 5 mM L-Glu-

- 10Jlg/ml (final) oligomycin was added as indicated, followed by 5 mM L-Glu-

- O.4JlM (final) antimycin and 1mM AOA additions are not shown, but yielded the
same result as that obtained by oligomycin addition

- These data represent typical experimental results
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c. pH Decline and Stimulation of GABA Production

1. Intracellular Acidification and Stimulation of GABA Production in
Response to a Series of Weak Acids

To ensure that the phenomenon of GABA production and pH decline in

response to butyric acid is not specific to butyric acid, a series of weak acids were

used in conjuction with pH and GABA measurements (Table 2). Total GABA levels

were measured after a 5 minute incubation of 20 x 106 cells treated with or without

addition of 5 mM weak acids at pH 5.0 and 6.0. In response to butyric, acetic or

propionic acids, at pH 5.0, GABA levels rose from approximately 3 nmoles

GABA/1 06 cells (control) to 18.3 nmoles GABA/106 cells (treated) in each case.

The comparable values at an external pH of 6.0 were 2.5 nmoles GABA/106 cells in

response to butyric, 4.5 in response to acetic or 4.2 in response to propionic acid.

The same cell suspensions were used for pH measurements. At pH 5.0 the

cytosolic pH declined by 0.6 pH units in response to each acid and only 0.2 - 0.3

pH units at pH 6.0. Further, the time required for the pH to drop to half its maximal

value decreased as the length of the carbon chain of the weak acid increased. The

time ranged from 2 seconds (in response to butyric acid) to 10 seconds (in

response to acetic acid) at pH 5.0. At pH 6.0 the time ranged from 3 to 32 seconds.

DMO did not stimulate GABA production or cause a decline in pH to the same

extent as the other three weak acids, at either pH 5.0 or 6.0. DMO may not

permeate the cell membrane as quickly as the other weak acids (Espie and

Colman, 1981), or its dissociation may not be as complete since it has a pKa that is

less acidic than the pKa's of the other weak acids employed. Thus, it may not

acidify the cytosol after a short 5 minute incubation. The data indicate that at pH

5.0, treatment of these cells with a variety of weak acids resulted in a rapid decline

in cytosolic pH and stimulation of GABA production.
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Table 2: The Effect of Weak Acids on GABA Production and Acidification of
the Cytosol

Treatment pH 5.0 pH 6.0
5mM nmoles

~pH
nmoles

G'iBAI '/2 G'iBAI ~pH
seY210 cells sec 10 cells

Butyric Acid 18.28 0.62 2 ·2.45 0.25 3
(1.30) (0.06) (0.31 ) (0.40) (0.04) (0.84)

Acetic Acid 18.25 0.61 10 4.52 0.22 32
(2.39) (0.07) (0.07) (0.77) (0.04) (3.71 )

Propionic Acid
18.27 0.61 3 4.18 0.26 8
(1.88) (0.11 ) (0.47) (1.81) (0.04) (1.28)

DMO
5.46 0.19 10 4.00 0.15 9
(1.18) (0.03) (2.23) (1.19) (0.04) (2.03)

Control
2.88 2.63
(0.49) (0.36)

- Twenty million cells were suspendend in 5 ml of 5 mM MES buffer pH 5.0 or 6.0
and incubated at 2SC with light, aeration and constant stirring

- The 5 minute incubation began upon addition of the 5 mM weak acid
- The control sample had no weak acid addition
- The suspension was fractionated (see Methods) and the aqueous layer

analyzed for total GABA content
- For GABA analysis 3 separate cell suspensions were used with duplicate GABase

assays performed each time

- For cytosolic pH measurements, 200 000 cells, loaded with 3lJM BCECF, were
suspended at 25°C in 2 ml of 5 mM Mes buffer pH 5.0 or 6.0, at with constant stirring

- Additions were as for GABA determinations
- Excitation ratio (1501/1435) was followed measuring emission at 527 m
- For pH measurements 4 separate cell suspensions were used

- Brackets indicate standard error



2. GABA Production in Response to a Measured Acid Load

Knowledge of both a specific acid load and the corresponding increase in

GABA production permits calculation of the extent to which proton-consuming

GABA production may function in regulating intracellular pH. From radiolabelled

butyric acid uptake studies performed at pH 5.0 (Figure 14), 45 seconds appears to

be the point at which the maximum amount of butryic acid is accumulated by these

cells. The pKa of butyric acid is 4.8 and as such it is assumed that once inside the

cell (approximately pH 7.2) it will fully dissociate (HA---->H+ + A-). Therefore, the

amount of 14C-butyric acid uptake is also a measure of the acid load.

