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SUMMARY

1

extracteC from freshlY cut tissue

Beetroot (Beta vuJgatis. L- ) mitochonaria{possess orrly

two path\^¡ays f or the oxidation of NADH. These are:

(aj a pathway that is linked to the oxidation of NADH

generated within the matrix (ie from the oxidation of

NAD+ linked substrates). This pathway is coupled to

oxidative phosphorylation at three sites and is sensi-

tive to the inhj-bitors rotenone, antimycin a and cya-

nide,' and (b) a pathway, Èhat i-s located' on the outer

membranerwhich is not coupled to oxidative phosphory-

lation and. is not sensitive to any of the above mentioned

inhibitors.

Slicing and "ageing" of beetroot tissue i-n dilute

11O-tu¡ calcium sulphate solutions leads to the induc-

tion of a third pathway for the oxidation of NADH by

beetroot mitochondria. This pathway is coupled to

oxidative phosphorylation at two sites r and oxygen

uptake is insensitive to rotenone inhibitj-on, but shows

a resistance to inhibition by both cyanide and antimycin

a. f n the presence of the latter two inhj-bitors , the

resistanÈ component to oxygen uptake is substantially

abolished by SHAI,I, suggesting that under these condi-

tj-ons, the activity of induced NADH dehydrogenase is

linked. to an alternate cyanide (and antimycin) resj-s-

tant oxidase. SHAM did not affect state 3 NADH oxid.a-

tion suggesting that the alternate oxidase does not

contribute to oxygen uptake under these circumstances.

2.



3 Vthen mitochondrj-a from fresh and aged. beet tissue are

compared, the mitochondria from aged tissue show an

increased antimycin a sensitive component to ferri-

cyanide reduction by NADH' suggesting that the NADH

dehydrogenase is located on the outer face of the j-nner

membrane. The reduction of external cytochrome ct when

the outer membrane is selectively removed by treat-

ment with digitonin, shows a similar trend and confirms

the above results.

The development of the external dehydrogenase j-s

inhibited by cycloheximide but not by chloramphenicol,

suggesting thaÈ cytoplasmic protein synthesis is res-

ponsible for the increase in external NADH dehydroge-

nase activity.

There is no direct evidence for the presence of

activators or inhÍbitors of the d.ehyd.rogenase in the

cytosolic fraction, and apart from the apparent deve-

lopment of a cytochrome b componentr the cytochrome

chain shows no overt change in its spectral properties

during ageing.

Ma1ate oxidation by isolated plant mitochond.ria is

affected by internal oxaloacetat.e levels ' but the

primary regulatory factor is the j-nternal NADH/NAD+

ratio. When plant mitochondrj-a are inhibited by

rotenone they show a variable sensitivity to this

4

5.
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7.

8.

inhibitor, which is reflected by the capacity of

the mitochondria in question to remove oxaloacetate.

Treatments which lead to a more efficient removal of

oxaloacetate will reduce the inhibitory effect of

rotenone on malate oxidatj-on suggesting that rotenone

is in fact a relatively weak inhibitor. Furthermore'

rotenone as an inhibitor seems to be equally effective

with all substrates linked to NADH dehydrogenases.

The transfer of reducing equivalents during rotenone

insensitive malate oxidation seems to involve the

normal respiratory chain for the most part since

rotenone resistant malate oxidation i-s sensitive to

antimycin a. A reduction of the ADP/O ratio by one

unit suggests that this pathway does not involve the

fj_rst site of oxidative phosphorylatj-on, and this is

further substantiated by the fact that rotenone has

no effect on succinate oxidation:reducing equivalents

in this case do not pass through site I'

A brief characterisation of glutamate oxidation and

transport in isolated beet mitochondria was attempted'

This showed that glutamate oxidation was Èypical of

that of other NAD+ tinked subsÈrates and. that it was

Iinked to the subsequent oxidation of a-ketoglutarate

formed in the process. t +C-glutamate uptake and ex-

change studies did not yield definitive results but

did suggest that a glutamate/aspartate exchange mech-

anism might exist in beet mitochondria.



9.

10.

Malate exidation by beeÈroot mitochondrÍa develops

a resistance to inhibition by rotenone during the

ageing of the tissue. This is especj-ally so in the

presence of glutamate and suggests that gIuÈamate

assumes an important role in the overall oxidation of

malate by mitochondria in aged tissue. External NAD+

reductj-on by mitochondria from fresh and aged tissue

reflected this same trend and enzlzme assays of the

crude mitochondrial fraction suggested that transami-

nation of glutamate might be a signi-fj-cant contribut-

ing factor in the removal of OAA during malate oxida-

tion in mitochond.ria from aged tissue.

A cyanide (and antimycin) resj-stant component to sub-

strate oxidation by isolated beetroot mitochondria

also develops on slicing and. ageing of the tissue.

This development is small compared to that observed in

mitochondria isolated from some other tissues but the

pathway seems to be equally accessible to all substrates

tested. Evid.ence is presented. showing that the assump-

tion that SHAM is a specific inhibitor of the alternate

oxidase may not aPPly to beet, and that in some cases

substrate oxidation may be affected. at other loci.
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CHAPTER I TNTRODUCT TON

7. Generaf

Mitochond.ria have been recognised as distinct compo-

nents of the cellular millieu since the beginning of this

century (see Quagliariello 1967, in his introductory remarks)

but there continued to be much uncertainty concerning their

function in the ceII until relatively recently for example '

in 1948, Green (Green et a7., 1948) reported that he had been

able to isolate, bY means of centrifugation, a particulate

fraction from homogenates of tissue which contained the

enzymes necessary for the complete oxidation of Krebs Cycle

intermediates, and he òalIed this fraction "cyclophorase".

Again, in 1948, mitochon,-fria were Ísolated from homogenates

of tissue by means of differential centrifugation (Hogeboom, et aJ',

1948) but it remained for Kennedy and Lehninger (1949) to

formally declare the two systems to be identical. Then, in

1g51, in a paper entitled "oxidative and. Phosphorylative

Activity of P}ant Mitochondria", Mi-}Ierd et a7. .(1951) , iden-

tified the same system in plant mitochondria. Moreover,

they showed that the production of ATP (ie oxidative phos-

phorylation) occurred simultaneously with the oxidation of

Krebs Cycle intermed.iates. Similar findinqs were made with

particles isolated from pea seedlings (Davies' 1953) and

from cauliflower buds (Laties , 1953). This work provided a

much needed impetus and thereafter a greater interest in the

biochemÍcal properÈies of plant mitochondria became evident'

and in the time that has elapsed since these initial publi-

cations nearly 2OOO papers j-n the field have been reported

(Lance , 1g78). These cover the respiratory processes and

"l



related functions

pertaining to the

tory chain.

2.

of plant mitochondria, including those

structural orgranisation of the respira-

2 The Components of the PLant R 92p_i_!"!9!v-_9L?r-!.

In 1925 Keilin observed that plant tissues contained

several cytochromes (notably cytochromes a and c) but this

dj-scovery was to go largely unnoticed for many years since

its full significance, in as much aS these cytochrOmes \^lere

associated with the respiratory activities of the plant ceII'

was not appreciated. Nonetheless, in 1951 Bhagvat and Hill

described cytochrome oxidase activity in pJ-ant tissue, and

this, along with other discoveries being made at the time

(eg Millerd et aJ,. , 1951; Davies, 1953 ; Laties , 1953 ) f irm-

}y established a connection between the cytochromes and

mitochondria in respiration. These cytochromes and thej-r

associated components have been intensively studied in the

time since these initial discoveries and the complexity of

the system is beginning to become apparent.

Cqtochrome oxidase in plant mitochondria is basically

a complex of cytochrome components, cytochromes a. and 4s

(Storey, 1970) and this complex is similar to its animal

counterpart in its inhibitor sensitivity (Bendal1 and Bonner'

1971 ¡ Storey and Bahr , 1969) . However' perhaps the most

notable difference to be observed is that in the plant sys-

tem the combined 0, band of the reduced a + a3 comPlex has an
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absorption maximum at 603 nm in reduced minus oxidised

spectra at room temperature (Chance et a7.; 1 968) or at 598

nm in low temperature QTok) spectra (Lance and Bonner,

1968), in contrast to animal mitochondria for which this

maximum j-s 605 nm at room temperature (Chance et a7., 1968).

In 1ow temperature spectra of the Soret regÍon' reduced

cytochrome a has a maximo* .a 438-440 nm and another at 445

nrn¡ whilst reduced cytochrome a3 shows a single absorption

at 445 nm (Lance and Bonner, 1968). Together' cytochromes

a and a 3 are associated. with the third energy conservation

site of the resPiratory chain (Bonner and Plesnicar, 1967).

Cstochrome c isolated from plant sources j-s in most

respects similar in its Properties to the animal cytochrome.

The reduced 0 band of mammalian cytochrome c is slightly

asymmetric and splits into two sharp peaks at 547 nm and

S4S nm at 77ofr âfl obserúatÍon whj-ch was f irst made by

Keilin and Hartree (1949). Some of the cytochrome c of

plant mitochondria is simply extracted from the membrane by

dilute phosphate solutions (Lance and Bonner' 1968) and this

extracted cytochrome shows a typical 0 absorption maximum

at 547 nm at 77oX, whilst the phosphate j-nsoluble component

shows a symmetrical t band at 549 nm. In line with the

officially accepted rules of nomenclature (Commj-ssion on

Biochemical Nomenclaturer 1972) these two cytochrome compo-

nents are called csso and css2 respectively. In a like

manner cytochrome c of animal mitochondria is readily extrac-

table from the mitochondrial membranerwhilst cytochrome cr
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is not, an observation which has led some (Ikuma, 1972)

tO d.raw analogies between cytOchrome cs s o and cytOchrOme c I

and between cytochrome cssz and cytochrome c1. Be that aS

it may, it seems that one cannot distinguish between cyto-

chrome csso and cytochrome cssz spectrophotomerically if

both are present together in the mitochondrial membrane.

The b catochromes. The situatj-on as it exists at pre-

sent is not partj-cularly clear with respect to the number

and functions of the b type cytochromes associated with

plant mitochondria. The absorption bands of three b tyPe

cytochromes can be readily resolved at low temperature in

the presence of an[imycin a (Lambowitz and Bonner, 1974) and

are desj-gnated as b-556 | ö-560 anfl ö-565. The existence of

a fourth .b type cytochrome was hinted at by the above authors,

with a peak at 558 DITIr but as yet its independent existence

has not been unequivocally established and it may in fact

represent an ancillary peak of cytochrome ö-565. A dithio-

nite reducible b cytochrome also seems to be present in plant

mitochondria (Lance and Bonner, 1968; Lambowitz and Bonner,

1974) | but its roLe in mitochondrial respiration, if indeed

there is anY, is not known, since j-t does not seem to be

reduced at all by mitochondrial substrates. Thus, whilst

the existence of a number of b type cytochromes can be

demonstrated as being associated with plant mitochondria rl

it would seem that On the available evidence, only three of

them (viz. b-556, b-560 and b-565) are functional in electron

transport and energy conservation (Palmer, 1976) -
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The flavoproteins. The identification of individual

flavoprotein components in plant mitochondria has been

difficult, primari-Iy because none of them has proved cap-

able of isolatj-on, and because they all have an absorption

peak at around 460 nm. However, indirect methods have been

used to "identify" the flavoproteinsr with characteristically

conflicting results. Storey (1970) utilised the fluores-

cence/absorbance (F/A) characteristics of the flavoprotein

components. That is, when fl-avoproteins undergo redox

changes they also give fluorescence and absorpti-or, .ha,.g.u

which are different and characteristic of each flavoprotein.

Two high potential flavoproteins could be distinguished from

each other by this,method one designated Fpha Ì'fas the more

absorbent and the other Frn, was the more fluorescent. Two

low potentiat flavoproteins could. also be distinguished a

highly fluorescent species, desÍgnated Fplf r.^¡hose redox

state seemed to be related to that of the endogenous pyri-

dine nucleoticle pool and another 1ow potential species,

desj_gnaa.u 
"", 

(or Fpl.) which was reduced by malate and

this reduction vTas sensitive to amytal.

The same author, using a potentiometric titration

technique (Dutton, 1970) to d.etermine the "mid-poj-nt

potentials" of the flavoproteinsr separated five components

(Storey , 1971). These were designat"d Fp*rh., Fph., Fp*u,

Fpl. and Fnrr. The properties of these individual compo-

nents seem to be complex and suffice it to say here that a

correspondence between the components identified by this
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method and the scheme originalty proposed (storey | 1970)

has even up until recent times proven difficult to estab-

tish (Palmer, 1976) but it would seem, in the light of

gradually accumulating evidence, that the latter assigna-

tions might be more reliable.

UbÍquinone has been identified spectrophotometrically

in plant mitochondria (Storey and. Bahr, 1972) and seems to

be uQro (ubiquinone with 10 isoprenyl res j-dues in its side

chain (Beyer et a1., 1968)). Redox potential measurements

(storey | 1972) suggest that the uQ may exist as two pools '
the larger of which appears to be active in electron trans-

port. The function of the smaller pool remains obscure aI-

though it may have some association with cytochrome ¡-565

(Storey, 1972) .

The iron - su lphu r proteins of ptant mitochondria had.

received only stight attention until their possible involve-

ment in cyanide insensitive respiration became a subject of

investigation (schonbaum et a7', 1971) ' Electron paramag-

netic resonance (EPR) spectrophotometry is used to "visual-

ise" these compound.s and by this method at least three dis-

tinguishable iron sulphur centres have been identified in

the NADH-ubiquinone reductase segment of the chain (Cammack

and Palmer, 1973), whilst the succinate dehydrogenase segment

possesses another three (Palmer t 1976; Cammack and Palmer'

1977). Many preliminary assignments have been mad.e co.tcei.t-

ing the correspondence between these and the multiplicity of
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signals found j-n the EPR spectra of animal mitochondria

but the information yielded from such studies is depressing-

Iy meager, and much more groundwork must be done in this area

before anything understandable is to emerge concerni-ng the

functional association of the iron sulphur proteins with the

respiratorY chaÍn as a whole.

3 The Orqanisation o t the ELectron Tra lsport _9LZt_y_r_Z

Plant Mítochondria

The "respiratOry chain" of: "electron transport chain"

is a concept which allows "visualisatj-On" of the channeling

of reducing equivalents from substrate to oxygen by a series

of carefully regulated steps. The operational application

of the concept is, relati-vely speaking' easily carried out

when one considers Only those enzymes and cytochrome compo-

nents that are functionally dependent on their association

with the inner mitochondrial membrane, and thermodynamically

the reaction sequence of the chain components may be deter-

mined by the redox potentials of the carriers which together

form the total span of the redox potential between substrate

and oxygen (StoreY, 1971\ .

' A relatively crude method of determining the sequence

of respiratory chain components of animal mitochondria con-

sisted of using specific inhibitors to dissect the respira-

tory chaj-n in siÈu (Chance | 1961) and although these inhibi-

tors and their analogs seem to function in plant mi-tochondria

(Tkuma | 1g72) several minor complications occur j-n this
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regard. For example, rotenone is not as effective an inhi-

bitor as it is in anÍmaI mitochondria (fkuma and Bonner'

1967) and plant mj-tochondria can possess an external oxidase

which largely bypasses the electron transport chair¡ so that

a major ploblem involved in the use of this method' is a con-

tinual search for new specific inhibitors to improve its

resoluti-on.

A more elegant and technical approach to the problem

has been that of Storey (1974) . By "pu]sing" aerobic or

anaerobic mitochond.ria with a series of oxid'ants or reduc-

tants a cyclic redox change can be induced in the carriers

and by calculating the "haIf times" of oxidation or reduction

of these carriers he has been able to deduce the order of

electron transfer between them. Hgwever, determinations of

this sort only yield information concerning the carrier se-

quence between succinate/exogenous NADH and oxygenrand the

regi-on of the chain dealing with endogenous substrate seems

to be incapable of resolution by methods presently available '

The iron sulphur proteins also pose a problem in this respect

since the method of detectJ-ng these components (EPR) is in-

capable of yielding kinetic measurements. Cammack and Palmer

(1977) provided data concerning the mid-point potentials of

these components, but as yet only preliminary assignations

can be made and the overall picture is still a dj-sturbingly

uncertain one.
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4. Extetnal NAÐH OxÍdatÍon

It has been shown (Klingenberg and Pfaff, 1966 ) that

the inner membrane of animal mj-tochondria is impermeable to

added NADHrand it was originally thought that the inner mem-

brane of plant mitochondria was "leaky" to this substrate

because of their ability to oxidise externally added NADH.

However, more rigorous studies showed that (a) when this oxi-

dation occurred the ADP/O values \^¡ere only of the order 1 .0-

1.5 (Cunningham, 1964; Wiskich and Bonner, 1963) and (b)

oxidation was insensitive to rotenone (I{i1son and Hanson,

1969) | suggesting that at least one site of phosphorylation

was not bej-ng utilised. Furthermore, antimycin a inhibited'

oxidation completely (Wilson and Hanson, 1969) suggesting

that red.ucing equivalents were entering the respiratory

chain on the substrate side of cytochrome b (Ikuma, 1972) .

The earlier explanations of this phenomenon \^tere that an

external NADH d.ehydrogenase situated on the outside of the

inner membrane was involved in electron transfer (COleman

and Pa1mer, 1971)rand experi-mental confirmation of this hypo-

thesis v¡as produced by the work of Douce et af. ( 1973) . In

fact yeast cells seem to possess a very similar system for

the oxidation of exogenous NADH (Klingenberg, 1970). Ho!'7-

ever, in add.ition to this there is direct evidence of an

antimycin insensitive NADH-cytochrome c reductase present on

the outer mitochondrial membrane (Douce et a7., 1972, 1973)t

although its relationship to the j-nner membrane system' if

indeed there is an!r has yet to be demonstrated conclusively.
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A suggestion has recently been mad.e that this system might

be able to transfer electrons to the inner membrane pathway

(ItÍoreau , 1976) .

