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SUMMARY

The state 3 respiratory rates of isolated pea leaf and

cauliflower mitochondria were found to be sensitive to

changes in the external ATP/ADP ratio. fncreases in

the ratio led to decreases in the state 3 respiratory

rates. ' The sensitivity of Lhe control, however, v/as

found to be markedly influenced by the total concentrat-

ion of adenylates (ATP + ADP) present, i-ndicating that

respiration by plant mitochondria is regulated, not by the

value of t.he external ATP/ADP ratio, but by the absolute

concentration of ADP available for uptake j-nto the mito-

chondria. For the range of adenylate levels examined

(based on published 1eve1s in leaf tissue), little

effect on respiration was observed unless the value of

the ATP/ADP ratio exceeded approximately 20. Decreasing

the concentration of both magnesium and phosphate 10-

fold had lit.tle effect on the respiratory response of

mitochondria to changes in the ratio. l{hen these results

are compared to measurements of in vivo ratios in light-

treated leaf tissue it is concluded that if mitochondrial

respiration is inhibited in the light, some mechanism

other than changes ín the ATP/ADP ratios must be

responsible.

Glycine oxidation by pea leaf mitochondria under bot,h

state 3 and state 4 conditions, as measured with an

ammonia elecLrode, was unaffected by the presence of

other respiratory substrates which compete at either

(2)
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the NAD level (e.g. malate, 2-OG) or respiratory chain

leve1 (e.g. succinate, NADH). The measured rate of 0,

uptake under these conditions l¡/as lower than would be

predicted on the basis of a summation of the individual

substrate rates,indicating that the oxidation of these

other respiratory substrates had been inhibíted. External

NADH oxidation was found to be particularly sensitive

to compet.ition from not only glycine,but also malate,

2-oxoglutarate and succinate. Re-oxidation of glycine

NADH could also be achieved through the reversal of

malate dehydrogenase in the presence of 0AA, however,

this capacity could be demonstrated equally well for a1l

NAD-linked substrate dehydrogenases present in the mito-

chondria, with no apparent preference for the NADH generated

by glycine oxidation. The results demonstrate that a

mechanism exists in pea leaf mitochondria for the pre-

ferential oxídation of glycine via the respiratory chain.

Tissue measurements suggest that the rate of glycine

oxidation via the respiratory chain in vivo (20-30 ¡tmol

-'t -1C0, evolved mg -Chl h ') is barely adequate to account

for estimated rates of photorespiratory flux (25-35 Umol

-1 -1CO, evolved mg-' Ch1 h ') , however, it appears that the

límitation lies at the absolute level of glycine de-

carboxylase activity and not \^tith the oxidative capacity

of the respíratory chain.

The addition of glycine Èo pea leaf mitochondria oxidizing

malate in state 3,1ed to a marked increase in the rate

(3)
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of 0^ uptake. Other NAD-linked substrates (citrate,¿'
2-0G) hor'¡ever, had little ef f ect on the rate of 02

uptake in the presence of malate. Further investigat-

ion revealed that citrate and 2-0G were inhibiting

malate oxidation directly, most probably through the

exchange of malate out of the mitochondria during their

uptake. Glycine was also found to stimulate the state

4 rate of O, uptake in the presence of malate. Similarly.'

malate could be shown to stimulate the state 3 and state

4 rates in Èhe presence of glycine. The second-substrate

mediated increases in the staÈe 4 rates were not due to

increases in the rate of 0, uptake via the alt.ernate

pathway.

The rotenone-insensitive state 3 rates of

malate and glycine oxj-dation by freshly isolated mito-

chondria could be stimulated by the addition of NAD.

However, these NAD-limited rotenone-insensitive rates

could also be stimulated by the addition of a second

NAD-linked substrate. Experiments with NAD-depleted

mitochondria showed access of glycine decarboxylase

to the rotenone-insensitive bypass to be much more

sensitive to NAD loss than the malate enzymes, malate

dehydrogenase and malic enzyme. The results presented

strongly contradict previously accepted models of a

uni-form distribution of enzymes within mitochondria,

with access to a common NAD pool, and suggest that

glycine decarboxylase and the malate oxidizing enzymes

may have differential access, both in terms of size

and location, to NAD within pea leaf mitochondria.
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(4) fntact isolated chloroplasts from pea leaves carried out

light dependent (NH3, 2-0G) and (glutamine, 2-OG)-

dependent 0, evolution at rates of 3.3. X O.7 (n = 7)

and 6.0 t 0.4 (n = 5) ¡rmol rg-1 Cnf h-l .e"pecrively.

Malate stímulated the rate of (NH3, 2-0G)-dependent O,

evolution 2.I ! 0.5 (n = 7) fold in the absence of

glutamine, and 3.3 t 0.4 (n = 11) fold in the presence

of glutamine. Malate also stimulated (glutamine, 2-OG)-

dependent 0, evolution in the presence of a high concent_

ration of glutamine. The affinity (Kå) of (NHr, glu_

t.amine, 2-0c)-dependent 0, evolution for 2-OG was

estimated at 200-250 UM in the absence of malate and

50-80 pM when malate (0.5 mM) was present. In contrast

to malate and various other dicarboxylates, aspartate,

glutarate and glutamate did not st,imuiate (NHr, glu-

tamine, 2-0c)-dependent 0, evolution by isolated pea

chloroplasts. similar results to those above were also

obtained with spinach chloroplasts except that, in con_

trasÇ to pea chloroplasts, glutamine had no effect on

the degree of stimulation, by malate, of (NHr, 2-OG)_

dependent 0, evolution. Using both in vitro assays and

reconstituted chloroplast systems, malate was shown to

have no direct effect on the activities of eibher g1u_

tamine synthetase or glutamate synthase. rt is proposed

that malate stímulates 0, evolution by increasing the

rate of 2-0G uptalce into the chloroplast.
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The concentrati-on of malate required for maxi-

mal stimulation of O, evolution was dependent on the

concentration of 2-0G present. However, the small

extent of the competition beLween malate and 2-0G for

uptake, r¡as not consistent with that predicted by the

current I single carrier t model proposed for the uptake of

dicarboxylates into chloroplasts, and may indicate the

exisLence of two separate dicarboxylate'carriers in the

chloroplast envelope.

A reconstituted chloroplast system was developed for

the measurement of. in vìtro glutamate synthase (GOGAT)

activity. GOcAT-dependent 0, evolution in the re-

constituted system required added ferredoxin (Km 0.9 UM

and was inhibited by DCMU and azaseri-ne. No 0, evol-

ution was observed in Lhe absence of either glutamine

or 2-oxoglutarate. The system demonstrated a broad

pH optimum with a peak at pH 7.6 and also displayed

an absolute requirement for the presence of divalent

cations, in particular ¡lg2* . This requirement could

not be attributed to the photosynthetic electron

transport chain as shown by Èhe high rates of NADP-

dependent 0, evolutíon in the absence of these cations.

Maximal rates of activity were ontry observed following

pre-incubation with 2-0G, with the time requlred for

fu1l activation being dependent on the concentration

of 2-0G added.
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up to BO7" of total cellular hexokinase activity in pea

leaves was found to be associated with particulate

fractions. Fractionation on sucrose density gradients

showed this particulate activity to be associated

exclusively with mitochondria. In the presence of glu-

cose and ATP, the bound mitochondrial hexokinase could

support rates of O, uptake of up to 30% of normal ADP-

stimulated rates. This stimulaÈion of 0, uptake by

hexokinase h¡as completely sensitive to oligomycin'

indicating that it resulted from an increase in the

supply of ADP for mitochondrial oxidative phosphory-

lation. Spectrophotometric measurements of the mito-

chondrial hexokinase actj-vity showed that ADP could

support rapid rates of activity provided oxidizable

substrates were also present to support the conversion

of ADP to ATP in oxidative phosphorylation. Mitochond-

rial hexokinase demonstrated a slightly higher affinity

for. and V with, ATP produced via oidative phosphory-' max

lation in comparison to added or external ATP. carboxy-

atractyloside, an inhibitor of mitochondrj-a1 adenine

nucleotide uptake; inhibited this ADP-supported activity'

but had no effect on hexokinase activíty in the presence

of added ATP, demonstrating that the hexokinase enzyme

was l0caÈed external to the inner mitochondrial membrane.

Glucose (Km 53 pM) was the preferred substrate of pea

leaf mitochondrial hexokinase compared to fructose

(Km 5.1 mM). Hexokinase was not solubilized in the

presence of glucose-6-phosphate.
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CHAPTER I
GENERAL INTRODUCTION

1.1 Photorespiration: deffnition and significance

Photcrespiration in its símplest form refers to the light

dependent evoluti-on of CO, and uptake of O, in photosynthetic cells,

which results from the operation of a metabolic pathway separate

from mitochondrial or tdarkt respi-ration. This paLhway is, in fact,

a cycle of enzymic reactions involving chloroplasts, peroxisomes and

mitochondria. The photorespiratory cycle is obligatorily linked to

the photosynthetic carbon reduction cycle (I-orimer and Andrews, 1981)

through the common initj-al substrate, ribulose-l,5-bisphosphate

(RuBP) as illustrated in Fig. 1.1. RuBP carboxylase can react rn¡ith

CO, in the normal photosynthetic process to form 2 molecules of 3-

phosphoglycerate or alternatively with 02, to form 1 molecule each

of 3-phosphoglycerate and the photorespiratory substrate, phosphogly-

colate. The remaining reactions of the photorespíratory cycle then

act to recycle the carbon trapped in phosphoglycolate, back into the

PCR cycle.

Photorespiration is 
.of 

greatest significance in C, Plants

and may attain rates of 15-50% of net photosynthesis, depending on

the species and the method of measurement (Ze1itch, 1975' 1979;

Canvin L979; Somerville and Somerville, f9B3). It is likely that

CO plants also photorespire, but at a much reduced rate due to the

special anatomical features of CO leaves (Edwards and Huber, 1981).
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At preseni there is much conjecture as to the role of photo-

respiration in plants (Lorimer and Andrews, 1981). Osmond and

Bjorkman (1972) proposed that photorespiration may provide a mechan-

ism for the orderly dissipation of excess photochemical energy

absorbed by the light-harvesting apparatus, under conditions of

limiting C0, e.g. following stomatal closure during water stress.

Alternatively, it has been suggested that photorespiration is an

unavoidable consequence of the active site of RuBP carboxylase which

rvil1 bind both C0, and 0, (Lorimer and Andrews, 1973).

rrrespective of whether the oxygenase reactlon of RuBp

carboxylase is essential or unavoidable, the photorespiratory path-

way has important ramifícations, not only for photosynthetic metabol-

ism, but also for respiration and nitrogen assimilation. During

photorespiratory glycine metabolism, NADH and NHa may be produced

at rates of up ro 3 (Ludwig and canvin, r97r) and 10 fold (Miflin

and Lea, 1980; Lorimer and Andrews, 1981) respectively that nornally

arising from fdarkr respiration or primary nitrogen assimilation.

rt is therefore of considerable importance to understand how the

subsequent metabolism of these two photorespiratory products is in-
tegrated with the primary metabolic processes of the cel1.

t.2 The biochenistr y of the photoresoi ratory cycTe

Numerous revi_ews have appeared on this topic (Ze1itch,

1975; Schnarrenberger and Fock, 1976; chollet, rg77; Tolbert rg7g,

1980; Keys, 1980; Lorimer and Andrews, 1981; Lorimer, 1981; Osmond,

1981; vJallsgrove et a7. 1983). I,r/har follows is an overview of the
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current information on the biochemical basis of the cycle. Separate

sections wíll be devoted to those aspects of the cycle ruhich have

particular relevance to my studies. A general outline of the photo-

respiratory carbon cycle is given in Fig . 1.2. It can be seen that

of the 4 carbons which leave the chloroplast (as two glycolate mole-

cules), three are returned in the form of a glycerate molecule and

one is lost as C0, during glycine decarboxylation in the mitochondrj-a.

1.2.L. The initiaT oxygenase reaction

The initial step of the photorespiratory pathway involves

the addition of O, to RuBP by the enzyme RuBP carboxylase. This

causes a cleavage betrveen carbons 2 and 3 of RuBP (Pierce et a7.

1980) producing a molecule of phosphoglycolate and a molecule of

3-phosphoglyceraLe (Borves et a7. I97I; Lorimer et a7. 1973).

Both C0, and 0, bind at the same active site on the RuBP

carboxylase enzyme (Lorimer and Andrews, 1981) and therefore, the

relative rates of carboxylation or oxygenation will be regulated by

the concentrations of each species around the active site. The

enzyme exhibits a much higher affinity for C0, i.e. Km of 10-20 uM

(Jensen anrl Bahr, 1977) than for OZ i.e. Km of 400-500 uM (Tolbert,

1980). Even so, the high O2/CO2 ratio which is present at the active

site (Ku and Bdwards, I977a) results in phosphoglycolate production.

The competition between C0, and 0, is further exacerbated at higher

temperatures due to a larger decrease i-n C0, solubility relaÈive to

0, (Ku and Edrvards, 1977a) and to alterations in the kinetic proper-

ties of RuBP carboxylase favouring oxygenation more so than carboxy-
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lation (Badger and Andrews, I974; Laing et a7. I974). Consequently,

photorespiratory activity in C, plants is increased at higher

temperatures (Ku and Edwards, 1977b).

This is not the case f or CO species horvever, which grorrr

most efficiently at these elevated temperatures. Photorespiration is

significantly reduced in CO plants because the C0, concentration at

the actíve site of RuBP carboxylase, is 5-6 times that achieved by

equilibrium with Èhe atmosphere (Rathnam, I97B). Carbon dioxide

is fixed initially in the mesophyll cel1s by phosphoenolpyruvate

carboxylase and then transported, in the form of a dicarboxylic

acid, to the bundle sheath ce11s where it is released and subsequently

refixed by RuBP carboxylase (Edrvards and Huber, 1981). This COr-

concentrating mechanism, combined with an apparently high diffusive

resistence of bundle sheath cel1 wa1ls to 0, (Edwards and Huber, 1981)

maintains a high CO2/O2 ratio at the active site and minimizes the

oxygenase reaction.

The next step in the photorespiratory cycle involves the

conversion of phosphoglycolate to glycolate, within the chloroplast

(Douce et a7. 1973), by the enzyme phosphoglycolate phosphatase.

The role of this enzyme in photorespi-ratory metabolism is well

demonstrated by the inability of Arai>idopsis mutants, deficient in

phosphoglycolate phosphatase, to grow in normal air. These mutants

could only survive under COr-enriched conditions (Somerville and

Ogren, 1979). This enzyme demonstrates similar regulatory character-

istics to some of the PCR cycle enzymes (Robinson and l,lalker, 1981),

in that it requir"s Mg2+ for activation (Christeller and Tolberr,



5

2+1978). Light-dark regulalion may be involved as the Mg concen-

tration of the stroma changes during light-dark transitions

(Barber , 1976).

I .2,2. 'GTycoTate metaboTisn

The movement of glycolate from the chloroplast to

the peroxisome is still the subject of some debate. Takabe and

Akazawa (1981) have suggested that glycolate movement across the

chloroplast envelope is via diffusion, while the data of Howitz

and McCarty (1982, 1983) indicate the existence' r,ríthin the outer

membrane of a specific glycolate transporter which is competitively

inhibited by glycerate and glyoxylate. If a specific glycolate

carrier is present in the chloroplast membrahe, it is unlikely to

catalyse a glycolate/glycerate exchange in vivo based on (a) the

recent findings of Robinson (1982a,b) of the existence of a specific

glycerate transporter and (b) because the stoichiometry of the

exchange requi-res EhaL 2 nolecules of glycolate be exchanged for

every 1 glycerate molecule taken up by the chloroplast.

Once in the peroxisome, glycolate ís oxidised to g1y-

oxylate by glycolatq oxidase. This reaction leads to the uptake

of O, and the production of HrO, rvhich is then further broken down

to HrO ancl O, by the action of peroxisomal catalase. Glycolate

oxidase, purified from pumpkin cotyledons, demonstrated a Km

(glycolare) of 0.33 mM and a Km (Or) of 76 UM (Nishimura et al. 1983).

Inhibitíon of glycolate oxidase in leaf tissue with 2-hydroxy-3-
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butynoate lecl to an accumulation of glycolate and an inhibition of

photosynthesis (Kumarsinghe et a1. 1977; Servaites and Ogren, 1977;

Jenkins et a7. I9B2). In contrast, Oliver and Zelitch (1977) re-

ported that the addition of potassium glyoxylate to leaf tissues led

Lo a marked stimulation of photosynthesis through an inhibition of

glycolate synthesis and proposed this as a method for the metabolic

regulation of photorespiration. It has subsequently been shotvn

however, that this stimulation could be duplicated with KC1 and that

the effect of glyoxylate was not related to photorespiratory metabolism

but was due to a salt mediated increase in the availability of C0,

through decreased stomatal resistance (Madore and Grodzinski, 1983).

Glyoxylate has also been reported to inhibit CO2 fixation

by isolated chloroplasts (Oliver and Zelitch, 1977). This inhibit-

ion has been attributed to a number of factors including (a) an in-

hibition of ribulose-l,5-P, carboxylase activity (Cook and Tolbert,

l9B2) (b) NADPH depletion through the operation of chloroplastic

NADP-glyoxylate reductase (Mulligen et a7. 1983; Lawyer et a7. 1983)

or (c) glyoxylate acting as a weak acid and causing acidification of

the stromal compartment (Mulligen et a7.,1983; Lawyer et a7. 1983).

It is questionable however, whether such a regulatory system would

operate in vivo as glyoxylaEe is not found to accumulate appreciably

during photosynthesis (Lawyer and Zelitch, 7979; Somerville and Ogren

1981; Peterson L9B2a).

Various pathways have been proposed for the further metabol-

ism of glyoxylate in leaf tissue. Glyoxylate can be oxidized to for-

mate and C0, in a non-enzymic reaction with H202, in either the
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peroxisome or the chloroplast (see Fig. 1.2; Zelitch, 1972;

Grodzinski and Butt, 1976; Grodzinski 1978, 1979; 01íver, 1979) and

it. has been suggested that this form of COt release may account for a

significant proportion of the C0, evolved in the photorespiratory

process (Oliver, 1979). Recent work with Arabidopsis mutants

(Somerví11e and Ogren, 1981), soybean mesophyll cel1s (Oliver' 1981)

and isolated spinach and pea protoplasts (Chang and Huang, 1981;

Walton and hloolhouse, 1983) however, suggest that this source of CO,

will be of little significance in vivo (i.e. < 2.57. of the total

photorespiratory CO, evolution) unless there is a shortage of amino

donors required for the major pathway of glyoxylate metabolism in

peroxisomes.

This major pathway,as shown in Fig. I.2,invo1ves the aminat-

ion of glyoxylate to glycine and involves the operation of 2 separate

aminotransferase enzymes: glutamate-glyoxylate aminotransferase (GGAT)

and serine -glyoxylate aminotransferase (SGAT). The involvement of

these enzymes is confirmed by the inhibit.ory effects of aminotrans-

ferase inhibitors on photorespiratory metabolism (Jenkins et a7. 1983).

Each aminotransferase is highly specific for glyoxylate and the res-

pective amino donor, and the reactions are physiologically irreversible

in the direction of glycine formation (Nakamura and Tolbert, 1983).

The peroxisomal activity of both SGAT and GGAT are also found to be

light-inducible (Noguchi and Fujiwara, 1982).

It can be seen in Fig . I.2 that one amino group is effect-

ively recycled within the cycle itself from serine + glyoxvlate ->

glycine + serine and back to glyoxylate again, while the other amino group

is losL as NH, during glycine decarboxylation in the mitochondria.
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This NH, must be re-assimilated to form glutamate as it is required

for the transamination of the second of the glyoxylate molecules. It

is necessary to aminate two glyoxylate molecules at this step as two

glycine molecules are required for the formation of one serine mole-

cule.

It is clear from the evidence of l¡/alton and Butt (1981) that

serine is the preferred amino donor to glyoxylate in the aminotrans-

ferase reaction. They showed that (a) SGAT activity in spinach beet

peroxisomes was greater than GGAT activity, (b) at 1ow glyoxylate con-

centrations, SGAT was saturated at much lower serine concentrations

than the concentration of glutamate required to saturate GGAT and (c)

GGAT was competitively inhibited by serine, but glutamate had 1itt1e

effect on SGAT activity. Such a system r.¡ould ensure that carbon flow

throughthephotorespiratorycycle\^IaSnotheldupattheserineStep'

through an over utilization of glutamate as the amino donor in pre-

ference to serine. In this,way the role of glutamate would be as a

supplèmentary amino donor only (Walton and Butt, 1981).

Glutamate-glyoxylate aminotransferase is also found to

catalyse alanine-glyoxylate aminotransferase activity (Rehfeld and

Tolbert, lg72; Noguchi and Hayashi, 1981; Nakamura and Tolbert, 1983).

Indeed, rates of glyoxylate amination by this aminotransferase enzyme

may be higl-rer in the presence of alanine than in the presence of glu-

tamate (Noguchi and Fujiwara, L9B2; lnlalton, 1983). Alanine is present

in large quantitíes in leaf tissue (chapman and Leech, 7979) and,as

such,may represent an alternative donor to glutamate in this step

(Betsche, 1983a; Nakamura and Tolbert' 1983).
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L.2.3 GTvcine decar boxvTation

Glycine is oxidatively decarboxylated Éo serine in the

mitochondria in a two enzyme step (shown below) involving glycine

decarboxylase (step 1) and serine hydroxymethyl transferase (step 2)

(Bird et a7. 1972; i'/oo and Osmond, 1976; Moore et a7. 1977; I^/oo, 1979).

The stoichiometry of the reaction is such that 2 molecules of glycine

are metabolised to form 1 molecule of serine. Mutants of Arabidopsis'

lacking mitr¡chondrial serine hydroxymethyl transferase, are unable to

metabolise photorespiratory glycine (Somerville and Ogren, 1981).

(1)

(2)

glycine + NAD+ + FH4: COr+ NH, + methylene-FH' + NADH + H+

glycine * methylene-FH' + H2O G=- serine + FH4

Net: 2 glycine + NAD+ + H2O

The mechanism of glycine uptake into the mitochondrion is

most probably via diffusion (Arron and Edwards, 1980a; Day and tr/iskich

19BO; Proudlove and Moore, I9B2; Moore et a7. 1983) despite some

reports that uptake is carrier-mediaLed (Dench et. a7. I97B; \,rlalker

et a7. I9B2a). Non-photosynthetic tissues show 1ittle capacity to

oxidize glycine (Gardeström et af. 1980). Arron and Edwards (1980b)

observed a light-induced development of mitochondrial glycine oxidat-

ive capacity in sunflower cotyledons, which paralleled increases in

the activity of glycolate oxidase. Mitochondria isolated from bundle

sheath cel1s of some CO species oxidized glycine, but at a reduced

rate compared to C, species, while mitochondria of CO mesophyll cells

showed litÈle or no glycine oxidative capacity (1,/oo and Osmond ' 1977;

Rathnam, 1979).

Glycine decarboxylase was inhibited by Ísonicotinyl hydra-

zine, glycine hydroxamate, and amínoacetonitrile (Lawyer and Zelitch,
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1979; Usuda et a7. 1980). It has also been reported that the activit-

ies of glycine decarboxylase and serine hydroxymethyl transferase are

inhibited by glyoxylate (Peterson, 1982b) horvever, the concentrations

of glyoxylate required for significant inhibitions are unlikely to be

reached in vivo.

Studies v/ith glycine decarboxylase from both animal tissue

and bacteria (Kíkuchi, L973) have shown it to be a multienzyme complex

comprised of four catalytic proteins, together with the cofactors

pyridoxal phosphate,FAD and tetrahydrofolate. Investigations into the

structure of plant glycine decarboxylase have been made difficult by

the sensitivity of this enzyme to mitochondrial membrane breakage (hloo

and Osmond, 1976; Moore et a7. 1977). Recently, an active preparation

of glycine decarboxylase has been obtained from pea leaf mitochondria

(Sarojini and Oliver, 1983). The cofactor requirements of the glycine

decarboxylase enzyme indicated that the plant system rnay involve a

reaction sequence or complex of enzymes similiar to that of the

animal or bacterial systems. The enzyme exhibitecl an apparent Km

(glycine) of 1.7 mM which compares with the measurements of 1-2 mM

made for glycine oxidation with isolated intact mitochondria (Moore

et a7. 1977; Day and Wiskich, 1981)-

Measurement of tissue rates of glycine clecarboxylase activity'

based on mitochondrial activities corrected for breakage rlrtring iso-
_1 -1lation, yield rates of 25-46 Umol C0, evolved mg ' Chl h - (lnloo and

Osmond, 1976; Day and ü/iskich, 1981). These rates are only just

sufficient to account for the most widely accepted estimates of photo-

respiratory COrrelease i.e. 25-35 Umol CO, rg-1 Ctt t-1 (Ludwig and

Canvin, I}TI; DrAoust and Canvin, 1973; Mahon et a7. 1974) and
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it has been suggested that these rates may represent overestimations

of the true photorespiratory flux through the glycine decarboxylase

step (Day and hliskich, 1981). Conversely, ít has also been pro-

posed that these values are, in fact, underestimations of the true

photorespiratory flux (Zelitch, 1979) since they do not account for

the potential refixation of photorespired CO, within the 1eaf, which

may be of the order of 3O7" or higher of that produced (Fock et a7.

1979; Somerville and Somerville, 1983).

r .2.4. The conversion of serine to ohosoh oøTvcerate

Serine is deaminated to hydroxypyruvate by SGAT in the

peroxisome as discussed in section 1.2.2. llydroxypyruvate is then

reduced to glycerate in the peroxisome by the action of NAD-Iinked

hydroxypyruvate reductase. This enzyme has been purified from

cucumber cotyledons and found to have Km for hydroxypyruvate and

NADH of 62 and 5 UM respectively (Titus et a7. 1983). Hydroxypyru-

vate reductase also catalysed the NAD-linked reduction of glyoxylate

to glycolate, however, the Km (glyoxylate) of 5.7 mM suggests this

enzyme would not be utilised for glyoxylate reduction in vivo

(Titus et a7. 1983).

The source of NADH for hydroxypyruvate reduction is still

unresolved. Peroxisomes conLain large quantities of NAD-malate

dehydrogenase (Yamazaki and Tolbert, I97O; Schmitt and Edwards,

1983a) which could generate the NADH for this reaction. I{owever,

both mitochondria (lrloo and Osmond, 1976; Journet et ai. 1981) and

chloroplasts (Tolbert, 1980) have been implicated as potential

sources of malate for this reaction. The movement of malate beLween
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the respective organelles would presumably be mediated via a nalatef

OAA shuttle (Woo and Osmond, L976) or alternatively via a malate/

aspartate shuttle (Journet et a7. 1981; Tolbert, 1980) as shown in

Fig. 1.3. Schmitt and Edwards (1983a) have pointed out that a

malate/aspartate shutEle may not be viable, based on the low

activities of glutamat.e-oxaloacetate arninotransferase (GOT) present

in peroxisomes (see also Rehfeld and Tolbert, 1972; Huang et ai.

1976). The feasibility of these shuttles, with par.ticular reference

to mitochondrial shuttles, will be considered further in section

1.3.1.

Glycerate is phosphorylated to 3-phosphoglycerate by glycer-

ate kinase. This enzyme is located entirely within the chloroplast

(Usuda and Edwards, 1980; Schrnitt and Edwards, 1983b) thereby necess-

itating the transport of glycerate across the chloroplast envelope.

Robinson (I982a, I982b) has recently demonstrated the presence of a

light-activated glycerate transporter in the outer membrane of spinach

chloroplasts which catalyses the uptake of glycerate at rates of

approximately 40 yrol rg-1 Chl h-1. Data from a range of C, plants

(Schmitt and Edwards, 1983b; Kleczkowski and Randal1, 1983) indicates

that, in contrast to the results of Heber et a7. (1974), glycerate

kinase is present in sufficiently high activity to ensure that the

photorespiratory cycle is not limited at this step. The activity of

this enzyme r¡ras also found to be essentially insensitive to changes

in adenylate charge and pH similar to those which occur in the

chloroplast stroma during dark-1ight transitions. Thus, the activity

of this enzyme appears to be regulated solely by substrate supply

(Schmitt and Edwards 1983b) which would ensure the rapid re-incorporat-

ion of glycerate back into the PCR cyc1e.
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It is interesting to note that while the bundle sheath ce1ls

of C^ plants appear to contain all of the photorespiratory enzymes

necessary for the conversion of phosphoglycolate to glycerate (Edwards

and Huber, 1981), the enzyme glycerate kinase is apparently absent and

appears to be localised in the mesophyll ce1ls (Usuda and Edwards, 1980).

1.3 The fate of oroducts of olvcine metaboTism

The conversion of glycine to serine within the nitochondria

leads to the production of serine, CO2, NADH and NH, (Fig' I'2)'

Serine is then further metabolised via the photorespiratory carbon

cycle,whileCO,isreleasedintotheatmosphereorrefixedwithin

the cel1 by RuBP carboxylase (Zelitch, 1979)' I would now like to

consider the metabolic fates of the other two products of the react-

ion, namely NADH and NHy and consider the potentj-a1 influences of

other metabolites .and cellular Processes on the subsequent metabol-

ism of these Products.

1.3.1. NADH: the infiuence of ' dark' resDiration

It is clear that in order for the turnover of the photo-

respiratory cycle to be maintained, an efficient mechanism for the

re-oxidation of NADH must be available to glycine decarboxylase. Two

such mechanisms have been demonstrated in vitro. The first is via

the mitochondrial electron transport chain and is coupled to three

phosphorylation sites (l,rloo and osmond, 1976; Moore et a7. 1977; Douce

et a7. Ig77 ; Day and Vrliskich, 1981). The ratio of O, uptake to C0,

release was found to be 1:2 (Arron ancl Edrvards, 1979; Day and \tliskich'

1981) in agreement with the production of equal quantities of C0,
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and NADH (the subsequent oxidation of which via the respíraEory

chain results in the uptake of a ä Or). Mitochondrial oxygen

uptake, in the presence of glycine' hlas inhibited by the electron

transport chain ínhibitors rotenone ' antimycin-A and KCN (\^/oo and

Osmond, 1976; Moore et a7. 1977), although recenÈ evidence suggests

that KCN may also act as a direct inhibitor of serine hydroxymethyl

transferase (Gardeström et a7. 1980).

The second mechanism of NADH re-oxidation which has been

demonstrated in vitror proceeds via a reversal of malate dehydrogenase

in the presence of OAA (lrloo and Osmond 1976; Moore et a7. 1977; Day

and Wiskich 19Bl). In the presence of 0AA, re-oxidation occurs

independently of and at rates slightly superior to the electron

transporr chain (hloo and Osmond, 1976; Moore et a7. 1977). It has

been proposed that such a system could operate in vivo to supply the

reduci-ng power required for hydroxypyruvate reduction, via the

operation of a malate/OAA shuttle (Fig. 1.3) between mitochondria

and peroxisomes (l,r/oo and 0smond , 1976). Rates of glycine NADH re-

oxidation by a reconstítuted malate /0AA shuttle, using isolated pea

leaf rnitochondrj-a, h¡ere less than in the presence of excess 0AA,

indicating that the activity of such a shuttle may be limited by the

rate of malate export from the mitochondria (Day and In/iskich, 1981)'

Furthermore,when rates where calculated on a tissue basis, the nalatef

0AA shuttle could only support rates of NADH re-oxidation of IO-22

_1 _1
pmol mg-I Chl h- -, in conpartson to rates of re-oxidation via the

respirarory chain of.26-46 ¡rrno1 rg-1 Chl h-1 (Day and In/iskich, 19Bt).
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A further question regarding the operation of such a

shuttle is the feasibility of moving 0AA from the peroxisomes to the

mitochondria across the cytoplasmic cornpartment, as this also contains

large quantities of malate dehydrogenase (Rocha and Ting, l97I) which

may reduce the OAA to malate before i-t reaches the mitochondria.

Journet et a7. (1981) have proposed that this problem may be

avoided through Èhe operation of a maLaLefaspartate shuttle (Fig.