Subsequently, both GABA production and the acid load were measured on the

same stock suspension of cells after a 45 second incubation with 5 mM butyric

. acid, using unlabelled or 1-14C-labelled butyric acid, respectively. For GABA

determinations, 20 million cells were incubated at pH 5.0 in 5 ml of 5 mM MES and

total (intra- and extracellular) GABA was measured using the GABase assay. After

a 45 second treatment with 5 mM butyric acid, an average of 4.5 nmoles GABA/106

cells was produced (with controls deducted). For measurements of the acid load,

4.5 million cells were incubated in 1.025 ml of 5 mM MES at pH 5.0. A 75 JlI control

aliquot was removed prior to addition of 50 JlI of 1-14C-butyric acid (specific activity

1.11 X1 09 dpm/mmole). Aliquots of cell suspension (75 JlI each) were removed

over a period of 3 to 300 seconds and scintillation counting was used to measure

uptake into the cells. At 45 seconds the acid load was determined to be 10.1

nmoles H+/1 06 cells (with the blank deducted). Since for each GABA produced

one proton is consumed, the amount of the acid load countered by GABA

production could be determined. Table 3 indicates that at least 45% of the acid

load is accounted for by proton-consuming GABA production. Overlayed plots of

GABA production and H+ uptake (at pH 5.0) indicate that H+ uptake, and thus pH

decline, occured prior to the stimulation of GABA production (Figure 15). This
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result is consistent with the proposal that GABA production functions in pH

regulation.
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Figure 14: 1_14C-Butyric Acid Uptake by Asparagus Cells at pH 5.0 or pH 6.0

- 4.5 million cells were suspended in 1.025 ml of 5 mM MES pH 5.0 or 6.0 as
indicated

- a 75JlI control sample (blank) was removed and counted prior to addition of 50 JlI
of 1-14C-butyric acid

- 75 JlI samples were then removed at 3, 10, 20, 45, 90, 180 and 300 seconds and
washed prior to scintillation counting

- control values were deducted and a plot of butyric acid uptake over time was
constructed

- bars indicate standard error, each point is the mean of 3-5 separate experiments
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Table 3: Proton Consumption by GABA Production
after Butyric Acid Uptake

nmoles·106 cells-1

93

Exp't #

1
2
3
4

Butyric Acid
Uptake

11.60
7.81

11.68
9.16

GABA
Production

4.58
4.85
5.42
3.25

% H+
Consumed

39.48
62.10
46.40
35.48

X=45.87(5.86)

- for uptake determinations, 5 mM 14C-butyric acid was added to a
1ml (final volume) suspension of 4.17 million cells 5 mM MES pH
5.0

- for GABA determinations, 5 mM butyric acid was added to a 5 ml
(final volume) suspension of 20 million cells in 5 mM MES pH 5.0

- in both cases, samples were removed 45 seconds after butyric
acid addition

- standard error in brackets



Figure 15 : GABA Production and 14C-Butyric Acid Uptake as a Function of Time

- data are taken from figure 8 (time course of rapid GABA production in response to
butyric acid) and figure 14 (uptake of 14C-butyric acid)

- data shown are from experiments performed at pH 5.0 only

- see the figures 8 and 14 for complete data sets

- y-axis represents production of GABA in response to butyric acid addition or
uptake of 14C-butyric (ie. H+ uptake) as indicated

- bars indicate standard error, each point is the mean of 3-5 separate experiments
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D. Changes in Amino Acid Levels in Response to an Acid Load

If GABA production functions in regulating intracellular pH by proton

consuming a-decarboxylation of glutamate, it might be expected that glutamate

levels would decline as GABA levels increased. Amino acid levels were

determined for both control (untreated) and experimental (treated with 5 mM butyric

acid at pH 5.0 for 45 seconds) cell suspensions. Table 4 indicates that there was

an increase of 1.7 (± 0.4) nmoles GABA/106 cells after treatment and a decrease of

3.6 (± 1.7) nmoles L-Glu-/106 cells. The decline in glutamate levels is sufficient to

account for the observed increase in GABA levels. Except for glutamate and

GABA, concentrations of amino acids were not determined from the elution profiles.