5 The Oxidation of Mal"ate

The oxidation of exoqenously added malate is readily

achieved by plant mitochond.ria for several reasons. In ani-

mal mitochondria malate oxidation seems to be mediated by a

single enzyme, malate dehydrogenase, and to maintain this

oxidation, oxaloacetate produced. in the reaction must be

removed. This seems to be accomplished by a complex system

of substrate cyctìng (I^Iil1iamson et a7",. 1gG7) , or by the

addition of glutamate (see Vüiskich et a7., 1964 ). Plant initochondria'

on ì:he other hand, do not need such mechanisms fOr the re-

moval Of oxaloacetate, since they can sustaÍn reasonable

rates Of malate Oxidation under mOst circumstances r suggest-

Íng that they have alternative means of removing oxaloacetate.

Thus, the existence of an NAD*-linked malic enzyme (Macrae'

1g71) to produce pyruvate from malate makes the supply of

acetyl-CoA unnecessary for the complete oxidaÈion of maÌate'

or for that matter any of the TCAC substrates. This system

may be disadvantageous to the ceII if unregulated since it

would result in complete oxidation of the intermediates

necessary for the operation of the cycle. Studies with mung

bean mitochondria (Bowman and Ikuma, 1976 â¡ b) have suggest-

ed possible regulatory mechanisms for the oxidation of malate

and. although the relationships between malate dehyd'rogenase
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and. malic enzyme in catalysing malate oxidation are by no

means c]ear, some authors (Brunton and Pa1mer, 1973) have

been tempted to suggest that a kinetic or spatial separation

is present and malic enzyme and malic dehydrogenase supply

reducing equivalents to two different dehyd'rogenase systems 
'

although,as will be described, this appears to be an unneces-

sary elaboration of the sYstem.

6. Cuanide f nsensi Ëi ve_Eesgi-!1!L2!

The incidence of cyanide insensitive respiration has

been ngted j-n its various aspects in a number of organisms

and micro-organisms (Henry and Nyns , 1975) but it essentially is

in the plant kingdom that this type of respiration is to be

found. lVhen cyanj-de resistant respiration can be demonstrated

in plant species the actual basis of this can be obscure be-

cause of a number of apparently contradj-ctory effects of the

inhibitor at the cellular and organelle level (Solomos, 1977).

For examPle, gaseous cyanide will enhance respiration in in-

tact potato tubers (Solomos and Laties, 1975 ) and yet it can

be shovrn (Dizengrimel and Lance, 1976) that the mitochondria

isotated from fresh slices of these tissues are predominantly

cyanide sensitive. on the avail-able evidence it appears that

the insensitivity is not cytosolic in nature but rather mj-to-

chondrial (Solomos , 1977) and it was suggested that the

release of phospholipases durÍng isotation caused damage to 
.

the mitochondria which resulted in the loss of cyanide insen-

sitivÍty. However, on the who1e, mitochondria from cyanide
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resistant plant species are resistant to cyanide (Henry

and Nyns, 1975) and indeed, mitochondria isolaÈed from aged

potato tissue seem to have recovered their cyani-d'e insensi-

tivity (Dizengrimel , 1977 ¡ Dízengrimel and Lance, 1976) .

Much tj-me and effort has been expended in attempts at

elud.icating the possible molecular basis for cyanide resis-

tant respiration. The kinetic measurements of Erecinska and

Storey (1g70) suggested that there exi-sts a flavoprotein pool

which could be a possible candidate for the alternate oxidase,

but later Schonbaum et al-. (1971) showed that the oxidase

could be inhibited by substituted hydroxamic acids,which com-

pounds the authors suggested could chelate with iron sulphur

proteins present in the mitochondria. Thus it seemed that

the alternative suggesti-on to be offered was that the oxidase

was an iron sulphur-protein, but subsequent investigation

(Cammack and Palmer, 1973) failed to substantiate this, since

no new peaks could be detected in the EPR spectra when cya-

nj-de insensitive respiration was induced in Jerusalem Arti-

choke mitochondria by ageing the tissue. The most successful

effort at characterisatj-on to date has been presented j-n two

reports (Bonner and Rich, 1978¡ Huq and Palmer, 1978) which

describe the solubilisations¡ the alternate oxidase. The

solubilised compound has been characterised as a quinol oxi-

dase, which j-s "silent" with respect to optical or EPR methods

of detection.

Thus, although the evidence suggests that the alternate

oxidase may have been formally isolated and identified' the

means by which the cyanide insensitive pathway integrates
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with the normal cytochrome pathway remains obscure. Reduc-

ing equivalents from matrix NADH and succinate enter the

alternate pathway through ubiquinone (Storey, 1974), but in

SOme cases electrons from external NADH do not have the Same

access to the alternate oxidase (Huq and Palmer, 1978) , sug-

gesting that two pools of ubiquinone may exist one which

is less directly accessible to the alternate oxidase than is

the other, and which is linked to external NADH oxidation.

It has been recently suggested (Yuet aJ., 1977) that proteins

on the inner membrane may bind. specific quinone species and

that the external dehydrogenase may interact with the total

respiratory chain (ie cyanide sensitive and cyanide insen-

sitive pathways) in a different manner than does the internal

one. Two apparently different specj-es of ubiquinone have

been found to exist j-n plant mitochondria (Yu et aZ., 1977¡

Huq and Palmer, 1978) and thus the above hypothesis seems to

be a tenable one.

Electron flow must be regulated between the cytochrome

and alternate pathways, and as yet no fully satisfactory

hypothesis has been produced. to explain how such regulation

might occur. Lips and Biale (1966) suggested. that electron

transport might be organised as two para1le1 pathways ' one

of which is resistant to amytal (and cyanid.e) and the other

being the conventional electron transport pathway' which is

fully inhibitor sensitive. The more recent studies of Bahr

and Bonner (1973 â¡ b) led these authors to suggest that a

cofltmon branch point exists at of about the leve1 of ubiquinone

in the normal electron transport chain. At this point there
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are two components in redox equilibrÍum with one another and

the mid-point potentials of these components are such that

under conditions where the alternate pathway component is

partly or futly oxid.ised, the cytochrome pathway component

remains fully reduced. In the presence of inhibitors of

either pathway (eg cyanide or SHAM) the common PooI becomes

fully reduced and the maximum rate of the uninhibited pathway

is expressed. In practice the main determinant of alternate

pathway activity seems to be the degree of saturation of the

cytochrome chain or more specj-fica}Iy the level of reduction

of ubiquinone, ie when the cytochrome chain is saturated, ubi-

quinone becornes so reduced that the alternate pathway is

brought into oPeration.

Evidently cyanide resistant respiration represents a

complex set of interactions between specific components of

the electron transport chaj-n interactj-ons which even the

best efforts to date have been unable to resolve satisfac-

torily.

7. Induced Phgsio loqicaT Cha ng q?g Plant Sto T Age

?i ssue

slicing and ageing of plant storage tissue was early

noticed to cause remarkable changes in the physiological

competence of the tissue in question (Steward and Preston'

1g4O). One of the most consistently observed reactions to

sticing is an increase in respiration (Laties , 1959;

Kolattukudy ancl Reed , 1966 ¡ Lee and Chasson | 1966) . This

increase is commonly associated with a changl-ng sensitivity

esinA
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to respiratory inhibitors. For example Laties and Hoelle

(1965) noted that the induced respiration of potato slices

is sensitive to malonate (a competitive inhibitor of succinate

dehydrogenase) whilst basal resPiration is insensitive. This

has been interpreted to mean that there is a lack of Krebs

Cycle activity in fresh tissue. However, the stimulation of

fresh tissue respiration to the maximum of aged tissue by

DNP (ap Rees and Beevers, 1960) indicated that the Krebs Cycle

is active but limited by ADP in fresh carrot slices ' That is '
it may not be operating at a sufficiently fast rate for malo-

nate to be effective. This is supported by the work of ap

Rees and Royston (1971), who showed that malonate inhibited

respiration in fresh carrot dj-scs ie both fresh and aged

tissues showed Krebs cycle activity. other work has further

strengthened this concept by showing that respiration in

ageing carrot tissue slices could be controlled by adenine

nucleotide availabilit,y through the agency of the glycolytic

pathway (Adams and Rowan | 1970). However, whether Ot not

glycolysis and TCAC activity occur i-n fresh slj-ces, other

evidence suggests that the endogenous substrate of fresh

potato slices is lipid rather than carbohydrate ( Jacobson¿¿

aI.,1970) and it appears that 0-oxidation of fatty acids

could be the source of respiratory COz in fresh potato slices '

Ultrastructural studies in red beet (Jackman and Van

StevenÍncl< , 1967; Van Steve¡jrick and Jackman' 1967 ) and'

Jerusafem artichoke (Fowke and setterfield, 1968) showed the

integrity of the cellu1ar membranes to be greatly reduced in

fresh slices, which suggested a Possible source of fatty acids '

These fatty acids are inhibitory to a number of mitochondrial
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functions (I{ojluczak, 1976) , so that their presence probably

inhibÍts conventional respiration whilst at the same time

providing a respiratory substrate. The means by which this

inhibition occurs Ís uncertain since the addition of uncoupler

to fresh slices will stimulate the respiratory activity mark-

edly (Laties, 1959¡ ap Rees and Beevers' 1960). Fatty acids

inhibit mi-tochondrial adenine nucleotide transport (Wojtczak'

1976) and this may be the reason for restricted respiration

j-n fresh slices (ie decreased ADP availability). The addi-

tion of uncoupler releases inhibition due to limited ADP

avaj-labi-Iity and. the fuII activity of the cytochrome path is

realised. In any case, whether the substrate be TCAC inter-

mediate or fatty acid, it seems that cytochrome oxj-dase is

the terminal acceptor for reducing equivalents produced

by either of these PathwaYs.

Development of cyanide resistant respiration in ageing

tissue slices has also been noted to occur (Hackett et âI,

1960; Kolattukudy and Reed, 1966) and it appears that mem-

brane integrity is necessary for this development. Potato

slices aged in cerulenin (Waring and Laties, 1977b) an irrhi-

bitor of fatty acid synthesis (Omura | 1976) remain sensitive

to cyanide and early administration of actinomycin D inhibits

phospholipid biosynthesis and the development of cyanide

resistant respiration in ageing potato discs (Waring and

Laties , 1977a) without affecting glycolytic or mitochondrial

enzymes, although both treatments will inhibit induced respi-

ration. Thus the incorporation'of nevr protein and lipopro-

Lein components into membranes seems to be essential for the
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development of cyanide insensitive respiration as well as

the induced respiratory rise. The development of this in-

duced respiration in slices of Potato and carrot tissue has

been shown to be associated with protein and nucleic acid

synthesis (click and. Hackett, 1963; Bryant and ap Rees,

1g711. Inj-tially, the induced respiration is sensitive to

both protein and nucleic acid synthesi-s inhibitors but after

a perj-od of between 6-1 0 hours only protein synthesis inhi-

bitors are effective. Apparently an initial burst of mRNA

is imporl,ant to initiate and. maintain Protein synthesis even

though it can be shown tha'L net RNA synthesis in carrot

tissue occurs for 3-4 days after slicing (Bryant and ap Rees '
1g71). lVhether or not mitochondrial- biogenesj-s plays a cru-

cial role in this increased respiratory activity is arguable

since in most cases investigated (Lee and Chasson ' 1966;

Asahi et a7. , 1966 ) only a modest increase in mitochond,rial

numbers can be shown to occur during the course Of a single

d.ayts ageingr ând such an increase can scarcely account for

the large dj-fferences observed in respiratory activity.

Waring and Laties (1978 â¡ b) have suggested that the inser-

tion of newty synthesised protein components into pre-exist-

ing organeltes might be a contrj-buting factor, and certainly

the results of Nakamura and Asahi (1976) , suggest that the

composition of the inner membrane fraction of sweet potato

mj-tochondria changes on ageing, observatiOns which have a

particular refevance to some of the j-nvestigations reported

in this thesis.
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I The Present 5Ëu du

This \^Iork was begun with the aim of characterising the

changes ind.uced in the pathways of NADH oxidatj-on in mito-

chondria of beetroot (Beta vuTgaris r'.) tissue after it had

been sliced and aged in dilute calcium sulphate solutions'

The particular aspect of interesL was a development of the

ability of the mitochondria to oxidj-se extra-mitochondrial

NADI{ via the respiratory chaj-n. changes of a simj-Iar nature

have been noted to occur in mitochondria isolated from slices

of other storaqe tissue (eg potato - Dizengrimel and Lance'

1976) but beet mitochondria represent a unique opportunity

to study this phenomenon because they do not initially possess

the ability to oxidise extramj-tochondrial NADH via the res-

piratory chain (ie oxygen uptake by mitochond'ria isola'bed

from fresh slices does not occur with NADH as substrate) '

The particular aspects investigated v/ere:

(a) The general characteristics of

tion to oxYgen uptake vj-a the

NADII oxidation i-n rela-

respiratory chain.

(b) The localisation of the factor(s) involved j-n

expression of this activityr ârld'

(c) The nature of the response that initiated the

(eg protein synthesis, release of inhibitors,

the

activity

etc )

However, in the course of these

development of a.n apparent resistance

investj-gations the

to rotenone inhibition
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during malate oxid.ation by mitochondria Ísolated from aged

tissue was fOund to occur. This resiStance \,fas particularly

associated with the presence of glutamate in the reaction

medÍum and further investj-gation was carried out into the

relatj-onship between glutamate and the oxidation of malate

Ín mitochondria from fresh and aged tissues.

Tn an extension of the above studies rotenone resistant

malate oxidation by plant mitochondria as a general pheno-

menon \jvas investigated as was glutamate Oxidation r per" sê t

by beetroot mitochondria, since glutamate does represent a

potential substrate and since the role of glutamate dehydro-

genase in this capacity has been so iIl defined for plant

systems in general. In ad.dition, tuC-glutamate uptake and

exchange by beetroot mitochondria was briefly looked at in

an attempt to id.entify the carrier(s) responsible for the

entry and/or efflux of this metabolite.
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CHAPTER ÏI MATERIALS AND METHODS

l. Materials

AtI reagents were analytical grade. Bovine serum albu-

men (BSA) , fraction Yr $/as obtained either from the Common-

\,üealth Serum Laboratories (Melbourne, Australia) or the Sigma

Chemical Company (St. Louis, MO., USA). Enzymes and other

biochemicals were obtained from the Sigma Chemical Company

(St. Louis, MO., USA) or Calbiochem Inc. (San Diego' Ca. USA) .

2-n-buty] malonate was prepared by the Organic Chemistry

Department of the university of Adelaide (Adelaide, sA).

l4C-glutamate was purchased from the Radiochemical Centre'

Amersham, England.

2 . 2ltg'-ts.-?29-Ls.9Lgg of Beetroot Tissue

Cylinders of red. beet tissue (Beta vulgaris. L) were cut

from the storage organ using a No.6 cork borer and sliced to

a thickness of 1 mm with a hand microtome. The sliced' tissue

was then incubated in 1O-+M CaSOa (plus or minus inhibitors)

in Erlenmeyer Flasks on a reciprocating shal<er (Paton Indus-

trj-es, Stepney, SA) at 90 oscillations per minute with an

8 cm stroke. Solutions were changed several times in the

first hour and thereafter about three times per day.

fn the case of some of

mad.e it necessary to reduce

the inhibitors, limited suPPlies

changes to twice Per day.
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3 P r epat at ion of Mitochondria

Atl operations were

solutions and aPParatus.

(A) Routine IsoLation:

was disruPted directlY into

medi-um wirich also contained

carried out at 1o-3oc using chilled

250 gm of sliced tissue

300 ml of the isolation

0.58 BSA' using a POLYTRON

(a) Beetroot M itochondr ia

(i) Fresh Tissue: Four hundred grams of tissue

was cut into sections and chilled for one hour. This

tissue was then di-srupted. using a Braun Juice Extractor

and the juice collected int.o a medium comprising 220

mM sucrose, 25 mM EGTA (pH 7.2) and 150 mM TES (pH 7.2)

containing sufficient 1M TRrs (approximately 1 ml/1 00

gm tissue) to maintain the pH at 7 .2.

The homogenate was strained through four layers of

MIRACLOTH and centrifuged at 1500 x g for 10 minutes on

either a Sorvall RC-2 refrigerated centrifuge or a Beck-

man J21-C refrigerated centrifuge, to remove cel1 debris.

The supernatant was decanted and centrifuged at 12,000 x

g for 1 5 minutes. The mitochondrial pellet was resus-

pended in 0.4 M sucrose and recentrifuged at 12,o00 x g

for 15 minutes. The final pellet was resuspended Ín 1 -3

mI of 0.4 M sucrose and kept on ice until ready for use.

( ii ) S Ticed tLg-Ls.eg-!L22:g.e



(modeI PT-35) blender.

through four laYers of

were recovered from the

that for whole tissue.

The resultj-ng

MTRACLOTH ANd

filtrate in

22.

breÍ was strained

the mitochondria

the same manner as

(B)

that only

out in

Inhibitor Studies.' as for (A)

1 00 gm of tissue was used and

1 00 mI of the isolation medium.

isolation procedure followed that outlj-ned

above except

isolati-on carried

( c )- gYgt-gLZrt nide Time Courses: again as for (A)

gm of tissue was

1 00 m1 of the

resuspended in

above except that in each case only 50

used and isol-ation \¡ras carried out in

isolation medium. The final pellet was

1.0 n7 of 0.4 M sucrose.

Gradient Pttrificat.íon of Beetroo t Mitochond-

114:

(D)

The

for the various treatments above except that the mito-

chond.ria pelleted af ter the f irst 12,000 x g spin were

resuspended to approximately 35 mI and 3 x 1 0 ml samples

\^/ere layered on top of linear sucrose gradients. The

mitochondrial fraction was then isolated according to

the procedure for soya bean mitochondria (sectj-on 3 (c))

except that 0.4 M sucrose replaced. the sucrose/BSA mix-

ture used for the dilution and resuspension steps.

(b) Turni p M itochondr ia

Four hundred. grams of turnip (Brassica rapa. L)

tissue was cut into sections and chilled for one hour.
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The tissue was disrupted using a Braun Juice Extractor

and collected in a medium containing 180 mM sucrose'

55 mM EGTA (pH ? .2) , 1 15 mM TES (pH 7 .2) , 85 mM TRIS '
1"ó (w/v) BSA and 30 rnM cYsteine.