1.3), similar to that invoked for the movement of NADH betrveen

glyoxysomes and mitochondria during the operation of the glyoxylate

cycle (l,rliskich, 1980), and originally proposed as a rnethod of

movement of reducing equivalents across animal mitochondrial membranes

(Chappel1, 1968). Aspartate and 2-oxoglutarate were shorvn to enter

isolated spinach mitochonclria at sufficiently high rates to support

such a shuttle (Journet et a7. lg8l).Horvever, as mentioned in section

L.2.4, the operation of such a shuttle in vivo would appear doubtful,

based on the low activities of GOT found in leaf peroxísomes (Schmitt

and Edwards, 1983a).

Of key importance in determining which of the tr^Io re-

oxidation systems are most like1y to operate in vivo is a considerat-

ion of the potential influence of the process of rdarkrrespiration.

The rate oftdark'respiration in the light i.e. during the period

of photorespiratory activitY, maY influence the degree of access of

glycine decarboxylase to the NADH re-oxidizing capacity of the mito-

chondrial respiratory chain. For example, the TCA cycle involves

four NAD-linked dehydrogenases, all of which may theoretically

compete with glycine decarboxylase for access to both NAD and NADH

re-oxidation capacity ( in the form of the NADH dehydrogenase enzymes

linked to the mitochondrial respiratory chain ). Succinate dehydro-
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genase could also compete with glycine decarboxylase at the electron

transport chain 1evel, through competition of the NADH and succinate

dehydrogenases for access to the electron chain carrier, ubiquinone.

In a recent review on the topic of the effects of light

on 'darkf respiration, Graham (1980) concluded that the evidence

from both green algae and the leaves of higher plants, strongly in-

dicated the continued operation of the TCA cycle in the light at

rates approaching those in the dark. Indeed, such a situation

would appear to be necessary if the carbon skeleton requirements of

light-dependent synthetic reactions, such as amino acid and porphyrin

synthesis, are to be satisfied (Graham, 1980). Thus, the question

arises as to what degree of influence this TCA cycle turnover, in

the 1ight, will have on the re-oxidation of glycine NADH by the

mitochondrial respiratory chain. Before this question can be

considered, horvever, one must first ascertain whether the mito-

chondrial respiratory chain is in fact operating in the 1ight.

There have been a number of reports of a light-dependent

inhibition of respi-ratory O, uptake in micro-organisms (Hoch et a7.

1963; Ried, 1969; Healy and Myers, l97I). More recently, Canvin

et aL. (1980) reported that 0, uptake via'darkrrespiration in C,

leaves may also be suppressed in the light. In contrast, Gerbaud

and Andre (1980) using similar gas exchange techniques,came to the

opposite conclusion i.e. that respiratory O2 uptake did persist

during photosynthesis. This is further supported by eviclence of

succinate metabolism in leaf tissue in the 1ight. Succinate

oxidation in the TCA cycle, leads to the production of FADH Which

can only be re-oxidised via the mitochondrial respiratory chain.
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Consequently, an inhibition of the chain would lead to a depleti-on

of FAD and an inhibition of succinate oxidation. The reports of

Stepanova and Baranova (L972),Chapman and Grahan (r974) and Jordan

and Givan (1979) however, suggest that succinate metabolism does

continue in the 1ight.

An important part of the development of the theory of a

light-mediated inhibition of the mitochondrial respiratory chain has

been the proposed metabolic basis of the inhibition. This was

orginally proposed by Heber and sanrarius (1970) and has since

gained wide acceptance; so much so that it has been incorporated

j-nto models devised to explain the metabolic regulation or

operation of both the photorespj-ratory (Journet et aJ. 1981) and

nitrate assimilatory (Sawhney et a7. I97B; woo et a-2. 19BO) pathways.

Heber and Santarius ( I97O) observed an increase in the

extrachloroplastic ATP/ADP ratio in leaf ce1ls of Eiodea densa

following dark to light transitions and suggested that such an increase

may be expected to inhibit mitochondrial oxidative phosphorylation

and thus coupled electron flow to 0r, through its effect on the

adenylate translocator. The increase in the extrachloroplastic ratio

was thought to result from the operation of a triose phosphate/

3-phosphoglycerate shuttle, operating across the chloroplast envelope,

which could export both NAD(P)H and ATP from rhe chloroplast to

the cytoplasm in the light (Heber, 7974). slmilar j-ncreases in the

extrachloroplastic ATP/ADP ratio following dark to light transitions

have been observecl in tobacco (Keys and h/hittingham, 1969) and vrheat

leaves (sellami, 1976). Recenr work by srirr et ai. (1980) however,

suggests that changes in the extrachloroplastic ATP/ADP ratio máy
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not be as significant as first thought. Using protoplasts and

improved sampling techniques, they estimated that the extra-

chloroplastic ATP/ADP ratio may be as low as I-2. Furthermore,

their results indicated that any increase in the ATP/ADP ratio

which was observed in the light., was in fact only transient and

that the ratio returned to íts original 'darkf value following

4-5 min in the 1íght.

Clearly, if the mitochondrial respiratory chain is inhibited

in the light by increases in the ATP/ADP ratio, the NADH generated

during photorespiratory glycine metabolism must be re-oxidised via

another mechanism, and it is on this basis that the various shuttle

systems have been proposed (hloo and Osmond , 1976; Journet et a7.

1981). One advantage of such a system would be that glycine oxidat-

ion could be utilised as a source of NADH for hydroxypyruvate reduct-

ion. However, if the respiratory chain is not inhibited by increases

in the cytoplasmic ATP/ADP ratio and continues to operate in the

1ight, two important questions arise: (a) \dhat influence will TCA

cycle turnover in the 1ight, have on the re-oxidation of glycine

NADH via the respiratory chain and (b) what is the source of NADH

for hydroxypyruvate reduction.

r.3.2. NH : the tentiaT roTe of naTate in refixation

There is nol little doubt that primary NIì, assimilation

in higher plants occurs via the glutamine synthetase (GS)/glutamate

synrhase (GOGAT) pathway (Miflin and Lea, 1980). The kinetic and

regulatory properties of these two enzymes have been reviewed by

Stewart et a7. (1980). It is also now firmly established that the
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re-assimilation of NH, released during the operation of the photo-

respiratory cyc1e, is also carried out via this pathway as depicted

in Fig. L.4 (hlallsgrove et a7.1983). Labelling studies involving

the infiltration of spinach leaf tissue witfr 15N-glycine, demonstrat-

ed rapid incorporation of the label into glutamine, indicating that

the relea""d 15NH, had been re-assimilated via GS (ltloo et a-2. IgB2) .

Similarly, the inhibition of GS with methionj-ne sulphoximine, 1ed to

a significant increase in the amount of 15NH, evolved from wheat

leaves in the presence of lsN-gtycine (Keys et a7. 1978). This

accumulation of NH, could be reduced by up to 90% by incubating the

tissue under non-photorespiratory conditions, showing that the NH,

refixed by GS under normal conditions J-s predominately photorespirat-

ory in origin (Frantz et a7. L982). The key role of the GOGAT enzyme

in photorespiratory NHg re-assimilation was clearly demonstrated by

Somerville and Ogren (1980) with a GOGAT-deficient mutant of

Arabidopsis, which was found to accumulate NH, to toxic leve1s

under photorespiratory conditions.

Mitochondria have been proposed as the initial site of

photorespiratory NH, refixation by GS. Jackson et a7. (1979) found

sufficient GS activity associated with isolated spinach leaf mito-

chondria, to cope with estimates of photorespiratory NH¡ release.

Subsequent investigations however, have revealed that GS is not

assocj-ated with the mitochondrial fraction (hlallsgrove et a7. 1979;

hlallsgrove et al. 1980; Bergman et a7. 1981; Nishimura et a7. I982a).

Alternatively, mitochondrial glutamate dehydrogenase has been suggest-

ed as a potential site for NH, re-fixation (Tolbert, 1980). Isolat-

ed mitochondria supplied with 2-oxoglutarate in the presence of
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glycine however, did not refix NH, into glutamate (Hartmann and

Ehmke, 1980; Day and Wiskich, 1981). This is not surprising based

on the particularly high Km(NHr) of glutamate dehydrogenase enzymes

from plant tissues (Stewart et a7. 1980).

It is not+ clear that initial refixation of photorespirat-

ory NH3,by GS, mâY take place in either the cytoplasm or the chloro-

plasÈ. Higher plants contai-n two isozymes of glutamine synthetase;

one located in the cytoplasm (GSr)and one located in the chloroplast

(GSr)(Hire1 and Gadal, 1981; Hirel et a7. I9B2a; Hirel and Gadal

1982). The relative amounts of each of these isozymes varies

between tissues. McNally et a7. (1983) have identified four groups

of plants on the basis of the relative distributions of GS betrveen

these two compartments. Two groups contain either cytoplasmic (e.g.

achlorophyllous parasitic species) or chloroplastic (e.g. spinach,

t.obacco) GS only. The other two groups include plants containing

both isozymes and are separated according to whether the major

componenÈ of the GS activity is located in the chloroplast (C,

grasses and temperate legumes such as peas, beans) or the cytoplasrn

(CO and CAM species).

Based on this distribution data, it would appear that in

t,hose plants with significant rates of photorespiration i.e. C, Plants

a chloroplastic location for GS is favoured, and that the initial re-

fixation is most 1ikely to occur in the chloroplast compartment.

This is in contrast to the model proposed by Keys et a7. (1978)

which envoked refixation by cyLoplasmic GS. Obviously, in plants

such as spinach, chloroplastíc refixation is the only option. In

C, plants containing both i-sozymes however, the role of chloroplastic
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GS in photorespj-ratory metabolism is supported by the observation

that it is this isozyme, and not the cytoplasmic form, rvhich is

absent from etiolated tissue and synthesised i-n response to light

(Nishimura et a7. l992b; Hirel et a7. 1982b). As mentioned

previously, this is also a characLeristic common to a number of

other photorespiratory enzymes e.g. glycolate oxidase, sGAT and

glycine decarboxylase. Similarly, the activity of the ferredoxin-

linked GOGAT enzyme, which is located who1ly in the chloroplast, is

also found to be light-inducible (Matoh and Takahashi, 1981, 1982;

hlallsgrove et a7. I9B2).

fsolated chloroplasts have been shown to carry out both

(NH3, 2-oxoglutarate) and (glutamine, 2-oxoglutarate)-dePendent 0,

evolution, which is sensitive to inhibitors of GS and GOGAT and

which demonstrates ratios of moles of 0, evolved per mole of substrate

added of approximately 0.5, as predicted from the stoíchiomeLry of

the ferrodoxin linked-GOGAT reaction (Anderson and Done 1977a, I977b;

I^loo and Osmond , I9B2). Rates of. O, evolution of NH, refixation in

each of these studies were low however, (e.g. maximal rates of

nilated rg-1 cr,r n-l¡

in comparison with the minimum predicted rates of photorespiratory

NH release of 25-35 ¡trno1 ,ng-l Chl h-l (see secLion 1 .2.3).
3

The results of ldoo and Osmond (1982) indicated that the

rate of (NH3, 2-OG)-dependent 0, evolution, by isolated spinach

chloroplasts, may be limited by the apparent poor affinity of the

system for 2-oG. Furthermore, they showed that the affinity of

the chloroplast system for 2-0G, could be dramatically improved by

the addítion of various dicarboxylates including malate, succinate
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and fumarate. Rates of (NHr, 2-0c)-dependent 0, evolution were

stimulate d, 2-4 fol-d in the presence of malate ' and thus under these

conditions could be shown to account for the predicted rates of photo-

respiratory NH, release. I,r/oo and Osmond (1982) proposed that the

dicarboxylate-mediated stimulation of. O, evolution may be explained,

in part, by a stimulation of 2-0G uptake into the chloroplast.

However, rates of. 2-OG uptake into isolated chloroplasts, have

been estirnated at 26-32 prol rg-1 Ch1 h-l (Lehner and Heldt , I97B;

Proudlove and Thurman, 1981) and thus,theoretícally, should not

have been a limiting factor in the 0, evolving system.

Clearly, this observation requires further investigation

to ascertain firstly, the mechanism by which dicarboxylate molecules,

such as malate, stimulate (NHr, 2-0G)-dependent 0, evolution in

isolated chloroplasts and secondly, whether such a mechanism may

have a role in the operation of the photorespiratory nitrogen

cycle in vivo.

r.4. The oresent s tudv

This investigation init.ially set ottt to examine three main

questions relating to the metabolic rate of products of photorespirat-

ory glycine metabolism:

(r) Is the electron transport chain of plant miÈochondria

regulated by the external ATP/ADP ratio and, if so' are

the ratios measured in the extrachloroplastic fractions

of leaf tissue, sufficiently high to inhibit leaf mito-
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chondrial resPiration in vivo.

(2) hlhat influence will TCA cycle turnover, in the light 
'

have on the potential re-oxídation of glycine NADH via

the mitochondrial respiratory chain and, thus, what is

the most like1y metabolic fate of NADH generated during

photorespiratory glycine metabolism.

(3) I¡/hat is the mechanism of dicarboxylate stimulation of

photorespiratory NH, refixation in isolated chloroplasts

and is this likely to have a role in the operation of the

photorespiratory nitrogen cycle in vivo.

The results of investigations into these questions are covered

ín the Chapters 3-6.

As part of the investj-gation into question (3), it was

necessary to develop a sensitive assay system for GOGAT activity'

which closely approximated conditions within the intact chloroplast.

Thus, an O, evolving reconstituted chloroplast system for the assay

of jn vitro GOGAT activity was developed, and the characteristics of

this assay system are presented in Chapter 7. Furthermore, during

investigations into question (1), evidence h¡as obtained of endogenous

hexokinase activity associated with pea leaf mitochondria. Llhile

there have been a number of reports of particulate hexokinase in

non-photosynthetic tissues, 1ittle is known of the distrj-bution of

this enzyme in phoLosynthetic tissues. Therefore, the results of

such a study, with particular emphasis on the hexokinase activity

assocíated with the mitochondrial fraction' are presented in

Chapter 8.



The in tepration of the ohotosvnthetic carbon reduc tionFieure 1.1.

(PCR) and nho toresoirator carbon oxidation (PCO) cvcies. Lori( ner

and Andrews, 1981).
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Fiøure 7.2. The oiratorv car cvcle (adapted fron Cho71et,

1977 ) .

Enzvnesz

(1)

(2)

(3)

(4)

(s)

(6)

(7)

(8)

(e)

( 10)

RuBP carboxylase - oxygenase

phosphoglycolate PhosPhatase

glycolate oxidase

serine-glyoxylate aminotransferase

glutanate - glyoxylate aminotransferase

glycíne decarboxylase

serine hydroxymethyl transferase

hydroxypyruvate reductase

glycerate kinase

catalase.
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Fioure 1.3. MetahoTite movenent durinp the ation of a

naTatefas tate shuttTe between nitochondria and Deroxisomes for

the s of NADH for h uvate reduction.

This shuttle can be adapted for the movement of NADH between the

chloroplast and the peroxisome by linking 0AA reduction via chloro-

plastic NAD(P)-malate dehydrogenase to the photosynthetic electron

transport chain (Anderson and House , 1979) -

Enzvmes:

(1)

(2)

(3)

(4)

(s)

NAD-malate dehydrogenase

glutamate --oxaloacetate aminotransf erase

glycine decarboxylase/serine hydroxymethyl transferase

serine-glyoxylate aminotransferase

NAD-hydroxypyruvate reductase

SvnboTs

malate/0AA shuttle

malate/aspartate shuttle

(.......)

(-).
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Fipure 7.4. The ohotorespiratorv nitrosen cvc7e.

Enzvnes:

I

2

3

4

5

6

7

glutamine synthetase (chloroplastic)

glutamine synthetase (cytoplasmic)

glutamate synthase

glutamate - glyoxylate aminotransferase

serine - glyoxylate aminotransferase

glycine decarboxylase

serine hydroxymethyl transferase



cr{toRoPtAsT

6,7
2 GLYCINE

I
¡¡..r¡r-.....¡.r¡.¡.rrr¡¡¡.......t. NH3

¡
tt
I
I
I
¡¡
I
I
¡
I
I
I
I
I
I

I
a
I¡
I
I
I¡
I
I

¡¡rrlr.¡¡I
I
I
I
I
I
I¡
a
a
I¡
I
I
a
I
¡
I
t

I.¡...1.
a

¡a¡
I

3HN+ETAMATULP+GTAENAMUT
2{-G L

SERINE

t¡rr¡ar¡rra¡¡¡¡

ATP + GLUTAMATE + NH3 +"

CHLOROPLAST

Fd

GLUTAMINE

a

*or+zï*H

2 GLUTAMATEGLUTAMINE + IF.
HydroxYpYruvate

SERINE

Glycerate

GLYCINE

Glyoxylate

Glycolate

GLUTAMATE

-....2-OG

PEROXISOME

5-j4
Hr)

MITOCHONDRION



24

CHAPTER II
MATERIALS AND METHODS

2.r. Materiais

Pea seeds (Pisun sativun cv. Massey Gem, Greenfeast),

spinach seeds (Spinacia oTeracea cv. Hybrid IO2) and cauliflower

(Brassica oieracea) were purchased 1ocally.

Peas were grown in vermiculite in a glasshouse for 10-15

days. Spinach v/as grown in pots filled with gravel for 4-5 weeks in

a glasshouse and watered with $ strength Hoaglands solution (Hoagland

and Arnon, 1950) Cauliflower h/as used fresh.

All chemical-s and enzymes were analytical reagent grade.

Sucrose was obtained from B.D.H. Ltd. (Poole, U.K.), DE52 from hlhat-

man Ltd. (Kent, U.K.), Percoll and PD-10 Sephadex columns from

Pharmacia Fine Chemicals (Uppsala, Sweden) und l4C-glutamate from

Amersham Aust. Pty. Ltd. (N.S.W., Aust.)

2.2. Isolation of washed mitochondria

(a) Pea Teaf

Forty g of leaves (chilled for 30 min) rvere

disrupted with a Polytron PTA-35 probe for 2-3 s in

200 m1 of ice-cold medium containing 0.3 M sorbitol,

50 mM Tes, 1 mM BDTA, 1 mM MgClr, 10 mM isoascorbate,

17. (w/v) PVP-40 and 0.4% (w/v) BSA, adjusted to pH 7.5.

The homogenate was filtered through two layers of Mira-

cloth (Calbiochem, Ca1., U.S.A.) and centrifuged at
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2,000 g f.or 5 min. The supernatant l^/as centrifuged at

10,000 g lor 20 min and the pellets rsashed by resuspending

in 60 ml of 0.3 M sorbitol containing 20 mM Tes and 0.12

(w/v) BSA (adjusted to pH 7.5) and recentrifuged at 10,000

g f.or 20 min. Final resuspension was ín 2-3 ml of wash

medium. All isolation procedures h¡ere carried out at

r-zoc.

(b) CaulifTower

Young florets (200 g) were chilled for 30 min and

disrupted using a Moulinex liquidizer ín 200 m1 of medium

containing 0.3 M sorbitol, 50 mM Tes, 3 mM EDTA and 0.5%

(w/v) BSA, all adjusted Eo pH 7.2. The homogenate was

filtered through two layers of Miracloth and centrifuged

at 1,500 g for 10 min. The supernaLant was centrifuged

at 12,000 g for 15 min. The mitochondrial pellet was

washed by resuspending in 60 ml of 0.3 M sorbitol and

recentrifuged at 12,000 g for 15 min. Final resuspension

was in 2-3 nL of wash medium with 0.5% (w/v) BSA added.

2.3 IsoTation of purified nitochondria

Following the first centrifugation (2,000 g for' 10 min)

75 ml of the resulting supernatant v/ere carefully layered onto a

sucrose density gradient and cenLrifuged for 90 min, at 21,000 rpm

in a ModeI L-2 ultracentrífuge, using a SI,rl25.2 rotor (Beckman

Instruments, Cal., U.S.A.). Each tube consisted of a 5 ml "cushion"

of. 54f (w/w) sucrose underneath a 30-m1 continuous gradient of 30.6%
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to 41.57" (w/w) sucrose and 25 ml of supernatant. All sucrose solutions

contained I mM EDTA, I mM Tes (pH 7.5) and O.L% (w/v) BSA. The mito-

chondrial fraction Ilocated just below the green band of chloroplast

fragments - see Nash and lrliskich (1983)l was s1ow1y diluted at OoC

over a period of 30-40 min with 100 m1 of 0.3 M sorbitol, 20 mM Tes

and 0.I7" (w/v) BSA (pH 7.5). The suspension r^Ias centrifuged at

10,000 g for 20 min in a fixed-ang1e rotor and the mitochondrial

pellet resuspended in I-2 nI of the dilution medium. For fractionation

studies the gradients v/ere removed with an TSCO density gradient

fractionator (model 640) by pushing the gradient up from the bottom.

2.4. IsoTation of chToro ast

(a) Pea

Pea shoots (60 g) were disrupted with a Polytron

probe for 2-3 s in 200 ml of ice-cold medium containi-ng

0.33 M sorbitol, 50 mM Mes, 20 mM NaCl, 2 mM EDTA, 2 m\l

NaNOr, 2 ÍÌq isoascorbate, 1 mM MgClr, 0.5 mM NaH,POO and

O.4% (w/v) BSA, adjusted to pH 6.2. The brei was squeezed

through two layers of Miracloth containing a layer of

cotton wool and the filtrate centrifuged at 1,500 g for

30 s in a M.S.E. Super Mi-nor centrifuge. The chloroplast

pellet was rínsed with 5-10 ml of medium containing 0.33 M

sorbitol, 50 mM Hepes, 20 mM NaC1, 2 mM EDTA, 2 mM NaN03,

1 mM MgClr, 1 mM MnClr, 0.5 mM NaH,POO and 0.4% (w/v)

BSA, adjusted to pH 6.7, and resuspended in I-2 nI of the

same medium using a cotton bud.
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For percoll-purified chloroplasts, the chloro-

plast pe11et h/as resuspended in 6-8 ml of the above medium,

underlaid with 4 ml of resuspension medium containíng 4O7.

(v/v) percoll and centrifuged at 1,500 g for 1 min. The

resulting chloroplast pel1et was resuspended by gently

swirling in I-2 ml of resuspension medium. All procedures

were carried out at 1-2oC.

(b) Spinach

Isolated chloroplasts were prepared from deribbed

spinach leaves, as for pea leaves, except for the isolat-

ion medium (0.33 M sorbitol, 10 mM sodium pyrophosphate,

5 mM MgClr, 2 mM isoascorbate and 0.1% (w/v) BSA, adjusted

to pH 6.5 with HC1) and the resuspension medium (0.33 M

sorbitol, 50 mM Hepes, 2 mM EDTA, 1 mM MgClr, 1 nM MnCl,

and 0.27" (w/v) BSA, adjusted to pH 7.6).

2.5 Prepara tion of reconstituted chToropT ast conDonents

The chloroplast extract and envelope-free fractions were

prepared by resuspending the isolated chloroplast pellet in 5.5 m1

of a solution containing 1:25 dilution of standard chloroplast

reaction medium (see section 2.8)"and 5 mM dithiothretol, all

adjusted to pH 7.6. After stirring for 2 min at 2oC, the suspension

Ì{as centrifuged aL I4r000 g for 10 min. The supernatant (chloroplast)

extract) was collected and the pe1let resuspended in 40 ml of the

same medium and recentrifuged at 14,000 g for 10 min. The pe11et was

resuspended in 2-3 nI of fu1l strength chloroplast reaction medium

to form the envelope-free chloroplast fraction.
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2.6 NAD-dep7 etion treatnent

Micochondria were resuspended to a concentrati-on of approx.

0.2 mg mitochondrial protein m1-1, in a large volume of mitochondrial

reaction medium (section 2.8) which also contained I rnM EGTA. The

mitochondria were then incubated with gentle stirring, at 4"C

(unless otherwise stated), in the presence of 2 mM glycine or malate

for up to 5 hr.

2.7 . SampTin of extrani tochondriaT ATP/ADP ratios

A 1 ml aliquot. $/as removed from the reaction vessel and

rapidly filtered through a O.45 ¡tm ce11u1ose niLrate membrane filter

(Sartorius, Gottingen,Ger.), into a test tube containing 46 Ul of

11.5 N perchloric acid (on ice). The filtrate was rapidly vortexed,

left on ice for 5 min and then centrifuged for 4 min in a Beckman

Model 152 microfuge (Beckman Instruments, cal., u.s.A.) aE 2"C.

A 700 U1 sample r^¡as neutralized to pH 7.0 with 250 Ul of neutra1ízi-ng

solution (2M KOH, 1M Hepes) and immediately frozen.

2.8 Oxvpen uD take and evoTution

oxygen uptake or evolution was measured polarographically

with a Rank oxygen electrode (Rank Bros., Cambridge, U.K.) connected

to a Rikadenki recorder (Rikadenki Kogyo Co., Ltd., Tokyo, Japan).

For all measurements the temperature of the reaction vessel was

maintained at 25"C with a circulating hlater bath' Oxygen concent-

ration of air-saturated medium was taken as 240 UM. Respiratory

conLrol and ADP/O ratios were calculated as described by Estabrook

(re67).
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(a) Mitochondria

' Pea leaf mitochondria lrere assayed in 2.O to 2'5

ml of medium containing 0.3 M sorbitol, 10 mM Tes, 10 mM

KHZPO4, 2 il MgClr, and O.L% (w/v) BSA, adjusted to pH

7.2. Cauliflower mitochondria were assayed in a medium

containing O.25 M sucrose, 10 mM Tes, 10 mM KHTPOO and

5 mM MgCl, at pH 7.4.

(b) ChloropTasts

Pea chloroplasts were illuninated in a 2 ml re-

action medium containing 0.33 M sorbitol, 50 mM Hepes,

2 mM EDTA, 1 mM MgClr, 1 mM MnC1r, adjusted to pH 7.6.

Spinach chloroplasts l4¡ere assayed in the same medium,

but included 0.2% (w/v) BSA and 600 units of catalase'

The light source h¡as a 150-w tungsten halogen projector

lamp, giving a light intensity of 550 uE t-2 s-l at the

centre of the vessel.

For COr-dependent 0, evolution, 4.5 rnM sodium

pyrophosphate, 0.9 mM ATP, 0.18 mM NaH,POO and 4'5 mM

NaHCO, were added. Glyceraldehyde (10 mM) \^/as present

during (NH3, z-OG)-, (NH3, glutamine, 2-0G)-, (glutamine,

2-OG)-an<l (Asp, 2-0G)-depenclent 0, evolution, to inhibit

endogenous cor-dependent o, evolution (Stokes and ldalker

1972).

Chloroplast intactness was measured wj-th ferri-

cyanide according to the method of Lilley et a7' (1975)'
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Chloroplasts (15-20 ¡tg Ch1) rvere illuminated in 2.0 ml of

reaction medium (0.4 or 0.1 M sucrose, 50 mM Hepes, 10 mM

KH2P04, 5 mM MgClr, pH 7.6), 2.4 nl{. K,Fe(CN)U and 7 mM

NH4C1 (to uncouple photosynthetic electron transport).

The percentage intactness r^/as calculated as:

uncou 1ed rate 0.1 M ou led rate 0.4 M x 100
uncoupled rate (0.1 M)

(c) Reconstituted chToropTasts

Oxygen evolution by a reconstituted chloroplast

system lvas measured j-n 2 nI of. an assay mixture containing

0.33 M sorbitol, 50 mM Hepes, 10 mM l4gC7r, 2 ml{ EDTA, 1 mM

MnC1r, 1 mM NH4C1, envelope-free chloroplasts (200 Ug Chl),

chloroplast extract (50-200 U1), 200 Ug of spinach ferre-

doxin and 600 units of catalase at pH 7.6.

(d) hlho7e tissue : Teaf s-Zices

Leaves (O.2 g fwt) were cut into slices (approxi-

mately I mm wide) under a solution containing 50 mM

Hepes and 0.2 mM CaCL, (pH 6.6), using a razor blade. These

slices were placed into a Rank 0, electrode, containing

4 ml of the above medium, for 0, uptake measurements.

2.9 SinuTtaneous measurenent of NH reTease and O ^ uotake
¿1

Ammonía release was measured simultaneously h¡ith 02 uptake

in a sealed perspex vessel into which were fitted an Orion ammonia

electrode (Orion Res. Inc., M.4., U.S.A.) connected to a Beckman pH
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meter (Beckman Instrunents, Ca1., U.S.A.) and a Clark-type 02

electrode (Yellow springs,0h., u.s.A.). The signals from both

electrodes h/ere monit.ored with a twin-channel Rikadenki recorder.

The capacity of the vessel was 9 m1. Mitochondria (r.5-2.0 rg
protein) were added to 8.5 of reaction medium (section 2.g).

Ammonia release was calibrated by injecting known amounts of NH.C1.

2.7O. Enzvne assavs

spectrophotornetric measurements were made with an Amino

Dw 2a spectrophotoneter (Arnerican rnstrument co., Maryland, u.s.A.)
at room temperature.

(a) Hexokinase

Hexokinase h¡as assayed by following NADp reduction

at 340 nm, in the presence of excess G6p dehydrogenase.

Assays involving intact mitochondria were carried out in

the presence of 2.5 nr mitochondrial reaction medium (with

I4gC1, adjusted ro 5 mM), 2 mÌuI glucose, 0.3 mM NADp and 0.3

unit of G6P dehydrogenase. The reaction was initiated with

2 mM ATP. rn the case of cell-fractionation studies and

the fractionation of sucrose gradients, the mitochondrial

reaction medium was replaced with 0.1 M Tris-HCl buffer
(pH 8.0) containing 5 mM MgClr. Where fructose was

uÈilized as a substrat.e, 1 unit of phosphoglucose isomerase

was also included in the assay mixture.
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(b) NAD-isocitrate deh vdropenase

The method of Cox (1969) was followed. A 0.1 ml

sample was placed into a volume of 3.1 ml of 44 mM Hepes-

KOH (pH 7.6), O.O47" (v/v) Triton X-100, 1 mM MnSOO and

0.6 mM NAD. The reaction was initiated with 3.9 mM D,

L-isocitrate.

(c) Hvdroxvovruvate reductase

Hydroxypyruvate reductase u/as measured as described

by Tolbert (1971), using a 0.1 m1 sample in a total volume

of 3.0 ml containing 5 mM KHTPO4/K2HPO4 buffer (pH 6.3),

O.O47" (v/v) Triton X-100, 0.2 mM NADH and 1 mM hydroxypy-

ruvate to initiate the reaction.

(d) GTutan ine svnthetase

Glutamine synthetase h¡as assayed according to

the method of 0'Nea1 and Joy (1973), by folloruing the

oxidation of NADH at 340 nm in the presence of pyruvate

kinase ancl lactate dehyclrogenase. The standard reaction

mixture contained 0.1 M Hepes-KOH (pH 7.8), 60 mM KC1,

20 mM MgSOO,18 mM glutamate, 7 mM ATP, I mM phosphoenol-

pyruvate, O.2 mM NADH, 10 units of lactate dehydrogenase

and l0 units of pyruvate kinase. The reaction was initiated

with 5.5 mM NH4C1.
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(e) Funarase (Funar a te hvdratase)

Fumarase activity was measured in a coupled assay

with NADP-malic enzyme, according to the method of Hatch

(1978). The reaction mixture contained 25 mM Hepes-KOH

(pH 7.5), O.O47" (v/v) Triton X-100, 5 mM KHTPOO, 4 mM

PIgCI, O.4 mM NADP and 0.2 unit of NADP-maLic enzyme in

a total of I ml. The reaction was initiated with 10 mM

fumarate.

Chicken liver malic enzyme was prepared for use in

the assay by diluting 0.5 ml of enzyme,suspended in (NHO),

SOO, with 2.0 ml of 20 mM Hepes-KOH (pH 7.5) containi-ng

2 mM dithiothretol. This solution was desalted by passing

it through a 9 ml Sephadex column (PD-10) loaded with

G-25, that had previously been equilibrated with the above

resuspending medium. The desalted malic enzyme remained

stable for several days at -15oC.