However, the following percentage decreases were noted from the appropriate

peak areas: decreases in aspartate (11.5 ± 3.2%), alanine (13.1 ± 3.0%), tyrosine

(16.5 ± 10.8%
), and valine (22.3 ± 10.2%).
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Table 4: Changes in Glutamate and GABA Levels in Response to Butyric Acid

nmoles /1 06 cells

97

Amino Acid Control Treated Inc/ Dec 0/0 Change

22.1 (1.04) 18.5 (0.67) -3.6 (1.7)Glutamate

GABA 1.7(0.18) 3.4 (0.21) +1.7 (0.4)

-16.6 (1.8)

+99.2 (11.8)

- cells, at a density of 4 million cells / ml, were incubated in 5 ml 5 mM MES (pH
5.0) with (treated) and without (control) 5mM butyric acid

- after 45 seconds of treatment the suspensions were fractioned and the aqueous
fractions were dried and analysed using HPLC

- values shown represent intra- plus extracellular amino acid content

- a decrease is represented by (-) and an increase by (+)

- n=4, standard error in brackets



Discussion

1. GABA Production and Efflux

Using a variety of plant tissues, GABA production has been shown to

increase in response to anaerobiosis, H+/L-Glu- symport and a number of other

stress conditions (Reggiani et al., 1988; Menegus et al., 1989; Chung et al., 1992;

Wallace et al., 1984). These workers suggest that GABA production functions as

part of a biochemical pH-stat to elevate cytosolic pH in response to rapid and acute

acid stress. The present investigation confirmed a stimulation of GABA production

in Asparagus mesophyll cells in response to H+/L-Glu- cotransport. In addition, two

other potentially acidifying treatments, anaerobiosis and permeant weak acid

addition, were also shown to stimulate GABA production in Asparagus cells (Figure

5, Table 1).

GABA is produced by the a-decarboxylation of L-glutamate in a reaction

catalyzed by glutamate decarboxylase (GAD). This view is supported by the

production of GABA from pools of both endogenous glutamate and exogenous

14C-labelled glutamate (Wallace et al., 1984; Streeter and Thompson, 1972b). In

Asparagus cells, Chung et al., (1992) demonstrated the a-decarboxylation of L-

glutamate by observing labelled GABA production from 14C-U-L-Glu- and

unlabelled GABA production from 14C-1-L-Glu-. The route of GABA synthesis from

glutamate is also supported by the widespread occurrence of GAD (Okunuki, 1937;

Schales et al., 1946; Kulkarni and Sohonie, 1956). In this investigation, HPLC

analysis of amino acids showed that as GABA levels increased in response to

treatment of the cells with butyric acid, glutamate levels declined accordingly

(Table 4). This result provides further support for the hypothesis that glutamate is

the precursor of GABA.

The physiological significance of GABA in plant tissues may be to function

as a source of carbon and nitrogen in the biosynthesis of other amino acids. Tuin

and Shelp (1993, in press) report rapid utilization of newly synthesized GABA by
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the GABA shunt pathway. However, other studies have indicated large

accumulations of GABA in a variety of plant tissues in response to stresses

including anaerobiosis, temperature changes and mechanical manipulation

(Menegus et al., 1989; Reggiani et al., 1988; Streeter and Thompson, 1972a;

Wallace et al., 1984). In Asparagus cells, GABA was also shown to accumulate in

response to a variety of treatments which stimulated its production (Figure 5). Sixty

minute treatments of Asparagus cells with anaerobiosis, H+/L-glutamate

cotransport and a permeant weak acid, butyric acid at pH 5.0, resulted in increases

in GABA levels of 120%, 1000% and 430% respectively. This increased

production may be rapid, as indicated by a 300% increase in GABA levels after 15

seconds of butyric acid treatment (Figure 8). In the present study, treatments that

potentially acidified the cytosol resulted in stimulation of proton-consuming GABA

production. A lowering of cytosolic pH may stimulate the activity of GAD, pH

optimum 6.0 (Snedden et al.,1992), thereby stimulating an increased production of

GABA. In this case GABA accumulation may occur. Enzymes in the GABA shunt

pathway, following GAD, function optimally at pH 8-9 (Desmaison and Tixier, 1986;

Satyanaryan and Nair, 1986; Streeter and Thompson, 1972b), suggesting that

cytosolic acidosis may be a factor controlling utilization or accumulation of GABA.