The remaining isolation procedure was identical

to that used for fresh beetroot tissue except that the

final pellet was resuspended. into 1-3 mI of 0.4 M sucrose

containing 0.59 (w/v) BSA.

(c) Sog a Bean Mitochondtia

Mitochondria were isolated from 25-50 gm of ger-

minating soya bean (GLgcine max. L) seeds by grinding

in 100 ml of a medium containing 0.4 M sucrose, 20 mM

TES (pH 7.2) , 1 mM EGTA (pH 7 -2) and 14 (w/v) BSA' The

mitochondria were collected, and purified on a linear

sucrose gradient by centrifuging at 21 t000 rpm for 90

minutes in a Beckman L-2 refrigerated ultracentrifuge

using a Beckman 5W25.2 rotor. The mitochondrial band

was collected. from the gradient by pasteur pippette and'

the suspension (approximately 20 mI) slowly diluted by

the addition of 120 mI of 0.4 M sucrose containing 0.53

(w/v) BSA. This diluted suspension was then centrifuged

at 12,OOO x g for 15 minutes and the final pellet re-

suspended in 1-3 mI of the sucrose/BSA solution.

Munq Bean Mitochondria(d)

Mitochondria were isolated from the hypocotyls of
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5-7 day old mung bean (Phas eoTus aureus ) seedlings

grown in the dark. The isolation medium (250 mI) con-

sisted of 0.3 M mannitol, 0.1 I (w/v) BSA' 0.58 (w/v)

cysteine and 1 mM EDTA (pH 7 .2) into whi-ch 100 gm of

tissue was disrupted using a POLYTRON (mod.el PT-35)

blender. Mitochondria were pelleted' resuspended into

a medium consisting of 0.3 M mannitol, 0.12 BSA and 0.1

mM EDTA (pH 7.2) and purified on a linear sucrose gra-

dient. The recovery procedure \^Ias the same as that for

the soya bean mitochondria except that 0.4 M sucrose

v/as substituted for the sucrose/BSA solution in the

dilution and resuspension procedures.

4. oxyse! ELectrode Studies

Oxygen uptake was measured. polarographically in a sealed'

perspex vessel with a circulating water bath maintained at

25oC. Measurements were made with either a Clark Electrod'e

(Ye1low-Springs fnstrument Co., Cleveland, Ohio, USA) or with

a Rank Electrod.e (Rank Brothers, Bottisham, Cambs., England)

connected to a Rikadenki ModeL B-261 recorder (Rikadenki

Kogyo Co., Ltd. Tokyo, Japan) operating at 1 or 2 mV' A

standard reaction medium containing 250 rnM sucrose' 10 mM

phosphate buffer (K+ salts, PH 7.2) , 5 mM M9CI2 ând. 1O rlìl'1

TES (pH 7.2) was used except for mung bean mitochondrÍa, where

the medium consisted of 300 mM mannitol, 10 mM KCl' 10 mM

phosphate buffer (I(+ salts, pH 7.2) and 5 nM MgC12. The

reaction volumes were 1.5-2.0 mI (Rank Electrode) or 2.4-2.7

ml (Clark Electrode) and reagents were added via a plunger

inserted into the vessel.
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5. ADP/O and Respi ratotq ControT Ratios

These were determined

according to the method of

from the oxygen electrode traces

Chance and WiIl j-ams ( 1 956 ) .

6. UzsggsltY

Respiratory rates h¡ere rneasured at ZSoC using standard

manometric 1-echniques (Urnbreit et a7., 1964) with air as the

gas phase. Dj-scs vtere blotted dty , weighted to the nearest

mg and. placed in 1.5 mI of the incubatiou medj-um (distilled

water, inhibitors, etc) . The number of discs and weight of

tissue were kept as constant as possible (ie 5 dj-scs weighing

approximately 500 mg). Freshly prepared 208 KOH was added to

the centre well to absorb COz. Manometers were shaken in a

Paton Water Bath (Paton Industri-es Pty. ' Ltd., Stepney, South

Australia) at 25o and 120 oscillations per minute. Respira-

tiOn rates were measured. Over One hour and duplj-cated or

triplicated. Respj-ration was expressed as UI Oz consumed/|^r/

gm tissue accord.ing to the method of Umbreit et a7. (1964) .

7. Washinq Exge r inq.Sts

A supernatant fraction was prepared by homogenising

400 gm of either beet (fresh or aged) or turnip tissue in

the normal isolation med.ium and centrifuging the homogenate

at 144,OOO x g for one hour on a Beckman L-2 refrigerated

ultracentrifuge using a Beckman Ti 50 rotor, Tsolated mito-

chondria were flivided. into two samples. One sample was
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srashed through 0.4 M sucrose and the pellet resuspended in

2-3 mI of 0.4 M sucrose. The other sample \¡7as washed through

the appropriate supernatant fraction as prepared above and

the resulting pe]Iet resuspended in 2-3 mI 0.4 M sucrose.

Mitochondria were then assayed. for activity as described.

8. Low TemqeraXute Difference Spectra

The low temperature difference spectra of beetroot mito-

chondria were measured at liquid nitrogen temperature (lloX)

in an Aminco DW2a dual wavelength spectrophotometer fitted

with a low temperature attachment. The light path was 2 mm.

Samples were reduced with 25 mM succinate and read against

oxidised sampl-es to obtain the difference spectra.

c tochrome b
-LlzvgeL2tgi-!-?l.9-P-v-!

idine Nucleotide

Redu ction

Mitochondria vTere suspended in the standard reaction

medium to a final volume of 1 m] and reduction induced by

the addÍtion of 25 mM malate. Other add.itions were as indi-

cated in the f Ígure legend.s. Measurements were mad.e on an

Aminco DW2a spectrophotorneter in the dual wavelength mode

with a 3 nm bandpass. The light path was 1 cm. The 1nlave-

length pairs were: -

(a) 9y!ochrome b: reference and samPle wavelengths

respectively (Sotthibandhu andwere 410 nm and 432 nm

Palmer | 1975) .

9



(b)

were 493

F Tavop roteins: reference
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and sample \^ravelengths

(Arron et ã1., 1978).nm and 468 nm respectively

( c ) lyf¡_glyg_Ayg_I_ggËf4gg.' ref erence and sample l^lave-

lengths were 374 nm and. 340 nm respectively (Sotthibandhu and.

Palmer, 1975) .

LO. Exxernal- ueP* Redu cticsn

NAD+ reduction was measured spectrophotometrically by

following the increase in absorption at 340 nm. The reac-

tion medium (2.5 2.7 ml) usually contained 0.05 0.1 ml

mitochondrial suspension, 0.25 0.75 mM NAD+ anfl approxi-

mately 6 UM antimycin a. NAD+ reduction was initiated by

the addition of matate as indicated in the figure legends.

A molar extinction coeff ici-ent of 6.22 x 103 cm-r was used

(Kornberg and. Horecker, 1953).

77. Solubil-isation of the Outer Membrane of Beet Mitochon-

dria

Washed mitochondria prepared from beetroot tissue were

incubated for 30 minutes at OoC with equal aliquots of fresh-

Iy prepared cold digitonin solution. This was made immediate-

ly before use by adding 0.4 M sucrose to recrystallised digi-

toninn heating gently until the solut j-on vüas water c1ear, and.

then cooling to the assay temperature. Before incubatlon the

concentration of the solution was adjusted to give the desired

digitonin: protein ratio (0.1 mg digitonin/mg protein) in
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the final mixture. At the end of the incubation period. the

suspension was diluted by adding 4 voLumes of cold 0.4 M

Sucrgse and the resulting suspension was assayed aS sogn aS

possible for cytochrome-c reductase activity.

72. FeCN and Cqtochtome c Reductase Activíties

FeCN and cytochrome c reduction was measured by following

the reduction of FeCN or cytochrome c at 420 nm atrd 550 nm

respectively on a Beckman Acta CIII spectrophotometer at

roon temperature using cuvettes with a 1 cm light path. The

assay cond.itions are specified in the appropriate Table

Iegends. A molar extinction coefficient of 1.05 x 103 cm-r

vras used for FeCN (Morton and Sturtevant, 1964) and 19.8 x

103 cm r (Morton, 1958) for cytochrome c.

73. L+c-Glutamaxe Exchang

Isolated beetroot mitochondrÍa were incubated for two

minutes at room temperature in a med.iutn consis ting of 150

mM KCt, 10 mM TES (PH 7.2),1 mM EGTA, 2 pM Antimycin a

and 5 mM glutamate. At the end of the incubation period. the

mitochondria were pelleted by centrifuging for 5 minutes at

1Br0O0 x g. The pellet was resuspended in 5 mI of the

incubation medium minus gtutamate. 2 yCi (40 UI) of I4C-

glutamate vtere added to the suspension which was incubated

on ice for a further 1 5 minutes. At the end of this time

the following procedure was adopted for each anion to be
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tested. 4OO pt of the lhQ-glutamate suspension was added

to 2.5 mI of the reaction medium containing 2 UM antimycin

d¡ mixed thoroughly, and incubated for a further one minute

at zoC. The "cold" anion to be tested (ptus inhibitors where

indicated) was then added to the incubation medium (final

concentration 2 mM), which was once again thoroughly mixed'

and two 1 mI sampl-es were then transferred to microfuge tubes

containing 80 pl silicone oil. At the end of two minutes the

mitochondria were pelleted into the siLicone oil by centri-

fuging for a further two minutes. The pellet \^las then ex-

tracted. into 0,5 mf of 0.5 N HCI in the bottom of a scintil-

Iation vial, 1d mI of scintillation fluid. added and the

samples counted on a Packard Tri-Carb Liquid Scintillati-on

Spectrometer (Model 3330) . The percent exchange of eacl-I

anion was calculated. from the relation

lca -Cp I x 1oo
Ca

r¡rhere Ca = c.P.m. j-n the absence Of any exchangeable anion

and cp = c.p.m. in the presence of the anion to be tested

(De Santis et a7., 1976). Control experiments showed that

the presence of the stated amount of silicone oil had no

effect on counting efficiencY.

14. r 4c- Lutamate U take

MitochondrÍa (0.1 mI) were added to 1.1 mI of a medium

containing 0.25 Iq sorbitol, 10 ¡rM TES (pH 7 .2) , 5 mM phos-

phate (pll 7.2) , 2 mM MgCL2¡ 0.1? (w/v) BSA, 18 mM glutamate,
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g0 mM succinate, 45 pM rotenone, 5 mM arsenite and 1 pci

I uC-glutamate in the presence of the various inhibitors or

anions to be tested . 0.2 mI samPles were quickly transfer-

red to microfuge tubes containing 50 p1 silicone oil layered

over 50 pl 0.25 M sucrose. one minute after the addition of

the mitochondria the samples were centrifuged' for one min-

ute to pellet the mitochondria Ínto the sucrose layer' The

resulting pellet was prepared for counting as was that for

the glutamate exchange experiments.

15. Enzqme ÄssarTs

All assays were carrÍed Out in the presence of 0.12

(v/v) Triton x-1 0o (to solubilise the enzyme in question)

and 6 UM antimycin a where appropriate, to minimise losses

of NADH. Activities are expressed. as n.rnoles Product formed

or substrate utilised per minute per mg protein, and were

measured on an Aminco DW2a dual wavelength spectrophotometer

using cuvettes with a 1 cm light path and a total final

volume of 1 mI or 3 ml.

(i) Fumar a s e (L-matate hydrolyase E. C. 4 .2.1 .2.)

The method was essentially that of Hill and Bradshaw

(1969). An aliquot of mitochondrial suspensi-on (0.4 ml)

was added to a cuvette contain j-ng 2.6 mI 50 mM phosphate

buffer (pH 7.3) . The reaction was started by the additíon

of 20 mM L-rnalate and the change in absorption aL 250 nm was

followed for at least 60 seconcls. The rates were calculated
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using a molar extinction coefficient of 1.45 x 103 cm-l

(A1berty et a7., 1954).

íi) c7 utamate -oxaToacetate tTansaminase [ (coT) ;

L-aspartate: 2 oxoglutarate aminotransferase
EC 2.6.1 .1.1

Mitochondria (0.1 mI) were added to a medium containing

50 mM TRA (pH 7 .5) , 200 mM aspartate (pH 7 .5) 0.17 5 mM NADH

and the reaction started by the addition of 30 mM q,-keto-

glutarate. The reaction was followed by measuring the de-

crease in absorbance at 340 nm due to the oxidation of NADH

by endogenous malate dehyclrogenase, knowing that the GoT

reaction is rate limiting (see Tab1e 6.2) . A molar extinc-

tion coefficient of 6.22 x 103 cm-r (Kornberg and Horecker,

1953) was used. to calculat-e the rates'

( Íii ) ZlgglL1Lg_2gLy-d.rogenase I succinate: acceptor

oxido-reductase EC 1 .3.99.1J

The method was adapted from that of singer et a7. (1973)

Mitochondria (0.1 mI 0.2 ml) were added to the standard

reaction medium containing 1 mM KCN, 0.3 mM ATP' 0.039 (w/v)

pMS, O.OO2? (w/v) DCPIP to a f inal volume of 3.0 ml. The

reaction vlas started by the ad.dition of 4 mM succinate and

followed. by measuring DCPIP reduction at 600 nm. Spurious

dye reduction was measured from the pre-Succinate rate of

DCPIP reduction and subtracted from the final rate. A molar

extinction coefficient of 19.1 x 103 cm-l was used (Singer

et a7. , 1973) .



32.

( iv ) !L2!=UZLL9-E-LZS¿!9 [L-malate: nAo+ oxidoreduc-
tase (decarboxylating) EC 1 .1 .1 .39)

The method was essentially that of Hatch and Kagawa

(1974). One mI of mitochondrial sample was sonicated in

g.0 mI of a medj-um containing 25 mM HEPES-KoH (pH 7.4) , 0.2

mM EDTA (pH 7.4) , 5 mM dithiothretiol and 5 mM MnC12. A

2.5 mI subsample was then placed into a cuvette and the

following reagents added successively (fina1 concentrations

are given) (a) 5 mM malate, (b) 0.35 mM NAD+ and (c) 75 pM

CoA. The reaction was followed by measuring the increase in

absorption at 340 nm. A molar extinction coefficient of

6.22 x 1Os cm-l was used to calculate the rates (Kornberg

and. Horecker, 1953) ,

(v) Malate Dehqdroqenase IL malate: NAD+ oxidoreduc-
tase BC 1 .1 .1 .37)

The sample to be tested (usually 5 ut) was acded to

3.0 mI, 50 mM phosphate buffer (pH 7.4) containing 0.015 mM

NADH. The reaction was started by adding 0.1 mM oxaloace-

tate and the decrease in absorbance at 340 nm was followed

(Ochoa, 1955). Rates \^lere calculated using a molar extinc-

tion coefficient of 6.22 x 103 cm-l (Kornberg and Horecker,

1953).

(vi ) ffAD+ -rsocitrate 2ZLglr_gg enas e [Threo-D=- Iso-
citrate: NADt oxidored.uctase EC 1 .1.1.41

The method used was that of Fox (1969). Mitochondria

(0.1 mI) were added to 2.9 mI of a medium containing 45 mM

TRA buffer (pH 7 .6) , 1 0 mM MnSOa ' 5 mM DsLs isocitrate
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(pH 7 .6) and 0.7 *lui uAo* and the reaction was followed by

measuring the increase in absorption at 340 nm. A molar

extinction coefficient of 6.22 x 103 cm-l was used to cal-

culate the rates.

(vii) a - \e t o s l_yLZfZtg_21hy|r o ge n a s e [ 2 -oxog lu tar ate
lipoate oxidoreductase (decarboxylating and

acceptor succinylat.ing) EC 1 .2.4.2.1

The method. used was that of Sanad.i (1969). Mitochondria

(0.05 0.1 ml) were ad.ded. to a medium containing 70 mM phos-

phate buffer (pH 7.2) , 0.05 roM CoA, 3.3 mM cysteine-HCl

(adjusted to pH 7.0-7.s with KoH), 0.3 mM NAD+ (pll 7.2) and

0.5 mM q-ketoglutarate at 3OoC to initiate the reaction.

The reaction was followed by measuring the increase j-n absorp-

tion at 340 nm and the rates calculated using a molar extinc-

tÍon coefficient of 6.22 x 103 cm-l.

( viii ) ?y-tyyzlg_2sLtgtgg2La2e [pyruvate lipoate
oxidored.uctase (decarboxylating and acceptor
acetylating) EC 1 .2.4.11

The procedure followed was a modification of that of

Crompton and Laties (1971). Mitochondria (0.4 ml) were

added to 0.6 m1 of a medium containing 33 mM phosphate

buffer (pH 7.3) , 0.7 mM MgC12, 0.4 mM EDTA (pH 7.3) , 0.5 mM

pyruvate and 0.75 mM KCN. The following additions were then

made j-n sequence (final concentratj-ons are ind.icated) (a)

O. 1 mM TPP, (b) 0.35 mM NAD+ apd (c ) O. 01 5 mM CoA. The

reaction was followed by measuring the increase in absorp-

tion at 340 nm and the rate of the reaction calculated using
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molar extinction coeff ici-ent of 6.22 x 103 cm

16. ChenicaL .Assa rts

(i) 4Lli_!y_g-L"_Z was assayed by the method of Strong

eË a7. (1960) by measuring the absorption at 226 nm of a

known volume of stock solution in absolute alcohol. The

concentration was calculated using a molar extj-nction

coefficient of 34.7 x 1 03 .*-1 .

( ii ) lTtenoLe was assayed by measuring the absorption

of at 294 nm of known volume of stock solution in absol-ute

alcohol and the concentration calculated using a molar

extinctj-on coefficient of 17.8 x 103 .*-1 (Chemical Rubber

Company Handbook' P C-487).

( fii ) L2l was assayed by the procedure of Wiskich

et aL. (1964). ADP was phosphorylated with phosphoenol

pyruvate and pyruvate kinase and the oxidation of NADH upon

reduction of pyruvate with LDH was measured by following the

decrease j-n absorption at 340 nm. AMP contamination of ADP

was determined by the additj-on of myokinase to the cuvette

upon complete phosphorylation of Lhe ADP. A molar extinction

coefficient of 6.22 x 103 .*-1 \¡/as used to calculate the ADP

concentration.