(f) NADH cvtochrone c-reductase

Antimycin-A-insensitive NADH cytochrome c-reduct-

ase activity hlas measured by following the reduction of

cytochrome c at 550 nm. The reaction mixture contained

2.5 nL of mitochondrial reaction medium (section 2.8),

10 mM KCN, 50 UM cytochrome c, 5 UM antimycin-A and 50 Ul

membrane suspension. The reaction was initiated by adding

0.5 mM NADH.
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2.TT. MetaboTite assavs

(a) ATP

The method of Bergmeyer (1974) was followed. The

assay mixture contained 50 mM Hepes-KOH (pH 7.4)' 10 mM

MgClr, 5 mM EDTA, 4 mM glucose, 70 uM NADP, 0.7 unit of

GGP dehydrogenase and sample containing 0-70 nmol ATP

in a total volume of 2.6 ml. The reaction was initiated

\dith 0.5 unit of hexokinase and the increase in absorbance

at 340 nm measured.

(b) ADP

The method of Bergmeyer (I974) was followed. The

assay mixture contained 75 mM Hepes-KOH (pH 7.5), 5 mM

l[gCLr, 0.4 mM phosphoenolpyruvate, 13 uM NADH, 0.5 unit

of lactate dehydrogenase and sample containing 0-5 nmol

ADP in a toÈa1 volume of 2.5 ml. The reaction was initiated

with 2 units of pyruvate kinase and the decrease in absor-

bance at 34O nm measured.

(c) 2-oxopiutarate

The measurement of 2-0G was achieved using a

coupled assay system involving GOT and MDH. The assay

mixture contained 50 mM Tes-KOH (pH 7.4), 10 mM MgS04,

5 mM EDTA, 7 mM aspartate, O.2 mM NADH, 15 units of MDH

and 150-200 nmol of 2-OG. The reaction was initiated with

1 uniL of GOT and the decrease in absorbance at 340 nm

measured.
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(d) NAD

NAD was assayed according to the method of

Klingenberg (1974). Immediately prior to the extraction

of NAD from intact mitochondria, it is important to ensure

the total conversion of intraniLochondrial NADH to NAD

(Tobin et a7. 1980), due to the instability of NADH in

acid extracts (Klingenberg, 1974). This rvas achieved by

incubating mitochondria (in the absence of substrates)

with 0.15 mM ATP and 4 UM FCCP in a test tube for 2 min,

while vigorously vortexing the tube to maintain the incubat-

ion mi-xture in an aerobic state. The mitochondria were

extracted in 0.3 N perchloric acíd for 5 min on ice, and

then neutrali-zed with 5 N KOH to pH 7-8.

The assay mixture contained 90 mM pyrophosphate

buffer, pH 8.9 (using a stock buffer solution of 0.15 M

produced by dissolving 9.0 g sodj-um pyrophosphate and 1.0

g semicarbazíde hydrochloride in 132 m1 of double distilled

waLer and adjusting to pH to 8.9 with KOH), 90 mM ethanol

and 0.5 nmol NAD in a total volume of 1.1 ml. The reaction

was initiated with 5 units of alcohol dehydrogenase

and the increase in absorbance at 340 nm measured.

2.r2 Giutanate transport

Back exchange of 14c-gluaumate was measured with the

silicone oil technique. Chloroplasts rtrere first loaded with
l4C-gluaumate by incubation for 20 min in the dark at 0oC, in
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9.5 m1 of resuspension medium (section 2.4) containing I0 mM

14c-glua.mate (10 uCi *1-1) and chlorophyll at a concentration of
_1

2 mg m1-'. The incubation mixture was diÌuted with 3 ml of resus-

pension medium and underlaid with 2 mI of resuspension medium

containing 4O7" (v/v) percoll. This was centrifuged at 1,500 g for

I min and the pellet resuspended in the above medium.

Polypropylene tubes (0.4 m1) were loaded in the following

order: 20 U1 lN perchloric acid, 75 Ul silicone oi1 (density 1.04 g

*1-1, viscosity 120 centistokes; type AR from the l¡/acker Chemical

Co., Munich, Ger.) and 200 yl chloroplast sample. Chloroplasts

(70 ug ònf rf-1) were incubated in the dark at 2"C, in a medium

contaj.ning 0.33 M sorbitol, 50 mM Hepes, 2 mùl EDTA, 1 mM MgClr'

1 mM MnClr, pH 7.6. After 1 min, various dicarboxylates were added

(1 mM) and back exchange allowed to proceed for 30 s, after which

time samples (200 Ul)were removed for centrifugation using a

Beckman microfuge. Releas. of l4c-glutamate was determined from the

anount of 14c-1.bel in the supernatant.

2.t3. Estination of resDirator rates on a tissue basis

Pea seeds (Pisum sativun cv Massey Gem) were sown in

vermj-culiLe on day I and shooEs emerged on day 7. Seedlings were

watered with a soluble fertilizer tAquasolt (Hortico Ltd., Adel.,

Aust. )

Leaf tissue samples (10 g) were disrupted in 100 ml of

isolation medium according to the methocl for mitochondrial preparat-

ion (secti.on 2,2), except that the isolation medium also contained 2 mM
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dithiothretol. The homogenate was passed through a double layer

of Miracloth and the total volume measured. A 1 ml sample was

removed for chlorophyll estimation and another 10 m1 removed for

total fumarase activity estimation. The remaining volume was utilised

for the preparation of the mitochondrial fraction as described in

section 2.2.

The method used for the estimation of total fumarase activity
in crude tissue extracts was based on Hatch (1978). The 10 ml homo-

genate sample was first incubated with 0.I% deoxycholate for 1O min

at 4oC. This treatment was found to solubilize up to 96-987" of the

total mitochondrial fumarase activity. The detergent treatment r^/as

followed by centrifugation at 12,000 g for 10 min. The supernatant

v/as removed and 2 ml passed through a 9 m1 Sephadex column (pD-10)

loaded with G-25, which had previously been equilibrated with 20 mM

Hepes-KOH (7.6) containing 2 mM dithiothretol. The fumarase activj-ty

was collected in a total volume of 3.5 ml and assayed according to

the method in section 2.10.

Mitochondrial activities h¡ere assayed with a Rank O,

electrode as described in section 2.8, r,rhile total mitochondrial

fumarase activity h/as assayed spectrophotometrically (section 2.10).

A comparison of the total homogenate fumarase activity with the

fumarase activity recovered in the mitochondrial fraction, allowed

for an estimation of the % recovery of intact mitochondria. The

average mitochondrial recovery r4/as found to be 34.2 ! 2.9% (n=7).

This figure was then used to give an estimate of the total oxidat-

ive activities in the homogenate.
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The amount of tissue which had been disrupted and which

contributed to the total homogenate activity, \^Ias estimated by

comparing the t.otal chlorophyll yield in the homogenate, with

measurements of chlorophyll concentrations of the leaf tissue on

a g fwt basis. Tissue chlorophyll levels hlere measured in B0%

acetone according to the method of Strain et a7. (1971). The

method of irlintermans and DeMots (1965) involving the use of.96%

ethanol, yielded similar results. Up to 0.5 g of leaf tissue was

ground for 5 min in 15 m1 of. 807" (v/v) acetone with an Ultraturax

(Janke and Kunkel, Staufen, Ger.). The brei htas cenÈrifuged for 10

min at 15,000 g anC the absorbance of the supernatant at 665 nm and

649 nn measured. Total chlorophyll (ug t1-1) I^Ias calculated using

the equation: 6.45 (A6'5) + t2.72 (A64ù. Tissue chlorophyll estimates

for mature pea leaves were found to be of the order of 2.18 t 0.06
_1 -1mg-' Chl g-^ fwt (n=7). Chlorophyll levels in the homogenate were also

estimated using the 802 (v/v) acetone method.

2.I4. Preparation of ferredoxin

Ferredoxin u¡as prepared from 4 kg of spinach leaves by

the method of Rao et a7. (1971). All procedures u/ere carried out

at 4oC. The spinach was deribbed and disrupted in 20 mM KHrPO4,

_'l
pH 7.5 (1 I kg') with a homogeni-ser. The brei was filtered through

a layer of muslin between two layers of Miracloth and centrifuged

at 16,000 g for 10 min. NaCl (6 g 1-1) was added to the supernatant

and the pH adjusted to pH 7.5 with NaOH. DE 52 slurry (40 mf f-1)

was added while stirring and the suspension left to stand in the

cold for å ttt. The DE 52 had previously been equi-librated as

follows: L25 g at DE 52 was washed with 5 I of distilled water
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followed by 1 1 of 1 M KH2PO4, pH 7.5, and finally 10 1 of 20 mM

KH2PO 4, pH 7.5.

The supernatant was decanted and the DE 52 slurry packed

into a 3 cm (wide) column. The column was washed overnight with

20 mM KH2PO4, 0.15 M NaCl (pH 7.5) until the eluate u/as clear.

The ferredoxin (red-brown band) was eluted with high salt buffer

(20 mM KH2PO4, 0.8 M NaC1, pH 7.5). Ammonium sulphate (0.5 e tl-l)

was slowly added to the ferredoxi-n eluate, the pH adjusted to 7.5

with NaOH and the suspension left to stand for 30 min.

The solution was then centrifuged at 10,000 g for 30 min

and the supernatant (approximately 40 m1), dialysed overnight against

41 of 20 mM KH2PO4' pH 7.5. The dialysate was loaded onto a smal1

column packed rvith DE 52 (equilibrated as before) and washed for 4 h

wirh 20 mM KH2P04, 0.15 M NaCl (pH 7.5). The ferredoxin was eluted

wirh 20 mM KH2P04' 0.8 M NaCl (pH 7.5) and stored, under nitrogen,

at - 15"C. Immediately before use, the ferredoxin rvas desalted by

passing it rhrough a 9 ml Sephadex column (PD-10) loaded with G-25,

in 20 mM KHTPOO (pH 7.5).

2.r5. ChemicaT assaV.s

Protein content hras measured by the method of Lowry et a7.

(1951), with CuSOO in I% citraÈe (rather than tartrate) and BSA

(fractj_on V) was used as a standard. Except for section 2.13,

chlorophyll was estimated from acetone extracts according to the

method of Arnon (Ig4g). The protein content of rvashed leaf mito-

chondrial suspensions v/as corrected for the contribution by broken

thylakoids by assuming a thylakoid protein : chlorophyll ratio of

7:I (Nash and ltriskich, l9B2).
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Refractivity of sucrose gradient solutions was measured

wj-th an Abbe refractomeLer Model 10460 (American 0ptical Corp.,

Buffalo, U.S.A. ).
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CHAPTER III

ROLE OF THE EXTERNAL ATP/ADP RATIO IN THE CONTROL

OF MITOCHONDRIAL RESPIRATTON

3.1 INTRODUCTION

ft has been proposed (see section 1.3.1) that a light-
mediated increase in the cytoplasmic ATp/ADp ratio of leaf cel1s,
leads to an inhibítion of the mitochondrial electron transport. chain
(Heber, I974). Numerous studies with animal mitochondria (Davis and

Lumeng, 1975; Küster, et a7: 1976; Davis and Davis - van Thienen , r97g;
Kunz et a7.1981) have shown that coupled respiration, as measured

by oxygen consumption, may indeed be regulated or controlled by the
external ATP/ADP ratío, through competition between ADp and ATp for
access to the AclN translocator (pfaff and Klingenberg, 1968; souverijn
et al. 1973). vignais and Lauquin (rg7g) however, have pointed out

that despite these findings, a role for the AdN transr_ocator in
in vivo regulation of oxidative phosphorylation is unlike1y, since

the ATP/ADP ratios measured in animal tissues are well below those

needed to cause significant ínhibitions of.mitochondrial respi-ration
in vitro.

To test the hypothesis that ATp/ADp ratios control mito_

condrial respiration in photosynthetic tissue, it was decided to
examine the effects of changes in the external ATp/ADp ratio on

the respiratory rate of isolated plant mitochondria and in parti_
cular of those isolated from leaf tissue. Any regulatory effects of
the external ATP/ADP ratio on respiration could then be compared r+ith

the measured valves of ATP/ADP ratios in leaf tissue, to cletermine the
potential regulatory influence of these ratj-os on in vivo resplration.
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Following completion of the work for this chapter, a number of

relevant references regarding ATP/ADP ratios in leaf cel1 compart-

ments rvere published (Goller et a7. l9B2; Stitt et a7. I9B2; Hampp

et a7. lg}2) and the implications of their results will be considered

in the discussion section.

3.2. RESULTS

Isolated pea leaf and cauliflower mitochondria demonstrated

good respiratory control and ADP/6 ratios of 2.I-2.2 and 2.4-2.5

respectively, with malate as substrate'

3.2.I. ADP_ ratinB svsten

The addition of creatine kinase to cauliflower and pea leaf

mitochondria, in the presence of creatine and ATP (either added or

generated by oxidative phosphorylation) 1ed to a stimulation of O,

uptake (Frg. 3.1; A,C). No stimulation was observed in the absence

of creatine (Fig. 3.1; B). Furthermore, the 0, uptake induced by

creatine kinase was sensitive to both oligomycin and carboxyatracty-

loside (Fig. 3.1; A,C) showing firstly, that it was due to a sLimul-

ation of oxidative phosphorylation through the production of ADP

and, secondly, that all ADP entry into the mitochondria was via the

AdN translocator. Hexokinase has also been used successfully as an

extramitochondrial ADP-generating system with animal mitochondria

(Küster, et a7. 1976). llowever, it was not suitable for use with

pea leaf mi-tochondria, due to Lhe presence of an inherent hexokinase

activity associated with the mitochondrial fraction. This mito-

chondrial hexokinase activity was investigated further in chapter B'
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Figure 3.2 illustrates the use of creatine kinase, in the

presence of creatine and ATP, for the generation of various respir-

atory rates between state 2 (designated here as O, uptake in the

presence of substrate only with no added ADP) and state 3 (as

determined by the addition of excess ADP in the absence of ATP).

The stimulation of O, uptake was línear with creatine kinase

activity until staLe 3 was approached, at which point ADP supply

from the ADP-generating system was no longer limiting oxidative

phosphorylation.

The creatine kinase system has been criticized (Brawand

et a7. 1980) on the basis that the concentration of inorganic phos-

phate (Pj-) is not constant and decreases during the incubation period

through the formation of phosphocreatine,as shown below:

creatine + ATP phosphocreatíne + ADP

At the most only 7-IO% of the Pi initially present in

my system (10 mM) would be utilized during the incubation period,

prior to sampling. Data will be presented later in the chapter, to

show that decreases in the Pi level of this magnitude have no effect

on the respJ-ratory rate observed in the presence of a particular ATP/

ADP ratio.

3.2.2. Effect of AT'P on ADP-de t res iration

Figure 3.3 illustrates the response of respiratory 02

uptake,by pea leaf mitochondria'to j-ncreasing ADP concentration in

the presence of various levels of ATP. Steady state ADP concentrat-

ions and respiratory rates rdere generated with the creatine kinase
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system. Rates of electron flow via the three phosphorylation sites

of the respiratory chaín were maximized by the addition of both

malate and glycine as substrates (see section 4.2.7). The ATP

or adenylate leve1s chosen for examination approximated the range

of published values of extrachloroplastic adenylate levels in leaf

tissue (Keys and l^/hittingham , 1969; Sellami , 7976; Stitt et a7. r9B0).

It should be noted that while adenylate refers to (ATP + ADP), in

most cases due to the much higher concentratj-ons of ATP than ADP,

the terms ATP and adenylate are inLerchangeable.

The results indicate that ATP does have an inhibitory

effect on the rate of ADP-stimulated oxygen uptake, but that the

extent of the inhibition is both smal1 and very much influenced by

the absolute ADP concentration. For example, at the 1ow ADP con-

centration of 8.5 uM, increasing the leve1 of ATP from 240 to

1600 UM resulted in a 23% decrease in the respiratory rate. This

inhibitory effect was decreased at 30 UM ADP however, with a similar

increase in ATP concentration causing only a I0% clecrease in the

rate of O, uptake. Thus, as the amount of ADP present increased,

so the inhibitory effect of ATP on the respiratory rate was decreased;

suggestive of a competitive type inhibition of ATP on ADP uptake.

The apparent K+ for ADP of oxidative phosphorylation, at the lowest

adenylate concentration,was estimated at between 6-8 UM which

compares wj_th the value of 13 UM measured by Davis and Lumeng

(1975) for rat liver mitochondria.

Similar results were obtained with mitochondria isolated

from non-green tissue (cauliflower) as shown in Fig. 3.4. As with
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pea leaf mitochondria, the concentration of ADP required to obtain

a particular rate of state 3 respiration, j-ncreased as a function of

the total adenylate or ATP concentration.

3.2.3. Effect of ATP / ADP ratios on resDiration

The effect of the steady-state extramitochondrial ATP/

ADP ratio on the rate of O, uPtake is shown in Fig. 3.5. As reported

previously for animal mitochondria, increases in the external ATP/

ADP ratio led to a decrease in the state 3 respiratory rate of pea

leaf mitochondria. However, as observed by Davis and Lumeng (I975)

this control is not absolute; since for a given ATP/ADP ratio, the

inhibitory effect on respiration varies with changes in the adenylate

concentration. Thus, while an ATP/ADP ratio of 60 produces a 50%

inhibition of respiratory O, uptake at an adenylate concentration

of 0.24 m\l, there is little effect of this ratio at 1.6 mM. Clearly

then, other factors are important in determining the sensitivity of

mitochondrial respiration to the external ATP/ADP ratios. Even so,

it can be seen that at all adenylate levels examined, marked inhibit-

ion of respiration u/as only found to occur at values of the ATP/ADP

ratio of approximately 20 or greater; ratios below this value having

litt1e or no effect on the respiratory rate.

I^lhile fewer samples were taken at the higher range of

respiratory rates for cauliflower mitochondria, the similarity in

rhe influence of rhe ATP/ADP ratio on respiration (Fig. 3.6) bet-

ween these thro types of mitochondria is apparent, with the sensitivity

to the external ATP/ADP ratio increasing as the adenylate level

decreased.
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3.2.4. Effect of Ms
2+

It is known that the AdN translocator specifically trans-

ports the uncomplexed (with respect to Mg2+ ions) forms of ADP and

ATP (Pfaff et a7. 1969). Furthermore, ATP complexes Mg2+ *or"

strongly than does ADP (Burton, 1959) such that at saturating

concentrations of l4g2+, most of the ATP would be present in the Mg

ATP form, unable to compete with uncomplexed ADP for access to the

translocator. As data for the previous figures were collected from

mitochondria incubated in the presence of excess levels of Mg2+

(5 mM), it was necessary to test the effect of lowe, l4g2+ concentrat-

ions on the inhibitory influence of ATP/ADP ratios on the respiratory

rates. Figure 3.7 illustrates the effect of decreasing the Mg2+

concentration in Èhe reaction medium from 5 to 0.5 mM in the

presence of a constant adenylate concentration. Considering that

maximal State 3 rates \¡/ere, on average, 77" Iower for mitochondria

incubated with 0.5 mM Mg2+ thun they were v/ith 1 or 5 mM PIg2*, it

can be seen that decreasing the Mg2+ .on.entration in the medium has

had 1ittle effect on the sensitivity of the respiratory rate to

changes in the ATP/ADP ratio. More significant effects may have

been observed had treatments been included in which the Mg/ATP ratio

was less than unity. It is unlikely, however, from present knowledge

of the relative concentration of both Mg2+ (1-4 mM; In/yn-Jones et a7.

1979) and ATP (Stitt et a7. 1980) in vivo, that the ratio would

normally fall below unity in the cytoplasm of leaf ce11s and,

consequently, such treatments would have limited physiological

significance.
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3.2.5. Effect of Pi

It has been suggested by various groups working with

animal mitochondria (Owen and !Vi1son, 1974; Holian et a7. L917;

Erecinska et a7. L977) that oxidative phosphorylation or respiration

rate is controlled, not by the extramitochondrial ATP/ADP ratio,

but by the phosphorylation potential or ATP/ADP.Pi ratio. Thus,

phosphate concentration may also influence the extent of the

inhibitory effect of ATP/ADP ratios on the respiratory rate.

Figure 3.8 illustrates the Pi requirements of isolated

pea leaf mi-tochondria for maximal state 3 rates of oxidative phos-

phorylation. Maximal state 3 rates were almost maximal in the presence

of 1 mM Pi, but were markedly inhibited at 0.5 mM Pi. Therefore any

effects of low phosphate (1 mM) on the extent of the inhibitory effect

of ATP/ADP ratios on respiraLion, coulcl be attrlbuted to changes in

the phosphorylation potential and not to direct phosphate limitations

of oxidative phosphorylation. Figure 3.9 compares the respiratory

response of pea leaf mitochonclria to varying ATP/ADP ratios, in

the presence of 10 mM and I mM Pi. The results indicate that

reducing the phosphate concentration 10 fo1d, had 1itt1e effect on

the general relationship between the ATP/ADP ratio and the

respiratory rate.

3.3 DISCUSSION

A unique feature of the operation of the AdN translocator

in the inner mitochondrial membrane is its regulation by the membrane

potential (Klingenberg, 1979). The protein itself demonstrates no
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intrinsic preference for either ADP or ATP as the transportable

substrate, as is well illustrated by the symmetrical exchange of

these nucleotides across the inner membrane of tuncoupledt mito-

chondria. In normal energized mitochondria however, the exchange

becomes highly asymmetric: ADP3- in for ATP4- out. This particular

electrogenic exchange results in the effective movement of one

negative charge from the matrix to the extramitochondrial space,

which is the highly favoured exchange reaction ttnder the influence

of mitochondrial membrane potenLial.

Souverijn et al-. (1973) have shown that the affinity of

the AdN translocator for ADP and ATP ís dependent on the energy

state of the mit.ochondria. Thus, while the Km of the translocator

to. ODt(rrr) (1-3 UM) remains constant, the Km for Ott(rn) increases

dramatically (from 1 UM to 150 UM) upon energization of the mito-

chondria. This effect may be mediated through changes in the

conformation of the AdN translocator protein. (Souverijn et a1. 1973;

Vignais and Lauquin, L979). However, ATP may sti1l compete rvith ADP

for access to the carrier, under these conditions, provided a

sufficiently large extramitochondrial ATP/ADP ratio is imposed

(Davis and Lumeng, 1975; Küster et a7. 1976; Kunz et a7. 19Bl).

Similarly, the results presentecl here show that ATP may

compete rvith ADP for uptake into plant mitochóndria. Figure 3.3

illustrates that the rate of respiration is dependent, not only on

the availability of ADP, but also on the external concentration

of ATP. Conversely, the extent of the influence of ATP on ADP up-

take or ADP-stimul-ated respiration wi1l be a function of the ADP
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concentration as shown by the decreasing inhibition of 0, uptake by

ATP with íncreases in the 1evel of ADP (Fig. 3.3). Consequently, the

influence of the ATP/ADP ratio on respiration (Fig. 3.5) will be

the results of the interaction of a number of different factors

affecting ADP uptake. Firstly, the numerical value of the ratio,

in concert with the total adenylate concentration, rvi1l determine

the absolute concentration of ADP available for uptake by the AdN

translocator. Secondly, the value of the ATP/ADP ratio wil1, through

the competition between ADP and ATP for access to the translocator,

regulate what proportion of this ADP may actually be transported

into the mitochondría for use in the oxidative phosphorylation

reaction.

From a consideration of these factors, one can propose

explanations for the apparent differences in sensitivì-ty of the

respiratory rate, to changes in the ATP/ADP ratio at different

adenylate 1eve1s (Figs 3.5, 3.6). At low adenylate concentrations,

the limiting amounts of ADP present will mean that sma1l increases

in the ATP/ADP ratio, while only causing sma1l changes in the

absolute concentration of ADP, will result in large alterations of

the respiratory rate as shown in Fig. 3.3. AL the high adenylate

levels however, the presence of a much larger ADP pool (for the same

ATP/ADP ratio) will mean that increases in the ratio, which result

in decreases in the ADP concentration, will have significantly less

effect on the ADP-stimulated respiratory rate (Fig. 3.3.). Therefore,

at these levels, inhibition of respi-ration by j-ncreased ATP/ADP ratios

is, in constrast Lo the lower adenylate levels, due to increased com-

petition for uptake between these two adenylate species.
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In summary, it can be seen that plant mitochondrial

respiration is not controllecl by the extramitochondrial ATP/ADP

ratio, but as for animal mitochondria, is a function of the rate of

transport of ADP into the mitochondrial matrix (Jacobus et af. I9B2)

as mediated by (a) the kinetic properties of the adenine nucleotide

translocator and (b) the availability of ADP.

The results of Fig. 3.5 show a close para11e1 to the

results obtained with animal mitochondria in that respiration u/as

only inhibited at ATP/ADP ratios exceeding approximately 20;

independent of the 1eve1 of adenylates present. Thus, the ratios

required for significant inhibition of respiration in vitro' are

far in excess of those in viyo ratios (betrveen 2 and B) measured

in the extrachloroplastic fractions of light-treated leaf tissue

(Heber and Santarius, I970; Keys and hlhittingham, l'969; Se11ami,

1976; Stirr et a7. 1980). This indicates that competitive inhibition

of ADP uptake by ATP, under our experimental conditions, does not'

appear to be sufficiently effective to cause an inhj-bj-tion of mito-

chondrial respiration in intact leaf tissue. Thj-s also appears

to be the case in the presence of very lorv phosphate concentrations

(Fig. 3.9), whích suggests that even at concentrations as low as

1 il, sufficient phosphate is transported into the mitochondrial

matrix, via the phosphate translocator, to maintain an internal

phosphorylation potential favourable for ATP synthesis. Indeed,

recent work by Rebeille et a7. (1983) suggests that mechanisms may

exist, within cel1s, t,o maintain the cytoplasmic Pi concentration

at a reasonably constant 1eve1, despite large changes in total



51.

cellular Pi. Using 3lp-t'¡tqn techniques, they estimated the cytoplasmic

Pi concentration of sycamore ce1ls to be of the order of 6 mM which

compares to the measurement of 9 mM made by Ullrich et a7. (1965)

for the cytoplasmic compart.ment of spinach leaves.

It could be argued that to date, methods employed in the

estimation of jn vivo cyLoplasmic ATP/ADP ratios have been not only

too s1ow, but also too imprecise,with the combining of the cytoplasmic

and mitochondrial pools into one extrachloroplastic fraction.

Recently, techniques have been developed which al1ow for the rapid

separation of chloroplasts, mitochondria and the cytoplasmic compart-

ment from protopl-asts (Li11ey et a1. I9B2; Hampp et ai. 1982).

Estimations of the cytoplasmic ATP/ADP rario during dark-1ight

transitions r¿ith these new techniques however, do not support the

inhibition hypothesis. For example, Hampp et a7. (1982) demonstrated

that the cytoplasmic ATP/ADP ratio in oat protoplasts rose from 1.5.

to 8.3 in the first 60 s following exposure to light, but that this

increase was only transient,wi-th the ratio returning to a value of

2.4 after 5 min illumination. Furthermore, Stitt et ai. (1982)

found the cytosolic ATP/ADP ratio of wheat protoplasts to actually be

higher in the dark (9.2) than in the light (6.5). A larer publi_carion

(Stitt et a7. 1983),using the same technique confirmed the value of

the cytoplasmi-c ratio to be of the order of 7-8, but found it to

be virtually unaffected by light - darl< transitions. Clearly the

observations above, together with the data presented in this chapter,

refute the hypothesis that the mitochondrial electron transport

chain in photosynthetic tissue is inhibited in the light through

increases in the cytoplasmic ATP/ADP ratio.
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If respiration is switched off in leaf tissue, in the

1ight, the question remains as to what the possible mechanism of

inhibition could be. Based on the estimates of Stitt et a7. (1983)

of cytoplasmic ADP levels of 5-10 nmol/mg Chl and cytosolic volumes

of 10-12 v:_/ng Chl (R. Douce cited as a personal communication in

Stitt et a7. 1983) the concentration of ADP in the cytoplasm would

be of the order of 0.4-1.0 mM. A comparison of these figures with

the ADP requirements of isolated mitochondria (Figs 3.3 and 3.4)

suggests that the mitochondrial respiratory chain is unlikely to

be limired in vivo by ADP supply. Indeed, for the ATP/ADP ratios

measured (< 10), this concentration of ADP in the cytoplasm would

mean that in the absence of a light mediated inhibitory mechani-sm,

the mitochondrial respiratory chain could operate in vivo aL

maximal state 3 rates, provided substrate was available.

Stitt et a7. (1982) suggested that their measurements of

the extramitochondrial and intramitochondrial ATP/ADP ratios,in r,¡heat

protoplasts, indicated a light-mediated de-energisation of the mito-

chondrial membrane pot.ential. It should be noted' however, that

mechanisms for the inhibition of mitochondrial respiration in the

light which lead to a dissipation of the membrane potenti-al (for

example through an inhibition of electron flow or an inhibition of

the supply of reducing equivalent to the chain) wi1l, in so doing,

stimulate the breakdown of cytoplasmic ATP by the mitochondri-al

ATPase enzyme. Consequently, unless mitochondria have a specific

role in the leaf ce1l in the 1ight, to act as ATP-energy 'sinks' ,

it is necessary that the inhibitory mechanism act in such a \^/ay as

to al1ow the membrane potential to be maintained, or alternatively'

cause a direct inhibition of the mitochondrial ATPase.
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It is ímportant to remember that there is sti1l no

definitive evidence to show that the mitochondrial respiratory

chain in phorosynrhetic tissue is inhibited in the 1ight. The

work of Goller et a7. (1982), for example, indicates that light

has no direct effect on the mitochondrial respiratory chain and

that the rate of antimycin-sensitive electron transport is potent-

ial1y equal under light and dark conditions. If the mitochond-

rial respiratory chain does operate in the light, it is likely

that NADH generated within the mitochondrial matrix will be re-

oxidized via the chain and not be available for transport to, and

subsequent utilization in, reduction reactions outside of the

mitochondria. Thus, questions are raísed as to possible alternat-

ive sources of NADH for nitrate reduction (see Reed and Canvin,

I9B2) and photorespiratory hydroxypyruvate reduction. Also of

J-rnportance is the possible influence of TCA cycle turnover in the

light (Graham, 1980) on rhe potential re-oxidation, by the mito-

chondrial respiratory chain, of NADH generated during photorespir-

atory glycine oxidation. This question will be considered in the

next chapter.



FiBure 3.1. StinuTation of respirator v O^ consunotion bv creatine

kinase.

Cauliflower (A,B) and pea leaf (C) mitochondria (0.5 tg protein)

were added to 2.5 ml of reacLion medium (seótiott 2.8) containing

5 mM MgClr, 7 mM malate, 7 mM glutamate and 0.1 mM TPP. Additions

as indicated: 30 mM creatine,0.24 mM ATP, 0.18 mM ADP, 2 units

creatine kinase (CK) ' 20 UM carboxyatractyloside (CAT) and 5 ¡rg
_'l

of oligomycin. Rates shown represent nmol 0, consumed mg '

-1profer-n mln
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Fieure 3.2. Generation of various respiratory rates by creatine

kinase

Cauliflower mitochondria (0.5 mg protein) were incubated for 2-3

min with 7 mM malate, 7 mM glutamate, 0.1 mM TPP, 30 mM creatine

and 2 mM ATP. Various intermediate respiratory rates were

initiated by the addition of creatine kinase (40 units /n1-).
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Fiøure 3.3. E t of ATP concentration on the rate of ADP-] eoendent

resoiration in oea Teaf nitochondria.

MiLochondria (0.8 mg protein) were incubated in 2.5 m1 reaction

medium (section 2.8) containing 5 mM MgClr, 10 mM malate, 10 mM

glutamate, 10 mM glycine, 0.1 mM TPP and 30 mM creatine to which

varying amounts of ATP were added: 0.24 mM ( O ), 0.8 mM ( A ),

1.6 mM ( O ). Different respiratory rates were initiated with

creatine kinase as shown in Fig. 3,2, and samples of the extra-

mitochondrial solution removed and analysed as described in sections

2.7 and 2.II. The state 3 rate was 160 nmol Or.on"urnud rng-1

-1proter.n m]-n
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Fìpure 3.4. Effect of ATP concentration on the rate of ADP-dependent

resoiration in cauTi ow.er mitochondria.