Separation of the surrounding medium from the suspended Asparagus cells

permitted determination of the extra- and intracellular GABA, produced in response

to the above treatments. Rapid accumulation within the cells occurred in response

to these treatments. However, efflux of GABA was not observed in response to cell

permeant butyric acid until after a ten minute lag period (Figure 7). These data

suggest an intracellular threshold GABA concentration of 3.03 mM before efflux is

observed. Previously, increased GABA levels have been measured in intact

tissues, and therefore differentiation between extra- and intracellular

accumulations of GABA was not possible (Menegus et al., 1989; Streeter and

Thompson, 1972a; Reggiani et al., 1988; Wallace et al., 1984). In Asparagus cells
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incubated with L-Glu-, efflux of GABA has been shown to be specific and passive

(Chung et al., 1992). The present investigation demonstrated that efflux also

occurs in response to anaerobiosis and permeant weak acid addition (Figure 6,

Table 1). Efflux may be driven by the concentration gradient of GABA across the

membrane. However, the literature indicates little about the mechanism of GABA

efflux. One possibility is that GABA contained within vesicles is expelled by

exocytosis; another is efflux via a uniport. Neither the reason for efflux, nor the

mode of efflux are clear at present.

2. GABA Production and pH Regulation

GAD isolated from Asparagus cells has a pH optimum of pH 6.0, and its

activity was shown to increase significantly as pH was decreased from 7.0 to 6.0.

(Snedden et al., 1992). This is consistent with other reports suggesting a similar

pH optimum for GAD isolated from other plant tissues (Streeter and Thompson,

1972b; Satyanaryan and Nair, 1985; Tsushida and Murai, 1987). These data

suggest a possible pH-regulating role for the proton-consuming decarboxylation of

glutamate to GABA. Treatments thought to acidify the cytosol may reduce cytosolic

pH and thereby stimulate the activity of GAD, resulting in increased pH and

elevated levels of GABA.

If proton-consuming production of GABA, catalyzed by GAD, is to function as

a regulator of cytosolic pH, GABA synthesis should also occur in the cytosol.

Subcellular distribution studies suggest that GAD is a cytosolic enzyme (Dixon and

Fowden, 1961 ; Wallace et al., 1984; Satyanaryan and Nair, 1986). Further, studies

on cellular amino acid distribution indicate that over 500/0 of glutamate and GABA

are located outside of the vacuole (Wagner, 1979; Yamaki, 1982). The data

suggest that the cytosol is the location of the substrate glutamate, the enzyme GAD,

and may also be the site of GABA accumulation. The present study indicates a

reduced cytosolic pH in response to permeant weak acid addition (Figure 12).
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Measurement of pH changes resulting from potentially acidifying treatments

was required to ensure that the GABA production observed occurred subsequent to

a reduction in pH. The pH reduction should precede GABA production.

Fluorescence microscopy demonstrated that after a 30 minute preincubation, the

pH-indicating fluorescence probe, BCECF, accumulates in the cytosol of

Asparagus cells (Figure 9). Changes in intensity of the fluorescence probe

therefore reflect changes in the pH of the cytosol which is also the location of GAD

and glutamate. Addition of a permeant weak acid, butyric acid at pH 5.0, resulted

in a reduction of cytosolic pH of 0.62 units with a half time for the response of

approximately 2 seconds (Figure 12). This appears to be fast enough to account

for the rapid stimulation of GABA production (Figures 7) which shows an increase

of 280% beyond control values after 15 seconds of incubation with 5 mM butyric

acid. Espie and Colman (1981) used the DMO distribution technique to determine

that the intracellular pH of Asparagus cells is 6.95-7.21. A reduction of the cytosolic

pH by 0.62 pH units, in response to butyric acid, will therefore shift the cytosolic pH

toward the pH optimum of GAD (pH 6.0). These results support the hypothesis that

a reduced cytosolic pH stimulates L-glutamate decarboxylase activity, and that the

associated proton consumption reduces the extent of pH decline. Similar results

were obtained with acetic and propionic acids (Table 2).

Cells can actively regulate cytosolic pH by utilizing either active biophysical

or active biochemical pH-stat mechanisms, or a combination of both. A calculation

to determine the theoretical pH change in Asparagus cells in response to weak

acid uptake was made, assuming passive buffering but no active pH regulation.