(iv) P rote in

et at. (1951) with

and

was estimated by the method of Lowry

the CuSOa solution in 1Z cj-trate (rather

standards r¡/ere made from BSA (Fractio" y) .than tartrate)
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77. MÍtochondr i a7 2w"LL_i_!g

SweLting was measured as a decrease in absorbance at

520 nm upon the ad.dj-tion of mitochondria to the reaction

medium and I¡raS done on an Aminco DVl2a Dual Wavelength

Spectrophotometer .
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CHAPTER ÏTI NADH OXTDATTON TN BEETROOT MTTOCHONDRTA:

TTS DEVELOPI'TENT ON SLICING AND AGETNG OF

THE TISSUE.

It has been well documented that slicing and "ageing"

of plant storage tissue in water, dj-lute ( 10-4 Ir) calcium

sulphate solutions or in a moist atmosphere under aerobic

conditions will Índ.uce a nuinber of changes in the respiratory

activity of the tissue in question (Kahl, 1974¡ Van Steven-

inck, 1975). However, ât the mitochondrial level, it is

sti1l uncertain what j-nterpretation is to be placed on many

of the changes that can be detected. It has been noted in

the past (Day' Rayner and Wiskich, 1976; Dizengrimel and

Lance, 1976; Dizengrimel, 1977) that the oxidation of exo-

genous NADH by mitochondria isolated from aged storage tissue

slices is more rapid than that by mitochondria j-solated from

the corresponding tissueror from discs freshly cut from this

tissue,and it has been reasonably proposed (Dizengrimel | 1977)

that the increase may be due to changing interactions in the

pathways of NADH oxj-dation on the inner and outer membranes

of the mitochondria. That is, in mitochondria isolated from

aged. tissuerthe outer membrane electron transport chain is

contributing to respiratory oxygen uptake (via NADH oxida-

tion) to a greater extent than it does in mitochondria from

fresh slices. This may not always be the case however, and it

is herein suggested that j-n mitochondrj-a isolated from aged

beetroot slices the increase is clue to increased activity

of a respiratory linked dehydrogenase on the outer face of
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the inner membrane. Although the results reported here for

beetroot mitochondria should. not be extrapolated to include

other tissues, the separate phenomena may j-n fact be of a

similar nature.

RESULTS AND DISCUSSION

7. GeneraL

Plant mitochondria, for the most part' oxj-dise extra-

mitochondrial NADH (Cunningham, 1964; Day and Wiskich' 1974

d1 b; Ikuma t 1972¡ Ikuma and Bonner, 1967; Palmer and

Passam t 1970¡ hlilson and Hanson' 1969; lr]iskich and Bonner,

1963) | showing ADP/O ratios which are consistent with the

concept that only two phosphorylation sites are involved in

its oxidation. Cunningham (1964) suggested that external

NADH oxidation d.id not involve the flavoprotein dehydrogenase

of the respiratory chain and Wilson and. Hanson (1969) showed

that external NADH oxj-d.ation by corn mitochondria was only

slightly inhibited by rotenone. Douce et a7. (1973) and Von

Jagow and Klingenberg (970) have shown the existence of an

externally located inner membrane dehydrogenase in mitochon-

dria isolated from mung beanhypocotyls and from yeast ceIls.

Reports of extramitochondrial NADH oxidation by beetroot

mitochond.rÍa are not numerous (Day, 1975¡ Day, Rayner and

Wiskich, 1976¡ tr{iskich et â7., 1960)¡ but it has been shown

that they will not oxidise extramitochondrial NADH to any

significant extent and that this is because of the absence

of the dehydrogenase on the outer face of the inner membrane
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(Day, Rayner and Wiskich, 1976). As can be shown (Figure 3.1)

the rate of NADH oxidation by mitochond.ria isolated from fresh

discs is very ]ow, even j-n the presence of ADP, and is large-

Iy inhibited. by the addition of rotenone. The latter obser-

vation suggests that most of this oxidation can be attributed

to broken mj-tochondria in these preparations. Malate oxida-

ti-on on the other hand. wilt respond to the addition of ADP

giving respiratory control (Chance and Williams | 1956) and

showing ADP/O ratios of 2-3. Malate oxj-datj-on by these mito-

chondria is sensitive to rotenone (Figure 3.1 ) and almost

completely sensitive to antimycin a (see Figure 4.12) .

Mitochondria isolated from 24 hour aged slices show a dif-

ferent pattern of substrate oxidation. Malate oxidation

retains its respiratory control (Figure 3.2) and ADP/O ratios,

and although the latter are slightly diminished they still

fa1l within the range of 2-3. Exogenous NADH oxidation is

now more rapid and responds to the addition of ADP showing

respiratory control and yielding ADP/O ratios of 1-2. The

oxidation is only slightly sensitive to rotenone' in accord-

ance with the observation fi-rst made by Wilson and Hanson

(1969). Furthermore' oxidation of exogenous NADH will res-

pond to oligomycin and uncouplers in much the same way as in

other plant mj-tochondria (Vüiskich and Bonner, 1963; Wiskich,

Young and. Biale, 1964).Figure 3.3 shows that oligomycin will

inhibit state 3 respiration to a leve1 that is almost the

same as that of state 4 (compare with Figure 3.4 from the

same experiment) and Lhat this inhibition is relieved by the

addition of the uncoupler CCCP. Subsequent addition of
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cyanide did not completely inhibit uncoupled oxidation but,

as observed with malate, a cyanide insensÍtive component can

be distinguished during NADH oxÍdation by beet mitochondria,

In Figure 3.4 it can be seen that the addition of either

0.4 mM cyanide or 6 UM antimycin a \^Ias not sufficient to com-

pletely inhibiL NADH oxidation and. that this resid.ual rate

is substantially sensitive to the addition of 1 mM SHAM'

whÍch suggests the presence of Lhe alternate, cyanide insen-

sitive pathway. These results are in contrast of those of

DLzengrimel and Lance (1976) which suggest that in potato

mitochondria isolated from both fresh and. aged slices '
external NADH oxidation remains almost entirely cyanide sen-

sitiverdespite an apparent increase in the rate of oxygen

uptake during the oxidation of NADH by mitochondria from

aged slices. A cyanide insensitive component to respiration

thus seems to develop along with NADH oxidation in mitochon-

dria. from ageing beet tissue, and this component, although

apparently small with respect to the same phenomenon observed

in other tissues (Dizengrimel and Lance, 1976)rdevelops to a

similar extent in relation to the oxidation of other sub-

strates by mitochonclria from 24 hour aged beetroot. tissue

(see Chapter 6), which suggests that in beetroot mitochondria

reducing equivalents from the oxidation of any substrate

(internat or external) share a common pathway in their flow

to the alternate oxidase. Development of cyanide resistant

respiration in ageing beet djscs has been noted. j-n the past

(Kolattukundy and Reed, 1966) . It was observed that freshly

sliced d.iscs displayed an extreme cyanide sensitivity and
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that sensitivity decreased. durj-ng the first 36-40 hours of

ageÍngrand thereafter j-ncreased., though not to quj-te the

levels detected in fresh tj-ssue. The detection of cyanide

insensitivity at the mitochondri-al l-evel suggests a link

between mitochond.rial activity and the tissue response to

cyaniderbut why the tissue should become sensitive to cyanide

agaj-n after long periods of ageinq has not yet been adequate-

ly explained. There is obviously more at issue than a simple

increase in the cyanide insensitivity of the mitochondria,

and one must look to more overt physiological phenomena to

explain these apparently conLradictory observations. Further

observations concerning cyanide insensitive resPiratj-on Ín

beet will be presented in Chapter 6.

2 The Induced Respj rato !y--&i-ze and NADH Dehqdrogenase

Activí.tq

Figure 3.5 suggests that there j-s a relationship between

the Índuced respiratory rise after slicing and the increase

in mitochondrial NADH dehydrogenase activity in ageing beet

tissue. Respiration reaches a maximum at some time between

30 and 40 hours after slicing and thereafter d.eclines, ât

which time the rate of increase in NADH dehydrogenase acti-

vity (on a mg protein basj-s) begins to slow down, suggest-

ing that the two activities may be linked'.

fn general, the slicing induced respiration in plant

storage tissue is probably due to an increased turnover of

ATP because of an increase in synthet-ic activity and proces-

ses related to this (Kah1, 1974), Thus, in tissue slicest
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the DNP stimulated rate (ie the "maximal" rate) of respira-

tion changes very littIe during ageing (ap Rees and Beevers'

196O; Laties, 1959) ¡ and the uncoupled rate of respiration

in fresh slices is at least the same as aged slice respira-

tion, with DNP exerting litt1e further effect on respiration

in aged slices (Laties , 1959). This suggests that there is

no net increase in the "þotential" of the resPiratory system

and that the capacity for coupled respj-ration in aged slices

is present in fresh tissue slices. Whether or not the total

capacj-ty of the resPiratory system to support electron flow

in aged tissue has increased j-s not certain, sj-nce any demon-

stration of this seems to lie with the choice of uncoupler

used. For example, in aged potato slices DNP wiII not stimu-

late coupled respiration significantly whilst CCCP will

(Laties et af. , 1972) , suggesting either that CCCP is a more

effectj-ve uncoupler than is DNP, or that other effects must

be taken into account when considering the effects of differ-

ent uncouplers on tissue respj-ration.

Ageing beetroot tissue presents a dj-fferent set of res-

ponses to the uncoupler DNP than those described above.

Not only does the rate of respiration undergo a consj-derable

rise during the early period of ageing (Figure 3.5)' but so

too does the DNP stimulated. rate (ie the maximal rate of

respiration). This latter rate remains relatively constant

after the maxj-mum is reached even though coupled respiration

undergoes a decline after about 40 hours of ageing. The

former observation may be explained. by the change in NADH
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dehydrogenase activity, ie it may be concluded that there

has been an increase in the respiratory "poLential" of the

tissue. This can be achieved either by an increase in the

amounÈ of the rate limiting enzyme or by an increase in

other enzymes which can be contributing to oxygen uptake.

For reasons to be explaÍned in Chapter 6 it is considered

unlikely that the alternate oxidase is contributing signifi-

cantly to the uncoupled oxygen uptake in beet tissuerand it

would seem that the increasing NADH oxidation could be con-

tributing to the maxi-mal rate of respiration during the age-

ing period. But clearly two factors must be considered

(a) a rise in the respi-ratory activity that is due to an

increased turnover of ATP and (b) the rise that is associated

with the j-ncreasing capacity of Lhe mitochondria to oxidise

exogenous NADH.

Point (a) has been experimentally validated' on pre-

vious occas j-ons (ap Rees and Beevers, 1960; Laties, 1959) .

Using DNP to remove the limitation on electron transport

imposed by ADP availability, it was shown that the maximum

rate of respiration is relatively fixed and that coupled

tissue resPj-ration does not rise significantly above this

leve]. However, in beet tissue it can be seen (Figure 3.5)

that the increase in NADH oxidation induced by slicing can

be contributing to both the "maximum respiration" and to

coupled tissue resPirationrwhose main regulating factor

seems to be the avaj-Iability of ADP. Thus it is possibl-e

for the rate of coupled tissue respiration to rise above the

initial uncoupled rate. If glycolysis is the source of NADH'



43.

and Íf this NADH is not oxidised by the mitochondria of

fresh tissue (ie the external NADH dehydrogenase is not

present), then the increase in oxygen uptake of the tissue

due to developing mitochondrial NADH oxidation ought to be

about 162 (ie 1/6th). However, such a simple explanation

is most unlikely,because for glycolysis to be sustained in

fresh tissue cytoplasmic NADH must be contj-nually reoxidised.

This process is possibly carried out by the mitochondria in

fresh beet tissue by an organic acid shuttle ¡ ê9 malate-

oxaloacetate (Day, Rayner and Wiskich, 1976lr. However' it

seems that fresh slice respiration in potato draws on fat'by

acids, released on slicirg, as respiraLory substrates

(Laties er a7., 19?2)¡ although this may not be the case in

a]l tj-ssues (Theologis and Laties' 1978). These fatty acids

are known to inhibit a number of mitochondrial functions

(Wojtczak, 1976)ras well as those of glycolysis Ramadoss et

a7., 1976), and the postulate that glycolysis is operating at

all in fresh slices of beet could be incorrect. The avail-

able evidence suggests that considerable disorganisation of

the membrane system occurs on slicing beet tissue (Van

Steveninck and Jackman, 1967 ), so that the presence of fatty

acids seems to be inevitable. Thus, although it can be

definitely established that the activity of the external

NADH dehydrogenase of the mitochondria increases on ageing

of tissue slices of beet, its telative contribution to the

induced respiratory rise must be a matter of some compl-exity

as it seems that the nature of the respiratory pathways

changes with ageing (Kolattukudy and Reed, 1966¡ Laties,
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1964; Romberger and Norton' 1961). Rather, its contribu-

tion may be a secondary effect observed as a result of

protein synthesis and the possible intercal ation of the

ne\^/ly synthesised. dehydrogenase into the mitochondrial

membrane.

Figure 3.6 shows the time dependence of NADH oxj-dation

during the first 24 hours after slicing. There is a lag.'

period of between four to eight hours before changes in NADH

oxidation become detectable, and this suggests a dependence

on protej-n synthesi-srsince this is about the tj-me required

for the irrcorporation of I aC-leucine into protein in ageing

potato slices (CIick and Hackett, 1963). Furthermorer it

has been shown that rapid polysome formation occurs immediate-

ly after slicing of carrot tissue and reaches a maximum about

six hours later (Leaver and Key, 1967). The peri-od varies

with the tissue used, however, ie 3-4 hours j-n sugar beet

slices (Cherry, 1968) and 6-9 hours in potato slices (Kah1,

1971). Since the observed rise is almost comPletely sensi-

tive to low concentrations of cycloheximide (circa 1 pg/ml

Fj-gures 3.9 and 3.10) then, either directly or indirectly,

cytoplasmic protein synthesis is indicated as being the

necessary mediating factor.

The Effect of Proteìn and Nucfeic Acid S nthesis
Inhibitor s

3

The results Presented in Table

preliminary exPeriments carried out

3.5 are the results of

to ascertain v¿hat effect
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various protein and nucleic acid synthesis inhibitors had

in determJ-ning the extent of the change occurring in NADH

oxidation in mitochondria from ageing beet tissue. The

accompanying table (Table 3.6) is a record of the associated

changes in the respiratory activity of the tissue slices

involved in these experiments. For reasons to be outlined

later in this chapterrthe results (Table 3.5) were analysed

by compari-ng the malate to NADH (M/N) ratio that j-s by

comparing the extent to which the rate of NADH oxid.ation

changed with respect to any change in malate oxidation by

the mitochondria. Where this ratio is significantly larger

in mitochondria from treated tissue than in those from the

control tissue it is presumed that the particular inhibitor

has effectively reduced the increase in NADH d.ehydrogenase

activity. The results suggest that, with the exception of

cycloheximide, the presence of the various inhibitors at the

stated concentrations was not suffÍcient to cause a signifi-

cant change in this ratio at the end of a 42 hour ageing

period. Some of the inhibj-tors (eg puromycin) appeared to

have slightly uncoupled respiration (Table 3.6)rwhilst chlo-

ramphenicol inhibited respiration to an extent that was

comparable to that exhibited by cycloheximide (Table 3.6).

Chloramphenicol inhibits mÍtochondrial proteÍn synthesis in

vivo and in vitro (schatz and Mason, 1974), and will also

inhibit mitochondrial protein synthesis j-n a number of plant

tissues, but the concentrations required. are usually very

high (MacDonald et a7., 1966; Nooden and Thimann' 1965¡

Asahi and. Majima, 1969) - about 3.6 mM. This raises the
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possibility that the antibiotic is exerting a general toxic

effect on the cell at these concentrations (MacDonald et a7. ,

1966). The effect of the drug on plant tissues is variable.

For example, Nooden and Thimann (1965) found that concentra-

tions of 1.4, 1.9 and 2.6 mM chtoramphenicol inhibited growth

in artichoke tuber, oat coeleptile and pea stem sections

respectively, and MacDonald eË aL. (1966 ) showed that low con-

centrations of the drug (10-4til¡ would inhibit ion uptake

capacity in ageing beet tissue. In order to avoid possible

ambiguities that might arise because of the use of high drug

concentrations, the concentration used here (1.5 mM) was

chqsen as a compromise. As mentioned earlierr it had an

inhibitory effect on respiration (Table 3.6) but did not

seem to affect the malate/NADH ratio (Tab]e 3.5). It thus

seems that the locus of action in vivo is not on organelle

protein synthesis,per serbut at some other Point' possibly

oxidative phosphorylation (Hanson and Hodges r 1963; Hanson

and Kreuger ¡ 1966) . At any rate, the evidence suggests that

mitochondrial Protein synthesis is not involved in the

increase in NADH dehydrogenase activity, since concentrations

of chloramphenj-col high enough to impair oxidative phospho-

rylation (Hanson and Hodges, 1963) will also inhibit amino

acid incorporation into protein j-n isolated mitochondria

(Jacoby and Sutcliffe, 1962) .

Ageing discs in the presence of cycloheximide does not

appear to have adversely affected the respiratory activity

of mitochondria isolated from treated tissue (Table 3.7) .

The ADP/O ratios for both malate and succinate oxidation in



47.

mitochondria isolated from tissue aged for 24 hours in the

presence or absence of cycloheximide are simil-ar in both

cases. Mitochondri-a isolated from treated tissue show bet-

ter respiratory control than those isolated from the control

tissue. This effect may be related to the effect that

cycloheximide has on protein synthesis in general, ie it

has also inhibited the synthesj-s of those substances which

might affect the quality of the mitochondria during isola-

tion and which are not nor¡na779 accounted for. Nonetheless,

the increase in externaJ- NADH dehydrogenase activity is, at

best, minimat in mitochondria isolated from treate<l tissue

(Table 3.5, Figures 3.9 and 3.10) suggesting that cytoplas-

mj-c protej-n synthesis is the mediating factor.