Mitoctrondria (0.5 mg protein) were incubaÈed in 2.5 m1 reaction

medium (section 2.8) containing 5 mM MgClr, 10 mM malate, 10 mM

glutamate, 0.1 mM TPP and 30 mM creatine to which varying amounts

of ATP were added: 0.27 mM ( À ), 1.6 mM ( A ), 2.4nYI ( f )

Other experimental procedures were followed as described in Fig.

3.2. The state 3 raLe was 247 nmol 0, consumed mg-l protein min-l
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Fipure 3.5. Effect of the extranitocho ndriai ATP/ADP ratio on the

resDirator y rate of pea Teaf nitochandria.

Experimental procedures as given in Fig. 3.3. Data taken from 3

separat.e experiments with varying t.otal adenylate concentrations:

(a) 0.2amM( ¡ ); 0.BmM ( r ); 1.6 mM ( Q ); (u) 0.45 mM

( ¡ ); (c) 0.60 mM ( A ). Oxygen uprake rare is expressed as

a percenÈage of the state 3 rate.
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fa 3 fect he extranitochondrial TP ADP ratio on the

resoiratorv rate of cauTifTower nitochondria

Experimental procedures as given in Fig. 3.4. Total adenylate

concentrations: 0.27 mM ( A ); 1.6 mM ( A ); 2"4 nt4 ( | ).
Oxygen uptake rate expressed as a percentage of the state 3 rate.
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2+Fipure 3.7. Effect of Mp concentration on the resoiratorv rate

of oea Teaf mitochondria in the ce of various ATP/ADP ratios

Experimental procedures as described in Fig. 3.3 except that the

concentration of ATP in all treatments was 0.45 mM, while the Mgz+

concentration of the reaction medium v¡as varied: 0.5 mM ( O ),

1.0 mM ( A ); 5.0 mM ( O ). State 3 rate was 119 nmol 0,
.-1-r

consumed mg-' protein min *.
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Fipure 3.8. Effect of Pi concentration on the naxinaT state 3

rator rates f Teaf nitochondria.

Mitochondria (0.4 ng protein) were added to 2.6 m1 of reaction

medium (section 2.8) containing 5 mM MgC1r, 10 mM malate, 10 mM

glutamate, 0.1 mM TPP and varying 1eve1s of Pi. Total buffer

concentration hras maintained aE 2A mM by the addition of variable

amounts of Tes buffer. Additions as indicatedz O.2O mM ADP.

_1 _1
Rates shown represent nmo1 0, consumed mg ^ protein min ^.
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Fiøure 3.9. Effect of Pi concentration on the resoirator y rate of

oea Teaf mitochondria in the oresence of various ATP/ADP ratios.

ExperimenËal procedures were followed as described in Fig. 3.3

excepÈ that the ATP concenLration in all treatments hras 0.6 mM

while the Pi concentration of the reaction medium was varied:

1 mM ( O ), 10 mM ( O ). Total buffer concentration was main-

tained aL 20 mM as described in Fig. 3.8. state 3 rate was 149 nmol
_r _10, consumed mg ' protein min '.
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CHAPTER IV

PREFERENTIAL OXIDATION OF GLYCINE

BY THE RESPIRATORY CHAIN

4.r INTRODUCTION

In this chapter, the potential competitive effects of TCA

cycle substrate oxidation on glycine oxidation by the respiratory

chain of pea leaf mitochondria are investigated. A1so, estimates of

tissue rates of glycine decarboxylase activity (which could be

supported by the mitochondrial respiratory chain of pea leaves) ' are

compared to current estimates of in vivo photorespiratory cycle

activity.

4.2 RESULTS

Mitochondria used in these experiments demonstrated ADP/O

ratios of 2.O-2.2 with glycine and 2.2-2.5 with malate as substrates.

trrtith the exception of experiments detailed in sectíon 4.2.4., alternate

pathway activity did not exceed 15% of the total oxidative capacity

of the mitochondria used.

4.2.I. Effect of res ratory substrates on gTYci ne oxidation

under state 3 conditions

Figure 4.1 demonstrates the extent of the potential

competition which could arise between substrate oxidations linked to

the respiratory chain. As indicated by the non-additive increase in

o, uptake following substrate addition (based on the summaLion

of the indivídual substrate rates), competition to glycine
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oxidation via the respiratory chain could arise at two 1eve1s.

Firstly, at the NADH dehydrogenase 1eve1, between glycine decarboxy-

lase and the NAD-linked dehydrogenases of the TCA cycle and secondly,

at the chain leve1, from succinate clehydrogenase and external NADH

dehydrogenase. The competition which exists between NAD-linked

substrates specifically will also be considered in Chapter 5.

The effect of these respiratory substrates on glycine

oxidation (via the respiratory chain) can be measured through the

use of an NH, electrode to fo1low glycine oxj-dation specifically.

The use of the NH, electrode is demonstrated in Table 4.1, r'¿hich

shows state 3 - state 4 transitions in 0, uptake and NH, release during

glycine oxidation by pea leaf mitochondria. Ratios of O, uptake

to NH, release were of the order of 1:2 as predicted from theoretical

considerations (see section 1 .2.3.)

The effects of various respiratory substrates on glycine

oxidation in state 3, are shown in Table 4.2. The rpredicted'rate

of O, uptake represents the summation of O, uptake rates as measured

with the individual substrates. The use of an ADP-generating system

(glucose + hexokinase) allowed for the maintenance of the state 3

condition over extended periods of time (e.g. 15-20 min), thus ensuring

that the respiratory substrates attained their maximum rates of

oxidation following their addition to the reaction medium. It can be

seen that glycine oxidation in state 3 was unaffected by the presence

of oÈher respiratory substrates. Oxygen uptake, however, h/as markedly

stimulated, demonstrating that concurrent oxidation of substrates

did occur.



56.

The discrepancy between the predicted rate and the observed

rate of 0, uptake indicates the extent of inhibition of oxidation of

the other respiratory substrates in the presence of glycine (in no

case was NH, release from glycine inhibited). The rate of nalate

oxidation, for example, v/as inhibited 30% in the presence of glycine.

Similarly, external NADH oxidation was inhibited approxinately 277"

in the presence of glycine (Tab1e 4.3), although concurrent oxidation

of succinate, malate or 2-OG, also inhibited external NADH oxidation.

The presence of CaCI, which has been observed t.o activate external

NADH oxidation by pea leaf mitochondria (Nash and Wislcich, 1983), had

no effect on the relative degree of inhibition of external NADH

oxidation caused by these substrates (Tab1e 4.4). In the presence

of multiple substrates, not all of the difference between the pre-

dicted and observed rates of O, uptake could be accounted for by

decreases in external NADH oxidation a1one. Thus, the oxidation of

other substrates e.g. succinate, malate was also inhibited (Tab1e

4.3).

4 .2.2. Ef f ect of res irator substrates on ne oxidation under

state 4 conditions

Wiskich (1980) has suggested that it is unlikely that

cel1ular respiration would operate under state 3 conditíons. Rather,

it is probable that normal in vivo respiratory rates rvould be some-

where between the state 3 and stat.e 4 rates, as limited by ADP

supply. I therefore examined the effect of some respiratory subst.rates

on glycine oxidation under state 4 conditions. The results in Table

4.5, clearly show that, even under these restricted respiratory

conditi-ons, glycine is preferentially oxidized by the electron trans-
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port chain at the expense of the other respiratory substrates present.

State 4 malate oxidation (as in state 3) was inhibited 302 upon the

addition of glycine. The glycine state 4 rate, however, as judged by

NH, release, hras unaffected by the presence of other respiratory

substrates.

4.2.3. Re-oxidation of NADH b v naTate dehydroSenase

It is well established that the addition of 0AA to leaf

mitochondría oxidi zíng gLycine leads to a dramatic inhibitj-on of

respiratory 02 uptake, while maíntaining glycíne oxidation at a

similar or even increased rate (\tloo and Osmond, 7976; Day and

I^/iskich, 1981; Journet et a7. 1981). This is attributed to the

rapid re-oxidation of NADH by MDH and re-cycling of the NAD to

glycine decarboxylase. If such a system were to operate in vivo,

one might expect there to be a specialized degree of interaction

between the two eîzyme systems involved (i.e. glycine decarboxylase

and MDH), to ensure the efficient renoval of reducing equivalents in

this way. The results of Table 4.6, however, indicate that this does

not appear to be the case, since OAA-dependent re-oxidation of NADH

occurs with a range of mitochondrial substrates. This dernonstrates

that MDH has equal access to all sources of intramitochondrial NADH'

regardless of which enzyme reduces the NAD. Thus, there appears to

be a ubiquitous distribution of MDH within the matrix of pea leaf

mitochondria.
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4.2.4. Tissue rates of pTvcine oxidation via the respiratorv chain

Part of the question regarding the possi-ble coupling of

glycine oxidation to the mitochondrial respiratory chain in vivo,

is whether sufficient rates of oxidation could be maintained to

account for the estimated rates of photorespiratory turnover. As

pointed out in section L.2.3., current estimates of respiratory-

linked glycine oxidation, on a tissue basis, are only just sufficient

to account for whole leaf photorespiratory rates (üloo anrl Osmond,

1976; Day and Wiskich, 1981). It has also recently been suggested

that alternate pathway activity associated with the mitochondrial

respiratory chain (Day et a7. 1980) may have a role in glycine

oxidation in vivo (Azc6n-Bieto et a7. 1983 ), particularly under

conditions of ADP-limitation of the cytochrome chain (Wiskich, 1980).

It was therefore decided to re-examine the tissue estimates

of respiratory chain-linked glycine decarboxylase activity in

pea leaves, and investigate the potential contribution of the alter-

nate path\4ray to photorespiratory glycine oxidation in vivo.

Measurements were made on leaf tissue sampled from plants ranging

from young emergent shoots (day B; leaves not unfolded, only 20% of

total chlorophyll differentiated) to mature plants (day 2I; leaves

fu11y developed and expanded), as this enabled a more reliable

estimate of pea leaf glyci-ne oxidative capacity to be made.

Mitochondria rvere isolated from the leaf tissue and measurements

of state 3, state 4 and alternate pathway activity in the presence

of various respiratory substrates (including glycine) rvere made.

These measurements were then extrapolated to tissue rates (see

section 2.13) based on: (a) estimates of mitochondrial recovery
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through comparisons of fumarase activity in the leaf homogenate

and the mitochondrial pe1let and (b) chlorophyll content of the

leaf homogenate relative to the chlorophyll content of the

ciriginal leaf tissue.

Figure 4.2 shows that the total respiratory capacity of

pea leaf tissue decreased with age. The rates of malate (Fig. 4.
_1 _1

succinate (54 down to 14 Umol 0, g'fwt h') and external NADH

oxidation (69 down to 28 pmol 0, uptake g-1 f"a h-1) were all

found to decrease with tissue development. In contrast, the rates

of alternate pathway activity, wíth these substrates, $/ere found to

i-ncrease initially and then remain constant over the period

examined. Thus, the decrease in respiratory activity can be

attributed to decreases in the total cytochrome pathway activity

per g.fwt of tissue.

Glycine oxidative capacity rvas low in the young emergent

tissue (day 8), which had a low chlorophyll concentration, and

increased, in concert with chlorophyll development (Fig. 4.3), to

a maximum tissue rate of 48 Umol 0, uptake g-1 fra h-1 at around

day 11. Subsequently, the rate was maintained at a reasonably
_1 _1

constant 1eve1 of 30 Umol 0, uptake g'fwt h'(Fig. 4.2),

A similar pattern is observed for glycine actlvity if expressed on

_1 _1
a ¡tmol C0, evolved mg 'Ch1 h ' basis (i.e. 2 x CO, evolved per

L x O, taken up). The init.ially high rate of activity measured

at day 8, when the results are expressed on a chlorophyll basis,

indicates the close relationship which exists between the develop-

ment of chlorophyll or photosynthetic acti.vity and glycine decarboxy-

lase activity (compare Figs 4.2 & 4.3) in pea leaf tissue.

2.),
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Apart from the peak in activj-ty at around day 11 (which

was a reproducible feature of these leaf development experiments),

rates of glycine oxidation via the respiratory chain (under state

3 conclitions) were found to be in the region of 20-30 Umol C0,

_1 - l
mg-' Chl h-'. Incleed, samples from five separate groups of pea

plants between the ages of 14-16 days gave a mean activity of

27.4 t 2.7 ttnol CO, mg-l Chl h-1. A similar assay of glycine

decarboxylase activity in spinach leaf tj-ssue gave a rate of 28.9

_1 -1Umol C0, mg ' Chl h '.

The maximal rates of glycíne oxidation which could be

supported by alternate pathrvay activity in pea leaf tissue rvere of
_1 _1

the order of 5-B Umol 0, uptake g ^ fwt h'(Fie. 4.2). Malate,

however, r{as oxidízed via the alternate pathway at rates 3O-5O7"

higher than that achieved in the presence of glycine, indicating

that. glycine decarboxylase did not have access to all of the

alternate pathway activiLy present in this tissue.

4.3. DTSCUSS]ON

4.3.I. PreferentiaT oxidation of vcine via the respiratory

chain

Day and l,/iskich (1981) originally reported that the

addition of certain TCA cycle intermediates to mitochondria

oxidizing glycine had 1itt1e effect on the rate of glycine decarboxy-

lation. The data presented in thís chapter confirms this oríginal

observation and shows that pea leaf mitochondria preferentially

oxidize glycine when confronted with a mixture of glycíne and TCA

cycle substrates (Table 4.2). Even under state 4 (ADP-limited)

conditions, when competition between substrates for electron
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transport could be expected to be most severe, the oxidation of

glycine was not dimínished (Tab1e 4.5). Therefore, it appears

that the electron transport chain of pea leaf mitochondría has an

absolute preference for the NADH generated from glycine oxidation.

This preference also extends to the competition between

external NADH and glycine (Tables 4.3, 4.4). It is known that

external NADH oxidati-on is inhibited by intramitochondrial oxidation

reactions in cauliflower and Jerusalem artichoke mitochondria (Day

and l,r/iskich, I977a; Cowley and Palmer 1980). The sensi-tivity of

external NADH oxidation to intranitochondrial NADH oxidati-on may be

linked to differences in the redox potential drop between the

respective NADFI dehydrogenases and ubi-quinone, such that electron

transport from the internal NADH dehydrogenase to ubiquinone is

more hlghly favoured in a competitive situation.

The ínhibitory effect of glycine on malate oxidation in

pea leaf mitochondria (Tab1e 4.2) has also been observed by Walker

et a7. (1982). They observed a 37% decrease in malate oxi-dation,

under sLate 3 conditions, on the addltion of glycine. However, in

contrast to the results presenLed here (see Table 4.5), they did

not find malate oxidation to be ínhibited by glycine under sLate

4 conditions. There is no obvious explanation for the difference

in these results, but it may be r:elated to the fact that \,rla.l-ker

et al. (1982b) measured the effect of glycine on malate oxidation

via ME only, whereas the experiments carried out here involved

malate oxidation via both MDH and ME.

Recently, Ericson et a7. (1983) have provided evidence

to suggest that a similar system of preferential glycine
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oxidation is also present in spinach mitochondria. Their results

indicated that glycine oxidation had preferred access to the

mitochondrial electron transport chain in comparison to malate,

succinate and external NADH and, thus, suggested that the oxidation

of glycine must be more tightly coupled to the respiratory chain

Lhan these other substrates. The actual mechanism by which glycine

i-s preferentially oxidized via the respiratory chain is yet to be

elucidated and will be considered further in Chapter 5. However,

it may be related to the close association of glycine decarboxy-

lase with the respiratory chain,on the inner mitochondrial

membrane.

It is essential that glycine oxidation be maintained for

the continued operation of the photorespiratory cyc1e. In the

face of competitlon from the TCA cycle dehydrogenases, it might

be expected that the mechanism responsible for the continued

oxidation of glycine in vivo, would show some preference for this

photorespiraLory intermediate. The results in Table 4.6 indicate

that MDH, ín the presence of 0AA, represents a very general

mechanism for the re-oxidation of intramitochondrial NADH, without

any apparent preference fof a particular substrate. 0n the other

hand, the respiratory chain demonstrates a clear preference for the

NADH generated during glycine oxidation. No similiar system of

preferential glycine oxidation is present in aníma1 mitochondria.

Indeed, glycine oxj-dation by rat-liver mitochondria was severely

restricted in the presence of respiratory substrates such as malate,

succinate and 2-0G (Hampson et a7. 1983).
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It is therefore tempting to speculate that the system

found in plant mitochondria has a specific role in photorespiratory

metabolism and that oxidative decarboxylation of glycine in vivo

ís linked to the mitochondrial respiratory chain, rather than to a

metabolic shuttle involving 0AA and MDH. This proposal is supported

by the recenL findings of O1iver (1983) who showed that the light-

dependent release of CO, by glycine decarboxylase in pea leaf proto-

plasts, !{as inhibited by the respriatory chain inhibitor, rotenone.

This indícates that glycine oxidation in vivo was linked to the

mitochondrial respiratory chain. 0f course, a further irnplication

of the above proposal, which is also supported by Oliverrs findings,

is that the mitochondrial electron transport chain is operating in

the 1ight.

4.3.2. PhotoresDir atorv pTvcine netaboTisn in vivo

\^/hile the discussion to this point would appear to

strongly support the concept of photorespíratory glycine

oxidation via the mitochondrial respiratory chain, there are stil1

important questions to be answered regarding the potential 'rates

of glycine oxidation which can be handled by this pathway in vivo.

The data presented in section 4.2.4 indicates that tissue rates

of respiratory-linked glycine decarboxylation, in both pea and

spinach leaf tissue, are of the order of 20-30 umol CO, tg-l Cnt f,-1.

These rates hrere measured under sLate 3 conditions and are only just

sufficient to account for current esLimates of photorespiratory

cycle turnover (see section 1.2,3.). Furthermore, if respiratory

chain activity is limited in vivo by ADP availability, the

maximal rate of glycine oxidation via the respiratory chain may
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be even further reduced below that required to account lor in vivo

photorespiratory rates.

It is also clear that, for the pea leaf tissue examined

here, alternate pathway activity would not play a significant role

in photorespiratory glycine oxidation in vivo. Indeed, glycine

decarboxylase appeared to have a relatively poor access to the

alternate pathway in comparison to the malate oxidizing enzymes

(Fig. 4.2). A possible explanation for this observation may be

found in Chapter 5.

Perhaps a more important question regarding these tissue

estimates of glycine decarboxylase activity pertains to the

validity of the current photorespiratory flux measurements. It

can be seen in Fig. 4.2 that under state 3 condltions glycine

oxidation was limited, not by the capacity of the cytochrome

chain (since total respiraLory capacity always exceeded the rate

of glycine oxidation), but by absolute glycine decarboxylase

activity. Consequently, it would appear that even in the absence

of a limitation of glycine oxidation by the respíratory chain,

maximal raLes of glycine decarboxylase activity would be barely

sufficient to cope with photorespiratory cycle turnover. It has

been proposed that some glycine decarboxylase activity may be lost

during mitochondrial isolation (ln/oo and Osmond I976; Day and

tr/iskich, 1981), due to the particularly labile nature of this

enzyme. V/alker et al. (1982b) found that isolated pea leaf

mitochondria rapidly lost the capacity to metabolise glycine

(compared to other substraLe oxidation capacities) unless stored

in the presence of a low concentration of this substrate. The
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j-nclusion of glycine in the isolation media used in section 4.2.4,

however, did not increase the recovery of glycine decarboxylase

activity.

Thus, doubts must be raised as to the accuracy of published

rates of photorespiratory flux through the glycine decarboxylase

step in leaf tissue. This issue, together with the questionable

capacity of the respiratory chain to cope with glycine oxidation

in vivo, will be considered further in Chapter 9.



b7e 4.1. SinuTt measurement of O ke and NH reTease

during the oxidation of plvcine bv oea Teaf nitochondria.

Experimental procedures as given in section 2.9. Assays contained

11 mM glycine and 0.17 mM ADP.

NH Release 0 uptake
3 2

Glycine + ADP (state 3)

state 4

+ ADP

state 4

-1nnol ng protein nin

B1

49

7B

46

-1

156

99

163

92



TabTe 4.2. Effect of various respiratory substrates on pTvcine

oxidation bv Dea'7eaf nitohcondria in state 3.

Experímental procedures as given in section 2.9. Assays contained

11 mM glycine, 11 mM glucose and 4 units of hexokinase. State 3

was initiated by the addit.ion of 0.28 mM ADP. Follorving the

establishment of a steady state rate of glycine oxidation, addit-

ions were made to the following final concentrations: 11 mM

malate, 11 mM succinate, 11 mM 2-OG, 0.8 mM NADH. Both glutamate

(11 mM) and TPP (0.1 mM) were also Íncluded in the assay medium

on the addition of malate, while TPP (0.1 mM) and malonate (5 rnM)

were included with 2-OG. Oxidation rates for succinate and NADH

-1 -1were 83 and 130 nmol 0, consumed mg ' protein min -.

NH, release 0, uptake Predicted
0, uptake

-1 -1

Glycine

+ malate

Glycine

* succinate, NADH

Glycine

+ z-OG

150

1s0

L20

r20

100

100

r25

succinaLe 130

Glycine

+ malate,

NADH

nnoT ng protein nin

77

r42

64

192

51

1i8

63

I7I

277

720

247 376



TabTe 4.3. Ef Ítâtê; naTate and 2-OG oxidation on

NADH oxidation by pea Teaf nitochondria.

Substrates were incubated wj-th NADH for 3 min prior to ínitiation of state

3 h/ith ADP. Substrate concentrations as given in Table 4.2. Pthalonate

(5 mM) was also present ín assays containing malate to inhibit external

malate dehydrogenase mediated NADH oxidation resulting from the export of

any OAA during malate oxidation. Note that the rate of NADH oxidation is

halved to make it equivalent to 0, consumption.

0, uptake NADH Oxidation (à)

measured predicted deficit measured control-measured

-1nnoT ng protein nin

216

56

-1

Exp. 1

NADH

NADH +

NADH +

NADH +

glycine

succinate

succinate,
glycine

212

252

242

267

175

20r

225

175

792

308

335

249

158

0

5B

5B

119

4T

Exp. 2

NADH

NADH + malate

NADH + malate,
glycine

Exp. 3

NADH

NADH + 2-OG

NADH + 2_OG,
glycíne

93 158

427 160 97

4B

175

132

326 101 96

233 47

175

r34

0

43

79

216 294 78 101 74



TabTe 4.4. Effect of succinate and gTycine on externaT NADH oxidation

b Teaf nitochondria in the ence of CaCT

Experimental conditions as given in Table 4.3 except that CaCI,

(1 mM) was also present in the reactj-on medium.

0, uptake NADH oxidation (ì-)

measured predicted deficit measured control-measured

-1 -1

NADH

NADH + succinate

NADH + glycine

NADH + succinate,
glycine

2IO

22r

243

243

29r

29r

372

nnoT ng protein nin

229

176

176

r24

70

48

I29

53

53

105



TabTe 4.5. Effect. of maTate and 2-OG on glycine oxidation by pea

Teaf nitochandria in state 4.

Concentration of substrates as given in Table 4.2 except that Lhe

initial ADP addition was to 0.17 mM.

NHg release 0, uptake Predicted
0, uptake

-1 -1

Glycine + ADP

state 4

Malate + ADP

state 4

+ glycine

2_OG + ADP

state 4

+ glycine

138

B6

nnoT ng protein nin

68

43

L02

47

76

7T

32

65

86 90

BB 75



TabTe 4.6. AccessibiTitv of various NADH-peneratinp enzvnes in Dea

Teaf nitochondria to OAA-depen dent re-oxidation bv naLate dehvdro-

genase.

Assays hrere carried out in 2 ml of reaction medium (section 2.8) and

contained mitochondria (0.5 tg protein) and either 11 mM glycine,

11 mM 2-OG,11 mM citrate,ll mM glutamate or 11 mM malate and 2 mM

arsenite. Malonate (5 mM) and TPP (0.1 mM) were also included with

2-OG. State 3 was initiated by the addition of 0.7 mM ADP followed

by the addition of 0.7 mM 0AA.

Substrate Assumed enzyme
0, uptake

Srare 3 +0AA

Glycine

2-OG

Citrate

Glutamate

Mal, arsenite

Glycine decarboxylase

2-0G dehydrogenase

Isocitrate dehydrogenase

Glutamate dehydrogenase

Malic enzyme

_1 _1.¡protean n7n

114 10

45 12

286
270

40 10

nnoT ng

ac

Possibly some malate dehydrogenase also



Fipure 4.1. Concurrent axídation of respiratorv substrates bv oea

Teaf nitocbondrìa.

Mitochondría (0.5 mg protein) were placed in 2 ml of reaction medium

(section 2.8) containing 11 mM glycine. Additions as indicated:

1 mM ADP, 11 mM malate (including 11 mM þlutamare and 0.1 mM Tpp),

11 mM succinale, 0.8 mM NADH. Rates shown represent nmol O, con-

sumed mg-l protein min-l. Numbers in the brackets represent the

total predicted rate of 0, consumption based on a summation of the

individual substrate rates.
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Fi e 4.2. Chan a tissue rates of res tor Tinked xidations

durinp the deveLo t of oea Teaves.

Experimental procedures as described in section 2.I3. Substrate

oxidation rates hlere measured under state 3 conditions in the

presence of excess ADP. Total oxidative capacity v/as measured in

¡he presence of glycine, malate, succinate and NADH. Alternate path-

\./ay acÈiviLy was calculated from the raLe of disulfiram-sensitive,

antimycin-A-insensitive 0, uptake. Concentrations used: 11 mM

malate, 11 mM glycine, 11 mM succinate, 0.8 mM NADH, 150 UM disulfiram,

5 UM antimycin-A. Glutamate (11 mM) and TPP (0.1 mM) were also pre-

sent when malate \^Ias a substrate. Calculation of rates of glycine

decarboxylation (C0, release) were based on the ratio of 2 x CO,

evolved per 1 x 0, consumed by the respiratory chain.

Synbois z

(a)

(b)

state 3 0, uptake - total ( I )

malate ( A )

glycine ( O )

alternate pathway 0, uptake - total ( ¡ )

malate ( A

glycine ( O

state 3 glycine decarboxylation - ( O ).

)

(c)
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Fiøure 4 .3. ChToro ohvT 7 deveTopnent in Dea feaves.

Experimental procedures as described in section 2.I3.
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CHAPTER V

DIFFERENTIAL ACCESS OF ENZYMES INVOLVED TN GLYCINE AND

MALATE OXIDATION TO NAD AND RESPIRATORY CHAINS

IN PEA LEAF MITOCHONDRIA

5.1 INTRODUCTION

In the previ-ous chapter T presented evidence to suggest

that a mechanism may exist in pea leaf mitochondria for the pre-

ferential oxidation of glycine via the mi-tochondrial respiratory

chain. The basis of the mechanism is unknown, but may indicate

the existence of some form of compartmentation of enzymes within

the mitochondrial matrix. This would a11ow for the differential

access of certain enzymes to separate NAD pools and respiratory

chains.

Such a model has been proposed previously by Rustin

et a7. (1980) to account for apparent differences in the rotenone

and cyanide sensitivity of malate oxidation via ME and MDH. They

proposed that a functional connection existed between ME and the

alternate pathway, through the rotenone-insensitive NADH dehydro-

genase (see also Rustin and Moreau, 1979; Moreau and Romani, 7982).

However, these claims have si-nce been questioned by \^/iskich and

Day (1982), who concluded that ME and MDH have equal access to

the rotenone- and cyanide-resistant pathways.

Glycine decarboxylase appears to be membrane-bound

(Sarojini and Q1iver, 1983) and, as such, f,aY behave differently

from matrix soluble NAD-linked enzymes such as MDH. The results

of Chapter 4 certainly suggest that a unique associ-ation exists

between glycine decarboxylase and the respiratory chain in pea
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leaf mitochondria. Thus, the aim of this chapter is to examine

glycine oxj-dation in greater detail and, in particular, compare

its behavíour to that of other NAD-linked substrates, in order to

provide information on the possible compartmentation of glycine

decarboxylase with specific NAD pools and respiratory chains

within pea leaf mitochondria

5.2. RESULTS and DISCUSSION

5.2.I. Concurrent oxidation of NAD-iinked substrates bv oea

Teaf nitochondria under state 3 conditions

The addition of glycine to pea leaf mitochondria oxidizing

malate led to a marked stimulation of the state 3 rate of O, uptake

(Table 5.1, Fig. 5.1; A). The average stimulation of the malate

state 3 rate by glycine h'as I.43 ! 0.14 fold (n = 19), which

contrasts with the results of l,rlalker et a7. (1982b), who found

that glycine had a negligible effect on the state 3 rate of malate

oxidation by pea leaf mitochondria. Conversely, the addition

of other NAD-linked substrates (e.g. 2-0G and citrate) had

1itt1e effect on the rate of 0, uptake in the presence of malate

(Table 5.1). These same substrates, however, 11ke malate

(Fig. 5.1; B), could be shown to markedly stimulate the respiratory

rate in the presence of glycine (Tab1e 5.1).

I^/iskich and Day (1982) have suggested that the observed

lack of stimulation of malate-dependent 0, evolution by 2-0G and

citrate in cauliflower mitochondria may be due to competition

between the respective dehydrogenase enzymes for access to matrix
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NAD and/or NADH dehydrogenase,capacíty. However, as seen from

the results in Table 5.2, an alternative explanation may be that

both 2-0G and citrate inhibit malate oxidation directly, such

that their addition has little effect on the net rate oL O, uptake

of, in the case of citrate, produces a slight inhibition. For

example, the very slight stimulatory effect of 2-0G on 0, up-

take in the presence of rnalate is actually reduced if the

concentration of 2-0G is increased (Table 5.2) . More signifi-

cantly, if. z-OG is added in the presence of arsenite (an inhibj-tor

of 2-OG dehydrogenase), a marked inhibition of malate-dependent

0, uptake is observed, which can be reversed by the further

addition of malate. Similarly, the citrate inhibition can also

be reversed by an increase i-n the malate concentrati-on (Tab1e

s.2)

The effects of 2-0G and citrate on malate oxidation

may be mediated through substrate transport effects, rather

than competition for enzymes or enzyme co-factors. Both 2-0G

and citrate are transported lnto mitochondria on specific carriers,

in exchange for internal dicarboxylate molecules, such as nalate

(lrliskich, 1977). Thus, the addition of 2-0G or citraLe to

mitochondria oxidizíng malate may effectively remove malate

from the matrix which could otherwise be utilised by MDH or ME.

If the incoming substrate molecule is oxidized itself at a rate

similar to malate oxidation, there should be no net effect on

the rate of 0. uptake, as is observed v/ith 2-0G addition
z

(Tab1e 5.1). This will-not be the case wiÈh cítrate, however,

because of the unfavourable equilibrium of aconitase (Lehninger,

1975), which rvill restrict the rate of citrate oxidation and,
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consequently, produce a net inhíbition of O, uptake upon citrate

addition (Tab1e 5.2).

There is also the possibility that 2-0G inhibition of

malate oxidation may be mediated through a reduction in the rate

of removal of OAA by GoT. In the presence of 2-OG and aspartate

(which would have been synthesized by GOT in the presence of

glutamate), the equilibrium of the GOT reaction would no longer

be as favourable for OAA removal, causing an accumulation of

OAA and an inhibition of MDH activity.

If 2-OG is added to pea leaf mitochondria oxidizing

malate under conditions favouri-ng ME (at pH 6.8, in the absence

of glutamate and in the presence of arsenite), an inhibition

of malate oxidation is stil1 observed (Table 5.3). However, the

extenL of inhibition is reduced in comparison to the effect on

rnalate oxidation in the presence of glutamate (at pH 7.2)

which favours MDH activity. If part of the 2-0G effect is

medÍated via a reversal of GOT, it should be possible to

demonstrate a similar effect with aspartate. The results in

Table 1.3 demonstrate that, like 2-0G, aspartate does indeed

inhibit malate oxidation in the presence of glutarnate. However,

also like 2-OG, part of this inhibition can be attributed to

effects other than a reversal of GOT (i.e. transport effects),

since some inhibition of malate oxidation, by aspartate, is

observed in the absence of glutamate (Table 5.3).