The following information is known about Asparagus cells:

1. Cytosolic buffering capacity = 14.9 flmoles H+ / 1 ml protoplasm / pH unit

(Chung et al., 1992)

2. Cell volume (Vcell) =4.68 J,l1/1 06 cells (Chung et al., 1992)

3. Cytosolic volume (Vcyt) = 1o%VceII = 0.468 J,l1/106 cells (Espie and Colman,1981)
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The buffering capacity, in terms of cytosolic volume is therefore:

14 900 nmoles H+ / (1000ul/0.468J.11) X106 cells / pH unit

or, 6.97 nmoles H+ / 106 cells / pH unit

This study indicated an acid load of 10.1 nmoles H+/106 cells in response to a 45

second treatment of cells with 5 mM butyric acid at pH 5.0 (Figure 14). This

assumes that dissociation of butyric acid is virtually complete, so that each mole of

butyric acid taken up yields one mole of H+. This assumption is reasonable given a

pKa for butyric acid of 4.8 and a measured pH of Asparagus cells of 6.95-7.21

(Espie and Colman, 1981).

Therefore, the theoretical pH unit change can be calculated as follows:

(10.1 nmoles H+/106 cells) / (6.97 nmoles H+/106 celis/pH unit)

Or, 1.45 pH unit

A change of 1.45 pH units represents the theoretical pH change assuming no

active pH regulating mechanisms. However, this is greater than the pH decline

observed experimentally, 0.62 pH units, (Figure 12). This suggests that active pH

regulation occurred.

Compared to pH 5.0, addition of butyric acid at pH 6.0 resulted in a slower

rate of uptake (Figure 14), a much reduced decline in cytosolic pH (Figure 12) and

a small or negligible stimulation of GABA production (Figure 5). This may be due to

the decreased proton electrochemical gradient across the membrane resulting in

increased pH regulation by the outwardly directed H+/ATPase, or due to slower

uptake of the permeant weak acid. As stated previously, the contribution of each

pH regulating mechanism to pH homeostasis varies depending upon the acid load

and the individual plant. Some species, Neurospora crassa and Sinapis a1!la, can

maintain cytosolic pH in the short-term in the absence of H+ transport (Sanders and

Siayman, 1982 and Felle, 1987 respectively), whereas Mathieu et al., (1986)

concluded that in~ pseudoplatanus cells, proton transport and metabolic

consumption of protons contribute equally to cytosolic pH recovery after
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acidification induced by propionic acid uptake. Furthermore, Reid et al. (1989)

suggest that in chara corallina it is the externally directed, ATP-driven H+ pump

which functions most significantly to restore intracellular pH. Roberts et al. (1992)

demonstrated the temporal contribution of a variety of pH regulatory mechanisms in

hypoxic maize root tips. Restoration of cytosolic pH after the first ten minutes of

hypoxia was first observed as protons were actively pumped into the vacuole. This

biophysical form of regulation was followed by biochemical regulation involving

decarboxylation of malate from 15 to 35 minutes after hypoxia. Finally when all

other biochemical regulatory mechanisms were exhausted, more protons were

consumed by the decarboxylation of glutamate to GABA. The regulation of pH by

other pH restoring processes, such as malate decarboxylation or the H+/ATPase

pump, was not determined in the present study. Results presented here do

indicate that a variety of acidifying treatments stimulate GABA production. However

in some instances, eg. a smaller pH decline, GABA production was not stimulated.

This supports the hypothesis that stimulated GABA production does not occur until

a threshold acidic pH value is reached. Other pH regulating mechanisms may be

activated before this threshold is reached. Under reduced acid load GABA

production may not be stimulated until these other mechanisms have been

exhausted.

The contribution of proton-consuming GABA production to active pH

regulating mechanisms countering an acid load of 5 mM butyric acid at pH 5.0 can

be determined. After 45 seconds of butyric acid treatment (pH 5.0) the following

was known:

1. acid load is 10.1 nmoles H+/1 06 cells (Figure 14)

2. GABA production is 4.5 nmoles GABA/106 cells (Table 3)

Therefore, GABA production accounted for:

(4.5/10.1) X 100% =44.6% of the acid load imposed
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In addition, the contribution of passive buffering to pH regulation can also be

calculated:

1. buffering capacity =6.97 nmoles H+/106 celis/pH unit

2. pH decline = 0.62 pH units (Figure 12)

So, the number of protons required to shift the pH 0.62 pH units was:

6.97 X 0.62 =4.32 nmoles H+/106 cells

Therefore, passive buffering accounted for:

(4.32/10.1) X 100% = 43.1 % of the acid load imposed

The unaccounted protons are 10.1 - (4.5 + 4.32) =1.28 nmoles H+/1 06 cells.