There does exj-st the possibility that cycloheximide

could be directly affecting the dehydrogenaserif its activity

was increasi-ng independently of protein synthesis (for exam-

ple the release of an inhibitor could expose the active site

of the enzyme and cyclohexj-mide could bind to this, prevent-

ing NADH oxidation) . Table 3.8 suggests that this is not

necessarily the case. Tnclusion of cycloheximide in the

reacti-on medium at levels i-n excess of ten times those which

were used to treat the tissue did not seriously impair the

ability of mitochond.ria from 24 hr aged tj-ssue to oxidise

NADH. By contrastr Pr€incubation of mitochondria for 15

minutes in increasing concentrations of cycloheximide did

affect the oxidatíon of NADH in state 3 at high concentrations

of the drug (Table 3.9). However, in the absence of any

evidence to suggest that the drug is actually accumula'ted in the
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cytoplasme (rather than in the vacuole) the concl-usion to

be drawn is that the primary locus of action in this case is

on protein synthesis and that other effects ' such as an

irreversible binding the the NADH dehydrogenase' are not

involved.

Due to the large quatities of inhibitors required and

the fact that only limited supplies were available' experi-

ments with the majority of them were not pursued. However'

a further study of the effect of cycloheximide suggested that

protein synthesis was necessary to initiate the rise in

external NADH oxidation and that the inhibitor seemed to be

more effective if added at a time close to that of slicing

(ie within the f j-rst twelve hours). That isran apparent

resistance to the inhibitor devetoped d.uring the ageíng

period.

4. Cqcfoheximide Time Courses

Experiments were conducted to determine whether protein

synthesis was necessary to maintain the increase in activity

of the external NADH dehydrogenase during ageing. The mito-

chondria used for these investigations !^7ere isolated by

differentiat centrifugatj-on and apparently anomalous results

prompted f urther i-nvestigatj-on, the results of which are pre-

sented in Figures 3.9 , 3.1 0 and Table 3.1 0.

Figure 3.9 shows the results of these investigations

when the rates of oxygen uptake by the mitochondria are
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presented on a mg protein basis. Exposure of the tissue to

cycloheximide immediately after slicing, or at twelve hours

after slicing, results in a cessation of the increase in

the activity of the external dehydrogenase. Exposure of the

tissue at 24 hours after slicing yields results which are

difficutt to interpret because mitochondria from both con-

trol and treated tissue when isolated at 48 hours after slic-

ing seem to have und.ergone a decrease in activityr and

cycloheximide seems to have been only marginally effective

in preventing any change in the activity of the external

dehydrogenase (ie the final rate in mitochondria from treated.

tissue is slightly lower). Thusrunder the circumstances'

one can only suggest lhat the change in NADH dehydrogenase

activity is critically dependent on protein synthêsis in the

early period of ageing (ie in the first twelve hours or so)

and that thereafter its apparent activity changes relative

to factors that are j-ndependent of Protej-n synthesis.

Table 3.1 O suggests that the most Iikely reason for this j-s

differential protein recovery during the ageing period over

which these experiments \dere conducted. Expression of the

rates on a mg protein basis assumes that the total protein

recovered is mitochondrial, but it is highly like1y that a

Iarge portion of the protein recovered at 48 hours may in

fact be non-mitochondrial, resulting in the apparently de-

pressed rates of oxygen uptake suggested by Fì-gure 3.9.

with

this

Figure 3.1 0 shows the results of the same experiment

the rates presented on a gram fresh weight basis. fn

case the interpretatÍon is basically the same, but when
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isolated at 48 hours, mitochondria from both control tissue,

and tissue that had been exposed to cycloheximide at 24.hours,

show an increase j-n activity when expressed on a gram fresh

weight standard. The difference j-n activiLy between the

control and. treated samples seems to be somewhat larger than

that cited in the previous example, but nonetheless treated

tissue shows an increase in activity, suggesting that per-

haps the inhibitor is not. so effective when presented to

the tissue at later stages in the ageing period, ie an

apparent inhibitor resistance has developed'

Evidently, the sLandard adopted. (eg mg protein or gram

fresh weÍght) can lead to different interpretations of the

same data when mitochondria are isolated by the method employ-

ed during this investigation, since each standard makes

assumptions which most certainly are not tenable under all

circumstances. IdeaIIy, gradient purification should have

been employed,but this was not Possible at the time these

investigations Vlere carried out so that the apparent angma-

Iies had to be accepted. The procedure adopted throughout

this thesis has been to present the rates on a mg Protein

basis andrin generalrquantitative comparisons between pre-

parations have been avoÍdedrexcept where justified (eg

gradient separations reported in chapter 6 | Fj-gure 6.1 ) .

Ratherr âfl "internal" standard (eg the malate/NADH ratio

lTable 3.5]) has been used to overcome this difficulty in

cases where more direct comparisons seemed to be necessary'

Thus more accurate and possibly more definitive results

await a repetitj-on of the experiment, using density gradients
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to separate the mitochondrial material, butrconsidering the

mechanism of action of cycloheximide (ie it inhibits initia-
ribosomal

tion and chain elongatj-on at the 60 S subunit of eukaryotic

ceIls Pestka , 1g7 1 ), it is expected that the inhibitor will

be effective in preventing the rise in external NADH dehy-

drogenase activity no matter at what time it was presented

during the first 24-30 hours, since protein synthesis per se

seems to be mediating the Phenomenon' Íe it wiII prevent the

rise when presented at 12 hours after slicing even though

d.etectable activity occurs before this (Figure 3.6)' so that

the alternatj-ve suggestj-on that the release of an inhibitor

might be responsible (see also section 5 in this chapter)

does not seem to be acceptable.

5 Tlashing ExPetiments

Laties (1964ì 1967a) has suggested that the release

of an inhibitory substance might play some role in the ob-

served respiratory rise of s1j-ced storage tissue. In parti-

cular he discusses (1967a) the inhibitor y-hydroxY-a-keto-

glutarate, a competitive inhibitor of the TCA cycle enzymes

aconiLase, isocitrate dehydrogenase and o-ketoglutarate

dehydrogenase (Payes and Laties, 1963a; Laties, 1967b).

Since this substance can be metabolised to malaterits oxi-

dation was proposed as a possible regulator of TCAC cycle

actj-vity in ageing potato tissue (Laties, 1967a) . However,

no evidence has been produced to show convincingly that this

regulatory pathway might be a general one in plant tissues.
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Skelding and Rees (1952) claimed. to have found an

inhibitor of salt absorptj-on in concentrated extracts from

beetroot tissue and. postulated that the inhibitor was re-

moved either by leaching from the tissue during washing, or

by metabolic degradation. However, DaIe and Sutcliffe (1956)

proposed that inhibition was actually due to the association

of a large part of the cations with organ-i-c anions in the

experimental solutions. Owing to a slow rate of uptake of

these anions, uPtake of cations was retarded by comparison

with that from an inorganic salt solution. To further the

argument, Skelding (1957) noted an inhibitory effect of

carbon dioxide on the absorption of manganese by root tissues

of red beet. He attributed this to dark fixatlon of the gas

and the synthesis of an hypotheti-cal inhibitor, but the j-dea

has not been well accePted.

More concrete evidence for the existence of inhibitors

in beet tissue has come from the work of Pressey (1968) who

has Ísolated j-nvertase inhibitors not only from the roots of

red beetr but also from sugar beet and from sweet potato,

which react with a number of plant invertases from other

sources. Vaughan and MacDonald (1967a, b) found that j-nver-

tase activity develops on ageing of beet slices and., since

this development was strongly inhibited by fluorophenylala-

nine (Vaughan and MacDonald ' 1967b), they suqgested that it

represented de-novo Synthesis Of the enzyme. However,

PresSey's results can be interpreted aS meaning that the

appearance of invertase activity may represent the inacti-

vation of excess inhibitor during agei-ng, ie fluorophenyla-
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Ianine inhibition may mean that protein synthesis Ís

required for inhibitor inactivation.

Experiments (i) and (ii) (Table 3.1) show the results

of washing mj-tochondria isolated from fresh beetroot tissue

through the supernatants obtained from turnip and aged beet

tissues respectively (see Materials and Methods), ie those

supernatants which might contain an activator of an external

dehydrogenase. In both cases there is no significant sti-

mulation of NADH oxidation. If a true activator were pre-

sent one could suggest that a stimulation of the order of

40-50 nmotes O2 /min/mg protein would be in reasonable expec-

tation, based on rates obtained in mitochondria from aged

tissue (see (iv) ' Table 3.1).

Experiments (iii) and. (iv) demonstrate the effect of

washing turnip mitochondria and mitochondria from aged beet

tissue through the supernatant obtained from fresh beet, ie

that supernatant which might contain an inhibitor of the

external dehydrogenase. In both cases malate and NADFI

activities show an apparent inhibition. This is of the same

order of magnitude in each case ' suggesting that the effect

is not Specific for NADH and may be due to differentj-al

protein recovery during the washing proced'ure. This will

affect the protein estimation and thus the rate when expressed

on a mg protein basis, the only convenient standard in this

case.

Thus, the results obtained by the simple expedient of

washing mitochondria through the supernatant (ie cytosol-ic)
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fractj-on of various tissuesrdo not indicate the presence of

a soluble inhibitor or activator of the external NADH dehy-

drogenase in any of these fractions. Turnip mitochondria

oxidise extramitochondrial NADH and, assuming that the dehy-

d.rogenases of both turnip and beet bear a close structural

affinity (as is obviously the case with the invertases from

the different plant species mentioned above)¡ then an acti-

vator present in the turnip supernatant could be expected to

activate the dehydrogenase if j-t were present. This does

not occur (Table 3.1 (i)). The supernatant obtained

from aged tissue might be expected to contain an activator'

since mi-tochondria isolated from this tissue oxid.ise extra-

mitochondrial NADH, but when mitochondria isolated from

fresh beet tissue are washed through this supernatant sig-

nificant stimulatlon does not occur (Table 3.1 (ii)). This

suggests that structural differences between the dehyd.roge-

nases are not involved. Similarly an inhibitor could not

be found (Tab]e 3.1 (iii) and (iv)). The supernatant frac-

tj-on from fresh beet tissue might contain an inhibitor 
'

since mitochondri-a isolated from this tissue do not oxidise

extramitochondrial NADH, but mitochondria from turnip tissue

or aged beet tj-ssue are not affected by washing through this

supernatant, suggesting that no inhibitor is present.

These results do not rule out the possibility that any

unbound inhibitor or activator (ie that present in the

supernatant fractions) is extremely labilerand that during

the high speed centrifugation ('approximately one hour) it

breaks down to an inactive product. Obviously, íf such an
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inhibitor or activator does exist, then its activity in vivo

is more complex than these simple washing experiments are

able to shov/.

Furthermore, the examples cited above demonstrate that

even when an inhibition can be shown in vitro¡it is difficult

to prove that it applies to the in vivo situation or that it

is not an artif act of the experi-mental procedure.

6. Low_leryye rature Difference .5 ectr a

Low temperature (7lox) difference spectra (Figures 3.7

and 3.8) of succinate reduced minus oxidised mitochondria

show that beetroot mitochondria, wJ-thin the limit of resolu-

tiOn, contain a cgmplement Of cytochromes which seems to

vary slightly from those present in other plant mitochondria.

In the Soret region (Figure 3.7) the y band of cytochrome .b

is promj-nent at 425 nm in mitochondria from fresh Lissue.

In mitochondria from 4g hour aged tissue a peak appears

prominently at 427 nm which, along with the shoulder at 558

nm (Figure 3.8)r suggests the incorporation of a b-type haem

into the mitochondriaL membrane (Kanazawa et al., 1967).

Cytochrome oxidase appears as a peak at 445-446 nm with a

shoulder at 438 nm in both types of mitochondria.

In the visibte region of the spectrum (Figure 3.8) the

0, band of cytochrome oxidase appears at 600 nm in mitochon-

dria from both fresh and aged tissue. The 0 and $ bands of

cytochrome c aPpear to be slightly displaced towards the

longer wavelength end of the spectrum (ie at 550 nm and 520
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nm respectively, rather than at 547 and 516 nm (Lance and

Bonner , 1968) ) . In neither preparation was the 552 nm

component. of the .b-cytochromes detectable. In fresh tissue

mj-tochondria the componenLs of cytochrone b, which in white

potato mitochondria absorb at 557 and 561 nm (Lance and

Bonner | 1968), appear as a shoulder beginning at approxi-

mately 555 nm.

There exists only one report of any detailed attempt

to identify the cytochrome components of beetroot mitochon-

dria (Wiskich et af ., 1960) . The comPonents repolbed rdere

cytochromes bt ctt c and. possibly the cytochrome a +. a3 com-

plex. However, the cytochrome cr component was in fact later

recognised. as being part of cytochrome Õ (Lance and Bonner'

1968). The difference spectra presented here represent the

result of attempts to recognise some significant qualitative

difference in the overall cytochrome complement of mitochon-

dria isolated from fresh and aged tissue. Quantitative

evaluations were not made since the equÍpment necessary for

ísolation of purified mitochondria became unavailable before

these studies could be completed. Nonetheless, there is

deduced to be reasonable, though not conclusive, evid'ence

for the existence of ã. ¡ b and c type cytochromes in both

fresh and aged beet mitochondria.Also,apart from an apparent

increase in the content of Some .b-type cytochromerand an

apparent dj-fference in the absorption characteristics of

cytochrome a relative to those found in other higher plant

mitochondriar rìo other significant differences seem to be

evident. There j-s a considerable literature concerning the
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components of the respiratory chain of higher plant mito-

chond.ria (for example see reviews by Palmer, 1976; Ikuma'

1972; and also Lance and Bonner ' 1968 Bendall and Bonner '

1966; Bendall and Bonner, 1971). fn the Soret region of

the spectrum of beet mitochondria from both fresh and aged

tissue slices the existence of cytochrome b and cytochrome

oxidase is confirmed the 425-427 nm region being the

characteristic y absorptj-on peak of the b-type cytochromes,

whilst the peak at 446 nm (and the associated shoulder at

438 nm) represents the cytochrome oxidase compl-ex (Bendall

and Bonner' 1966; Lance and Bonner, 1968).

The apparent shift in the cytochrome c peaks is diffi-

cult to account for. These peaks seem to be displaced to-

wards the longer wavelength end of the spectrum in relation

to those of white potato or Jerusalem artichoke mitochon-

d.ria that have been similarly treated (Lance and Bonner'

196B). It is felt though, that this property,rather than

representing a real differenceris artifactual. The red pig-

ment (betanin), which is present in the Vacuoles of beetroot

tissue (Leigh et ã1., 1979)rseems to adsorb to much of the

protein during homogenization. Before the equipment to

separate the organelles by the use of density gradients

became available, all attempts to remove this pigment (ie

by repeated "washing" Of the mitOchondria thrOugh sucroset

filtration on sephadex columns etc) met with failurerand'

reliable (if indeedany¡ spectra could not be obtained,

primarily, it seems, because of.the high absorption proper-

ties of the pigment, especially in the 500-600 nm region of

the spectrum.
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Sucrose density gradient purification proved to be the

only means whereby these spectra could be obtained and even

in these cases the spectra appear to be of only a reasonable

quality the apparent shift in absorption peaks in the

visÍbte region leaves doubt as to whether the pigment has

been entirely excluded from the mitochondrial surface, thus

interfering with the assay. It is therefore difficult to

assign some of the cytochrome components to a definiLe place

in rel-ation to the cytochromes known to be present in plant

mitochondria (see Table 3.2) on the basis of these absorp-

tion spectrar âod characteri-satj-on and quantifying of these

components most clearly awaits a more detailed' analysis of

the association between Lhe pigment and the niitocrron¿rial

membrane during the isolation procedure.

7 Ferticqanide and C gtochto me c Redu ction

Ferricyanide will readily penetrate the outer membrane

of plant mitochondria (Douce et âf. , 1973) ì but it will not

penetrate the inner membrane (Klingenberg | 1970) , when the

concentration is less than about 1 mM. Consequently, the

reduction of add.ed FeCN can be used as an indicator of sub-

strate oxidation in mitochondrj-a since, in the Presence of

cyanide, which inhibits the terminal oxidase of the electron

transport chain, it appears to accept electrons from cyto-

chrome c which is located on the outer face of the inner

membrane (Douce et a7., 1973; Figure 3.11) ' thus providing

an alternative terminal acceptor in substrate oxidation.



59.

However, in the case of the oxidation of added NADH the

system becomes more complex since the outer membrane elec-

tron transport chain can also utilise FeCN as an electron

acceptor for NADH oxidation (Figure 3.1 1 ) . Notwithstanding

this, the i-nner membrane contribution can be estimated by

inhibiting electron transport with antimycin arwhich acts by

blocking electron flow between cytochroneb and cytochrome c

of the inner membrane electron transport chain (Ikuma ' 1972) |

but which has no effect on electron transport Ín the outer

membrane. The contril¡ution to NADH oxidation by broken

mitochondria in these preparations can be estimated by the

addition of rotenone,which selectively inhibits the flavo-

protein associ-ated. with internal NADH oxidation (Co1man and

Palmer, 1971¡ Ernster et âf., 1963) which would be exposed

in dlsrupted mitochondria. Table 3.3 shows the rate of FeCN

reduction by mitochondria isolated from fresh and aged beet-

root tissue with NADH as substrate, and the effect that rote-

none and antimycin a have on this activity. The total outer

facing (inner ntembrane) dehydrogenase activity (expressed

as the antimycin sensitive rate minus the rotenone sensitive

rate) amounts to approximately 3Z of the total rate in mito-

chondria from fresh beetroot and to about 15? of the total

rate in mitochondria from aged tissue. Thus, in mitochon-

dria isolated from fresh tissuerthe antimycin sensitive rate

(ie the inner membrane component) represents only a small

percentage of the total FeCN reduction,and this is probably

a reflection of the low rates of oxygen uptake with NADH as

substrate that can often be observed in preparations from
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fresh tissue or discs (Figure 3.1). On the other hand,

mitochondrj-a from aged tissue show a much largerantimycin

sensitive rate. These resul-ts suggest (a) that the NADH

dehyd.rogenase activity of the mitochondria increases as the

tissue is aged and (b) that this activity is associated with

the outer face of the inner membrane.