Overall these results indicate that NAD-linked sub-

sLrate may interact not only at the enzyme or NAD 1eve1, but

also at the transport level through the existence of carriers
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in the mitochondrial membrane which catalyse exchange reactions

between the different NAD-linked substrates. These results also

raise the inLeresting possibility that aspartate uptake into

mitochondria may also involve a carrier which catalyses an

aspartate fmaLate exchange. Proudlove and Moore (1982) could

find no evidence for carrier mediated uptake of aspartate or

glutamate into pea leaf mitochondria and suggested thaL uptake

was via diffusion only. Day and l¡/iskich (I977b), on the other

hand, demonstrated that glutamate uptake into cauliflower and

beetroot mitochondria did require the presence of phosphate and

malate, indicating that a carrier may exist which mediates a

glutamate fmalate exchange across the inner mitochondrial membrane.

Aspartate may also be taken up by this carrier in exchange for

internal malat.e.

From these results, it is clear that no valid

conclusions can be drawn regarding the comparative access of

TCA cycle dehydrogenases and glycine decarboxylase to NAD andfor

NADH dehydrogenase capacity withín the mitochondria. Glycine

uptake is via diffusion (section 1.2.3) and, consequenLly, 0, uPtake

rates in the presence of glycine would not be subiect to the

same potentially inhibitory effects of second-substrate addition

as malate-dependent respiratory rates appear to be. It was there-

fore decided that all further experiments should involve compari-

sons between glycine and malate oxidation on1y, to avoid the

obvious complications associated with the concurrent oxidation

of NAD-linked TCA cycle intermediates.
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5.2.2. Effect of substrate addition under state 4 conditions

Second substrate additions also 1ed to a narked

stimulatíon of the state 4 respiratíon rates (Fig. 5.1; C,D).

The state 4 rates were measured for up to 4 min prior to the

addition of the second substrate to avoid any biphasic behaviour

of the malate state 4 raLe (Palmer et a7. 1982). I,rlalker et a7.

(1982b)reported that glycine stimulated the state 4 rate of O,

uptake with malate, but found that this stimulation was, under

certain conditions, mediated through an increase in 0, uptake

via the alternate pathway. In contrast to their results, the

alternate pathway inhibitor disulfiram (Fig. 5.1; C,D) had

1ittle or no effect on the state 4 stimulati-ons observed in my

preparati-ons, nor was any stimulation of O, uptake (by second-

substrate addition) observed in the presence of antimycin-A

(Fig. 5.1; E).

Both SHAM and disulfj-ram were found to inhibit glyclne

oxidation, by pea leaf mitochondria, to a much greater extent

than predicted from t.he amount of alternate pathway activity

measured with antimycin-A (Tab1e 5.4). It should be noted thar

antimycin-A was used, instead of KCN, to estimate alternate path-

way activity with malate and glycine because of the inhibitory

effects of KCN on glycine decarboxylase (Gardestr'óm et a7. 1981 )

and GOT (ü/iskich and Day, 1982). The inhibition of glycine

oxidation by SHAM and disulfiram increased gradually with time,

with a 4O-5O7" inhibition of state 3 oxidation via the cytochrome
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chain observed after 5 min in their presence (Table 5.4). The

significance of this result is that the glycine stimulation

of the malate state 4 raLe (as shown in Fig. 5.1) was often

found to be reduced by these alternate pathway inhibitors, 3-4

min after their addition. This reduction, however, was not due

to an inhibition of 0, uptake via the alternate pathway, but

due to the direct effects of SHAM and disulfiram on glycine

oxidation via the cytochrome chain. It is assumed that the

inhibítion of glycine oxidation by these compounds results from

an effect on the glycíne decarboxylase enzyme directly, since

similar magnitudes of inhibition of state 3 malate oxidation via

the cytochrome pathway, h/ere not observed (Tab1e 5.4)

These second-substrate-mediated increases in the state

4 rate of O, uptake (Fig. 5.1) would appear to be in contradict-

ion to our current understanding of the state 4 condition.

Day et a7. (1980) haye stated that the rate of. O, uptake,

under state 4 condtions, is restrícted by the proton-motive

force (prf) across the inner mi-tochondrial membrane. The

stimulation of the malate state 4 rate by glycine and vj-ce versa

(Fig. 5.1), however, suggests that the pmf may not be limiting

the state 4 rates of respiration with these substrates. The

pmf may be partly dissipated by metabolite ion transport (Day

et a7. 1980) and 1ed to an increase in the rate of 0, uptake

upon substrate addition. I^ihile a transj-ent stimulation of the

glycine state 4 raLe by malate may possibly be explained in

these terms, the opposite result (i.e. the stimulation of the

malate state 4 rate by glycine;Fig. 5.i) cannot, since glycine

uptake occurs via diffusion (see section I.2.3). It was there-
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fore necessary to determine what factors limit the state 4 rates

of oxidation of these substrates before an explanation for the

observed stimulation of state 4 respiration by substrate addition,

could be formulated.

The results in Table 5.5 indicate that the control

exerted by the pmf during state 4, on that part of the electron

transport chain between ubiquinone and 0r, does not limit the

individual rates of oxidation of glycine or malate. Succinate

or external NADH oxidation, which link directly into ubiquinone

(Day et a-l. 1980), v/ere found to support much higher state 4 rates

than those of the individual NAD-linked substrates (Tab1e 5.5).

Indeed, even in the presence of malate and glycine together, the

maximal state 4 rate of electron transport between ubiquinone and

cytochrome oxidase v/as not achieved, as demonstrated by the

higher rates of O, uptake in the presence of glycine +

succinate or glycine + NADH (Table 5.5).

The limitation of the pmf under state 4 conditions

must therefore be exerted at the first. phosphorylation site

or at NADH dehydrogenase. Plant mitochondria possess two dis-

tinct NADH dehydrogenases on the matrix side of the . inner membrane;

a rotenone-sensitive dehydrogenase which is coupled to the first

phosphorylation síte and a rotenone-insensitive dehydrogenase

which bypasses the first phosphorylation site (Ml1ler and

Palmer, L982). The rotenone-insensitive dehydrogenase exhibits

a much lower affinity for NADH than does the rotenone-sensitive

dehydrogenase, i.e. Km of 80 UM and 8 pM respectively (Mpller

and Palmer, 1982). Thus, high matrix NADH concentrations must
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be established, (as under sLate 4 conditions or in the presence

of rotenone), before this bypass pathway will be activated

(Palmer et a7. 1982). The results in Table 5.6 indicate that

the rotenone-insensi-tive bypass could account for a significant

proportion of glycine and malate oxidation in pea leaf mito-

chondria under state 4 conditions.

If state 4 rates are limited by the affinity of the

rotenone-insensitive dehydrogenase for NADH, it ís difficult to

understand how second-substrate stimulations can occur, based

on the hypothesis that all NAD-linked enzymes have access to a

common NAD pool. For example, it would appear that when glycine

is added to pea leaf mitochondria already oxidizing malate in

state 4 (Fig. 5.1) an even higher NADH/NAD ratio is generated

(as indicated by the higher state 4 rate) than if glycine were

the only substrate present (see also Table 5.5). Given that

the, glycine state 4 raLe is not limited by absolute enzyme

actívity (see the higher rate ofglycine oxidation in state 3)

and also given that glycine decarboxylase had access to all NAD'

the question arises as to why the glycine decarboxylase enzyme

was not able to produce this supposedly elevated NADH/NAD ratio

or NADH concentration (and thus the higher state 4 raLe) when

operating on its own One possible explanation may be that

glycine decarboxylase does not have access to the total NAD

pool withín the mitochondria. This proposal is further

investigated in the next section.
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5.2.3. Ef f ect of substrate addition under rotenone-inhibited

state 3 conditions

Unlike state 4, we can be reasonably certain that the

rate of rotenone-insensitive state 3 0, uPtake is llmited by the

affinity of the rotenone-insensitive dehydrogenase for NADH, and

that the rate of electron flow via this bypass pathway will be

dependent on the intramitochondrial concentration of NADH. The

addition of NAD to freshly isolated pea leaf mitochondria 1ed to

marked increases in the rotenone-insensitive state 3 rates of

glycine and malate oxidation (Fig. 5.2; B,D). All experiments

involving the addition of NAD were carried out in the presence of

EGTA to inhibit the oxidation of any external NADH which may be

generated by soluble malate dehydrogenase released from broken

mitochondria (Palmer et a7. I9B2). Indeed' external NADH oxidat-

ion accounted for up to 5O7" of the total stimulation of rotenone-

insensitive state 3 malate oxidation by NAD in pea leaf mitochondria

in the absence of EGTA (Table 5.7).

As shown previously by Tobin et a7. (1980) the stimulat-

ion of respiratory OZ uptake by NAD results from an increase in

the size of the mitochondrial NAD pool, following NAD uptake.

This allows for Lhe generation of higher NADH concentrations

within the matrix and, thus, increases the rate of electron flow

via the rotenone-insensitive bypass (Palmer et a7. I9B2). Idhat is

shown by the results in Fig . 5.2, however, is that these NAD-

limited, rotenone-insensitive state 3 rates of malate and glycine

oxidation could also be markedly stimulated by the addition of a

second NAD-limited substrate (Fig. 5.2; A,C). These stimulations
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could not be elicited through increases in the concentration of

the original substrate being oxidised (Fig. 5.2 A,C). It should

also be noted thaL the malate stimulation of the rotenone-insensitive

glycine rate could be achieved on the addition of malate only, i.e.

in the absence of glutamate and TPP, although the extent of the

stinulation was less than in their presence.

As with the second-substrate stimulations of state 4

rates, these observat.ions clearly cont.radict current thinking

regarding the dístribution of enzymes within mitochondrla. rf

all enzymes had equal access to a common NAD pool, an NAD limitat-

ion of the rotenone-i-nsensitive rate for one enzyme, as shown in

Fig. 5.2, should represent an NAD limitation for all other enzymes

with access to that same NAD poo1. These results (Fig. 5.2) cannot

be explained in terms of one enzyme, e.g. MDH, possessing a higher

affinlty for NAD or a more favourable equilibrium than the other

enzyme, e.g. glycine decarboxylase. If this were the case, it

should be possible to demonstrate the same rate of rotenone-

insensj-tive o, utpake in the presence of malate on1y, as is achieved

on i-ts addition to mitochondria already oxidizing glycine. c1early,

this is not so, as shown in Fig.5.2, since the addition of malate

as the second substrate resulted in rates of rotenone-insensitive O,

uptake well above that achieved with malate on1y. The same argu-

ment also applies with glycine as the second substrate.

These results, therefore, also support the theory that

glycine decarboxylase and the malate oxidizing enzymes have access

to NAD, wiLhin pea leaf mitochondria, which is not readily access-

ible to Èhe other respective enzymefs. This would explain horv the
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addition of an NAD-linked substrate, like malate, could produce a

stímulation of the rate of O, uptake when the glycine rate h¡as

already limited by NAD. In order to test the hypothesis that

these respective enzymes had access to separate I'IAD pools within

pea leaf mitochondria, experiments u/ere designed in which mi-to-

chondria were depleted of NAD and the relative effects on glycine

and malate oxidation examined. If the enzymes shared a common

NAD pool it would be expected that glycine and malate oxidation

should respond in a similar manner. If, however, the enzymes have

access to separate NAD poo1s, it may be possible to demonstrate

a difference in the response of glycine and malate oxidation to

the NAD-depletion treatments, if the NAD pools differ in size

or rate of depletion.

5.2.4. Conoarative effects of NAD-de pTetion treatnents on

pTvcine and naTate oxidation

Mitochondria l^rere incubated in large volumes of reaction

medium as described in section 2.6, to deplete them of NAD. Fio-

ure 5.3 demonstrates the effect of this treatment on the NAD con-

tent of pea leaf mitochondria. The levels of NAD in the freshly-

isolated pea leaf mitochondria were similar to the NAD content of

mung bean hypocotyls reported by Tobin et a7. (1980).

The rates of malate and glycine oxidation during the

incubation period were measured in the presence or absence of NAD.

It can be seen (Fig. 5.4), that the state 3 rate of glycine oxidar-

ion, in the absence of NAD, decreased during the incubation period
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l/hereas the malate rate remained reasonably constant. Part of

the fa11 in the glycine raÈe could be accounted for by a loss

in total glycine decarboxylase activity (as measured under state 3

conditions, in the presence of NAD) . The complication arisíng from

losses in total enzymic capacity during the incubation period can

be removed by plotting the data in terms of the rate observed in

the absence of NAD, as a percentage of the comparable rate in the

presence of added NAD. Figure 5.5 presents the comparative state

3 data in t.his form. The results indicate that a sma1l decrease in

the state 3 glycine rate was observed upon the loss of NAD in

comparison to malate.

Much more sígnificant effects of NAD loss were observed

if substrate oxídation was carried out under state 4 conditions.

Figure 5.4 shows that the glycine state 4 tate decreased markedly

(in the absence of NAD), while the malate rate was virtually un-

affected. It should be noted that despite the fall in total gly-

cine oxidation capacity there was always sufficient actívity to

account for the glycine state 4 rate, as shown by the constant

rate of glycine oxidation in the presence of added NAD. This

difference in response of glycine and malate oxidation to NAD

loss under state 4 conditions is also illustrated in Fig. 5.6.

The increased sensitivity of glycíne oxidation to NAD

loss under these conditions, in comparison to the effect under

state 3 conditions (Fig. 5.5.), may reflect the involvement' in

state 4, of the rotenone-insensitive NADH dehydrogenase. The

poor affinity of this enzyme for NADH, relative to the rotenone-

sensitíve dehydrogenase (which should predominate under state 3

conditions), would make this enzyme much more sensiLive to de-

creases in the intramitochondrial NAD(NADH) concentration. One
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should therefore expect rotenone-insensitive oxidation to be

particularly sensitive to NAD loss. A similar experiment was

carried out Lo test the effect of NAD loss on the rates of

rotenone-insensitive malate and glycine oxidation. The results

shown in Fig. 5.7 illustrate that the rotenone-insensítive state

3 oxidation rates were indeed hígh1y sensitive to NAD loss.

FurLhermore, it was glycine oxidation that again was much more

sensitive to NAD loss than the comparable malate oxidation rate.

This is also apparent from a comparison of the ratios of the -NAD/

+NAD rotenone-insensitive state 3 rates as shown in Fig. 5.8 which

takes into account the decreases observed in the rotenone-insensitive

state 3 rates in the presence of added NAD i.e. due to factors

other than NAD loss.

The results presented above indicate that NAD loss is

having its primary effect on the access of glycine decarboxylase

to the rotenone-insensitive bypass. These observations cannot be

explained in terms of differential effects of NAD loss on enzyme

activity directly e.g. Km effects, since if this were the case,

similar inhibitions of oxidation rates should be observed under

all respíratory conditions. Tn fact, if NAD loss were affecting

enzyme activity directly, the most dramatic inhibitory effects

should be observed under state 3 conditions when enzyme activity

is not subject to other limitations which are present under state

4 or rotenone-inhibited conditions. However, the opposite

result is observed with the rotenone-ínsensitive state 3 glycine

rate decreasing to a greater exLent in response to NAD loss than

the un-inhibited state 3 rate, as shown by the reduction in the

percent rotenone-insensitivity of glycine oxidation (Fig. 5.9).

Furthermore, as the results in Fig. 5.4 and 5.7 clearly show,
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state 3 rates in NAD-depleted mitochondria were always much

higher than the sÈate 4 or rotenone-insensitive sEaLe 3 rates,

thereby demonstrating that sufficient NAD was present, in terms

of the affinit.y of the glycine decarboxylase enzyme for this co-

factor, to support rates far in excess of the state 4 or rotenone-

insensitive state 3 rate observed. Therefore,the affinity of

glycine decarboxylase for NAD was not limiting the state 4 or

rotenone-insensitive rates in NAD-depleted mi-tochondria.

Much larger decreases in the rotenone-insensitive malate

rate (relative to the rate in the presence of added NAD) were

observed if mitochondria were incubated or depleted at a higher

tenperature (Fig. 5.10). This most probably reflects an in-

creased rate of NAD diffusion out of the mitochondria at this

elevated temperature. Glycine oxidation was still much more

sensiti-ve to the depletion treatment than malate, reaching a

value of 207. for the ratio of -NAD/+NAD rotenone-insensitive rates

after only 1OO min incubation period (Fig. 5.10)' compared to 200

min ar 4"C (Fig. 5.8).

The dependence of NAD-depleted or deficient pea leaf

mitochondria on added NAD is further illustrated in Fig. 5.11.

Trace A represents freshly isolated mitochondria (which themselves

are already somewhat NAD-deficient; see Fig. 
,5.2; 

C,D) and can be

compared to mitochondria which have been experimentally depleted

for 2 hr at 4oC (traces B,C). The addition of NAD led to marked

increases in the rate of rotenone-insensitive state 3 glycine

oxidation (Trace B). However, what is more significant is that

the addition of malate could also be shown to produce large in-

creases in the rotenone-insensitive rate of O, uptake under Èhese

severely NAD-Iimited conditíons.
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5.3 CONCLUSIONS

The results demonstrate that glycine decarboxylase and

the malate oxidizing enzymes have differential access, both in

terms of size and locatíon, to NAD within pea leaf mitochondria.

Furthermore, it is proposed that access of glycine decarboxylase

to NADH dehydrogenase or electron transport chains is also

restricted in cornparison to the malate enzymes. The observed

effects of second-substrate additions under both state 4 and

rotenone-inhibited state 3 conditons clearly indicated that the

glycine and malate enzymes did not have access to the same common

NAD pool. This was later confirmed by NAD-depletion experiments

which demonstrated a clear difference in the resPonse of these

respective enzymes to NAD loss. The differential sensitivity of

these enzymes to NAD-depletion could not be explained on the

basis of potential differences in the affinities of these enzymes

for NAD, as the observed effects of NAD loss on glycine decarboxy-

lase in these particular experiments, were mediated primarily

through effects on the access of this enzyme to the rotenone-

insensitive NADH dehydrogenase .

These results may arise as a consequence of the

difference in the distribution of these enzymes within the

mitochondrial matrix as depicted in Fig. 5.13. Glycine decarboxy-

lase being membrane bound (sarojini and Oliver, 1983), would only

have access to the NAD and the electron transport chains withín

its immediate environment. The malate-oxidizing enzymes on the

other hand (and in particular MDH)cou1d have a much wider distri-

bution within the matrix and, as such' would have access to.more
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NAD and respiratory chains than are available to glycine

decarboxylase. This may also explain the findings (Chapter 4)

that glycine decarboxylase appeared to have a restricted access

to the alternate pathway in comparison to the malate enzymes.

Compartmentation-type models have been proposed to

explain certaj-n aspects of acetyl-CoÀ and glutamate metabolism

in animal mitochondria through the existence of separate pools of

substrate within the mitochondrial matrix (von Glutz and Walter,

I975:- Schoolwerth and LaNoue, 1980). However, unlike these models

f am not proposing that it is the NAD which is necessarily

compartmented into discrete pools, but rather the enzymes which may

be distributed or compartmented in such a v/ay as to restrict the

access of certain of Èhem(e.g. membrane bound enzymes such as

glycine decarboxylase) to less than the total pool of NAD and

respiratory chains within the mitochondria. Therefore, during

NAD-depletion treatments, while NAD is being lost from the total

pool and thus from all NAD-linked enzymes withín the mitochondri-a,

the most dramatic effects are observed on an enzyme (such as

glycine decarboxylase) which already has a restricted access to

the total NAD pool. Not surprisingly, the effects of NAD loss on

glycine decarboxylase are reflected most clearly in the inability

of this enzyme to donate electrons to the rotenone-insensitive

bypass, because of the poor affinity of this bypass pathway for

NADH.

The lack of correlation between the initial rates of

NAD loss from the mitochondria (Fig. 5.3) and the rapid decrease

in the rotenone-insensitive state 3 rate of glycine oxidation



83

(see Figs 5.7,5.8) can also be explained in terms of

restricted access to the total NAD pool. Thus, rvhile the

initial NAD loss (Fig. 5.3) may only represent a small fraction

of the total intramitochondrial NAD pool, it may constitute a large

proportion of the NAD required by glycine decarboxylase for access

to the rotenone-insensitive bypass. As a result, this apparently

smal1 10ss of NAD leads to marked decreases in the rate of

glycine oxidation via the rotenone-insensitive pathway (Fig. 5.7).

As, nentioned in the introduction, it has been postulated

that ME is compartmented with specific NAD pools wíthin plant

mitochondria, which are linked specifically to the rotenone-

insensirive NADH dehydrogenases (Rustin et a7. 1980). If this

were the case, one might expect ME to show a simi-lar response to

NAD loss as glycine decarboxylase. Figure 5.12 illustrates the

response of malaLe oxidation via ME to NAD-depletion. It can be

seen that the response is virtually identical to the response

observed in the presence of both MDH and ME (Figs 5.6, 5.8) and

does not display the sensitivity demonsLrated by glycine decarboxy-

lase to NAD loss. This data would therefore not support the

hyporhesis (Rustin et a7. i9B0) that the access of ME to NAD or

respiratory chains, within the mitochondria' was in any way

restricted or specialised. Further work is required to investi-

gate the response of other NAD-linked mitochondrial enzymes to

NAD-depletion treatments. 0f particular interest would be the

response of other multienzyme complexes such as 2-0G dehydrogenase

and pyruvate dehydrogenase which, like glycine dcarboxylase,may be

attached to the inner mitochondrial membrane.
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One question which is yet to be resolved regarding the

results of the NAD-depletion experiments is why NAD stimulates

malate oxidation as much as glycine oxidation in freshly prepared

mitochondria (Figs 5.2, 5.4), yet is clearly much less sensitive

than glycine oxidation, to the further loss of NAD during the

depletion treatments. It may be possible that part of this

apparent NAD stimulation of malate oxidation, in fresh mitochondria,

is associated with EGTA-insensitive oxidation of NADH (generated

by external MDH in the presence of NAD; see section 5.2.3), via

the i-nternal NADH dehydrogenase enzymes of broken mitochondria

within the preparation. The maximum rate of EGTA-insensitive

NADH oxidation was found to be of the order of 10-15 nmol 0,

consumed *g-1 protein min-1 in these washed mitochondrial

preparations. This problem could be eliminated through the use

of purified mitochondria. However, there are problems associated

with the use of purified mitochondria for this type of experiment

due to: (a) the potential loss of intramitochondrial NAD during

the purification procedure and (b) obtaining a sufficiently large

yield of highly active (particularly with respect to glycine

decarboxylase) mitochondria Lo carry out these long term NAD-

depletion experiments.

Recently, Laties (1983) has presented evidence to suggest

Èhat isocitrate dehydrogenase may be distributed in two separate

compartments within potato mitochondria. One form of the enzyme

is thought to be located in the matrix and operates with matrix

NAD, while the other form is found to be associated with the

inner surface of the inner mitochondrial membrane, with its
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activity appearing to be dependent on external (cytosolic) NAD

(Laties, 1983; Tezuka and Laties, 1983). This latrer form shows

distinct similarities to the glycine decarboxylase enzyme found

in pea leaf mitochondria in that they are both associated with the

inner membrane, but more significantly, are both particularly

sensitive to NAD loss or to the addition of exogenous NAD under

conditions of NAD-deficiency. I¡/hi1e the NAD response of me¡nbrane

bound isocitrate dehydrogenase was observed by Laties (1983) with

freshly isolated potato mitochondria, it is well established that

mitochondria i-solated from such tissue are already very NAD

deficient i.e. O.B-1.1 nmol mg-l protein (Neuburger and Douce,

1980; Tobin et a7. 1980) in comparison to mitochondria isolated

from pea leaf tissue (5-6 nmol NAD mg-l protein) or mung bean

hypocotyls (5-6 nmol NAD mg-l protein; Tobin et aj. 19BO).

consequently, it would not have been necessary to artificially

deplete these potato mitochondria of NAD (as done here) i-n order

to see the observed response of this enzyme to external or added

NAD.

A further question which arises form these observations

of NAD stimulations of membrane-bound enzymes is whether the added

NAD penetrates the j-nner mitochondrial membrane and increases the

concentration of NAD in the matrix (Tobin et al. 1980; Palmer

et a7. I9B2) or whether the NAD is bound wirhin the inner

membrane (Moore and Cottingham, 1983) and thus stimulates the

access of certain membrane bound enzymes to respiratory chains.

rt is clear that the addition of NAD to NAD-dèpleted mirochondria

isolated from potato (Tobin et a7. 1980) and Jerusalem-artichoke
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tubers (Palmer et a7. I9B2) does stimulate malate oxidation and

that this result is consistent with NAD entry into the matrix

space (Tobin et a7. 1980; Palmer et a7. I9B2). However, the

initial loss of NAD from pea leaf mitochondria which produced the

rapid decrease in the rotenone-insensitive state 3 rate of glycine

oxidation had 1ittle effect on malate oxidation under similar

conditions (Fig. 5.7). Taken together these results may indicate

tv/o potential sites of action of NAD in mitochondria: (a) within

the inner mitochondrial membrane from which NAD is easily lost to

and taken up from the external medium and which controls the access

of membrane-bound enzymes lilce glycine decarboxylase to respiratory

chains and, in particular ' the rotenone-insensi-tive bypass and

(b) the mitochondrial matrix from which NAD is lost more s1ow1y

and the leve1 of which regulates the activity of soluble NAD-

linked enzymes such as MDH and ME.

Despite the compartmentation of the enzymes within the

mitochondria, the malate enzymes do appear to have access to the

NAD (be it bound or otherwise) and respiratory chains utilised by

glycine decarboxylase. For example, the NADH generated during

glycine oxidation is rapidly. re-oxidised by MDH in the presence

of OAA (Table 4.6; see also Woo and Qsmond, 1976; Day and Wiskich,

1981). Furthermore, the addition of both glycine and malate to

pea leaf mitochondria does not lead to an additive increase in

O, uptake, in terrns of the respective rates obtained with the

individual substrates (Chapter 4). However, it is the rate of

glycine oxidation which is maintained under such conditions, at

the expense of malate oxidation. This may indicate the existence
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of a special interactíon between glycine decarboxylase and the

NADH dehydrogenase enzymes on the inner mitochondrial membrane

which ensures that glycine is preferentially oxidized in a

competitive situation involving glycine decarboxylase and the

malate enzymes.



TabTe 5.1. Concurrent oxidation of NAD-Tinked substrates by pea

Teaf nitochondria.

Mitochondria (0.6 rg protein) were incubated f.or 2-3 min in 2 nI of

reaction medium (section 2.8) containing 10 mM glucose and 0.20 mM

ADP and the initial substrate as stated. Hexokinase (1.4 units) was

then added to initiate staLe 3 oxidation. The pre-incubatj-on was

designed to ensure that the iniÈial substrate had reached its maximal

state 3 rate of oxidation, prior to the addition of the other NAD-

linked substrates. Concentrations used: 12 nl{. malate, glycine, 2-0G

and citrate. Glutamate (11 mM) and TPP (0.1 mM) were always present

with malate, while malonate (5 mM) and TPP (0.1 mM) were added with

2-OG. The results of 2 separaLe experiments are shown.



Sequential additions 0, uptake

-1 -1

Exp. 1 Malate

+ glycine

Malate

+ 2-OG

+ citrate

+ glycine

MalaÈe

+ citrate

+ z-OG

+ glycine

2-OG

+ malate

+ citrate

+ glycine

Citrate

+ 2-OG

+ malate

+ glycine

Glycine

+ 2-OG

+ malate

Glycine

+ citrate

+ 2-OG

+ malate

nnoT ng protein nin

92

L46

86

95

79

130

88

7T

85

140

4I

98

69

L25

2T

55

77

r24

Exp. 2 64

106

r22

66

79

100

106



TabTe 5.2. Effect of 2-OG and citrate on maTate oxidation by pea

Teaf nitochondría in the presence and absence of arsenite.

Experimental procedures as given in Table 5.1. Initial concentrations

and additions of substrates 'hrere at 12 mM. Arsenite was present at

I mM.

Sequential additÍons 0, uptake

-1 -1

Malate, arsenite

+ z-OG

+ malate

Malate

+ citrate

+ malate

nnoT ng proteìn nin

100

118

109

92

73

4L

68

108

84

105



TabTe 5.3. Effect of 2-OG and aspartate on naTate oxidation by

pea Teaf nitochondria in the presence and absence of gTutanate.

Mitochondría (L-2 ng protein) were incubated for 2-3 mín in 2 ml

of reaction medium (secÈion 2.8) at pH 7.2 or 6.8, containing

1 mM arsenite and 11 mM malate (1 11 mM glutamate) and 0.20 mM

ADP. State 3 malate oxidation was initiated by the addition of

1.0 mM ADP, and after the establishment of a constant rate further

substrates were added (each addition represents 11 mM). Also

shown is the percent inhibítion of the iniÈial rate of malate

oxidation. The results of 3 separate experiments are shown.



Sequentíal additions 0, uptake

-1 -1nnoT mg protein nin 7" inhibition
Exp. 1 Malate, glutamate

(pH 7.2)

+ 2-0G

+ 2-0G

+ malat.e

Exp. 2 Malate, glutanate
(pH 7.2)

+ aspartate

+ aspartate

+ nalate

Exp. 3 Malate (pH 6.8)

+ 2-OG

+ 2-OG

+ malate

Malate (pH 6.8)

+ aspartate

* aspartate

f malate

82

44

30

39

46

63

52

55

37

28

35

40

31

23

37

39

3l+

31

45

33

49

36

13

2L

23

43

8



TabTe 5.4. The effect of disuTfiran and SHAM on gTycine and

naTate oxidation by pea Teaf nitochondria.

Mitochondria (0.6 rg protein) were placed in 2 nl of reaction

medium (section 2.8) containing either 11 mM glycine or 11 mM

malate, 11 mM glutamate and 0.1 mM TPP. State 3 oxidation l¡/as

initiated by the addition of 1.0 mM ADP. Following establishment

of a constant rate, antimycin-A, SHAM or disulfiram r{ere added

and the resultant rate of 0, uptake after 5 min nneasured. SHAM

was dissolved in methoxy-ethano1. The numbers in the brackets

represent the percent inhibition of 0, uptake vj-a the cytochrome

chain i.e. that decrease in the rate of O, uptake which cannot be

accounted for by the inhibition of the alternate pat.hway by SHAM

and disulfiram (as estimated by the rate of O, uptake in the

presence of antimycin-A).

Additions 0, uptake

G1 an

81

L6

57 (r2)

33 (4e)

37 (43>

Malate
_1

protein min'

101

1B

B9

77

69

-1nnoT ng

State 3 (control)

+ antimycin-A (5 uM)

+ SHAM (1.0 mM)

+ SHAM (2.0 mM)

+ disulfiram (150 UM)

(0)

(7)

(17)



TabTe 5.5. Oxidative ies of Dea Leaf nitochondria.

Mitochondria (0.5 mg protein) were placed in 2 ml of reaction

medium (section 2.8). Subtrate concentrations: 11 mM malate,

glycine, succinate, 0.9 mM NADH. Glutamate (11 mM) and TPP

(0.1 mM) were included with malate. The state 3 and state 4 rates

given were those measured following one state 3/state 4 transition.

Glycine (11 rnM) was added after the establishment of a constant

state 4 rale. The glycine-stimulated rate represents the rate

achieved in the presence of 150 UM disulfiram.

Substrates

0, uptake

state 3 state 4 ADP/O RCR

-1 -1

Malate

+ glycine

Glycine

Succinate

+ glycine

NADH

+ glycine

.nmo7 mg

116

110

IT7

161

protein nin

51

76

53

76

92

69

84

2.4 2.3

2.2 2.r

r.4 1 .5

1 .5 2.3



TabTe 5.6. Effect of rotenone on state 4 naTate and gTycÍne

oxÍdation by pea Teaf nitochondria.

Experimental conditions as given in Table 5.5. Concentrations used

were 0.14 mM ADP and 20 UM. Rotenone was dissolved in methoxy-

ethanol.