Therefore, the amount of the acid load unaccounted for is:

(1.28/10.1) X 100% = 12.7% of the acid load imposed

Other pH regulating mechanisms such as malate decarboxylation or H+ efflux

catalysed by the H+/ATPase may have accounted for these protons. Thus, GABA

production appears to play an important role in pH regulation in Asparagus cells.

These data supports those authors who suggest that rapid GABA synthesis is

involved in pH regulation (Menegus et al., 1989; Streeter and Thompson, 1972ab;

Reggiani et al., 1988) and is not consistent with those suggesting the opposite

(Roberts et al., 1992). In calculating the theoretical pH decline in the absence of

active pH regulation, the contribution of GABA production in resisting an imposed

acid load, and the contribution of passive buffering to pH regulation, various

measurements, with their own sources of error, were employed. Consequently, the

values obtained must be regarded as rough estimates.

No recovery in cytosolic pH in Asparagus cells was recorded after treatment

with butyric acid (Figure 12). Intracellular pH recovery, following acidification, has

been demonstrated in~ pseudoplatanus cells in response to weak acids

(Guarn et al., 1986), in Riccia fluitans in response to weak acids and changing

external pH (Felle, 1991), and in Chara corallina in response to butyric acid (Reid

et aI, 1989). Lack of pH recovery in Asparagus cells may be due to the



establishment of a system that pH-clamps the cells (Model 1). Since the cell

volume (0.936 JlI/200 000 cells, Chung et al., 1992) is only 0.05% of the volume of

the extracellular medium (2 ml), there is effectively an unlimited supply of the

permeant species to maintain its equilibrium concentration inside and outside the

cell. Consequently, consumption or export of H+ will result in increased HA entry

and dissociation.

Model 1 : pH Regulating Mechanisms and pH Clamping
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Addition of 5 mM L-glutamate yielded an almost 1000% increase in GABA

levels after 60 minutes (Figure 5). Assuming GABA production functions in a pH

regulating manner, a significant pH decline in response to H+/L-Glu- cotransport

was also expected. Observed medium alkalinization in response to H+/L-Glu

cotransport would also suggest a corresponding cytosolic acidification

(McCutcheon et aI, 1988). However, no pH decline in response to L-Glu- addition

was measured (Figure 13). Calculations suggest that GABA production has a

significant role in elevating cytosolic pH by countering 450/0 of the acid load due to

butyric acid entry. It is possible that in response to H+/L-Glu- cotransport, active pH

regulation is 100% efficient. This regulation may occur via the decarboxylation of

the substrate, glutamate, and AlP-driven H+ efflux (Model 1). However, inhibition
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of the H+/ATPase with oligomycin or antimycin did not stimulate a pH decline in

response to the H+/L-Glu- cotransport (Figure 13). This may indicate that the

biophysical pH-stat, via the H+/ATPase, does not function significantly in pH

regulation. It is also possible that increased cytosolic L-Glu- levels in response to

the H+/L-Glu- cotransport stimulates GAD activity. Inhibition of GAD by addition of

AOA did not induce cytosolic acidification in response to the H+/L-Glu- cotransport.

AOA is a potent inhibitor of GAD, however it will also inhibit the cotransport process

(Snedden et al., 1992). Hence, if the cotransport is inhibited, no acid load is

expected. The relationships between H+/L-Glu- uptake, pH change and GABA

production requires further investigation.

3. Mechanism of GABA Synthesis

GABA is produced via the decarboxylation of L-glutamate in a reaction

catalysed by GAD. However, the mechanism by which this reaction is stimulated

during stress conditions is unclear. Although GAD has an acidic pH optimum,

GABA levels have been shown to increase in a variety of plant tissues after

treatments that are not expected to induce cytosolic acidification. For example,

Wallace et al., (1984) measured accumulations of GABA up to 2000% in response

to five minutes of cold temperature treatment or mechanical manipulation. Mayer et

al., (1990) reported a ten-fold increase in GABA levels in cowpea cells after

transferring the cells from 240C to 420C.