In a second set of experiments an alternative proce-

dure was followedrand the results tended to confirm those

presented above. The outer membrane of plant mitochondria

is impermeable to added cytochronÌe c (Douce et ë2f ., 1972) |

presumably because of its high molecular weight. This situ-

atj-on contrasts with that of FeCNrwhere the compound has

direct access to the inner membrane because Of its unres-

tricted. passage through the outer one. Removal of the outer

membrane then, should. allow ad.ded cytochrome c more direct

access to the inner membranerwhere it can becOme reduced in

much the same nìanner aS FeCN in the presence Of cyanidet

ie by accepting electrons at the cytochrome c site (Figure

3.1 1 ) . Selective removal of the outer membrane of plant mito-

chondria by treatment with low digitonin concentrations

(circa 0.1 mg digitonin/mg mitochondrial protein) has been

successfully employed in the past (Day and tr{iskich' 1975;

see also Day et a7., 1978), and the use of this technique

confirmed the results of the FeCN experiments. The inner

membrane contribution to cytochtrome c reduction \^ras estimated

in much the same manner as was that of FeCN, since cytochrome

c will also act as an electron acceptor during NADH oxidation

by the outer membrane electron transport chain. Digitonin
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treated samples still retain this activity, as judged by the

antimycin j-nsensitive rates obtained after treatment (Table

3.4). However, removal Of the outer membrane (as suggested

by the increase in succinate-cytochrome c reductase activity

ie reduction of cytochrome c associated with the oxidation

of substrates which is occurring within the mitochond.ria) has

had littIe effect on NADH cytochrome c reduction in the mito-

chondria isolated from fresh tissue, and treatment with either

rotenone or antimycin a shows only a s1ight varj-ation in the

rate from the correspondingly treated control tissue. This

suggests that in mitochondria from fresh tissue the contrj--

bution to cytochrome c reduction j-n the presence of NADH

coilìes from the Outer membrane electron transpOrt chain. On

the other hand, digitonin treatment of mitochond.ria from

aged tissue results in an j-ncrease in the rate of cytochrome

c reducti-on in the presence of NADH. The antimycin sensitive

and rOtenone insensitive components aIsO increaser in cqn-

trast to the minimal changes in these actj-vities found in

mitochondria from fresh tissue. Taken together ' these

results suggest that the ability of the inner membrane elec-

tron transport pathway to reduce cytochrome c in the presence

of NADH has increased. during ageing and that this change is

associated. with a factor that is located on the outer

(cytosolic face) of the inner mitochondrial membrane.

8. Sugnar_g

Mitochondri-a i-solated

root tissue do not oxidise

from freshly sliced discs oÍ. beet-

extrarnitochonclrial NADH, but age-
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ing of the discs in dilute calcium sulphate solutions

induces the activity of a respiratory-linked NADH dehydro-

genase in the mitochondria of this tissue. Oxygen uptake

associated with the oxidation of exogenous NADH is coupled

to two sites of phosphorylation and is not sensitive to

inhibition by rotenone r but is largely sensitive to the

respiratory inhíbitors cyanide and antimycin a. Resid'ual

oxygen uptal(e in the presence of the latter two inhibitors

can be abolished by SHAMr âî inhibitor of the alternate

oxidase (schonbaum et a7., 1971) that is nearly always

found. to develop in the mitochondria isolated from slices of

a number of plant sÈorage organs during ageing (Solomos '
1977; Van Steveninck, 1975).

The general lack of effect of protein and nucleic acicl

synthesis inhibitors on both the increase in NADH dehydro-

genase activity and on respiration was unexpected, since

under most circumstances they will produce a marked inhibi-

tion of induced respiration (KahI, 1974) . ft is suspected

though that the large tissue to volume ratios used j-n these

experiments (viz 1 OO gm tissue/2QQ ml solution) were at

fault that is, the tissue did not "see" a sufficiently

high concentration of the inhibitor to be effective. The

procedure adOpted was necessary' however, because relatively

Iarge amounts of tissue were needed to obtain sufficient

mitochondria for assay, and the high cost and' limited avail-

ability of the inhibitors precluded the use of very large

volumes of solution. However, 'the development of NADH

dehydrogenase activity was sensitive to cycloheximide,suggest-
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ing that the synthesis of a cy'Eoplasmj-c factor Ís a necessary

determinant in the expression of this phenomenon, althoUgh

the exact nature of this factor is uncertain. There is no

conclusive evidence for the existence of inhibitors or

activators of a pre-existing dehydrogenaserand the simplest

hypothesis that one could put forward j-s that the factor

responsible is the dehydrogenase itself which is synthesised

in the cytoplasm and inserted into the mitochondrial membrane.

The increase Ín ferrícyanj-de and cytochrome c reductase

activities associated with the outer face of the inner

membrane lend support to this hypothesis, and. although the

appearance of a cytochrome b component accompanies the

increased NADH dehydrogenase activityr no particular signi-

ficance can be attached to this latter observation on the

available evidence.



Table 3 . 7. The ef fect of vtashi 2s_mitochondria thtough

var zou s su per¿ atant fractions "

(i)

( ii)

Beet mitochondria washed' through turnip
supernatant '

Fresh beet mitochondria washed through aged

beet suPernatant.

Turnip mitochondria washed through fresh
beet suPernatant.

Aged. beet mitochondria washed through fresh
beet suPernatant.

( iii) '

( iv)

Rates are expressed as n moles O2/mín/mg protein and

represent the ADP stimPlated rates of NADH oxidatiOn in

the presence of 35 PM rotenone.

Subtrate Control SamPle Treated SamPIe

(i)

(ii)

Malate
NADI]

MaIate
NADH

89

4

113

5

119

148

151

106

BO

4

95

B

(iii) Malate
NADH

( iv) Malate
NADH

92

119

126

79



lZþ_J.g_2. 2 . --c on pa r i s on -g!-LLe-spe 
c t rafp eaks obtained from

beetroot mitochondria ( th 1s-9 hesis ) with those of white

p otato mitochondria ( Lance and Bonner , -1968 ) 
. --VaIu es quoted

are those fot Low temPe r atu 1e 770x dif fe r ence_sgectta_of.

succinate r educed mitochondria -

Cytochrome
Component

Cytochrome c

q band

S band

Cytochrome (s) b

o¿ band 1)

ß band

o¿ band

$ band

s band

B band

Soret bands

Vthite Potato
(Lance and Bonner)

547

516

552

525
557

525

561

534

427

598

445

437

Beetroot
Fresh

(This thesis)
Aged

)
1)

2)

2l
3)

3l

550

520

528

55s-563
528

ss5-56 3

425

600

446

438-440

5s0

520

527 -528

527 -528

427

600

446

438-440

Cytochrome
oxídase

0 band

Soret bands

shoulder



TabLe 3.3. NADH-FeCN Reðuctase Activities in Beetroot

Mitochondria.

S]ices were aged for 24 hours in 1 O-qM CaSOa and miLochon-

dria isolated as detailed in Materj-als and Methods. Assays

were carried out in standard reaction medj-um containing 1 mM

KCN, 0.67 mM FeCN and 6 UM antimycin a or 25 pM rotenone

hrere included when specified.. The reaction was started by

the addiÈion of 0.28 mM NADIT and the final volume was 3.0 ml

Rates are expressed as n.moles FeCN reduced/min/mg.

Fresh Tissue Aged Tissue

TotaI

Antimyc j-n

Antimycin

fnsens itive

Sensitive

1 155

1 007

148

1112

1 007

105

43

1506

1 183

323

1540

1 445

95

228

Total

Rotenone Insensitive

Rotenone Sensitive

Inner Membrane*

* Antimycin sensitive minus rotenone sensitive.



Table 3.4. Digi

L9, L -vs- -! z g. zle' i-L 
- -ry s- -! - e ryL" LL / -

oo - loc)

tonin Treatment: incubation in digit onLn

for 30 minutes on ic 9-l-a-g

The effect solubilisation of the outer membrane by digitonin
on cytochrome c reductÍon by mitochondria from beetroot tis-
sue. Slices were aged for 24 hours in 10-4lul CaSOa and mito-
chondrla isolated as d.escribed in Materials and Methods.

Assays were carried Out in the standard reaction medium con-

tain-ing 1 mM KCN and 0.01 3 mM cytochrome c . 6 UM antimycin a

and 25 pM rotenone were included when specified. The reac-
tion was started by the ad.dition of 0.28 mM NADH and the
final volume was 2.7 mI. Rates are expressed as n.moles

cytochrome s reduced/min/mg.

Fresh Tissue
Control Digitonin

Aged
Control

Tissue
Digitonin

Succinate
cytochrome- c

NADH-cytochrome c

control

Antimycin
Insens itive

Antimycin
Sensitive

Rotenone
Insensitive

Rotenone
Sens itive

1s 52

75

14 53

129 170

111 99

18 71

112 139

57

74

17

49

55 52

26

15 23 17 24



TabIe 3.5. The effect of Proteín and nucleic acid sqnthesis inhibítors

on malate and NADH dehttdroqet?ase activities -

Oxygen uptake was measured. as d.escribed in Materials and, Methods and the

rates are expressed. as n.moles Oz/mín/mg protein. In each case the tissue

was aged. for 42 hours before the mitochondria were isolated. M/N = malate/

NADH.

Control Tissue
Malate NADH tu/N

Treated Tissue
Malate NADH M/N

¡¡

Puromycin (10 M)

_4
Puromycin (2 x 10 M)

Actinomycin D (5 gg/r;.L)

Chloramphenicol (1 .5 mM)

Cycloheximide ( 1 Uglm1)

SFluorouracil ( 1 mg/ml)

58

86

86

77

38

133

31

39

39

68

37

148

1.9

2.2

'))

1.2

1.0

0.9

45

75

83

68

56

132

53

59

49

79

I
136

0.9

1.3

1.7

0.9

7.0

1.0



TabIe 3.6. The effect of protein and nucTeic acid sgnthesis

inhi b ito r s on the deyeLgyneyt-of -i-Zlyggg-resPi
díscs.

Manometric techniques were as outlined in Materials and

úethods. Rates are expressed as pI Oz consumed/hr/gm

fresh weight of tissue.

The figure given in brackets is the rate when 0.1 mM DNP

is present in the incubation medium.

Fresh srice 42 hour aqied srice
Control Treated

ration in.beet

(1) Puromycin 110-hu¡

(2) Puromycin 12x1 O-ht'l¡

(3) Actinomycin (5uglml)

(4) Chloramphenicol ( 1 . smM)

(5) Cycloheximide ( 1 Uglnl)

(6) SFluorouracil ( 1mglml)

79

51

51

51

66

73

(133)

( e6 )

1 e6 )

(111)

( e1)

( e7)

105

78

7B

117

126

126

(140)

(112)

(112)

(147)

(134)

(14e)

128

105

B8

93

96

130

(143)

(117)

(112)

(120)

( 99),

(14s)



TabLe 3. 7. The effecx of a g?L\g__i_n _cyc 7oåC¿¿nide ( lus /nr )

on tespTr
------LÉ-

atot activi ti es of mitochondria isol-ated f rom beet

ti ssu e

Tissue (50 gm) was aged for 24 hr in 1 o-qM CaSOa (control)
t^

or 1 O- M CaSOa containing cyclohexÍmide at 1 pg/ml. Mito-

chondria were isolated as per Materials and Methods. Addi-

tions were 20 mM malate, 20 mM glutamate, 20 mM succinate.

Rates are expressed aS n.moles O2/mín/mg. StaLe 3 rates

were obtained by the additiÓn of 300 n.moles ADP.

State3 State4 RCR ApP/O

(A) Ma.ljrte (+glutamate)

Fresh Discs

Aged Discs

Aged Díscs + CHf

(B) Succinate

Fresh Di-scs

Aged Discs

Aged Discs + CHÏ

97

78

144

77

99

134

28

24

37

3.5

3.3

3.9

1.8

2.0

1.9

2B

43

49

2.8 1 .5

2.3 1 .4

2.7 1.4



Table 3.8 . The effect of gyc 1 gLe x z_ryi_lg _2! _!Lg_!e s pi r a t o r y

tion bq nitochondria ftom agedZg!Í_y_i_92_!yr_i_zz-y42!-e5i.q1

beet tissue.

Mitochondria (0.52 mg protein) hTere added to 2.0 mI of

standard reaction medium containing 0.8 mM NADH and cyclo-

heximide (CHT) at the stated concentration. Rates are

expressed as n.moles O2/min/mg and are the average of two

determinations r êtS are the respiratory colrtrol (RCR) and

ADP/O ratios. State 3 rates were obtained by addition of

293 n.moles ADP.

lcHrl
( uqlml.)

0.0

2.5

5.0

12.5

State 3

219

215

213

219

State 4

106

98

106

92

RCR ApP/O

2.07 1 .21

2.2 1.15

2.02 1 .21

2.37 1.19



TabIe 3.9. The effect of preincubation of mitochondria in

cu c lohex inide
-1-----

oxidation btl

on the respiratorV activitlt dut i_\s._NLzy

nitochondria fr 2!-?g9d -beet tissue.

Mitochondrj-a (0.52 mg protein) were added to 2.0 m1 of

reaction medium containÍng CHI at the stated concentra-

tion and incubated on ice for 15 minutes before assay.

Additions were 0.8 mM NADiI and 293 n.moles ADP. Rates

are expressed as n.moles O2/min/mq and are the average

of two separate determinations as are the respiratory

control (RCR) and ADP,/O ratios.

lcHrl
( uqlm} )

0.0

2.5

5.0

12.5

State 3

185

188

154

137

State 4

94

96

77

90

RCR ApP/O

1 .96 1 .28

1 .96 1 .21

2.0 1 .25

1.5 1 .30



Tab 7 .10. Total- rote in recovertl af ter i so Lati 2!-28
n i t o c h o n d t ! a b y_s t a ZlZf!-!"gLLLgy?2.

Mitochondria were isolated from 50 9m of beet discs at

Èhe Èimes indicated. and resusPended. in 1 ml of 0.4M

sucrose. Protein was estÍmated by the method of Lowry

et a7. (1951).

Time of Ageing

(Hours )

12

24

48

Total Protein

(m9)

0 5.4

4.65

4 .40

9.75



Figure 3.1

NADH and malate oxid.ation by mitochondria

isolated from freshly sliced beetroot tissue.

Oxygen uptake was measured as described j.n

Materials and Methods. Mitochondria (1.2 mg

protein) were ad.ded to 2.4 ml of standard

reaction medium. Additions were Z0 mM malate,

20 mM glutamate, 1.4 mM NADH and 35 pM rote-
none. ADP was added as indicated.

Rates are expressed as n.moles O2/min/mg

protein.



Mw ADP (Zgg n moles)
I¡ Rot

NADH

11

MalGlut ADP (Zgg n moles)

0
6

Mw

t

100 n moles 02

-l

I min54 ADP ( SgO n moles)

e/o = 2'

RCR = 9'
6

5

6

Rot
54

11



Figure 3.2

NADH and malate oxidation by mitochondrj-a

isolated from discs of beetroot tissue that

had been aged for 24 hours in I O-4¡l calcium

sulphate.

Oxygen uptake was measured as described in
Materials and Methods. Mitochondria (0.92 mg

protein) were added to 2.4 mI of standard reac-

tion med.ium. Additions vrere 20 mM malate,

20 mM glutamate, 1.4 mM NADH and 35 pM rote-
none. ADP was added as indicated.

Rates are expressed as n.moles O2/min/mg

proteín.
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Figure 3.3

The effect of oligomycin and CCCP on NADH

oxidation by beetroot mitochond.ria isolated

from tissue that had been aged for.24 hours

in tO-4tut calcium sulphate.

Oxygen uptake was measured as described in

Mater j-als and Methods. Mitochond.ria ( 0.88 mg

protein) were added to 1.5 mI standard reac-

tj-on medj-um containing 1.2 mM NADH. Additions

I¡/ere 0.68 pM ADP, 1.0 pgm oligomycin, 0.6 pM

CCCP and 0.4 mM KCN.

Rates are expressed as n,moles O2/min/mg

protein.
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Figure 3.4

The effect of KCN, antimycin a and SHAlt4 on

NADH oxidation by beetroot mÍtochondria

isolated from discs that had. been aged for

24 hours in 'lO-4t,i calcium sulphate.

Oxygen uptake was measured as described in
Materials and Methods. Mitochondria (0.88 mg

protein) were added. to 1.5 mI standard reac-

tion medium containing 1.2 mM NADH. Additions

$¡ere 0.4 mM KCN, 6 pM anti-mycin a and. 1.0 mM

SHAM. ADP was added as indicated.

Rates are expressed as n.moles O2/min/mg

protein.
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Figure 3.5

Aspects of t,he respj-ratory rise in discs of

beetroot tj-ssue aged for various times in
4M calcium sulphate.1o-

Oxygen uptake in discs vras measured using

standard manometric techniques as described

in Materi-a1s and Methods.

o-o : Control

o-o -4: +1 0 M DNP

Oxygen uptake ( r- r ) in isolated mitochon-

dria was measured as d.escribed in Materials

and Methods. NADH oxidation is the state 3

rate in the presence of 35 pM rotenone.
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Figure 3.6

The time course of NADH oxidatÍon during the

first 24 hours after slicing.

Mitochondria hrere isol-ated and assayed as

described in Mi:terials and Methods. Rates

are the state 3 rates in the presence of
35 yM rotenone, and are expressed as n.moles

O2/min/mg protein.
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Low temperature difference spectra of beetroot mitochondria
in the spectral region 400 - 470 nm. Mitochondria were
isolated on linear sucrose gradients and treated as des-
cribed in Materials and Methods.
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Figure 3.1 1

Pathways of NADH oxidation referred to in
section 7.

FPI internal NADH dehydrogenase

complex

F
PE external NADH dehydrogenase

FPs
succinate dehydrogenase

complex

F outer membrane dehydrogenase.P

\\ indicat,es inhibition of electron transfer\\
by .the inhibitor indicated.
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CHAPTER IV ROTENONE TNSENSTTTVE MA LATE OXTDATTON

I MaLate Oxidation
In this section some aspects of j-nternal NADH oxj-dation

associated with the oxidation of malate are examined. A1-

though the gross characteristics of malate oxidation seem to

vary from tissue to tissue, when looked at more closely they

are fOund, in fact, to be Very similar in nature. FOr exam-

ple, malate oxidation seems to be powerfully inhibited by

rotenone in mitochond.ria from some tissues (eg Ï.reetroot'

Wiskich ancl Rayner, 1978) but less so in mitochondria from

others. However, as will be shown, the effect is amplified

in beet mitochondria by an accumulation of oxaloacetate'

which acts by increasing the NADH/NAD+ ratio, to which malate

dehydrogenase seems to be sensitive (Asahi ancl Nishimura,

1973).