Sequential Additions 0, uptake

-1nnoT ng protein nin

150

59

47

106

56

s9

-1



TabTe 5.7. Effect of EGTA on the depree of stinuiat ion of naTate

oxidation b v NAD in pea Teaf nitochndria-

Mitochondria (0.5 mg protein) were placed in 2 ml of reaction

medium (section 2.8) containing 11 mM malate, 11 mM g1uÈamate

and 0.1 mM TPP. 0, uptake rates u/ere measured in the presence

or absence of I mM EGTA and 1 mM NAD. Additions: o.1B mM ADp,

20 UM rotenone.

O, uptake

- EGTA + EGTA

Sequential
Additions - NAD + NAD- NAD + NAD

-1 -1

Malate + ADP

state 4

+ ADP

+ rotenone

111

6T

TT9

87

nnoT ng

L27

76

r52

119

protein nin

108

6I

118

86

r22

72

140

LO2



Fieure 5.1. Effect of substrate addition on state 3 and state 4

oxidation rates bv pea Teaf nitochondria.

MiÈochondria (0.5 *g protein) were placed in 2 mI of reacLion

medium (section 2.8). Additions as indicated were: 11 mM malate

and glycine, 150 UM disulfiram, 5 UM ant.imycin-A (Anti-A), 0.14

mM ADP (first addit.ion) and 0.7 mM ADP (second addition). Glu-

tamate (11 rnM) and TPP (0.1 rnM) were íncluded with all malate

additions. Note that the mitochondria had already gone through

one state 3/state 4 transition prior to the first addition of

ADP shown. Traces (A,B), (C,D) and E came from different exper-
_1iments. Rates shown are expressed as nmol 0, consumed mg ' pro-

-1Eer-n mrn
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Fipure 5.2. Effect of NAD and substrate addLti on on rotenone-

insensi tive sta te 3 rates of naTate and sTvci ne dation bv oea

Teaf nitochondria.

Bxperimental conditions as given in Fig. 5.1 except that assays

also contained 1 mM EGTA. concentrations used: 22 vVl rotenone,

1 mM NAD.
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Fipure 5.3. NAD-depTetion of pea Teaf nitochondria.

Mitochondria were incubated in reaction medium as described in

section 2.6, except that there were no subsLrates,present.

Samples (17 m1) hrere removed at regular íntervals and centri-

fuged at 10,000 g through a 10 m1 pad of 0.6 M sucrose, to

separate the mitochondrial pellet from any NAD in the incubation

medíum. The pellet was resuspended in I m1 of resuspension medium

(sectlon 2.2) wiLhout BSA. The NAD content of the resuspended

mitochondrial pellet \^'as determined as described in section 2.11.
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Fiøure 5.4. Effect of NAD-deo Tetion on state 3 and sta te 4 rates

of nalate and pJvcine oxidation bv pea Teaf ni tochondria.

Experimental procedures as given in section 2.6. Samples of mito_

chondria (2 m1) were withdrawn at regular i-ntervals and placed in
an unsealed 0, electrode and incubated with or without 1 mM NAD

for 4 min at 25" c. The electrode was then sealed and either 12

mM glycine or 12 mM malate, glutamate and 0.1 mM Tpp added to

initiate 0, upLake. The state 3 and state 4 rates shown represent

the rates achieved following two state 3/state 4 transitions.

SvnboTs:

staÈe3+NAD(O-O )

state 3 - NAD (¡.-....¡ )

state 4 + NAD ( O-O )

state 4 - NAD ( 9......9 )
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FiBure 5.5. Conoarative effects f NAD-deoletion on state 3 naTate

and pTvcine oxidation bv pea Teaf nitochondria.

Data from Fig. 5.4 have been replotted in Lerms of the state 3

rates in uhe absence of added NAD, as a percentage of the state

3 rates measured in the presence of added NAD.

SymboTs:

malate ( A )

glycine ( A )
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Fipure 5.6. Conparative effec ts of NAD-dep7 etion on state 4

naTate and pTvc ine oxida tion bv pea Teaf nitochondria.

Daca from Fig. 5.4 have been replotLed in terms of the state 4

oxidatÍon rates in the absence of added NAD, as a percentage of the

slate 4 rates measured in the presence of added NAD.

SymboTs:

malate ( O )

glycine ( Q )
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Figure 5.7. Effect of NAD-depTetion on the rotenone-insensitive

state 3 rates of naTate and el-ycine oxidation by pea Teaf nito-

chondria.

Experimental procedures as given in Fig. 5.4. Rotenone (22 UM)

was added during state 3 oxidation and the rate measured after

3-4 min. The numbers in the brackets represent the uninhibited

state 3 rate of glycine oxidation by NAD-depleted (-NAD) mitochondría

at Ehat time.

SvmboTs¿

g1-ycine - NAD ( Or¡¡.rr O )

glycine + NAD (O- O )

malate - NAD ( O""" O )

malate + NAD (O-O )



t=
E

-=
o)

oç
o-

-rg,
E

o
E
c,

o
l¿
(ü
+.
o.
f

100

90
80
70

60
50

40

30

d'20
10

50 100 150 200 250

Time (min)

r t8)

"'- --. -.Í#-'-.,...... 
_ _...a.roa,

O-aa..__a_._a_a

c 06)



Figure 5.8. Conparative effects of NAD-depTetion on rotenone-

insensitive state 3 rates of naTate and elycine oxidation bv

Teaf aitochondri

Data from Fig. 5.7 have been replotÈed in terms of the rotenone-

insensitive (R-I) state 3 oxidation rates in t.he absence of added

NAD, as a percentage of the R-I rate in the presence of added NAD.

SvmboTs:

malate ( O )

glyclne ( O )
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Fipure 5-Q Conparative effects of NAD- deoTe tion on the degree of

rotenone-i ensitivitv of the state 3 rates ot naTate and pTvcine

oxidation Teaf nitochondria.

Experimental procedures as given in Fig. 5.7. Data plotted in terms

of the rotenone-insensitive (R-r) state 3 rate as a percentage of

the state 3 rate for both NAD-depleted (-NAD) and NAD-supplemenred

(+NAD) mitochondria.

SvnboTs:

glycine + NAD (O-..O)

glycine - NAD ( Q...'.. Q )

malate + NAD (O-O)

malate - NAD ( O...'-.O )
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Fipure 5.10. Conparative effects of NAD-depTetion at 73"C on the

rotenone-insensitive (R-I) state 3 ra tes of maTate and eTvcine

oxidation bv oea Teaf nitoch ondria.

Experimental procedures as given in Fig. 5.7 except that the incubation

temperature uras 13"C. Data plotted according to Fig. 5.8.

Svmbols:

malate ( A )

glycine ( A )
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Figure 5.11. Effect of NAD and substrate addition on rotenone-

insensi tive state 3 BTvcine oxidation b y fresh and NAD-depleted

pea Teaf nitochondria.

Experimental procedures as given in Fig. 5.4. Trace A: fresh mito-

chondria, traces B and C: same mitochondria following 2 hr of NAD-

depletÍon at 4" C.



A B
glycine glycine

P

144

rotenone

66

c

r06

malate

123

glycine

P P

98

enone
23

otenone

2t

NAD

76

glycine

23 malate

76

cf
o
E
c,o
lO

NAD

t24

2 min



Figure 5.12. Effect of NAD-depTetion on the state 4 and rotenone-

insensitive (R-I) state 3 rates of naTate oxidation at pH 6.8.

Experimental procedures as given in Fig. 5.4, except Lhat malate

oxidation was assayed at pH 6.8 in the absence of glutamale and the

presence of arsenite (1 mM) to favour oxidation vía malic enzyme

(Neuburger and Douce, 1980). Dat,a plotted according to Figs 5.6

and 5.8.
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FiBure 5.13. DifferentiaT distribution of pTvci ne decarboxvTase

and naTate deh vdropenase within oea Teaf ni l¿t.

Synbols:

NADH dehydrogenase tr
glycine decarboxytas. O
malate dehydrogenase O
NAD A
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CHAPTER VI

DICARBOXYLATE STIMULATION OF PHOTORESPIRATORY NH

REFIXATION IN ISOLATED CHLOROPLASTS

6.r. INTRODUCTION

It has been suggested that a major factor 1imíting the

rate of (NH3, 2-0G)-dependent 0, evolution by isolated chloroplasts

is 2-0G uptake and that this uptake, and consequently the rate of

0, evolution, could be enhanced by the addition of certain di-

carboxylates (e.g. malate, succinate, fumarate) to the assay system

(trrloo and Osmond, I9B2). This suggestion, however, would appear

to be in contradiction of our current understanding of the

mechanism of dicarboxylate uptake across chloroplast membranes.

Firstly, work on isolated spinach (Lehner and He1dt, 1978) and pea

(Proudlove and Thurman, 1981) chloroplasts demonstrates the di-

carboxylate carrier to have both a high affinity and a high Vma*

for 2-0G transporL and thus would not be expected to limit (NH3,

2-0G)-dependent 0, evolution. Secondly and more importantly,

however, t.hese uptake studies reveal that the dicarboxylate

carrier is broadly specific and mediates the uptake of a number

of different dicarboxylate molecules such 2-0G, malate, succinate

and fumarate all with approximately equal affinity (Lehner and

He1dt, L97B). Thus, if 2-0G uptake is the limiting factor to

(NH3, 2-0G)-dependent 0, evolution, one might predict that the

addition of a dicarboxylate such as malate should result, not in

a stimulation as observed by h/oo and Osmond (1982), but in an

inhibition of 0, evolution as both malate and 2-0G would compete

for access to the dicarboxylate carrier, resulting in a further

reduction in the rate of 2-0G entry.
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The aim of this chapter therefore, was to determine the

mechanism by which these dicarboxylate molecules stimulate 0,

evolution associated rvith the photorespiratory NH, re-assimilatory

pathway in isolated chloroplasts, and to interpret these findings

in terms of our current understanding of the operation of (a) the

chloroplast dicarboxylate carrier and (b) the photorespiratory

nitrogen cycle.

6.2 RESULTS

6.2.I. Effect of naTate on (NH 2-OG - and Tutanine

-oG -de to evoTution

Isolated pea chloroplasts carried out light-dependent

0, evolution in the presence of NH4 Cl and 2-0G or glutamine and

2-OG, which was sensitive Lo the photosynthetic electron transport

chain inhibitor DCMU (Fig. 6.1. A,B). Oxygen evolution was carried

out in the absence of PPi, ADP and high concentrations of Mg2+,

all suggested previously as essential for (NH3, 2-0G)-dependent

0, evolution by isolated pea chloroplasts (Anderson and Done,

I977a).

The addition of malate to the assay system stimulated

(NH3, 2-0G)-dependent 0, evolution by isolated pea chloroplasts,

the extent of which was found to be dependent on the presence or

absence of added glutamine (Fig. 6.I; C,D). Thus, while malate

was found to stimulate (NHr, 2-0G)-dependent 0, evolution in the

absence of glutamine (Fig.6.1, C), the fu1l extent of the

stimulation was only observed when glutamine was also present
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(Fig. 6.1; C,D,E). It should be nored thar gluramine addirion,

in the absence of malate, caused only a minor increase in the

rate of 0, uptake (Fig. 6.1; A).

Methionine sulphoximine and azaserine, inhibitors of

GS and GOGAT respectively (Ronzjo et a7. 1969; hiallsgrove et al.
1977), inhibited (NHr, 2-0G)-dependent O, evolurion, both in the

presence and absence of malate (Fig. 6.2), indicating that malate-

stimulated o, evolution resulted from the operation of the GS/

GOGAT pathh¡ay and not from the metabolism of malate within the

chloroplast. This is further demonstrated in Fig. 6.3 in which

limiting amounts of either NH4C1 or 2-oG were added to stimulate

0, evolution in the presence of excess amounts of the second

subsÈrate(s). rt can be seen that oxygen evolution ceased when

all of the added substrate had been utilised, even in the presence

of added malate, and was only re-initiated after the addition of

more substîate. Examination of the molar ratios of o, evolved

per substrate (NHocl, 2-oG) addition from such traces (Table 6.1),

showed the ratios to be in reasonable agreement with the theoretical

value of 0.5 and previous measurements of such ratios (Anderson

and Done, r977a; h/oo and Osmond, 1982). Malate did not appear to

significantly alter the value of this ratio, although ratios

measured with limiting amounts of 2-0G were consistently closer to

the theoretical value (0.5) when measured in the presence of

malate.

Malate could also be shown to stimulate (glutamine,

z-oc) dependent 0, evolution (in the absence of NH4c1), bur Èhis

was only observed at high glutamine concentrations (Fig. 6.4).
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This may be due to the limited rate of uptake of glutamine into

isolated pea chloroplasts, as noted by Barber and Thurman (1978).

The pH dependence of malate stimulation of (NH' glutamine,

2-0G)-dependent 0, evolution is shown in Fig. 6.5. It can be seen

that the optimum pH range for O, evolution both with and without

added malate ís in the range 7.2. to 7.6.

6.2.2. Effect of naTate on in vitro GS and GOGAT activity

The possibility that malate stimulated 0, evolution

by act.ivating either the GS or GOGAT enzymes directly was

investigated using in vi¿ro assay systems. Glutamine synthetase

was readily assayed in a broken chloroplast system (Fig. 6.6),

with the NH.Cl-dependent activity being completely sensi-tive to

MSO (Fig.6.6; B). Malate was found to have no effect on this

in vitro GS activity over the range of substrate concentrations

resred (Fig. 6.6; A,C,D).

As GOGAT is linked in vivo Lo ferredoxin and, thus, the

photosynthetic electron transport chain, it was decided that. the

closest in vitro approximation to in vivo conditions would be a

reconstituÈed assay system. The developmenL of such an O, evolv-

ing reconstituted chloroplast system for the assay of in vitro

GOGAT activity ís discussed in Chapter 7. Figure 6.7 shows that

0, evolution in this system v/as light-dependent and completely

sensitive to azaserine, but was not stimulated by the addition of

malate. The sLimulation of 0, evolution upon the addítion of more

chloroplast extract (CE, containing the GOGAT enzyme)demonstrates

that in vitro GOGAT activity, in the presence of malate, $/as not
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limited by the supply of reducing equivalents from the photo-

synthetic electron transport chain.

Pre-incubation of isolated intact .chloroplasts with malate

(1 mM) for periods of up to t h was also found to have no effect

on the rate of (NH3, glutamine, 2-0G)-dependent O, evolution, when

assayed in the absence of malate.

6.2.3. Effect of naTate on the affinitv of the ch7 oroDTast

systen for 2-OG

The dependence of (NHr, 2-0G)-dependenr O, evolution by

isolated pea chloroplasts on 2-0G concentration, both in the i

presence and absence of glutamine and of malate, is shown in

Fig. 6.8. Again it can be seen that malate stimu-l_ated (NH'

2-0G)-dependent 0, evolution, both with and without added

glutamine, over t.he range of. 2-OG concentrat.ions tested. The

Kå for 2-0G in the absence of malate was estimated at 2OO-250 UM.

Glutamine addition had no effect on this ya1ue, while the presence

of malate reduced the Kå estimate to 5O-BO uM. Similar affinities

for 2-OG were measured wíth isolated spinach chloroplasts (Fig.

6.9). Malate stimulated (NH3, 2-0G)-dependenr O, evolurion by

spinach chloroplasts, but had lítt1e effect on the affinity of

the system for 2-0G which, as for peas, was of the order of 100-

200 UM. In contrast to pea chloroplasts, however, glutamine had

no effect on the degree of stimulation, by malate, of (NHr 2-OG)-

dependent 0, evolution by isolated spinach chloroplasts. This

result was also observed by hloo and Osmond (1982).
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6.2.4. titíve interactions between 2-OG and naTate

The relationship between malate concentration and the

degree'of stimulation of (NH' glutamine, 2-0G)-dependent 0,

evolution is illustrated in Fig.6.10. In the presence of 1 mM

2-OG, half maximal stimulation of O, evoluLion was achieved on

addition of malate to a concentration of 150 UM, and maxirnal

stimulation reached when the value of the ratio of concentrations

of malate to 2-0G was in the range 1-2. However, when malate was

added in the presence of an increased concentration of 2-0G

(10 mM), stimulation at each malate concentration (below 2 mM) was

found to be reduced and the Kå for malate increased to approximately

700 pM.

These results indicated that while malate could

significantly stimulate (NH3, glutamine, 2-0c)-dependent O,

evolution, the degree of stimulation produced by a particular

malate concentration was dependent on the concentration of 2-0G

also present. This is further illustrated in Fig. 6.11. Here

the malate concentration was kept. constant (0.5 mM) while the

2-0G concentration was varied between 0 and 20 mM. The resultant

stimulation of (NH3, glutamine, 2-0c)-dependenL 0, evolution was

compared to that produced by malate, when present at the same

concentration as 2-0G i.e. a malate : 2-OG concentration ratio

of 1. As the results show, the degree of stimulation of

(NH3, glutamine, 2-0G)-dependent 0, evoluti.on produced by a

particular malate concentration, was dependent. on the concentrat-

ion of 2-0G present.
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Conversely, íncreasing the amount of malate added in

the presence of a constant 2-OG concentration, was also found to

lead to a decrease in the rate of malate-stimulated (NH3,

glutamine, 2-0G)-dependent 0, evolution (Fig. 6.12).

6.2.5. S ficit of the dicar Tate stimuTation

The effects of a range of dicarboxylates on (NH'

glutamine, 2-0c)-dependent 0, evolution by isolated pea chloro-

plasts are shown in Table 6.2. Malate, succinate, fumarate,

L-tartarate and thiomalate r¡/ere all found to markedly st.imulate

0, evolution. In contrast, aspartate and glutarate produced only

very minor increases, while glutamate addition resulted in an

inhibiEion of (NFI' glutamine, 2-oxoglutarate)-dependent 0,

evolution. Malonate which is not thought to be transported into

the chloroplast (Lehner and Heldt, I978) had no effect.

Spinach chloroplasts gave sirnilar results to pea

chloroplasts with respect to the percent stimulation of various

dicarboxylates, relative to malate. For example, the addition of

L-tartrate and thiomalate at 2 mM, produced stimulations of 58 and

33% respectively (compare to Table 6.2). However, i-n contrast

to pea chloroplasts, glutarate was found to have no effect,

while aspartate and glutamate \^Iere both very inhibítory to

(NH3, 2-0G)-dependent 0, evolution by isolated spinach chloroplasts.
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6.2.6. rative rates of NH refixation b the different

ast S tenschToro

Table 6.3 summarizes the mean values of the various

types of. O, evolving systems associated with the photorespiratory

NH, re-assimilatory pathway, which have been investigated in this

chapter. The rates of O, evolution have been corrected for chloro-

plast breakage during isolation to a11ow for the estimate of the

maximal potential rates of NH, refixation which can be achj-eved

under the various conditions, based on the theoretical ratio of

2 x NH, refixed per 1 x 0, released in the ferredoxin-linked

GOGAT reaction. It should be noted that plants grown under high

nitrate status (i.e. 10 mM KN03) showed similar rates of (NH3,

2-0G)-dependent O, evolution to those given in Table 6.3.

Furthermore, percoll purified chloroplasts showed similar rates of

0, evolution and stimulatory effects by malate to those of unpuri-

fied chloroplasts.

The most variable parameter listed in Table 6.3 was

found t.o be the ratio D: E i.e. the rate of malate-stimulated

(NH3, 2-0G)-dependent 0, evolution in the absence of glutamine,

compared to the maximal rate of malate-stimulated 0, evolution in

the presence of glutamine. This was not only true for chloroplast

preparations within the variety Massey Gen, but also between pea

varieties, with the varieLy Green feast consistently showing a

much smaller value for this rat.io (e.g. 0.20-0.25) than Massey

Gen. This most probably reflects differences in the levels of

endogenous intermediates of the GS/GOGAT pathway, within chloro-

plasts isolated from these different pea varieties. Differences



96.

vrere also evidenL between chloroplasts isolated from different

planÈ species, as glutamine had no effect on the degree of

stimulation, by malate, of (NHr, 2-0G)-dependent 0, evolution by

spinach chloroplasts (i.e. a D : E ratio of 1.0).

6.3 DISCUSSION

6.3. 1 . The nechanism of dicar ate stinuTation of O evolution

The results demonstrate that isolated pea chloroplasts are

capable of supporting (NHr, 2-0c)-dependent 0, evolution in the

absence of PPi, ADP or excessively high concentrations of MgCl, (10 mM)

as used previously (Anderson ancl Done 1977a). This is especially

significant with respect to MgClr, in that recent reports (Huber

and Maury, 1980; Maury et a7. 1981) have shown low concentrations

(4 mM) of MgC1, Eo cause significant acidification of chloroplast

stroma and inhibit CO2-dependent 0, evolution.

In contrast to the observations of lVoo and Osmond

(1982), malate was found Èo stimulate (NHr, 2-0G)-dependent 0,

evolution by isolaLed pea chloroplasts, in the absence of added

glutamine (Fig. 6.1). However, the ful1 stimulatory effect of

malate was only seen when glutamine was also present, with NH4C1.

This requirement for glutamine most probably results fron a

deficiency of glutamaLe for GS, due to the unusually high K,

of this enzyme for this substrate e.g. 3.5 to 13 mM (O'Neal

and Joy, 1974) and -the presence, in isolated pea chloroplasts, of

endogenous glutamate at concentrations of only 5 to 6 mM (Mills

and Joy, 1980). This is in contrast to spinach chloroplasts,



97.

which did not require glutamine for maximal stimulation of (NH'

2-0G)-dependent 0, evolution by malate (see also ldoo and Osmond,

1982) and which have been found to contain glutamate at concentrat-

ions of up to 15 mM (Lehner and Heldr, 1978).

The demonstration of malate-stimulated (glutamine,

2-0G)-dependent 0, evolution (Fig. 6.4) indicares rhat rhe effecr

of malate is on GOGAT-dependent 0, evolution. rt is also clear

that the extent of the stimulation is dependent on the relative

availability of glutamine to the GOGAT enzyme. Llhen the only

source of glutamine is via uptake (e.g. Fig. 6.4) malate may be

seen to have little or no effect, due to the slow transport of this
amino acid across the chloroplast membrane (Barber and rhurman,

1978). I^Ihen isolated pea chloroplasts were j-ncubated \{ith both

glutamine and NH.C1, however, the availabÍlity of glutamine within

the chloroplast was markedly increased through the operation of

GS, thereby allowing the maximal stimulatory effect of malate on

GOGAT-dependent 0, evolution to be observed (Figs 6.1, 6.8).

No evidence hras found to suggest that the observed

stimulation of(NH3, glutamine, 2-Oc)-dependent O, evolution by

malate resulted from the metabolism of malate wiÈhin the chloro-

plast, or that the addition of malate 1ed to any activaEion of

the pathway enzymes. Furthermore, since malate can be shown to

stimulate both (NHr, z-OG) and (gluramine, 2-0G)-dependenr O,

evolution it is unlikely that the malate effect is mediated

through direct effects on glutami-ne or NH, uptake. More probably,

malate increases the availability to GOGAT of its other substrate
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(2-0G) either by stimulating 2-0G uptake or increasing the affinity

of the GOGAT enzyme for this substrate. I,{oo and Osmond (1982)

observed a dramatic decrease in the K] for 2-OG in (NH3, z-OG)-

dependent 0, evolution from 6 mM to 73 UM on the addition of

malate to spinach chloroplast.s. My measurements with isolated

pea and spinach chloroplasts, however, showed the Kå estimates for

2-OG, both in the presence and absence of malate (50-250 uM; see

also Ariderson and Done, I977b) to be in the range expected from

previous studies on chloroplast transporters (i.e. 190 UM;

Lehner and Heldt,I978) and the glutamate synthase enzyne (i.e.

150 UM; hlallsgrove et a7. 1977). Thus, the stimulatory effect of

malate on (NH' gluÈamine, 2-0G)-dependent 0, evolution probably

results from an increase in the rate of 2-0G uptake, via exchange

reactions with malate across the chloroplast membrane.

Isolated chloroplasts would not contain sufficient 
\

endogenous dicarboxylates (Lehner and Heldt, 1978) to maintain

this type of rapid exchange for any length of time fo1low-

ing the addition of 2-0G, and, once exchanged out of the chloroplast

into the surrounding medium, would be too dilute to facilitate

their rapid re-uptake for use in further exchange reactions. This

may explain the apparent anomaly between the estimated rates of

2-OG uptake, as measured in I4C - uptake experiments over 10-20 s

i.e. 26-32 ¡.r*o1 rg-1 Chl h-l (Lehner and Heldt , Ig78; Proudlove

and Thurman 1981) and those rates approximated from polarographic

measurements, as done here, of between B-12 ¡rro1 rg-1 Chl h-1

(Table 6.3), which represent steady state rates calculated over

5-10 minutes.
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The obvious contradiction to the above theory is that

glutamate, a dicarboxylate known to exchange across the chloro-

plast membrane (Lehner and Heldt, 1978), would be produced during

(NH3, glutamine, 2-0G)-dependent 0, evolution and, indeed, would

normally be expected to be exchange for 2-OG in vivo in order to

maintain the stoichiometric balance of the photorespiratory cycle

(see Fig. 1.4). However, it would appear from the limited rate

of (NH' glutamine, 2-0G)-dependent 0, evolution, in the absence

of malate, that glutamate (in contrast to malate) may not be

the optimal substrate for exchange reactions involving 2-0G, and

that a more complex shuttle involving the net exchange of 2-0G and

glutamate on separate carriers may occur in vivo.

6.3.2. Evidence for seqa rate dicarboxvTate carriers in the

chToroplast nembrane

The demonstration of malate stimulated 2-OG uptake

provides strong evidence for the existence of separate carriers

in the chloroplast membrane. If, for example, the chloroplast

membrane contained only one t.ype of dicarboxylate carrier, the

addition of malate during (NH3, glutamine, 2-0c)-dependent 0,

evolution should result in a competítion between malate and 2-0G

for uptake and, consequently, an inhibition of O, evoluEion.

However, for the opposite result to occur, as is indeed the case,

aL least two separaLe carriers must be present. The first carrier

must exhibit a much higher affinity for malate than 2-0G to allow

for the rapid uptake of malate in the presence of. 2-OG. This is

well illustrated in Figs 6.10 and 6.11 which show that while an
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inhibition of stimulation by malate is observed in the presence of

very large 2-OG: malate concentration ratios, the inhibitory

effect of 2-0G on malate uptake is much lower than would be

predicted from ínhibitor kinetics equations (h/ebb, 1963). This

is based on the assumption that the Ki for 2-oG, with respect to

malate uptake, should be similar to the K] or K, for 2-oG uptake,

if both malate and 2-0G were bound at the same carrier site.
For example, Lehner and Heldt (1978) showed that the uptake of

malate into spinach chloroplasts was inhibíted approximately 602

by the presence of a 3 fold higher concentration of succinate or

fumarate. My resulÈs, however, show that the presence of a 3 fold

higher concentration of 2-0G had virtually no effect. on the

stimulation of (NH3, glutamine, 2-0c)-dependent o, evolution by

malare (Fig. 6.11)

conversely, the second carrier must exhibit the reverse

characteristics or affinities to the first (i.e. a much higher

affinity for 2-0G than malate) to ensure that. the added malate

does not readily compete with 2-0G for uptake Ínto Èhe chloroplast,

in exchange for the internal malate. Figure 6.12 demonstrates

that the carrier responsible for 2-0G uptake does indeed have only

a low affinity for malate, since the presence of very high malate :

2-0G concentration ratios have only a small effect on the

maximum rate of (NH3, glutamine, 2-0G)-dependent o, evolution.

C1early, these results support the theory that 2-OG and malate are

taken up on separate carriers with a smal1 degree of overlapping

specificity.
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Further information regarding the specificity of this

t2-OGr carrier, ffiây also be obtained from the results given in

Table 6.2. The stimulatory effecE of malate on (NH' glutamine,

2-OG)-dependent 0, evolution could be reproduced by a number of

other dicarboxylates. Aspartate, however, had 1itt1e effect on

the rate of Orevolution while the addition of glutamate was

inhibitory. The affinity of the so-ca11ed dicarboxylate carrier

for the uptake of the various dicarboxylate species into the chloro-

plast is thought Èo be as follows: malate ) aspartate > glutamate

> L-tartrate and thiornalate (Lehner and Heldt, 1978). Furthermore'

aspartate uptake in the presence of 2-OG must be rapid, since

rates of (Asp, 2-0c)-dependent 0, evolution of approximately 20

-'t -1 -1 -',I.prnol mg-'Ch1 h-'(or 40 umol 2-0G uptake mg'Chl h') are

observed in Lhe presence of 1 mM concentrations of each substrate.

Thus, the inability of aspartate and glutamate to stimulate

(NH3, glutamine, 2-0G)-dependent 0, evolution, in contrast to the

other dicarboxylates (Table 6.2), may reflect the specificity of

the t2-OGt carrier on the stromal side of the chloroplast membrane.

It would appear that in conLrast to it's specificity for 2-0G on

the outside of the membrane, the stromal side of this carrier may

exhíbit a high degre of spectficity fot CO type dicarboxylates

(e.g. malate, succinate, L-tartrate), and that the addition of an

amino group (".g. aspartate), an extra carbon (e.g. glutarate), or

both (e.g. glutamate), significantly reduces Èhe bi-nding of such

dicarboxylate molecules to this carrier, for use in exchange

reactions with 2-0G.
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Anderson and Done (I977b) have previously reported that

glutamate inhibits (glutamine, 2-0G)-dependent 0, evolution by pea

chloroplasts through product inhibition of GOGAT. Certainly, the

results of Table 6.4 indicate that the glutamate inhibition of

either (glutamine, 2-0G) or (NH' glutamine, 2-0G)-dependenL 0,

evolution (see also Table 6.2) is associ-ated with competitive

interactions between 2-0G and glutamate. However, the glutamate

inhibition could be reversed, not only by 2-0G, but also by malate

(Table 6.4). This suggests that the glutamate inhi-bition of

(glutamíne, 2-0G)- and (NH' glutamine, 2-0G)-dependent 0, evolution

is mediated through an inhibition of 2-OG uptake by glutamate, and

that in the presence of malate, 2-OG uptake occurs on a separate

carrier which has a much lower affinity for glutamate. I^/oo (1983)

has also recently reported that both glutamate and aspartate

inhibiÈ (NH3, 2-0G)-dependent 0, evolution by spinach chloroplasts

(as seen here) and that this inhibition could be reversed by

various dicarboxylates. Consequently, he too has proposed the

possible exístence of a separate dicarboxylate carriers in the

chloroplast membrane.

To summarize, the resulLs suggest the existence of two

separate carriers in the outer chloroplast. rnembrane, of similar

specificÍty to those found in the inner mitochondrial membrane:

(a) a dicarboxylate exchange carrier (I in Fig. 6.13) responsible

for t.he rapid uptake/exchange of a wide range of dicarboxylates

(excluding 2-0G) and(b) a 2-OG/dicarboxylate exchange carrier

(II in Fig. 6.13) which medj.ates the rapid uptake of 2-OG in

exchange for specific dicarboxylates e.g. malate. As illustrated

in Fig. 6.13 (broken lines), the stimulaÈion of 2-0G uptake by
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malate in (NH' glutamine, 2-0G)-dependent O, evolution, in

reality represents a I short circuit t in the reaction and transport

sequence which normally supports rapid rates of 2-OG uptake during

the operation of a malate / aspartaÈe shuttle, with malate being

taken up directly into the chloroplast instead of being produced

internally.