Conversely, anaerobiosis, which is known to result in cytosolic acidification

(Roberts et al., 1984), also leads to increased production of GABA in a variety of

tissues (Figure 5 and Streeter and Thompson, 1972a; Reggiani et al., 1988;

Menegus et al., 1989). In Asparagus cells, GABA production was also stimulated

by the addition of permeant weak acids (Figure 5, Table 2) which induce cytosolic

acidification (Figure 12, Table 2). If GABA synthesis is mediated by a decline in pH,

why is its production stimulated by treatments that are not expected to result in
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acidification? Perhaps mechanical manipulation causes physical disruption of

cellular compartments, possibly rupturing an acidic vacuole. Similarly, temperature

changes may physiologically reduce compartmentation or membrane integrity

(Berry and Bjorkman, 1980; Bernstam, 1978) resulting in leakage from an acidic

vacuole, cytosolic acidification, GAD stimulation and GABA production. Mayer et

al., (1990) indicate that the observed increase in the rate of GABA synthesis far

exeeds the expected increase in metabolic rate due to temperature changes alone.

He suggests that cytosolic acidification probably mediates the stimulation of GAD

under conditions of heat shock.

Alternatively, the mechanism of stimulation of GABA synthesis may involve

Ca2+. Cystosolic Ca2+ levels have been shown to rapidly increase in response to

cold shock and touch. The same treatments result in stimulation of GABA

synthesis. An influx of Ca2+ in response to a cold shock has been observed in corn

roots (Zocchi and Hansen, 1982) and rapid and transient Ca2+ increases in

response to both cold shock and touch were clearly demonstrated in transgenic

tobacco plants containing aequorin, a Ca2+-sensitive protein (Knight et al.,1991).

Cytoplasmic Ca2+ is known to act as a regulator and activator of many cellular

processes. Calcium signals are mediated by Ca2+ binding proteins such as

calmodulin or calcium-dependent kinases. These may activate GAD and

subsequently stimulate GABA production. A recent report has demonstrated a

calmodulin-binding domain on GAD isolated from petunia (Baum et al., 1993).

Treatments that result in cytosolic acidification and/or GABA production should be

examined to determine their effect on cytosolic Ca2+ levels in order to determine

whether GAD stimulation occurs in response to a low pH or through a Ca2+

mediated stimulation of GAD.

A relationship between low pH and increased Ca2+ has recently been

reported. Using a variety of plant tissues, fluorescent probes and confocal

microscopy, Gehring et al., (1990) observed a reduced cytosolic pH and
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subsequent increased cytosolic Ca2+ levels in response to application of the

growth regulator 2,4-dichlorophenoxyacetic acid (an auxin analogue). Felle

(1988a), using Riccia fluitans and~~ and double-barrelled microelectrodes,

also observed that a weak acid induced pH reduction increased Ca2+ levels. This

relationship adds another dimension regarding the mechanism of stimulation of

GABA synthesis. Cytosolic acidification may not directly stimulate GAD, but instead

act via a pH-dependent increase in Ca2+ concentration, which then mediates the

activation of GAD. The possible relationships between reduced cytosolic pH,

increased Ca2+ and stimulation of GABA production is presently being investigated

in Asparagus cells.

Model 2 combines acidification-induced GABA synthesis, stress-induced

Ca2+ increases, acidification induced Ca2+ increases, and stress-induced GABA

synthesis in a scheme suggesting three mechanisms which may stimulate GABA

production. It is not clear if one mechanism or a combination of the three functions

in the production of GABA.

Model 2 : Mechanisms that may Stimulate GABA Synthesis
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4. The Role of Rapid GABA Synthesis

The natural occurrence of GABA was first demonstrated in 1949 in potato

tubers (Steward et al., 1949) and later" in the mammalian brain in considerable

amounts (Kravitz, 1962). Subsequently the biochemistry and physiology of GABA

in the latter tissue were researched exhaustively. GABA functions as an inhibitory

neurotransmitter in the central and peripheral nervous system in vertebrates and

invertebrates. Extracellular GABA gates chloride channels and since the

extracellular concentration of chloride is higher than the intracellular concentration,

chloride ions enter the cell and the mem~rane becomes hyperpolarized. Hence,

the possibility of depolarization and excitation of the cell is reduced. In plants,

however, despite its widespread occurrence, the physiological role of GABA is not

clear.

The decarboxylation of glutamate to produce GABA is a proton consuming

reaction and the enzyme catalyzing this reaction has an acidic pH optimum.