, Both turnip and beetroot mitochondria will oxidise

added malate (Figures 4.1 and 4.2), however, in the case of

beetroot mitochondria,the state 3 rate becomes progressive-

Iy slower during successive state 3/state 4 transitions

(Figure 4.2A), and this effect can be duplicated in turnip

mitochondria by j-ncreasing the pH of the assay medium (Fiq-

ure 4.1 ) . fn beetroot mitochondriar âs with mitochondria

from other tissues (eg Wiskich et a7., 1964) | oxaloacetate

accumulation in state 3 is considered to be the reason for

the clecrease in malate oxidation under these conditions, and

its removal by the inclusion of glutamate in the reaction

medium (Figure 4.28) , or by the addition of coA and TPP

(Table 4.3) will relieve the inhibitory effect of oxaloacetate.
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Varying the pH is presumed to affect the removal of

oxaloacetate by changing the actj-vity of malic enzyme. Malic

enzyme is more acti-ve at the lower pH (MacRae, 1970), so it

contributes more to the observed oxygen uptake and its pro-

duct (pyruvate) aids in the removal of oxaloacetate via

citrate synthase. It is appreciated that the external pH

may not be the same as the matrix pH, but changes j-n the pH

of the external buffer should produce paraI1el qualitative

changes in the internal PH.

In early explanations for the removal of accumulated

oxaloaceta'Le it was suggested that Some oxaloacetate was

decarboxylated to pyruvate and the acetyl CoA produced could

condense with the remaining oxaloacetate to give citrate

(tr{a1ker and Beevers' 1956; Avron and Bia1e, 1957) -

Lance et a7. (1967 ) also concluded that the rate of

malate oxidatj-on was dependent on the rate at which oxalo-

acetate was removed and that this could occur by the combined

action of glutamate-oxaloacetate transamj-nase (GOT) andr âs

proposed earlier, by the decarboxylation of oxaloacetate to

yield pyruvate. Atthough they speculated on the fact that

malic enzyme could convert malate directly to pyruvate their

consi-deration was limited to the NAOP+-specific enzyme which

could not be detected. in plant mitochondria. MacRae and

Moorehouse (1970) quite clearly d.emonstrated the presence

of an NAD*-linked malic enzyme in cauliflower mítochondria

and more recent reports (Day et a7.,1978) show that in

potato mitochondria at least, this enzyme is located exclu-

sively within the matrix. Taken together' the evid.ence
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suggests two possible systems that couId. be responsible for

the removal of oxaloacetate in plant mitochondria, thus

accounting for their ability to oxid.ise malate. These are

the GOT reaction which can remove oxaloacetate by transa-

mination wj-th glutamate (see Chapter 5) and the reaction of

malic enzyme which could provide the pyruvate necessary for

the condensation reaction in the formation of citrate.

Assays of enzyme activity in detergenL-disrupted mito-

chondrj-a (Table 4.1) confirm the presence of GOT and malic

enzyme j-n both beet and turnip mitochondria. GOT activity

(retative to malate dehydrogenase) is approximately the same

in both beet and turnip mitochondria' whilst malic enzyme

activity relative to malate dehydrogenase is twice as great

in turnip mitochondria as it is in beet, and exPlains why

turnip mitochondria are not as depend.ent on added glutamate

to remove oxaloacetate. It must be appreciated, however,

that these enzyme assays are more expressive Of the maximal

possible rates of enzyme activity and that in vivo the par-

ticipation of one pathway or the other is most surely

regulated. This aspect is highlighted by the fol1owing

considerations. It would seenì that the maximal GOT activity

is much greater in both beet and turnip preparations than

is the maximal malic enzyme activity and thus would be a

more important contributing factor in the removal of oxalo-

acetate, certainly a more impOrtant One than malic enzyme.

However, Bowman and fkuma (1976a) found that the apparent

,'n*" for the stímulation of malate oxidatÍon by glutamate

in Ísolated mung bean mitochond.ria was high, and concluded
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that the GOT reaction d.id not Play a great part in the re-

moval of oxaloacetate in these mitochondria. Certai-nly¡

j-n turnip mitochondria, glutamate relieves oxaloacetate

inhibition of malate oxidation (Table 4.3)t since the result-

ing rates of oxygen uptake in its presence are greater than

those of malate alone suggesting that GOT activity can be

relatively effective in removing oxaloacetate, but condi-

tj-ons which favour malic enzyme activity (eg the presence of

CoA and TPP) result in even higher rates of oxygen uptake

suggesting an even more effective removal of oxaloacetate by

malic enzyme. Furthermore, glutamate is not effective in

relieving rotenone inhibition of malaie oxidatj-on in turnip

(Figure 4.7) whereas CoA and TPP are' which is indicative of

a greater malic enzyme activiÈy relaLive to that of GOT.

This latter aspect is to be discussed in more detail ]ater,

but the evidence indicates that despite an apparently high

activity in vitro, other factOrs must be taken intO account

when consid.ering an enzyme's cgntribution "jn vívo" (ie in

the intact mitochondrion). Howeverr malate can be converted

directly to pyruvate vj-a malic enzyme and this pathway may

be relatively more important in determining the rate of

malate oxidation Ín isolated turnj-p mitochondria than it is

in beet and the apparent differences j-n activity observed

in vitro with this enzyme are a true reflectj-on of the actual

situation.

2. Rotenone inhibition of Malate Oxidation

Malate oxidation can be inhibited by rotenone (Wilson
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and Hanson, 1969) and in most cases this inhibited rate can

be substantially recovered by the add.ition of neO+ (Day and

Wiskich, 1974a) , with a reduction in the ÀDP/O ratio (Day

and Wiskich, 1974b). It was postulated that, in this case'

malate oxidation j-ndirectly reduced. external NAD+ which was

reoxidised by the dehydrogenase on the outer face of the

inner membrane. The mechanism by which reducing equivalents

are transferred across the inner membrane is unkngwnr but

it is unlikely to invol-ve the direct transfer of NAD+ or

NADH, although such a suggestion has recently been mad.e

(Neuberger and Douce, 1978). Rather, a transmembrane trans-

hydrogenase type of transfer has been postulated (Day and

Wiskich, 1974a) . It is interesting to note that recently

Smith and Ragan (1978) presented evidence to suggest that

certain constj-tuent polypeptides of the NADH-Ubiquinone

oxidoreductase complex are exposed on either side of the

mitochondrial membrane, a finding which would. lend support

to claims for transmembrane electron or hydrogen transfer

rather than direct transfer of pyridine nucleotide. This

transfer must, however, be unj-directional since beet mito-

chondria will reduce external NAD+ (Figure 4.4) but will

not oxj-dise external NADH. Thus the reducing equj-valents

from added NADH do not have access to the internal- NADH

d.ehydrogenase.

The variable sensitivity of NAD+ linked. substrate oxj--

dation by plant mitochondria to inhibition by rotenone'

especially the variability observed with respect to malate

oxidation i-s a point for consideration. It has been suggested
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(Palmer , 1976; Palmer and Arron, 1976 ) t'hat rotenone sensi-

tive and rotenone insensitive pathways co-exist within the

mitochondria, and that the latter, whilst being directly

accessible to malic d.ehydrogenase is only partly accessible

to malic enzyme. ft is hoped to show that such a postulate

is not necessary.

Malate oxidation by turnip mitochondria is inhibited

by rotenone and recovered by the addition of NAD+ (Figure

4.3C) . Ma1ate oxidation by beetroot mitochondria is also

inhibited by rotenone but is not recovered by the addition

of NAD+ (Figure 4.34). This result is to be expected since

beetroot mitochondria do not oxidise external NADH (Chapter

1 ¡ Day, Rayner and wiskich, 1976) . The best explanation

of these results is that the external NADH dehydrogenase is

not invotved in the rotenone insensitive component of malate

oxidation except in the presence of added NAD+, which can

be reduced via the transmembrane transhydrogenase, in which

case malate oxi-dation bears a close resemblance to external

NADH oxiclation (Table 4.2) . The very slight inhibition of

external NADH oxidation in turnip by rotenone (Figure 4.38)

is attributed, as earlier (Chapter 1) , to broken mitochondria

oxid.ising NADH via the internal dehydrogenase.

Both beetroot (Figure 4.4) and turni-p (Figure 4.5)

mitochondria can use malate to reduce external NA¡+ via a

transhydrogenase type of mechanism (Day and Wiskich' 1974).

It is apparent that the site of oxidation is internal

because in mitochondria from both ti-ssues the rate is

increased when rnitochondria are disrupted with detergent.
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Although the bulk of this substrate oxidation must be inter-

nal there exists some evidence for a slight activity of an

external NAD+-reducing enzyme, Possibly malj-c enzyme adsorbed

to the membrane during isolation. This is shown in Figure

4.68. fn rotenone inhibited turnip mitochondria oxidising

malate the addition of NAD+ wÍll stimulate the rate of oxy-

gen uptake greatly, and this rate is inhibiLed by the subse-

quent add.ition of 2-n-butylmalonate. This inhibition probably

occurs because of a restriction on malate entry into the

mitochond.ria (Robinson and Chappell , 1967; Wiskich, 1975) .

Figure 4.6A shows that the addition of butyl-malonate will

inhibit the rate of rotenone insensiti-ve malate oxidation as

welI, once again because of a restrictiOn on malate entry.

Under these cond.itions subsequent addition of NAD+ should

not produce any stimul-ation of malate oxidation since exter-

nal NAD+ reductj-on is governed by the rate at which internal

mal-ate is oxidised, which in turn is governed by the rate

of malate entry. The stimulation produced, however, is

small with regard to that produced by the addition of NAD+

in the absence of butyl-malonate (Figure 4.6A) suggesting

that the major contribution to external NAD+ reduction must

be due to internal factors viz the oxi-dation of internal

NADH and the transmembr¿.,ne transf er of reducing equivalents.

In beet mitochondria NADt-red.uction is influenced by the

presence of glutamate and this reflects the unfavourable

equilibrium of malate dehydrogenase due to increasing con-

centrations of oxaloacetate (eg Figure 4.21 and an unfavour-
+

able NADH/NAD' ratio. This effect is obviated in one case

by an increase in the volume of the reaction (ie by disruption
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of the mitochondria) ' such that high local concentrations

of oxaloacetate do not occur and the red.uction of Ue¡+ is

not now restricted by a permeability barrier (ie the mito-

chondrial membrane), and in the other case by transamination

with glutamate. The reduction of external NAD+ is not

affected by rotenone. Glutamate will also reLieve rotenone

inhibited malate oxidation in soya bean (Figure 4.7A) or

beetroot mitochondria (Figure 4.7C) suggesting once again

that its effects on rotenone insensitive malate oxidation

are due to a common factor viz the remOval Of oxaloacetate.

In turnip mitochondria glutamate has little effect on either

rotenone insensitive malate oxidation (Tab1e 4.3¡ Figure

4.78) or on the reduction of external NAD+ (Figure 4.5) .

Thus, oxaloacetate accumulation seems to be important

in determining the degree of rotenone inhibition' and most

treatments which reduce the concentration of oxaloacetate

within the mitochondria will relieve the apparent degree

of rotenone inhibition (Tab1e 4.3). Turnip mitochondria

show a strong response to the addition of CoA and TPP,

; which could be expected to stimulate malic enzyme and

pyruvate dehydrogenase respectively.

The addition of l¡AD+ to turnip mitochondria wiII, in

most cases, recover approximately 50? of the ori-gÍna1 state

3 rate when added after rotenone (Table 4.3). However, the

combination pyruvate + CoA + TPP (Table 4.3) resuLts

in a small-er percentage recovery (25-308) ' even in the pre'

sence of glutamate. Both combinations act to give substan-

tiat rates of malate oxidation and high residual rates in
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the presence of rotenone suggesting, aS mentioned earliert

that they are acting in removing oxaloacetate. The most

obvious interpretati-on of this result is that there is some

interference with the transhydrogenase occurring. This could

be direct t eg inhibition of the transfer of reducing equi-

varents across the membrane' or }ess direct' by a diver-

sion of these reducing equivalents through some other route.

Similar treattnent of beetroot mitochondria yields re-

sults which suggest, once again, that oxaloacetate removal

is important in determining the degree of rotenone inhibition

(Tab}e 4.3). Howeverr âs expected, the addition of NAD+

does not produce any significant stimulation of the rotenone

inhibited rate since these mitochondria do not Possess the

external NADH dehYdrogenase.

The data presented in Table 4.3 suggest that the maxÍmal

rates of rotenone insensitive internal NADH oxidation are 91

and 22 n.moles O2/min/mg j-n turnip and beet respectively (in

these preparations only) and that any rates lower than these

reflect slower turnover of the substrate dehydrogenase, ie

are due to the concentration of internal oxaloacetate.

However, the contrj-butions of malic enzyme and pyruvate

d.ehydrogenase in provid.ing additional NADH cannot be ignored.

Experiments with soya-bean mitochondria suggesÈ that

reducing equivalents from the oxj-d.ati-on of other NAD+-linked

substrates have similar access to the substrate dehydrogenase

aS do those from malate. cr-ketoglutarate can be oxidised by

soya bean mitochondrj-a at rates approaching that of malate.
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Hgwever, if Precautj-Ons are not taken LO prevent Succinate

oxidation (succinate being the product of o-ketoglutarate

oxidation) this reaction may seem to be insensitive to

rotenone. Tab1e 4.4 shows that the rate of cr-ketoglutarate

oxid.atj-on in the presence of rotenone is greater than that

of malate. However, the presence of malonate reduces this

rate by fifty percent, to a value less than the malate plus

glutamate rate but in excess of the malate rate, ie there is

no suggestion of separate pathways for the oxidation of these

two NAu+-linked substrates.

3 E l-ectron Transfet Duting Rotenone In sensi tive Respi ration

Since rotenone inhibition of malate oxidation i-s not

complete, it is obviously of some interest to determine by

what pathway the oxidation of malate occurs. Also, since

beetroot mitochondria seem to lack certai-n elements of the

respiratory chain cornmon to other plant mitochondria (viz

the external NADH dehyd.rogenase) it may be that these mito-

chondria possess a different pathway for rotenone insensi-

tive efectron flow. However, along with the results presen-

ted earlier in this chapter, subsequent investigations

failed to verifY this.

Figure 4.8 shows that whilsL state 3 malate oxidation

in turnip mitochondria is progressively inhibited by increas-

ing concentrations Of rotenone, the state 4 rate remains

retatively unaffected' suggesting that rotenone exerts its

maximal effect on malate oxidation that is coupled to phos-
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phorylation. Similar observations were made with beetroot

mitochondrj-a (Figure 4.9). thus it seems that state 4

respiration and. rotenone insensitive respiration might occur

via pathways that are not dependent on phosphorylation.

Actively phosphorylating mitochondria and those that

have been treated with an uncoupler (CCCP: Figures 4.10 and

4.11) show similar responses to the addition of rotenone.

Rotenone inhibition of either the uncoupled rate or the state

3 rate, results in a residual rate that is approximately the

same as that of state 4 in turnip mitochondria (Figure 4.1 0) .

The retatively stronger inhibition observed in beet mito-

chondria (Figure 4.11 ) is due to the unfavourable equili-

brium of the malate dehydrogenase reaction, since the addi-

tion of rotenone to beet mitochondria oxidising malaLe in

the presence of glutamate (Figure 4.12) gives a residual

rate -b.hat is approximately that of state 4. Figure 4.12

also shows that antimycin a will completely inhibit the

residual rate of oxyqen upLake in rotenone treated. mitochon-

dria. Taken together these observations suggest that rote-

none insensitive malate oxidation occurs via a pathway which

excludes the first site of phosphorylation in the elecLron

transport chain (Figure 4.20) | ie electrons resuÌting from

malate oxidation are "by-passing" this site and entering the

normal respiratory chain, presumably on the substrate side

of cytochrome ö, since the addition of antimycin results in

an essentially complete inhibition of the rotenone insensi-

tive rate (Figure 4.12) . This idea is reinforced by the

evidence presented in Figure 4.13. Rotenone has no effect
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on state 4 respiration at this malate concentration (60 nM)

but the subsequent ad.dition of ADP (Figure 4.138) will

restore the rate to that of the rotenone inhibited state 3

rate (Figure 4.1 3A) . This implies that phosphorylation can

regulate the flow of electrons through the rotenone insen-

sitive pathwaY.

Exclusion of at least one phosphorylation site of the

electron transport chain, and by inference site I (see Fig-

ure 4.20\ , can be deduced from an examination of the ADP,/O

ratios obtained. d.uring the oxj-dation of some NAD+ tinked'

substrates in the presence and. absence Of rotenone. Under

optimal conditions for the oxidation of malaterthe presence

of rotenone has the effect of reducing the ADP/O ratio by

one third in both turnip (Table 4.5) and beet (Table 4.6)

mitochondria.

a-Ketoglutarate oxidation could be observed with beet

mitochondria and in general the ADPr/o ratios for q-keto-

glutarate oxidation (in the presence of malonate to inhibit

succinate oxidation) felt in the range 2.2-3.0. Because a

substrate level phosphorylation is involved in the mitochon-

drial oxidation of o-ketoglutarate ADP/O ratios of 3-4

would be expected, and were occasionally observed (Table

4.7) . It thus seems that the coupling of o-ketoglutarate

oxidation to oxj-dative phosPhorylation in these preparations

is not maximally efficient, and whether this is an artifact

of the isolation procedure or representative of the actual

situatiOn in vivo is not entirely cLear. Neverthelesst

the ADP/O raLios Ín the Presence of rotenone were reduced'
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by about one quarter (Table 4.7) which' once again, suggests

that one site of phosphorylation had been excluded. This is

not 1Ike1y to have been the substrate level phosphorylation,

since o-ketoglutarate oxj-dation, per ser is critically

dependent on this (see Chapter 5)rso the infereuce to be

made is that one of the sites involved in electron transport

is the pertinent one. Succinate oxidation is not affected

at a1l by rotenone (Table 4.7) and since reducing equivalents

from this substrate do not pass through site I (Storey | 1974)

it would suggest that this must be the region about which

the "by-pass" operates. (See Fi-gure 7.2)

Figure 4.14 shows that the ADP/O ratio of malate oxida-

tion by turnip mitochondria decreases with increasing rotenone

concentratiOn. The decrease is, fOr the most partr linear,

suggesting that the exclusj-on of electrons from the pathway

responsible for phosphorylation at site I results in some

form of comPensatory oxygen uptake, since the inhibition of

oxygen uptake by rotenone is not linear, nor is it complete

(Figures 4.8 , 4.9) .