The predicted rapid uptake of malate, in exchange for

glutamate (Fig. 6.13) is not, however, supported by 14C- rlptuL"

data. The results in Table 6.5 show that the rate of efflux of
14C- gluramate from isolated spinach chloroplasts rvas almost

3 fold lower in the presence of malate, than with 2-0G. Similar

results have also been reported by l,rloo (1983). One possible

interpretation of these results is, of course, that malate uptake

in not mediated via an exchange reaction with glutamate as pro-

posed in Fig. 6.13. However, with the clear discrepancies which

appear to exist between the results predicted on the basis of 14C-

uptake studies and those observed with the 0, electrode, I feel

the results of Table 6.5 cannot be considered conclusive in ruling

out the possibility of a malaLefglutamate exchange under the

incubation conditions used for the 0, electrode studies. This

raises the question of the validity of uptake experiments carried

out over short periods of time (i.e, 15-30 s), in the absence of

light, and their applicability to steady state exchange reactions

occurring across chloroplast membranes in the light as measured

with the 0, electrode. This is particularly relevant to light-

mediated changes in the pH of chloroplast stroma, which may

affect the uptake of dicarboxylate molecules into the chloroplast.
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Fina11y, whitrst the findings regarding the potential

existence of separate carriers in the chloroplast membrane are of

obvious importance, the physiological significance of malate-

stimulated (NH3, glutamine 2-0G)-dependent 0, evolution to the

operation of the photorespiratory cycle in vivo is yet to be

justified. If photorespiratory NH, recycling does indeed occur at

rates of approximately 30 Umol *g-1 Ctl h -1, then such a mechanism

for the uptake of 2-0G would appear, from our studies with isolated

pea chloroplasts, to be required to operate in vivo. If, however,

this is an over-estimation of the true NH, flux through the chloro-

plast., then the rates of NH, refixation in the absence of such a

_'l -'lmechanism, as measured here e.g. l2-I8 umol NH, mg ' Chl h

(Table 6.3, corrected for chloroplast breakage), mâY be sufficient.



TabTe 6 1. MoTar r tios of O evoTuti r substrate addition

dur NH 2-OG and Tutamine 2-OG

evoTution bv chTorooTasts.

Data Èaken from the resulLs shown in Fig. 6-3-

dent O

Non-limit.ing
substrate ( s )

Limíting
substrate

Molar ratio: moles 0, evolved

per mole substrate added

Exp.l Exp.2 Exp._3

NH c1
4

2-OG

2-OG

.49

.4L

.42

.42

.36

.36

.34

.46

.48

.48

.39

.4r

.4r

48

z-OG, 10 mM

NH4C1' 1 il

glutamine, 1 il

malaÈe, 0.5 mM

NH4C1' 1 il

glutamine, 1 il

.4I

34

36

.34

.37



Table 6.2. Soecificitv of the dicarboxviate stinuTation of (NHT
utanine 2-OG dent O evoTution b chToro asÊs.

-1Chloroplasts (40 Ug Chl m1 ) were added to 1. 8 ml of reacÈíon

medium (section 2.8) containing 1 mM NH4C1 and 1 mM glutamine.

0, evolution was initiated by the addition of 1 mM 2-0G together

with the dicarboxylate specified. Amino-oxyacetic acid (5 tM)

was used to inhibit (Asp, 2-0c)-dependent 0, evolution in assays

involving aspartate. There hlas no effect of amino-oxyacetic acid

on the rate of (NH3, glutamine, 2-0c)-dependent 0, evolution.

The control rate represents the rate of 0, evolution in the

absence of added dicarboxylate. Intactness: 72, 697". COZ -

dependent O, evolutíon: 92,93 umol rg-1 Cnt n-1.



Experiment 1 Experiment 2

DICARBOXYLATE

Control

Malate, 2 mM

Succinate, 2 il
Fumarate, 2 il
L-Tartarate, 2 mM

L-Tartarate, 5 mM

Aspartate, 2 ntr4

5nM

Glutarate, 2 il
5nM

Glutamate, 2 nI[

5mM

Thiomalate, 2 rnll

5mM

Malonate , 2 rñl

5mM

0 evolution
2

_1 -lwol ng' Chl h '

4.6

16.6

16. 3

16.6

12.8

13.4

5.4

6.1

6.4

7.t
2.0

Z of st.imulation
by malate

100

98

100

68

73

6

12

15

2L

oz evolution

-1 -1
1tno1 ng ch7 h

5,2

15.0

11.1

12.3

6.0

6.5

6.5

8.9
11.4

Z of stinulation
by malate

100

60

72

I
13

13

1.0
38

63

4.6

4.L

0



Assays A,B,D and E involved 1 mM concentratj-ons of all substrates. Assay C involved 2 mM glutamine and

1 mM 2-OG. Rates corrected for chloroplast breakage during preparation (c.F.B.) are also gÍven (mean

intactness: 682) together with maximal rates of NH, re-assimilation which can be achieved with each system.

Type of 0, evolution s.d C.F.B. NH, re-assimilatory capacity

NH3' 2-0G

NH3, glutamine, 2-OG

glutamine, z-OG

NH3, 2-OG' malate

NH3, glutamine, z-OG,

(A)

(B)

(c)
(D)

malate (E)

n

7

11

7

I2

5

7

11

mean

ttnoT 0, ng

3.3

4.4

6.0

6.9

14.6

-1 -1ch7 h

o.7

2.2

VnoT NH, ng-1 -1ch7 h

0.9

0.4

I,6

6.4

8.8

4.8

10.0

2r.5

9.6

12.8

L7.6

20.o

43 .0

(D) / (E)

(E) / (B)

0.5

3.3

0

0

1

4



TabTe 6.4. Effect of Tutamate on various forns of O evoTution b

Dea chToroDTasts.

IChloroplasts (44 Ug Ch1 m1 ) were added to 1.8 ml of reaction medium

(section 2.8). Assay concentrations were all 1 mM except for gluta-

mine in the (glutamine, z-OG) system which was 2mM. The numbers shown

in brackets represent final concentrations in the assay medium.

-r -1Intactness: 7I% C}2-dependent 0, evolution: 94 Umol mg 'Ch1 h-

Sequential
additions

Type of 0, evolution

( glutamine,

2-OG)

(NH3, glutamine,
2-Oc)

(NH3, glutarnine,

z-OG, malate)

lJnoI -1ng

5.0

1.8

1.1

5.5

5.2

L.6

13.0

chl h -1

Control

+ glutamate (5 mM)

+ glutamate (10 mM)

+ glutamine (6 mM)

+ 2-OG (s mM)

+ malate (2 mM)

Control

+ glutamate (5 nM)

+ glutamate ( 10 mM)

+ malate (2 mM)

+ 2-OG (s mM)

6.1

3.2

2.2

2.2

5.6

16.3

12.3

13.5

16.3

1s.9

11 .9

13.6

15. 6

6.0

3.1

6.0



14Table 6.5. Rate of C-øTutanate effTux from ach chTorooTasts

in the Dresence of various dìcarboxvlates.

Chloroplasts ï¡ere percoll-purified as described in section 2.4 and.

the rate of back-exchange of l4C-gtutamate measured accordlng to

the method in sectlon 2.I2. Intactness: 977".

I4Dicarboxyl-ate added C-glutamate efflux

nnol ng -1- Ch1.30 s

3.0

16.5

13.5

31 .0



Fieure 6.7. Effect of gTutaninel DCMU and maTate on (NH

and utanine 2-OG -de

Chloroplasts (47 Ug Chl ml-

(section 2.8). Assay conce

glutamine (Gln). AdditÍons

g1-utamine and 50 uM DCMU.

O, evolution: 92 Umol mg-l

present Umol 0, evolved mg

to evoTuti chl ts

1¡ 
""r" added to 1.8 ml of reaction medium

ntrations: 1 mM 2-OG, 1 mM NHOC1 and I mM

: 1 mM 2-OG, 1 mM malate, 1 mM NHOCI, I mM

Chloroplast intactness: 69%.COZ-dependent

chl h 1 Values beside the curves re-
1 chl h 1



I 4.6

E
e
C,o
lr)

oFF

l,2.3

Gln

Gln

Otl

DC

Gln
NH4CI E

t5 Aat

5.

4.O Mal

N

6. OFF

4.O

I min

ON

1'4.

Gln
NH4CI

o

Mal

o
z-bc

G

U

o
a

o

o

7.

D

o

NH4CI -'oc2
c

ON
I

0
Gln

B 2-OG

2-OG
ON NH4CI

A

6.

ON

o

D U

4.7
D U

3.

OFF

o



Fl-pure 6.2. Effect of nethianine su7 phoxinine and a rTne on

U anl to b asts.

Chloroplasts (42 Ug Chl rg-1) were added Ëo 1.8 m1 of reaction medium

(section 2.8). Assay concentratÍons: 1 mM Z-OG,1 mM NHO Cl, 1 mM

glutamine and 2.5 mM methi nine sulphoximine (MSo). Additions: 1 mM

NH4c1, I mM glutamine, 1 mM z-oc, 1 mM malate, 1 mM 0AA, 1 mM aspartate

and 0.25 rnM azaserine (A,za). fntactness: 697". C}r-dependent Or_evolution:

73 umol rg-1 cnt n-1. values beside the curves represent umol o,

evolved rg-1 chl h-l.
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Fipure 6.3. Oxvpen evoTution bv chToropTasts in the oresence of

7inÍting anounts of 2-OG and NHa C7.

Chloroplasts (42 uB Chl m1-1) v¡ere added to 1.8 m1 of reaction medium

(section 2.8). Assay concentratíons: trace A, 1 mM NHOCI, 1 mM gluta-

mine; trace B, 1 mM NH4C1, I mM glutamine, 0.5 mM malate; trace C,

10 mM z-OG. Additions: 180 nmol 2-0G and 150 nmol NHOC1. fnractness:

69%. COr-dependent O, evolution z 77 1¡mctI rg-1 Cnt t-1. Values besíde

the curves represent umol O, evolved rg-1 Chl h-1.
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Fi of naTate U 2 to
evoTution by pea chToropTasts.

chloroplasts (50 ug chl r1-1) were added to 1-8 m1 of reaction medium

(section 2.8) containing I mM 2-0G. oz evolution was Íniriated by the

addition of glutamine. Malate was added following the establishment of

a steady state rate. Intactness: 667.. COr-dependent 0, evolution:

64 umol rg-1 crrt n-1.

SvnboTs:

nomalate ( O )

0.1 mM malate ( O )

1.0 mM malate ( ¡ )
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, Effect of NH Tutanineon t0 tion

by pea chToropTasts.

The standard assay contained: 44 1tg Ch1 m1-1 chloroplasts,

I mM 2-0G, I il NH4c1, 1 il glutamine and t I mM malate. rntactness:

787". COr-dependent O, evolution: 75 umol rg-1 Cf,t n-l.

SvnboTs:

-malate( O )

+malate ( Q )
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Fieure 6.6. Effect of naTate on in vitro slutanine svnthetase

activity.

Chloroplastic GS hras assayed according to the method described in

section 2.IO. Assay concentrations: Lrace A, 18 mM glutamate, 7 mM

ATP; trace B, 18 mM glutamate, 7 mM ATP, 5 mM MSO; trace C, 3.6 mM

glutamate, 7 mM ATP; trace D, 18 mM glutamat,e, 1.8 mM ATP. All react-

ions were initiated \{ith 5.5 mM NHOCI. Malate was added in each case

to a concentration of 2 mM. Rates besíde the curves represent pmol

NADH oxidized mg-l Chl h-l.





Fisure 6.7. Effect of nalate on in vitro eTutanate svnthase activitv

GOGAT âctivity v/as measured with a reconstituted chloroplast s¡lstem as

described in section 2.8. The assays contained 115 ug Chl rl-1, 30 ul

chloroplast extract and 5 nM glutamine. Additions as indicated: trace

A, 0.25 mM 2-OG, 1 mM mal-ate, 4 mM malate, 0.25 mM z-OG, 2 nl"l 2-OG,150 Ul

of chLoroplast extract (CE); trace B, I mM 2-0G, 1 il malate, 4 il malaLe,

150 U1 of chl-oroplast extract, 0.5 mM azaserine. Rates beside the

curves represent Umol 0, evol-ved rg-1 Cnt f,-1.
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ure 6.8. Effect of 2-0G con tr tion on NH 2-OG -de t

o tion b chToro ts.

1Chloroplasts (45 Ug Ch1 ml- ) were added to 1.8 ml of reaction medíum

(sectíon 2.8) containing 1 mM NH4C1 and + I mM glutamine. OZ evolut-

ion was initiated by the addítion 2-0G (t I mM malate). The recorded

rates represent the steady state rates of O, evolution after 5 min.

Intactness: 757". COr-dependent O, evolution: 70 umol tg-1 Cttt t-1.

SvnboTs:

NH3'2-0G( O )

NH3, gluLamine, 2-0G ( O )

NH3, 2-OG, malate ( A )

NH3, glutamine, z-OG, malate ( A )
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o

6.9. E ctof2

ution b s

trati on

ch chTo asts.

2- dent

except that glutanine

0, evolution: 81 Umol

Experimental procedures as given in Fig. 6.g,
was absent. Intactness: 5OZ. COr-dependent

rg-1 cr,t n-1.

SvnboTs:

NH3' 2-Oc( a )

NH3, z-OG, malate ( A )
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6.10. Effect of

to evoluti b

centration on

asts.

utanine 2

chloroplasts (40 ug chl rnr-.l) were added to 1.8 ml reaction medium

(section 2.8) containÍng I mM NH4CI and I mM glutamine. Malate was

added hrfth 2-0G which was used to initiate O, evolution. Intactness:

7O7r. COr-dependent O, evolurion: 85 Umol- rg-1 Cht t-1.

SvnboTs:

1mM2-0c( O )

10mM2-0c( O )
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Fisure 6-11. Eftec t of 2-OG concentration on the naTate stinulation of

utanine to tion chTo t

Chloroplasts (38 ug Chl tl-l) were added to 1.8 ml of reacrfon medium

(section 2.8) containing 1 mM NH4c1 and 1 mM glutamine. oz evolution

was lnitíated by 2-OG addition ( O ). I,Ihere present, malate addition

was made h'ith 2-0G to a concentratÍon of 0.5 mM ( O ) or to the same

concentration as 2-0G ( a ). rntactness: 72i(. cor-dependent o,

. evol-ution: 98 umol- rg-1 Cnt n-1.
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Fipure 6.12. Effect of in the naTate concentration on iÊs

stinuTator ffect on NH Tutamine 2-OG -de to evoTution

bv pea chToropTasts.

Chloroplasts (43 Ug Chl.1-1) were added to 1.8 ml reaction medium

(section 2.8) containing I mM NHOC1 and I mM glutamine. 02 evolution

was initiated by the addition of 0.5 mM 2-0G together with malate at

varying concentrations. The dotted line represents the rate of O,

evolution in the absence of added malaÈe. Intactness: 717.. COr-depend-

-'r chl h-1.ent 0, evolution: 100 ¡.tmol mg '
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Fisure 6.13. Movenent of dicarboxvTate noTecules across the chToropTast

enveTooe.

This diagram illubtrates the possible movement of dicarboxylate mole-

cules during (a) the operation of a malate/aspartate shuttle (solid

lines) and (b) malate-stimulared uptake of. 2-oG for GOGAT-catalysed

0, evolution (broken lines). see texÈ for explanation of symbols

I and II.
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CHAPTER VII

AN OXYGEN_EVOL VING RECONSTITUTED CHLOROPLAST SYSTEM

FOR THE ASSAY OF IN VITRO GLUTAT'IATE SYNTHASE ACTIVITY

7.r INTRODUCTION

Measurement of in vitro ferredoxin-linked GOGAT activity

has, in the past, been slow and labourious because assay of the

reaction product (glutamate) required the use of various chroma-

tographic methods (Rathnam and Edwards, L976; Rhodes et a7. I976;

Inlallsgrove et a7. 1977; Stewart and Rhodes, 1978; Matoh et a7.

1979; Cullimore and Sims' 1981). These assay systems were also

far removed from the in vivo situation through the use of the

artificial electron donor, dithionite, and in some cases the

artificial electron carrier, methyl viologen (Rathnam and Edwards,

1976; trrlallsgrove et a7. 1977; Cullimore and Sims, 1981).

Hucklesby et a7. (1980) proposed a new assay system

involving electrolytically reduced methyl viologen. Such a system

would al1ow GOGAT activity to be measured directly, by following

the rate of oxidation of reduced methyl viologen, thereby

avoiding the time-consuming.glutamate determinations. However,

special equipment was reqired to produce Lhe electrolyÈica1ly

reduced methyl viologen. More recently Suzuki et a7. (1982)

demonstrated that partially purified GOGAT could be linked to the

light dependent reduction of ferredoxin by thylakoid membranes.

This system represented the first demonstration of light dependent

GOGAT activity in vitro, but utilized thylakoid membranes which

could not evolve 0, and thus was also reliant on chromatographj-c

techniques for the determination of enzyme acti-vity.
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In this chapter, I present a method for Lhe measurement

of in vitro GOGAT activity, using an Or-evolving reconstituted

chloroplast system. This assay system is rapid and highly

sensitive and allows for the direct measurement of light-dependent

enzyme activity. It also utilizes recently isolated and unmodified

GOGAT and assays it under conditions which closely resemble in vivo

conditions. The use of this assay system has 1ed to the discovery

of regulatory characteristics, not previously reported for this

enzyme. Following completion of this v/ork, a report was published

on the characterísation of a similar Or-evolving reconstituted

system using spinach chloroplasts (Anderson and l,rlalker, 1983).

7.2. RESULTS

A reconstituted chloroplast system prepared according

to the method of Lilley and l,rlalker (1974), exhibited light-

dependent 0, evolution in the presence of 2-0G and glutamine

(Fig. 7 .L). It can be seen that 0, evolution did not occur in the

absence of either substrate and was inhibited by DCMU (Fig.

7 .I; B) ancl the GOGAT-specific inhibitor , azaserine (trrlallsgrove

et a7. 1977). Azaserine had no effect on NADP-dependent 0, evolution

by this reconstituted chloroplast system (Fig. 7.I; A).

The rate of O, evolution achieved on a per mg chloro-

phy11 basis in the reconstituted system was dependent on the

amount of chloroplast extract (containing GOGAT) added (Fig.

7.2). In the majority of experiments, suboptimal 1evels of

chloroplast extract hrere used to ensure that the supply of

reducing equivalents from the chlorophyll fraction, did not limit
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the rate of GoGAT-catalysed 0, evolution, and consequently, the

rates given in the other figures do not represent the maximum

rates of O, evolution which could have been achieved using this

reconstituted system.

The dependence of the reconstituted chloroplast syst.em

on added ferredoxin is illustrated in Fig - 7.3. The Km for

ferredoxin was estimated at 0.9 UM which compares to the values of

2 uM and 1.7 uM for ferredoxin-linked GOGAT purified from field

bean (la/allsgrove et a7. 1977) and corn (Matoh et a7. 1979)

respectively. Maximal rates of GOGAT-dependent 0, evolution were

achieved at 5-6 UM ferredoxin, in agreement with the requirements

of NADP-dependent 0, evolution by reconstituted chloroplast systems

(Lilley and l,lalker, 1979). Some background activity \^/as observed

in the absence of added ferredoxin, when larger volumes of

chloroplast extract were employed in the reaction mixture. This

was probably due to the presence of some ferredoxin removed from

Èhe pea chloroplasts, during the preparation of the chloroplast

extract.

Glutamate synthase-dependent 0, evolution by the re-

constituted system demonstrated a broad pH optimum with a peak

aL 7.6 (Fig . 7.4). A simil-ar broad response to pH was observed

with the field bean enzyme, although the peak occurred at pH 7.3

(hlallsgrove et a7. 1977). The system also displayed an absoluÈe

requirement for þ1g2*, which could not be attributed to a require-

ment of the photosynthetic electron transport chain for this metal

ion, as demonstrated by the high rate of NADP-dependent 0, evolut-

ion ín rhe absence of added Mgcl, (Fig. 7.5). No GOGAT-dependent
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O, evolution was observed in the absence of added MgClr. This

requirement for Mg2+ could be replaced to a certain extent by

ca2* and Mn2*, but not by K+ or Na* (Table 7.1) showing the

effect to be specific for a divalent cation.

As shown in Fig . 7 .I (trace A), a lag period is observed

between the time of 2-0G addition to the reaction mi-xture and the

achievement of the maximal rate of O, evolution. This did not

occur, however, if the GOGAT enzyme was pre-incubated \^Iith 2-0G

prior to the initiation of 0, evolution with glutamine or light

(Fig. 7.1; B,C). As this may indicate some form of allosteric

interaction between the GOGAT enzyme and 2-0G, the effect of

varying concentrations of this substrate on the rate of 0, evolution

was investigated.

The results shown in Fig. 7.6 do not indicate any obvious

sigmoídal or allosteric behaviour of this enzyme with respect to

2-OG. However, iL should be noted that the rates plotted are, in

fact, the steady state rates achieved following the 1ag period,

and that this lag period varied depending on the concentration of

2-0G present e.g. 4 min at 0.15 mM 2-0G compared to 2 min at 2.0 mM

2-OG. The length of this lag was found to be independent of the

glutamine concenÈraLion.

Analysis of the data in Fig. 7.6, on a double-

reciprocal plot (Fig. 7.7), does reveal a departure from linearity

at the 1ow 2-OG concentrations (i.e. < 0.5 mm). A Km estimate

taken from the points corresponding to 2-0G concentrations above

0.5 fnM gives a value of 0.27 nÌ4,, If a further addition of 2-0G
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to the same initial concentration) was made following the

cessation of O, evolution upon full utilization of the first

2-OG addition a marked increase in the steady state rates of O,

evolution was observed for 2-0G concent.rations below 0.5 mM.

I^iith the inclusion of these points in Fig. 7.7, a linear relation-

ship is established among the various 2-0G concentrations. Clearly,

the GOGAT enzyme was not ful1y activated by the first addition of

the low (< 0.5 mM) 2-OG concentrations. The Km (2-0G) estimate

for the ful1y activated enzyme is 0.23 mM. This is similar to the

values measured for GOGAT isolated from field bean (\n/allsgrove

et a7. 1977) corn (Matoh et a-2. 1979) and rice leaves (Suzuki

and Gadal , I9B2).

7.3 DISCUSSION

The results presented demonstrate that ferredoxin-1Ínked

GOGAT activity may be assayed in vitro, in a rapid and sensitive

manner through the use of a standard reconstituted chloroplast

system as developed originally by Stokes and Inialker (1971).

Such systems have been used in the past to study enzymes and

enzyme sequences associated with the PCR cycle (Lil1ey and ltlalker,

1974; lr/alker and Slabas, 1976; Slabas and l/alker, 1976; Lilley

and hlalker, L979), however, this is the fÍrst report of GOGAT-

dependent 0, evoluÈion by a reconsLituted chloroplast system.

The absolute requirement of the GOGAT enzyme, in this

system, for dívalent cations and in particulat Mg2+ is in direct

contrast to the results of previous studies which have found

these cations to have an inhibitory effect on GoGAT activity
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(l,lal1sgrove et a-|. 1977; Suzuki and Gadal , I9B2). This is,

however, a characteristic which has been reported for a number of

other chloroplast enzymes, including RuBP carboxylase (Lorimer

et a7. I976) and fructose-l, 6-díphosphatase (Baier and Latzko,

I975), and has been proposed as a mechanism for their regulation

in vivo through light dependent alterations in the concentration
1tof Mg-' ions in the chloroplast stroma (Robinson and Walker,

1981 ) .

The activation of the GOGAT enzyme by its substrate,

2-OG, as evidenced by the 1ag in activity if this substrate is

not first pre-incubated with the enzyme, also shows a close

paral1e1 to the interaction of the RUBP carboxylase enzyme with

its substrate, COr. Lorimer et a7. (1976) have shown that RuBP

carboxylase forms an active ternary complex (enzyme-CO2-Mg2*),

in which C0, first binds to the enzyme in a s1ow, rate determining

step, followed by the rapid binding of Mg2+. Consequently, unless

the enzyme is pre-incubated r,üith C02, a lag in activity will

result, the length of which is found to be dependent on to the
1t

concentration of COr, but independent of Mg''. My results show

that a similar relationship appears to exist between GOGAT, 2-OG

it
and Mg-' ; with the interaction between the enzyme and 2-0G being

the slow, rate limiting step, while Mg2+ binding was rapid and

did not result in alag in activity on addition (Fig. 7.8).

Suzukí and Gadal (1982) have also found evidence of an

allosteric interaction between the GOGAT enzyme and glutamine.

However, in contrast to z-OG, this substrate appeared to act as a

negative effector. Further investigation i-s required to identify
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potential allosteric sites on the GOGAT enzyme, to which 2-0G,
1t

Mg'' and glutamine may bind, as such sites may represent important

poinEs of regulation of the photorespiratory cyc1e.



7e7 Eff TC the ra of GOGAT-úe

o evoT ti ast s ten

Experimental procedures as described Ín sections 2.5 and 2.8.

Assays contained 150 Ul of chloroplast extract, 4 il glutamine and

2 rrMl z-OG. The various salts were added to a concentration of 10 mM

after j-ncubation of the reactíon mixture in the light for 1 min.

Salt 0 evolution
2

I r:-

-1
1-tnol mg ch7 h

L5.2

L2.3

9.9

0.0

0.0

1

MgCl,

CaCL,

MnCl,

KC1

NaCl



to evoTution b a reconstituted ch7òro-

Experlmental procedures as in sections 2.5 and 2.8. Assays contained

125 Ul of chloroplast extract as well as: trace A, 4 mM glutamine;

trace B, 1 mM 2-0G; trace C, 4 mM g1-utamine, 1 mM 2-0G. Additions:

trace A, 1 mM 2-0G,0.5 mM azaserine, 0.16 mM NADP; trace B, 4 mM g1u-

tamine, 50 UM DCMU. Rates beside the curves represent Umol 0, evolved

-l -1mg - Chl- h -.

1
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Fipure 7.2. Effect of the ch7 oTast extract on the rate of

GOGAT-deoendent O^ evolution bv a reconstituted chTorooTast svstem

Experiment,al procedures as described in sections 2.5 and 2.8. Assay

concentrations: 4 mM glutamine, 2 mVl 2-OG. Reaction mixtures were pre-

incubated \^'ith both substrates and chloroplast extract for 1 min in

the dark prior to initiating 0, evolution h¡ith light.
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Effect of s nach

a b a reconstìtuted ch7

n on the rate of GOGA

s

dent

o

Experimental procedures as described in sections 2.5 and 2.8. Assays

contained 50 Ul of chloroplast extract, 4 mM glutamine and 2 mM 2-0G.

The reaction mixtures vlere pre-incubated for 1 mín in the dark prior

to initiating 0, evolution h'ith light.
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Fi 7.4 on the rate of G)GAT- to evoTution

bv a reconsËiËu ted chTorooTast svstem.

Experimental procedures as described in sections 2.5 and' 2.8. Assays

contained 100 Ul of chloroplast extract, 5 il glutamine and 2.5 mM

z-OG. The reaction mixtures r^rere pre-incubated for 1 min in the dark

prior to initiated 0, evolution vlith líght.
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Eff t ion on the rate of GOGAT and

tituted ch7 ast s tem.t a a

Experimental procedures as described in section 2.5 and 2.8. Assays

contained 125 Ul of chloroplast extract, 4 mM glutamine and 2 mM 2-0G.

Assay of NADP-dependent O, evolution as for the GOGAT system, but

contained 100 Ug chlorophyll, 125 Ug spinach ferredoxin and 1.0 mM

NADP. Reaction mixtures were pre-incubated for I min in the dark

prior Èo initiating 0, evolution with light.

SvnboTs:

GOGAT-dependent 0, evolution ( O )

NADP -dependent 0, evolution ( O )
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7.6 con tratìon the ra eof T-

de dent O a ri h7 as s

Experimental procedures as described in secÈions 2.5 and 2.8. Assays

contained 125 Ul of chloroplast extract and 4 mM glutamine. The re-

action mixtures were pre-incubated for 1 min in the light prior to

lnitlating 0, evolution hrith 2-0G.
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Fisure 7.7. DoubTe-reciprocaT pTot of reslonse of GOGAT activitv

to varyinp 2-OG concentrations.

Data shown is taken from Fig. 7.6. ( O ) and from rates measured

following a second addition of 2-0G ( O ) as described in the text.

The dott,ed line índicates the departure from linearity of the rates

achieved with the first addition of the low 2-0G concentrations (i.e.
< 0.5 mM) in comparison to those obsËrved with the second 2-OG addition

to the same concentration.
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se of t ution b a a

asÊ s tem to addit

Experiment,al procedures as described in sections 2.5 and 2.8 except that

MgCl, was absent from the assay medium. Assay contained 125 U1 of

ch1-oroplast extract, 4 mM glutamine and 2 mM 2-0G. Addition: 10 mM

MgClr. Rates beside the curve represent Umol O, evolved rg-1 Cnt n-l.
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CHAPTER VTII

MITOCHOND RIAL HEXOKINASE IN PEA LEAVES

8.1. INTRODUCTION

Investigations into the distribution of hexokinase

activity in plant cells have concenLrated on non-photosynthetic

tissue and shown the activity to be distributed between both the

soluble and particulaLe fractions (Medina and Sols 1953; Marré

et a7. 1968; Kursanov et a7. I97O; Baxter and Duffus 1973).

Some evidence indicates that, hexokinase may have a sj-milar

distribution in photosynthetic tissues (Saltman 1953; Baldus

et a7. 1981), and that the particulate activity may be associated

with the mitochondrial fraction (Baijal and Sanwal 1977).

During experiments discussed in Chapter 3, sirnilar

evidence of hexokinase activity associated with pea leaf mito-

chondria was also obtained. Mitochondrial hexokinase has been

demonstrated to be present in a number of different animal tissues

(h/ilson, 1968; Vallejo et a7. I97O; Gots and Bessman, 1974; Font

et a7. Ig75; Viitanen and Geiger, 1979; Bustamante et af. 1981)

and found to be particularly important in the metabolic regulation

of brain tissue (lr/ilson, 1980). This chapter details on investi-

gation into the distríbution of hexokinase in pea leaf tissue and

examines, in particular, t.he properties of hexokinase activity

associated wíth the mitochondrÍal fractíon. During Èhe course of

this investigation I became av/are that a similar study was being

carried out on pea shoots by another group, the results of which

have since been published (Tanner et a7. 1983).
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8.2. RESULTS

Initial investigations with washed mitochondria isolated

from pea leaves indicaÈed the presence of endogenous hexokinase

activity which, in the presence of both glucose and ATP, could

support subsÈantial rates of On uptake e.g. 25-307" of state 3

rates (Fig. 8.1). The stimulation of O, uptake by both endogenous

and added hexokinase v/as inhibited by oligomycin and carboxy-

atractyloside. These inhibitions indicate that hexokinase sEimulated

0, uptake by increasing the external supply of ADP, because oligo-

mycin inhibíts oxidative phosphorylation and carboxyatractyloside

inhibits the transfer of ADP into the mitochondria.

Using differential centrifugation it. could be shown

Lhat the distribution of hexokinase activity in the varj-ous

fractions isolated from pea leaves closely followed the distribut-

ion of the mitochondrial enzyme NAD-isocitrate dehydrogenase.

Up to 80% of. the total cel1u1ar hexokinase acLivity l,ùas found to

be present in the 2,000 g and 15,000 g fractions combined (Table

8.1). Further washing of the 15,000 g pel1et did not reduce the

amount of hexokinase found in this fraction.

Pea leaf mitochondria were fractionated on a Linear

sucrose density gradient and the disLribution of hexokinase re-

lative to various markers for chloroplasts (chlorophy11)' mito-

chondria (NAD-isocitrate dehydrogenase) and peroxisomes (hydro-

xypyruvate reductase) examined. Figure 8.2 illustrates that

hexokinase activity hlas found to be associated exclusively wiLh

the mitochondrial band within the gradient. The separate peaks in

this mitochondrial band were found to be reproduceable and may
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indicate the existence of separate populations of mj_tochondria in

pea leaf ce11s. The narrow band of hexokinase activity located

at the top of the gradient r^ras associated with antimycin-A-

insensitive NADH cytochrome c-reductase activity, as found on

outer mitochondrial membranes and endoplasmic reticulum. From

the relative activity of NAD-isocitrate dehydrogenase in the mito-

chondrial band it was possible to estimate the amount of hexokinase

activity sti1l associated with the mitochondria, after purifi-

caÈion, to be approx. 4O7" of the total cellular activity.

Purified pea leaf mitochondria exhibited stimulations

of o, uptake in the presence of glucose and ATP similar t.o those

of washed mitochondria and again this stj-mulation rvas sensitive to

oligomycin (Fig. 8.3).