Further, it has been demonstrated that GABA accumulates during anaerobiosis

(Figure 5; Reggiani et aI., 1988; Menegus et al., 1989; Streeter and Thompson,

1972a) and addition of permeant weak acids (Figure 5, Table 2). Cytosolic

acidification occurs in response to these treatments (Roberts et al., 1984; Figure 12,

respectively). It has been suggested that the decarboxylation of glutamate

functions in a biochemical pH-stat mechanism to reduce the extent of cytosolic

acidification. The contribution and timing of GABA production to pH regulation may

vary depending on the tissue and treatment. However, in Asparagus cells treated

with butyric acid, rapid GABA production was observed (Figure 8) and calculations

from this data demonstrate that this proton-consuming decarboxylation accounted

for a significant portion of the acid load (45%, Table 3). It appears that in these

cells GABA production has an important role in pH regulation in response to

cytosolic acidification.
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The studies mentioned above demonstrate the production and accumulation

of GABA in response to treatments that induced cytosolic acidification. However,

other studies have also demonstrated large accumulations of GABA in response to

temperature changes and mechanical manipulation. Although it is not clear if

these treatments also result in cytosolic acidification prior to the production of

GABA, it is clear that GABA does accumulate by some mechanism in response to a

variety of stresses. A recent report however has demonstrated the rapid utilization

of newly synthesized GABA by the GABA shunt pathway, in developing soybean

cotyledons (Tuin and Shelp, 1993 in press). This pathway may provide an

alternative route for the utilization of glutamate nitrogen and entry of GABA carbon

into the Krebs cycle. Tuin and Shelp suggest that since 14C-GABA was rapidly

metabolized, the decarboxylation of glutamate is a normal route for glutamate

metabolism and not a response to stress. In Asparagus cells, cytosolic acidification

with weak acids resulted in the accumulation of GABA (Figures 5, Table 2).

Treatment of isolated cells with weak acids was shown to lower the cytosolic pH

(Figure 12, Table 2) towards the pH optimum of GAD and away from the more basic

pH optima of the other GABA shunt enzymes. Thus a reduced pH may stimulate

GABA synthesis and inhibit its utilization.

In animal cells GABAhas a role as an extracellular signal. It gates chloride

channels in the central nervous system. In Asparagus cells, GABA was shown to

accumulate in response to acidifying treatments (Figure 5) and then leave the cell

(Figures 6,7). This is the first study to demonstrate GABA efflux in response to

acidification. GABA may function as an extracellular signal synthesized in

response to plant cell stress. In response to a variety of potentially acidifying

treatments, different amounts of GABA were produced (Figure 6). Efflux of GABA

did not occur until a threshold concentration of 3.03 mM was reached (Figure 7)

and it appears that the greater the amount of GABA produced _in reponse to each

treatment, the greater the amount of GABA located extracellularly (Figure 6, Table
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1). It may be that GABA production is a monitor of the stress and the greater the

stress, the greater the need for efflux of GABA. Production of GABA, in response to

a stress, may function as an extracellular messenger denoting stress. Efflux may

regulate some plasma membrane function in adjacent cells.

In soybean leaf tissue, gentle rolling or crushing induced rapid accumulation

of GABA (Wallace et al., 1984). This type of mechanical manipulation may simulate

the stress resulting from the feeding of phytophagous insects. GABA is an

inhibitory neurotransmitter in insects (Walker et al., 1980) as in vertebrates.The

GABA receptor on chloride channels is the site of action of some pesticides

(Casida, 1993). Hence it is possible to speculate that feeding-induced GABA

production may be part of a defense mechanism against plant-eating insects.
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Conclusions

The possible role of L-glutamate decarboxylation to GABA in a postulated

cellular metabolic pH-stat mechanism was investigated in isolated Asparagus

sprengeri Regel mesophyll cells.

1. GABA levels increase in response to a variety of potentially acidifying treatments

including anaerobiosis, addition of L-glutamate and permeant weak acids.

2. Efflux is observed in response to cell permeant butyric acid after an approximate

1000 % increase of GABA within the cell. As GABA synthesis proceeds a greater

proportion leaves the cell.

3. Permeant weak acids cause the cytosolic pH to decline by approximately 0.6 pH

units.

4. The pH decline observed is rapid enough to account for the rapid stimulation of

GABA production.

5. GABA production accounts for at least 450/0 of the acid load occurring 45

seconds after addition of cell permeant butyric acid.

The data support the suggestion that GABA production functions in resisting

cellular acidification.
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