Hexokinase activity v/as followed spectrophotometrically

by measuring NADP reduction at 340 nm in the presence of G6P

dehydrogenase. The results given in Fig. 8.4 illustrate that

NADP reduction was immediate on the addition of ATP (trace A),

but occurred after a lag perÍod (1-2 min) following the addition

of ADP (trace B), provided Krebs cycle intermediates such as

malate or succinate h¡ere present to support oxidative phosphory-

lation of ,the added ADP to ATP by the mitochondria. No ADp- supporred

NADP reduction was observed in the presence of oligomycin (Fig.

8.4; C) or in the absence of oxidisable subsrrate (Fig.8.4; E).

Hexokinase activity kas found to be very sensitive to the concen-

tration of ADP present, maximal rates only achieved in the presence

of large ATP/ADP ratios (Fig. 8.4; B,C). More imporrantly,

however, it could be shown that while ADP-supported NADP reduction
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rvas completely inhibited by carboxyatractyloside, a specific

inhibitor of adenine nucleotide uptake into mitochondria, this

inhibitor had no effect on the rate of ATP-supported NADP reduct-

ion (Fig.8.4; D), indicating that the hexokinase enzyme u¡as

located externally to the inner mitochondrial membrane and not in

the mitochndrial matrix.

Pea leaf mitochondrial hexokinase demonstrated a high

affinity for glucose (Km 53 UM; Fig. 8.5) and a low affinity for

fructose (Km 5.1 mM). The Vrn.* of this enzyme with fructose,

however, u¡as approx. 1.5 fold higher than h'ith glucose.

h/ork with aníma1 mitochondrial hexokinase (Gots and

Bessman, 1974; Viitanen and Geiger L979) suggests that newly formed

ATP from oxidative phosphorylation may have better access to the

hexokinase enzyme than added or external ATP. Indeed, Gots and

Bessman (L974) were able to show the affinity of rat liver mito-

chondrial hexokinase for ATP, produced during oxidative phosphory-

lation, to be 3-4 fold higher than for ATP added directly to the

assay medium. A símilar investigation was carried out wiLh pea

leaf mitochondrial hexokinase (Fig. 8.6). ADP was added in the

presence of malate and succinate Lo maximize the rate of respir-

atory electron flow and thus oxidative phosphorylation of the

added ADP to ATP. Figure 8.6 illustrates that pea leaf mito-

chondrial hexokinase activity was higher in the presence of

ATP produced via oxidative phosphorylation than with added

ATP. A double-reciprocal plot of this data (Fig. 8.7) reveals

that the hexokinase enzyme exhibited a slightly higher
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affinity for this recenEly synthesized ATP (and a higher maximal

velocity), than with external ATP. However, these differences hlere

smaller than have been observed with animal mitochondrial hexokinase

(Gots and Bessman, L974).

It has been shown for brain mitochondrial hexokinase

that incubatíon with G6P wÍl1, under certain conditions, result in

the removal of the enzyme from the mitochondrial membrane (Rose

and l,rlarms, 1967; Felgner and hlilson, 1977). Incubation of pea

leaf mitochondria with I mM G6P for 30 min at 25"C resulted in,

at best, only 3i4 of the total hexokinase activity being solubilized

from the mitochondrial membranes. This is in agreenent with the

results of Tanner et a7. (1983) on the same tissue, but in stark

contrasÈ to the ready solubilization, by G6P, of hexokinase

associated with mitochondria isolated from the endosperm of

Ricinus conmunis (J.4. Miernyk, personal communication).

8.3. DISCUSSION

The results demonstrate that up Lo BO% of the total

ce1lu1ar hexokinase activity in pea leaf tissue may be associated

with the particulate fraction. Tanner et a7. (1983) also observed

that approximately 652. of the total hexokinase activity in pea

stem tissue was pelleted at 10,000 g. These fígures are much

higher than previous estimates of particulate activity in other

types of photosynthetic tissue e.g. spinach leaves (Saltman,

1953; Ba1dus et a7. 1981) and Cuscuta reflexa filaments

(Baijal and Sanwal, L977), but are comparable to the amounts

found associated with the particulate fractions of brain tissue
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(l,rlilson, 1980). More importantly, the hexokinase activity in

this particulate fraction was found to be associated exclusively

with the mit.ochondria (Fig. 8.2), in agreement with reports in-

volving various plant (Baijal and Sanwal 1977; Tanner et al. 1983)

and animal tissues (Va1lejo et a7. 1970).

The kinetic propertiés of pea leaf mitochondri-al hexo-

kinase were found to be very similar to those of the particulate

hexokinase isolated from spinach leaves (Baldus et a7. 1981) and

the mitochondrial hexokinase isolated from pea shoots by Tanner

et a7. (1983). The high affinity of this enzyme for glucose,

relative to fructose, and its sensitivity to inhibition by ADP

(Fig.8.4), shows it to be similar to the hexokinase II enzyme

isolated from pea seeds (Turner and Copeland, 1981). Some evi-dence

was also found (Fig. 8.6) to suggest that the binding of hexokinase

to pea leaf mitochondria may give j-t some preferential access to

intramitochondrially generated ATP, as originally observed for

rat liver mitochondrial hexokinase (Gots and Bessman , I974).

The hexokinase enzyme is located externally to the inner

nitochondrial membrane, as shown by the insensitivity of external

ATP-supporÈed hexokinase acfivity to carboxyatractyloside inhibition

(Fig. 8.4; see Vallejo et a7.1970), and is most probably bound

to the outer membrane of pea leaf mitochondria (Tanner et a7. 1983).

Felgner and t'lilson (1977) demonstrated that the binding of

hexokinase to the out.er membrane of brain mitochondria was electro-

static in nature and it has since been shown that this electro-

static interaction occurs between hexokina,se and a specific

hexokinase binding protein within the outer membrane (Felgner

et a7. 1979).
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The degree of binding of hexokinase to mitochondria

in brain tissue is regulated, in the main, by the intracellular

levels of G6P (hli1son, 1980). This effect is thought to be

mediated through G6P-induced conformational changes in the

hexokinase enzyme which reduce the degree of electrostatic

interaction between the enzyme and the hexokinase binding protein,

thereby resulting in its solubilization. Furthermore, it has

been demonstrated that it is the bound form of the enzyme which

is most active, due to its decreased susceptibility to product

inhibition by G6P and its increased affinity for ATP (hli1son,

1980). Consequently, under conditions of increased glycolytic

demand, the decrease in the intracellular leve1 of G6P results

in an increase in Lhe proportion of the hexokinase in the bound

state, which in turn activates the enzyme to respond to increased

demand f or G6P. I,rlhile such a regulatory system may be requi-red

to operate j-n a tissue, such as the brain, which utilizes glucose

almost exclusively as an energy source (Sokoloff et a7. 1977),

the requirement or role for a similar system in photosynthetic

tissues is not obvious. In fact our results, along with those

of Tanner et a7. (1983), would tend to suggest that a similar

system of G$P-mediated binding does not operate wit.h mitochondrial

hexokinase in pea leaves.

One possible explanation for the mitochondrial location

of this enzyme in plant tissues may be that it serves to maintain

a close relationship wit.h the ATP-generating system of oxidative

phosphorylation. This would ensure that the hexokinase enzyme

could respond rapidly to changes in ce1lular demand for G6P,
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which is known to be a key intermediate in a number of different

metabolic pathways, including glycolysis, and the pentose phos-

phate pathway.



Table 8.1. Distribution of chToro 77 hexokinase and NAD-isocitrate deh se ]'n varTous su 7u7ar

fractions of pea Teaf tissue.

A pea leaf homogenate was prepared according to the method in sectíon 2.2 and centrifuged at 2,000 g for 10 min.

The supernatant was then centrifuged at 15,000 g for 15 min, the pellet resuspended in 60 m1 of isolation medium

and re-sedimented by centrifugation at 15,000 g for 15 min. The original 15,000 g supernaÈant v/as centrifuged at

1051000 g for 90 min. The pelleted fractions Ï/ere resuspended in a small volume of isolation medium using a glass

homogeniser. Hexokinase and isocitrate dehydrogenase krere assayed as described in section 2.10 and chlorophyll as

in section 2.15.

Chlorophyll

mgz
Hexokinase

Activity 7"

-1

NAD-isocitrate dehydro-
genase

Actívity 7"

-1

Homogenate

2OOO g pellet
15,000 g pellet
105,000 g pellet
105,000 g super-
natant

22.5

11 .0

2.8

0.8
7.I

100

49

I2

4

32

nmoT min

2600

r325

790

1s0

25r

100

51

30

6

10

nnoT nin
2770

1570

1 130

0

0

100

57

4l
0

0



r1 U 8.1. Sri 7 tion of O tion wash Teaf nito-
chondria bv endo hexokinase activitv

Mitochondria (0.5 mg protein) were placed ín 2.5 m1 of reaction medium

(section 2.8) at pH 7.5, containing 5 mM Mgclr, 10 mM malate, ro mM

glutamate and 0.1 mM TPp. Additions as shown in order hrere as follows:
trace A, 0.18 rnM ADP, 0.18 mM ADp, 12 mM glucose, r.5 rnM ATp, 1.3 uniEs

hexokinase (HK), 5 ug oligomycin; trace B, 0.2 mM ADp, 2 mM ATp, l0 mM

glucose, 0.8 mM ADp, 20 uM carboxyatractyloside (cAT). Rates shown

represent nmol O, consumed mg-l protein min-l.
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r1 8.2. Distrìbut 7 7 v

sucrose density gradient.

Experimental procedures as described in section 2.3. The sucrose

gradie'nt was fractionated into 1.2 nI volumes and the chlorophyll

and enzyme activities in each fraction measured as described in

sections 2.10 and 2.L5. Units: sucrose (%, w/v); chlorophyll (¡rg),

NAD-isocitrate dehydrogenase activiLy (nmol isocitrate oxidized min-1);

hexokinase activity (nmo1 G6P produced min-l); hydroxypyruvate reductase

acÈivity (nmol hydroxypyruvate reduced rin-l¡.
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8.3. StinuTation of O tion in urified 1 f nito-

chondria by endogenous hexokinase.

Mitochondria (0.3 mg protein; purified as described in section 2.3)

were placed in 2.0 ml of reaction medium (section 2.8) pH 7.5,

containing 5 mM MgClr, 10 mM malate, 10 mM glutamate and 0.1 mM

TPP. Additions in the order indicatedz 0.2 mM ADP, 1.0 mM ATp, 10 mM

glucose, 0.8 mM ADP and 5 ug oligomycin. Rates shown represent nmol

O, consum"d rg-1 protein rirr-l.
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FiBure 8.4. Assay of endogeno us hexokinase activitv in pea Teaf

nitochondrìa via NADP reductíon in a coupled enzstne system.

HexokÍnase activity of intact pea leaf mitochondria was assayed in

reaction medium as described in section 2.1O. All assays contained

0.15 mg protein as well as: trace B, 10 mM malate, 10 mM glutamate,

0.1 mM TPP; trace C, 10 mM malate, 10 mM glutamaLe, 0.1 mM TPP, 5 Ug

oligomycin; trace D, 10 mM malate, 10 mM gl-utamate, 0.1 mM TPP, 20 UM

carboxyatractyloside; trace E, nil. Additions as indicated: trace A,

1.0 mM ATP, 5 units hexokinase; trace B, 0.1 mM ADP, 0.4 mM ADP, 3.7 mM

ATP; trace C, 0.1 mM ADP, 1.0 mM ATP, 3.5 mM ATP; trace D, 0.1 mM ADP,

1.0 mM ATP, 3.5 mM ATP; trace E, 0.1 ADP, 1.0 mM ATP, 10 mM malate and

glutamate, 0.I mM TPP. Rates shown are nmol NADP redu."d tg-l protein

.-1
m].n
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Ficure 8.5. Effect of pTucose concentration on the activitv of pea

Teaf nitochondriaT hexokinase.

Hexokinase (HK) activity was assayed in Tris-HCl buffer as described in

section 2.IO. Assays contained 0.4 mg protein.
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Fieure 8.6. Effect of ATP concentration on pea Teaf nitochondriaT

hexokinase activitv.

Hexokinase (HK) activity of intact pea leaf mitochondria was assayed

in reaction medium as described in section 2.IO. ATP was added directly

or generated via oxidative phosphorylation in the presence of ADP and

oxidizable substrates. The ATP-dependent assay contained 10 mM

phosphocreatine and 1.4 unlts of creatine kj-nase to recycle ADP pro-

duced (luring the hexokinase reaction back to ATP. The ADP-dependent

assay contained 10 mM-mal-ate, 10 mM glutamate and 10 mM succinate.

Unìts:

nmol G6P produced min-1

SvmboTs:

ATP( A )

ADP( a )
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Fipure 8.7. DoubTe-reciprocaT pTot of resDonse of ni tochondriaT

hexokinase to var ATP concentration

Data taken from Fig. 8.6.

SynboTs t

ArP( a )

ADP( A )

Km (ADP) - 0.12 mM

Km (ATP) - 0.16 mM

Vmax (ADP) - 43 nmol G6P produced rin-l
Vmax (ATP) - 35 nmol G6P produced rinll
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CHAPTER IX

GENERAL DISCUSSION

9.r. The roTe of the nitochondriaT resoiratorv chain in

ohotoresoiratorv 1 vc 7ne netaboTism

One of the most important questions yet to be resolved

regarding photorespiratory metabolism is the role of the mito-

chondrial respiratory chain. Under normal circumstances one

might predict that NADH generated within the mitochondria,

during photorespiratory glycine oxidation, would be re-oxidized

via the electron transport chain in the same way as NADH generat-

ed during the TCA cycle oxidation reactions. However, in the

past this potential fate for glycine NADH has been avoided because

of the belief of many plant biochemists that the mitochondrial

respiratory chain, in photosynthetic tissue, hras tswitched offr in

the light.

This theory of a light-mediated inhibition of respirat-

ion,in reality, had 1íttle experimental support, but re1íed mainly

on an elegant biochemical explanation of the phenomenon; an

apparent light-mediated increase in Èhe cytoplasmic ATP/ADP ratio

which led to an inhibition of mitochondrial- oxidative phosphorylat-

ion and, thus, coupled electron flow vía the respiratory chain to

0, (Heber and Santarius, I97O). Clearly, the results presented

in Chapter 3 demonstrate that on the basis of current estimates of

cytopl-asmic ATP/ADP ratios in leaf cells, such a regulatory system

c.annot function. Plant mitochondrial respiration, like that of

animal mitochondria, is regulated by ADP supply or uptake into the
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mitochondria and not by the external ATp/ADp ratio (Chapter 3).

consequently, it is likely that leaf mitochondrial respiration

in vivo will be regulated by the availability of ADp.

This leads to the interesting observation made in

chapter 3 that current estimates of the 1evels of cytoplasmic

ADP in leaf ce1ls (Hampp et ai. r9B2; stitt et ai. rgï2; stitt
et a7. 1983) are found to be between 4 and l0 fold in excess of

the amount of ADP required for maxi-mal state 3 rates of electron

flow via t.he respiratory chain. on the basis of these estimates,

respiratory chain activity in vivo should never be ADp-limited and

would always operate at maximal state 3 rates. This, however, is
in contrast to our current. concept of respiratory activity in vivo,

as stated by l{iskich (1980), that the respiratory chain is operat-

ing at somewhere between state 3 and state 4 rates, due to a

límitation of ADP availability.

Recent. investigations into the 1eve1s of adenine nucleo-

tides in animal tissues suggest there may be large discrepancies

between the total 1eve1s of ADP measured in certain cellular

comparLments and the actual amount of free ADp which is available

for, or involved in, metabolic reactions (veech et ai. 1979;

I,ililson et a7. 1983). These studies involved the measurement of

the levels of the reactants of various enzyme react.ions within the

separate cellular compartments, from which estimates of the

concentrations of free ADP and ATP in these compartments could be

calculated based on a knowledge of the equilibrium kinetics of

these particular enzymic reactions. on the basis of these

experíments, [,/i1son et a]. (1983) suggested that only 1oZ of the
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total ADP estimated to be present within mitochondria may be in

a free form which can interact wj-th matrix enzymes; the rest

appearing to be bound and not taking part in metabolic reactions.

The use of similar techniques for the measurement of free ADP

levels in the cytoplasm of leaf cells may demonstrate the 1evels

of free ADP to be significantly lower than estimated by current

techniques, and in the region which will exert a regulatory influ-

ence on mitochondrial respiratory activity.

The results of Chapter 4 suggest, albeit indirectly,
that the respiratory chain may function in the light to specifically

re-oxidise NADH generated during glycine oxidation. Pea leaf

mitochondria were shown to preferentially oxidise glycine via the

respiratory chain in comparison to TCA cycle intermediates such as

malate, 2-OG and succinate and,as mentioned in Chapter 4, sÍmilar

results have now also been observed with isolated spinach mito-

chondria (Ericson et a7. 1983). The mechanism of this preferential

oxidation of glycine via the respiratory chain may be linked to

the differential distribution or compartmentation of glycine

decarboxylase and other TCA cycle dehydrogenase enzymes such as

MDH and ME, within the mitochondria (Chapter 5). It is envisaged

that the location of glycine decarboxylase on the inner mitochondrial

membrane may help to reduce the extent of the competition between

glycine decarboxylase and soluble NAD-linked mitochondrial enzymes

for access to NAD and NADH dehydrogenase. hlhether this compart-

mentation also extends to the 1evel of NAD (i.e. bound and soluble

pools) is not known. However, as discussed in Chapter 5, it is
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interesting to note that Laties (1983) has recently reported that

isocitrate dehydrogenase may be distributed within separate

compartnents of potato mitochondria and that these two forms

(i.e. membrane-bound and matrix soluble) ray operate with separate

NAD pools. It is also proposed that the location of glycine

decarboxylase on the inner membrane results in a special int.er-

action between this enzyme and t.he NADH dehydrogenase enzymes of

the respiratory chain, which ensures that NADH generated during

glycine oxidation will be re-oxidised in preference to that pro-

duced by other NAD-linked TCA cycle enzymes.

The absence of a similar system of preferential glycine

oxidation in animal mitochondria (Hampson et a-2. 1983) leads one

to speculate that this mechanism, and thus the respiratory chain

itself, has a specific role in photorespiratory metabolism j-n leaf

tissue. Indeed, the recent findings of O1iver (1983) would support

this view (see Chapter 4). Despite Lhis, tissue estimates of

in vivo glycine oxidation via the mitochondrial respiratory chain

(Chapter 4) are only just sufficient to account for the most

widely accepted (Somerville and Somerville, 1983) estimates of

photorespiration. This limi.tation cannot be ascribed to the

respiratory chain, however, since total chain capacity clearly

exceed that utilised during state 3 glycine oxidation (Chapter 4).

It appears, therefore, that esLimates of in vivo raLes of glycine

oxidatíon in leaf tissue are limited, not by the affinity of the

respiratory chain for glycine NADH, but by the absolute activity

of glycine decarboxylase in the tissue.
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As noted by Day and l,rliskich (1981) the above result is

unusual, since enzyme activities in tissue extracts are normally

substantially higher than Èhe rates which proceed via that enzyme

step in vivo. One explanation for this apparent anomaly may be

that tissue rate estimations, based on extrapolations from mito-

chondrial rates (as in Chapter 4), may underestimate the true tissue

glycine decarboxylase activity, because inactivation of the enzyme

may occur during mitochondrial isolation. Alternatíve1y, r^re may

not yet have díscovered the optimal conditions under which to assay

this enzyme. Initial studies with RuBP carboxylase from leaf ext.racts

for example, 1ed to a similar conclusion: that the activity

of this enzyme was insufficient to account for the in yiyo rates

of photosynthetic C0, fixation (Peterkofsky and Racker, 1961).

Subsequent investigations, however, revealed that ample activity

could be demonstraLed to account for in vivo rates, provided the

enzyme was assayed under optimal conditions (Li11ey and l,r/alker, I975).

A final possibility is that the currently accepted rates

of photorespiratory flux overestimate the true in vivo raLe of.

glycine decarboxylation. This would appear unlikely, however,

based on: (a) a lack of evidence of a significance release of

photorespiraLory C0, release from reactions other than glycine

decarboxylation (see section 1.2.2) and (b) the general agreement

beÈween workers in this fie1d, that the dual-isotope gas exchange

method used for the estimation of the photorespiratory rates

-1 -1quoted here i.e. 25-35 Umol C0, mg ^ Chl h ' (Ludwig and Canvin,

I97L; DfAoust and Canvin, 1973; Mahon et a7. 1974; Fock et a7. L979)

and recognised as the most accurate technique (Zelitch, L979;
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Somerville and Somerville, 1983), mây underestimate photorespiratory

flux by up to 3O-5OZ (D'Aoust and Canvin, 1974; Fock et a-1. 1979;

Somerville and Somerville, 1983). This error stems from problems

associated with the estimation of internal re-assimilation of

photorespiratory C0, (Canvin, 1979).

A final consideration to be taken into account regarding

the possibility of in vivo gLycine oxidation via the respiratory

chain, is that this process necessarily leads to the production of

ATP, which must be recycled back as ADP at a rate sufficient to

account for the potential rate of glycine-dependent oxidative

phosphorylation i.e. 75-gO pmole ATP mg-l Ch1 h-l (based on the

tissue raLes in Chapter 4 and the production of 3 x ATP per 1 x C0,

evolved). Rates oftdarkrrespiration of leaf slices of 13-14 day

old pea plants (measured according to the method in section 2.8)

were found to be of the order of 22.5 t 2.8 umol O, uptake g-1 f"a

-t -l(n = 11) which is equivalent to 62.5 Umol ATP produced mg ^

Ch1 h-1. If therdarkt respiratory rate is ADP-limited, the advent

of glycine in the light would result in competition between

glycine decarboxylase and the TCA cycle dehydrogenases for access

to the respiratory chain; a situation in which glycine would be

preferentially oxidised at t.he expense of the TCA cycle inter-

mediates (Chapter 4). However, current evidence suggests that TCA

cycle turnover is maintained in the light at similar raLes as in

the dark (see section 1.3.1). Furthermore, it can be seen that the

rate of respiratory chain activity in the dark would be insufficient

to account for the total rate of photorespiratory glycine oxidat-
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ion via the chain in the 1ight. Thus, even with preferential

glycine oxidation, the rate of ATP turnover or ADP supply to the

mitochondria would need to be increased in the light, if the

respiratory chain was to be able to support this increased rate

of electron flow in the presence of glycine.

In the photorespiratory nítrogen cycle proposed by Keys

et a7. (1978), it was proposed that part of the glycine-mediated

increase in ATP production, by the respiration chain, was utilised

by cytoplasmic GS in the refixation of NH, released during glycine

oxidation. This is clearly not possible in species which lack

cytoplasmic GS (see section 1.3.2) and also appears unlikely to

account for a significant proportion of the ATP produced in C,

species (e.g. pea) which do contain some cytoplasmic GS. Rates of

NH, refixation by isolated pea chloroplasts, in the presence of

glutamine and 2-0G, rrere limited by glutamine uptake and could not

account f.or in vivo rates of photorespiratory NH, refixation (Chapter

6). Thus, a significant proportion, if not all of the NH, re-

assimilation, most probably occuís within the chloroplast compart-

ment and, consequently, would not. utilize the cytosolic ATP pro-

duced during glycine oxidation. It should be noted that the

operation of ferredoxin-linked GOGAT during the second step of

this NH, re-assimilatory pathway in chloroplasts would, in fact,

result in the production of sufficient ATP via the photosyntheLic

electron transport chain to support the activity of chloroplastic

GS.

It is difficult to reconcile, t,herefore, how respiratory-

linked glycine oxidation could operate in vivo, in the absence of
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a mechanism for the rapid recycling of cellular ATP under photo-

respj-ratory conditions. This problem cou1d, of course, be negated

if glycine oxidation was linked to the non-phosphorylating alter-

nate pathvay (A,zc6n-Bieto et a7. 1983). However, the results of

Chapter 4 indicate that for the pea species used in these studies

there would be insufficient alternate pathhtay activity to support

in vivo rates of photorespiratory glycine oxidation. This conclus-

ion would also apply to spinach tissue, based on the estimates of

alternate pathr+ay activity in isolated spinach leaf mitochondria

(15-257" of the state 3 glycine oxidation rate; Moore et a.1. 1977;

Douce et a7. 1977) and Lhe tissue rates of glycine oxidation in

spinach leaves as measured in Chapter 4. It would appear that,

because of the compartmentation of glycine decarboxylase rvithin

mitochondria (Chapter 5), this enzyme has only a limited access to

the total complement of respiratory chains or alternate pathways

which are present. C1early, this finding does not support the

hypothesis that the alternate pathway has a specific role in the

oxidation of glycine during the operatíon of the photorespiratory

cyc1e.

To summarize, the role of the nitochondrial respiratory

chain in photorespiratory metabolism is sti11 uncertain. However,

the evidence presented in this study indicates that, given the

continued operation of the electron Lransport chain in Ehe light 
'

a major part of the NADH produced during photorespiratory glycine

oxidation may be re-oxidised via the respiratory chain. Clearly,
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under these condi.tíons, glycíne oxidation could not be linked to

hydroxypyruvate reduction in the peroxisome (I^/oo and Osmond,

1976; Osmond, 1981; Journet et a7. 19Bl). However, in a competit-

ive oxidation situation involving glycine decarboxylase and the

TCA cycle enzymes (in which glycine would be preferentially

oxidised via the respiratory chain), the NADH resulting from the

operation of the TCA cycle may be transferred to the peroxisome to

a11ow TCA cycle turnover to be maintained in the light.

It could be envisaged that the preferenti_al oxidation of

glycine via the respiratory chain, in the presence of TCA cycle

Lurnover, would lead to an increase in the intramitochondrial

NADH/NAD ratio. This would rend to inhibir rhe direcr oxidation

of malate to 0AA within the mitochondria, due to the unfavourable

equilibrium of the MDH reaction. The rate of malate oxidation

could be maintained if malate was transported to the peroxisome

where it could be oxidised by peroxisomal MDH to produce NADH which,

in turn, could be used to support hydroxypyruvate reduction. The

0AA formed could be transported back to the mitochondria via the

shuttle systems illustrated in Fig. 1.3, with the exception that,

once in the mitochondrion, the 0AA would not be reduced back to

malate, as proposed by lloo and Osmond (1976) or Journel et aj.
(1981), but would be utilised in iÈs normal role as an acetyl-

CoA acceptor molecule. In this way complete TCA cycle turnover

would be maintained, while at the same tíme transferring reducing

equivalenÈs to the peroxisome. Furthermore, glycine oxidation

would be linked directly to the respiratory chain and would not be

reliant on the efficiency of various shuttle systems for NADH
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re-oxidation. Such a system is attractive in terms of the re-

lative priorities associated with maintaining photorespiratory

and TCA cycle turnover in the light.

The actual amount of TCA cycle NADH which would be

available for hydroxypyruvate reduction would be dependent on the

relative rates of respiratory chain act.ivity (in the light) and

intramitochondrial NADH production by the TCA. cycle and from

photorespiratory glycine metabolism. If respiratory chain activity,

in the light, h¡as sufficient to account for the production of NADH

by both of these processes, an alternative source of reducing

poÍ/er would be required to support hydroxypyruvate reduction. The

most likely candidate would be the chloroplast. However, its role

as a potential donor of reducing equivalents for this reaction

must be considered in terns of the followirig qúestions: (a) is the

rate of photosyntþetic electron transport in vivo sufficient to

account for the reducing pol.ùer demands of CO, fixation, photores-

piratory NH, refixation and photorespiratory hydroxypyruvate

reduction and (b) how would the ATP production associated with this

increased photosynthetic electron transport be utilised or recycled

in order to maintain ADP supply for phoEosynthetic phosphorylaÈion.

9.2 The current modeT of ohotoresoiratarv NH re- iniTation

On the basis of the results in Chapter 6 and those

published previously (Anderson and Done I977a,b; I"/oo and Qsmond,

I9B2) it would appear that maximal raLes of NH, refixation by iso-

lated chloroplasts are observed when the initial NH, refixation

step, catalysed by GS, occtlrs within Èhe chloroplast. It is
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likely that glutamine uptake would limit the maximal rate of photo-

respiratory NH, re-assimilation if the GS step occurred outside of

the chloroplast, i.e. via cytoplasmic GS. Betsche (1983b) has also

recently provided evidence to suggest that the chloroplast is the

major site of photorespiratory NH, re-assimÍlation in species

containing both the chloroplastic and cytoplasmic forms of GS.

Even so, the results of studies with isolated chloroplasts

(Chapter 6) indicate that maximal rat.es of NH, re-assimilation

within the chloroplast compartment will only occur at rates suffic-

ient to account lor in vìvo rates of photorespiratory NH, release

if a dicarboxylate (e.g. malate) is also present. The upÈake of

2-0G into isolated chloroplasts, in direct exchange for glutamate,

does not appear (despite the findings of 14C- uptuke studies) to

be rapid enough to support estimated raLes of photorespiratory

NH, release and a more complex shuttle system involving 2-0G

exchange wíth malate appears necessary.

One problem regarding such a shuÈtle is to determine from

where the exchanging malate would originate. Stimulated 2-0G up-

take cannot be coupled to a malate/aspartate shuttle, since this

is a closed syst,em; aspartate first having to react with 2-OG to

produce the malate required for further exchange react.ions (see

Fig. 6.13). Alternatively, 2-OG uptake could be coupled with a

malate/OAA shuttle as proposed by ldoo and Osmond (1982) which

may operate to supply reducing equivalents'to peroxisomal hydroxy-

pyruvate reductase. ïndeed, the stoichÍometry of the phoLorespir-

átory cycle is such that one 2-0G molecule would be avaÍ1ab1e for

upEake for every malate (NADH) molecule required for hydroxypyruvate
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reduction, thereby making the operation of such a coupled system

in vivo, theoretically feasible. I^loo (1983), however, could find

no evidence of an increase in (NH3, 2-0G)-dependent 0, evolution

by isolated spinach chloroplasts upon the addition of 0AA. This

may have been due to the design of the experiment, as 0AA was added

directly to the chloroplast system and Lhus may have fdrained'

reducing poh¡er away from the ferredoxin-linked GOGAT reaction dur--

ing.the rapid reduction of 0AA to malat.e via chloroplastic NADP-

MDH. Consequently, despite an increase in 2-0G uptake, through

exchange with malaÈe, GOGAT activity may not have had access to

sufficient reducing por,ver to utilize the increase in 2-0G avail-

ability. A more suitable system to test t.his hypothesis may be

to use an external 0AA generating system (using external MDH) with

which the rate of 0AA availability can be controlled (Anderson and

House, 1979). Under these conditions, it may be possible to

demonstrate the operatJ-on of a coupled system, involving malate

export for hydroxypyruvate reduction and facilitated 2-0G uptake

for photorespiratory NH, re-assimílation.

It has been proposed that glutamate may not be the sole

amino donor in glyoxylate amj-qation (section L.2.2) and that alanine

may also play an important role in this reactíon in vivo. Tf this

is the case, it may provide an alternative means of transporÈing

NH, from Lhe site of refixation (chloroplast) to the site of

amination (peroxisome), without being subject to the apparent

limitations associated wi-th 2-0G transport across the chloroplasÈ

membrane. In such a system, the glutamate formed in the GOGAT

reaction (see Fig. 1.4) would be de-aminated in a reaction with



r32.

pyruvate to form 2-0G and alanine. This reaction could be cata-

lysed by chloroplastic glutamate - pyruvate aminotransferase

(Kirk and Leech, 1972). The alanine could then be exported to the

peroxisome where it could be utilised for glyoxylate aminat.ion by

GGAT and the pyruvate so formed, returned to the chloroplast to

act as the amino acceptor in the reaction with glutanate. The

obvious advantage of such a system would be that glutamate and

Z-OG are recycled within the chloroplast and thus their transPort

across the chloroplast membrane (in the absence of malate) would

not limit the rates of photorespiratory NHg refixation. The

operation of such a system must be considered somewhat doubtful,

however, based on the following observatíons: (a) that pyruvate

uptake into isolated pea chloroplasts appears to be via diffusion

only and occurs at rates of approximately 6.5 umol lng-l Cnt n-l

(Proudlove and Thurman, 1981) and (b) a recent report suggesting

that glutamate - pyruvate aminotransferase may not, in fact, be

assocíated with the chloroplast fraction (Biekmann and Feieraben,

1983; quoted in Ï'lallsgrove et aI. 1983).
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