4. Cqtochrome b reduction

Ad.d.ition of malate to rnitochond.ria in an aerobic

steady state results in a rapid reduction of cytochrome b

(Figures 4.154 and B) until a ner¡r steady state level of

reduction is reached which i-s similar in either the absence

(Figure 4.1 5A) or in the presence of rotenone (Figure 4.1 5B)

and this level remains steady until anaerobiosis, when the
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cytochrome becomes fully reduced.. On the assumptì-on that

the state 2 electron flow proceed.s along the same pathway

as it does in state 4 and that this pathway is the same as

that of the "by-pass" of site I, then this result is to be

expected as the operation of this route seems to be i-ndepen-

dent of the site of rotenone inhibition and the flux of elec-

trons through cytochrone.b would be expected to be the same

in either case.

Similarly, on the addition of malate' the steady state

level of reduction of cytochrome b in state 3 (ie in the

presence of ADP) was the same in both the presence (Figure

4.15C)or absence (Figure 4.15D) of rotenone' but was in a more

oxidised range than that recorded in the absence of ADP.

The exhaustion of ADP (ie state 4) results in a further

rapid reduction of cytochrome b and. this level persists

until anaeroblosis is reached at which stage the cytochrome

becomes fuIly reduced. In these experiments the small

vol-umes (1 ml) in which the reactions were carried out

usually resulted in anaerobiosis before state 4 could be

properly established in rotenone inhibited mitochondria

(Figure 4.15C) but it is expected that the final level of

reduction of cytochrome b in "state 4" under these condj-tions

would. have reached that detected in each of the other cases

(viz A, B and C) which was approximately the same in each

instance.

Thus j-n the case of cytochrome bz

(a) the steady state levels of reduction of aerobic mito-

chondria in states 2 and 4 are similar in both the
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Presence and absence of rotenone;

(b) the steady state levels of reduction in state 3 are

similar in both the presence and absence of rotenone

although they are in a more oxidised range than those

previously mentioned;

(c) the overall change in the degree of reduction (ie from

the addition of malate until anaerobiosis) seems to be

slight.ly less in the presence of rotenone under any of

the observecl circumstances and it is not fully under-

stood what interpretatj-on to put on this, other than

that the "reducing power" of the flavoprotein component

may have been lowered by the presence of rotenone under

these conditions.

Nonetheless, the results suggest that d.uring the oxj-da-

tion of malate in the aerobic state whatever is happening at

the cytochrome b level is not due to any direct influence of

rotenone on the cytochrome(s), but rather to indj-rect regu-

Iation of electron flow through this point.

5 !t-zygpt-otein Redu ction

The steady state levels of reduction of the flavopro-

tein components of aerobic turni-p mitochondria after the

addition of malate seem to be similar in both the presence

and absence of rotenone in state 2 (Figure 4.164' B) and the

overall extent of reduction is simil-a:: in boLh cases after

the complete reduction obse::ved at anaerobiosis. In the
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presence of rotenone and. ADP (Figure 4.16C) the flavopro-

teins remaj-n relatively more oxidised. until state 4 is

reached when they start to become reduced and this continues

until anaerobiosis. Howeverr once againr the overall extent

of the reduction j-s the same as that cited in the previous

examples (Figures 4.16A and B) . In the absence of rotenone

(Figure 4.16D) but in the presence of ADP' the addition of

malate results in an even more oxidised state of the flavo-

proteins than previously and entry into state 4 results j-n

what seems to be a very extensive reduction of the flavopro-

Lein complement, whÍch continues untÍl anaerobiosis where a

slight further reduction occurs. Tentatively' one could

suggest that in turnj-p mitochondria at least, state 3 malate

oxidation (or the presence of ADP) results j-n the utilisa-

tion of a portion of the flavoprotein complement that is

excluded in state 2 (or state 4) or in the presence of

rotenone. The unexcluded component mag represent the

rotenone insensitive "by-pass".

This explanation must , f or the t j-me being, remain purely

speculative since, to date' the part played by the various

flavoprotej-n components that can be "identi-fj-ed" in plant

mitochond.ria (Storey, 1971) is not known with any degree of

certainty, purely because none of them have as yet been

isolated. Indirect method.s of identification by measurement

of the fluorescence/absorbance technique of Storey (1970)

resulted in the detection of four flavoprotein components

but subsequent attempts by the same author (Storey | 1971)

to id.entify these components by means of their "mid-poÍnt"
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potentials failed to find any correspondence, and in fact

five components which are involved in a 2-electron change

were found. Ragan and Garland (1969) had earlier suggested.

that non-haem proteins might in fact be mistaken for flavo-

proteins and although it is not entirely certain that such

proteins can catalyse a two-electron transfer, their argu-

ment does bear consideration. Furthermore, aS will be shown

tater, beet mitochondria do not show an altogether similar

behaviour j-n this regardrso that however suggestive the above

results might be, conf irmatj-on awai-ts what has proved to be

the very difficult task of isolation of the flavoproteins

responsible for NADH oxidation' and their subsequent charac-

terisation.

6 - lttLg! ne NucLeotide Reduction

The steady state leve1s of red.uction of the j-nternal

pyridine nucleotide pool of aerobic mitochondria increases

dramatically on the additlon of mal-ate in state 2 in both

the presence or absence of rotetrone (Figures 4.17A and B) ,

although the final leve1 seems not to be complete as a fur-

ther slight reduction occurs on anaerobiosis. This is in

line with earlier observations which suggest that the flow

of reducing equivalents from the pyridine nucleotides is

independent of the Presence of rotenone under these condi-

tj-ons (eg cytochrome b and flavoprotein reduction) . The

ad.dition of malate to aerobic mitochondria in the presence

of ADP (Figure 4.17D) results in a l-ower initial extent of

pyridine nucleotide reduction than formerly (ie A and B).
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Under these circumstances the capacity of the eLectron trans-

port chain to support electron flow is in excess of the

pyridine nucleotide turnover until the imposition of

respiratory control (ie state 4) greatly reduces this capa-

city and leads to a rapid reduction of the pyridine nucleo-

tide pool, which is still not completed. until anaerobiosis.

Under the same conditions, but in the presence of rotenone

(Figure 4.17C) | the state 3 level of recluction of the pyri-

dine nucleotide pool is an intermediate one. This suggests

that the capacity of the "by-pass" under these circumstances

is greater than that in state 4, ie the rate limiting factor

here is the phosphorylation at the other end of the respi-

ratory chain (viz phosphorylation sites II and IIf (Figure

4.20) ) which is in line with the earlier observation (Fig-

ure 4.13) that. the addition of ADP to mitochondria oxidising

malate in state 4 in the Presence of rotenone has a stimu-

latory effect.

7. The Effect of MaTate Concenttation

Experiments were done to test the effect of increasing

malate concentration on the state 3 rate, the state 4 rate

and on the inhibitory effect of rotenone. Analysis by the

method of Lineweaver and Burk (1934) suggested that roLenone

inhibition of state 3 malate oxid.ation was "non-competitive"

and that of state 4 was "competitive" (F j-gures 4.18 and 4.19

respectively). In part, these results were not expected'

sincer âs was shown earlier, inhibition of malate oxidation
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(at constant substrate supply) by an increasing rotenone

concentration, was quite marked. on state 3 , but had lii:t]e '

if anyr effect on state 4 (Figures 4.8 and 4.9). That is'

the effect seems not to be a reciprocal one and suggests

that increasing malate concentrations affect some other

process related to the supPly of reducing equivalents during

state 4 electron transport. Certainly, the analysis is use-

ful in that it suggests that the "by-pass" around site I

will be carrying its maximum electron flux only at high sub-

strate suPp1y and that under these conditions state 4 res-

pirati-on will be least sensitive to inhibition by rotenone'

MalaÈe dehydrogenase in plant mitochondria seems to

function in essentially an equilibrium manner (Bowman and'

fkuma, 1976arb) and the evidence presented so far suggests that

the "by-pass" is basically a low affinity type of enzyme and

may require consj-derable amounts of NADI-I to become saturated.

Increasing malate concentration favours NADH production and.

sO increasing amounts Of NADH are available tO the "by-pass" '

Tn the presence of rotenone, the restriction On electrOn

flow seems to be through the flavoprotein region t viz the

decreased ADP/O, and the Observed inhibition in the presence

Of rgtenone will be "non-competitive" in the sense that the

increased availability of NADH at higher malate concentra-

tions results in an increasing flux of reducing equivalents

through the "by-pass", a route that is independent of the

site of inhibition.

The "competitive" nature of state 4 rotenone inhibj-tion

is not quite understood. Obviously' rotenone should not
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behave in this manner since increasing rotenone concentratj-on

does not have any effect on state 4 oxidation (Figures 4.8

and 4.9). The solution that presents itself is that there

are reactions occurj-ng that are competing for the substrate

(NADH) produced during malate oxidation. At lower malate

concentrations this effect is more marked than at the higher

concentrations in which case there may be a larger pool of

NADH available to the by-pass due to a more favourable

malate dehydrogenase equilibrium (ie more substrate). In any

case, the situation is complex and such a simple result may

be purely fortuitous, although during the latter part of

these investigations a report did appear (Marx and Brinkmann,

1978) t which lent some support to these observations.

8. SuLnarg

In overview then, it seems that malate oxidation can be

controlled by oxaloacetate leveIs and although this may

affect the malate dehydrogenase equilibrium, the primary

effect is through the inhibitory action of the NADH/NAD+

ratio.

Rotenone inhibits electron transport which is associat-

ed with the internal NADH dehydrogenase complex of the inner

mitochondrial membrane (Gutman et a7., 1970; Ernster et af.,

1963) but in plant mitochondria it j-s not as effectj-ve an

inhibitor as it. is with animal mitochondria, where inhibi-

tion is complete and. specific. Nonetheless ' under condi-

tÍons where oxaloacetate is aLlowed to accumulate, inhibition
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can be quite severe (Figures 4.7 and 4.11) . The resiclual

raÈe of rotenone insensitive malate oxid'ation increases

\^¡ith conditions that tend. to reduce the mitochondrial oxa-

loacetate concentration (Table 4.3) suggesting that rotenone

is in fact a relatively weak inhibitor of malate oxiclation.

Under conditions where rotenone exhibits strong inhibitory

effects the raison d'être is the amplification caused by the

reaction products, oxaloacetate and NADH ,on the unfavourable

equilibrium of malate dehydrogenase. This amplification

wouId. be due to an increase in the j-ntramitochond.rial NADH/

NAD+ ratio. Thus rotenone as an inhibitor seems to be equally

effective with al-I substrates linked to NADH dehydrogenases "

The nature of rotenone-insensitive malate oxidation

as well as that of state 4 respiration, which seems to pro-

ceed along a similar pathway, remains as mysterious as ever'

It has been suggested that an internal rotenone insensitive

pathway exists (Palmer and Arron, 1976) and it may indeed

be possible that such a pathway does co-exist with the

rotenone sensitive pathway within plant nìj-tochondria, but

to date no-one has been able to verify conclusively such a

postulate.

The suggestj-on that the internal rotenone insensltive

pathway is more reaidly accessible to malic dehydrogenase

than it is to malic enzyme or other NAD+ linked dehydrogenases

is not readily supported by the evidence' and the internal

pathway seems to be equatly accessible to other tlAO+-linked'

dehydrogenases j-ncluding malic enzyme (eg Table 4.4) .

Sj-nce the presence of rotenone reduces the ADP/O ratios by
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one unit (Tables 4.5,'4.6 and 4.7) except in cases where

electron flow does not proceed through site I (eg succinate,

Table 4.7), there Ís a suggestion that a ne\¡/ pathway is

operative rather than any reduced activity in the original

one. The response of the flavoprotein complement of turnip

mitochondria (Figure 4.16D) in becoming more reduced in the

absence of rotenone seems to be in direct contradiction to

this view but as stated earlier, the resolution of flavo-

protein interactions is difficult to accomplÍsh. Furthermoret

beet mitochondrial flavoproteins do not show the same set

of responses (see Chapter 7), which observation only high-

lights our ignorance j-n the matter. The internal pathway

bears a close resemblance to the external NADH dehydrogenase

pathway in its apparent rotenone insensitivity and similar

ADP/O ratios (Tab1e 4 .2). Ilowever, beet mitochondria have

the rotenone insensitive pathway but do not oxidise exter-

nal NADH, so that iL is unlikely that there is any connectj-on

between the two'



TabTe 4 1. Refatìve acti vi ti es of mafate deh dro enase

NAD+ -mal-ic en zume and qlutamate-oxaToacet
-A-------11---

ate tTansaminase

L9OT ) in deter oent disruPted
1------

nitochondr i a.

Assays were carried ouÈ as outlined in Materials and

Methods.

Rates are expressed as umoles NADH oxidised./min/mg

for malate dehydrogenase, n.moles NAD+ reduced/m¡n/mg

for l¡AO+-malic enzyme and. n.moles NADH oxid.j-sed/mín/mg

for GOT.

BEET TURNÏP

MãLate d.ehydrogenase

NAn+-malic enzyme

GOT

26.4

266.0

1343.0

32.0

655.0

1 109.0



+
TabTe 4.2. The effect of rotenone and NAD on maLate

oxidation bq tur nip nitochondria.

Oxygen consumption was measured as under Materials and

Methods and is exPressed as n.moles o2/mín/mg. 17 mM

malate, 1.2 mM NADH, 0.58 mM NAD+ t oT 18 pM rotenone

were included in t.he assay medium as shown.

State 3 State 4 ADP/O RcR

MaIate 179

Ma1ate + rotenone 64

49 2.2 3 .65

53 1.4 1.21

65 1,4 1.55

66 1 .50 2 .92

Malate + rotenone
J

+ NAD'

NADH

101

193



TabTe 4. i. The resi duaL rate of totenone inhibited mal-ate

oxidation.

Oxygen consumption was measured as described in Materials and

Methods. Additions were 15 mM malate, 15 nM qlutamate' 18 yM

rotenone, 660 pM ADP, 7 plt{ CoA, 70 pM TPP and 18 pM pyruvate.
The control rate \^/as the state 3 rate prior to the ad.dition
of rOtenone. The rotenone rate was measured at the final
steady state and the NAD+ rate was obtained by the addition
of O.3Z mM NAD+ to the ro'tenone inhibited mitochondria.

Rates are expressed as n.moles O2/min/mg protein.

+Control +Rotenone +NAD

Turnip
MaIate
Malate+glutamate
MaLate+pyruvate
Malate+CoA+TPP
Malatetpyruvate

+COA+TPP

MaIate+glutamate
+pyruvate+CoA+TPP

Beetroot
MaIate
Malate+glutamate
Malate+pyruvate
MaIate+CoA+TPP

Malatetpyruvate
+COA+TPP

Malate+glutamate
+pyruvate+CoA+TPP

175

262

145
293

297

329

29

47

29

38

69

5B

55

68

88

73

18

91

1

6

0

6

155

191

137

232

148

194

I
10

11

1820

77 22 21



TabLe 4.4. The effect of otenone on maLate and

a-ke to glglZLZlg oxidation bq soLta bean mitochondria.

For malate oxidation ad.d.itions were as indicated. in

Table 4.3 and for a-ketoglutarate oxidation additions

\^rere 15 mM o-ketoglutarate and 15 mM malonate.

Rates are expressed as n.moles O2/min/mg protein.

Substrate Control Rate +Rotenone

MaIate

Malate + glutamate

c-ketoglutarate

o-ketoglutarate -t malonate

34 10

25

43

21

79

54

36



TabIe 4.5 The effect of rotenone on the ADP/O ratios

of turnip mitochondria.

For assay conditions refer to Tab1e 4.3. Rates are

expressed as n.moles O2/min/mg protein and. all values

are the mean of at least three determinations.

Substrate State 3

Rate
State 4

RaLe

Respiratory ADP/O

Control

1 Malate+glutamate 177

193

57

24

25

33

7.5 2.7I

7.8 2.69

1.7 1.91

2. Malate+glutamate

t-pyruvate+CoA+TPP

3. As per 2irotenone



TAbLe 4.6. The effect of toten one on the ADP/O raxios

ofb eetroot mítochondtia.

For assay conditÍons refer to Table 4.3. Rates are

expressed as n.moles O2/mín/mg protein and are the

mean val-ues of at least three determinations.

Substrate State 3 State 4 RCR ÞÐP/O

1. Ma1ate+glutamate

2. Malate+glutamate

+pyruvate+CoA+TPP

3. As per 2*rotenone

88 28

104

40

3.14 1 .87

41 2.6 2.39

23 1.7 1.50



TabTe 4.7 The effect of totenone on the ADP/O ratios of

c,-keto q lutarate and succinate oxidation ín beetroot mito-

chondr i a .

Oxygen consumption was measured

and Method.s. Adctitions were 28

malonate, 14 pM CoA, 110 PM TPP

.(experiment a) or 12 pM rotenone

v¡as at 28 mM + 12 pM rotenone.

as described in Materials

mM o,-ketoglutarate, 6 mM

and either 1 I pM rotenone

(experiment b) . Succinate

Rates are exPressed as n.moles O2/mín/mg protein.

Substrate State 3 State 4 RCR ADP/O

1 o-ketoglutarate+CoA
+TPP+malonate (a)

(b)

(a)

(b)

36

51

31

25

135

130

18

15

2.0

3.4

2

3

3

4

2. As per 1 above
+rotenone

3. Succinate

4. Succinate +
Rotenone

22 1.7

2.5

1 4

13 1.8

54 2.5 1.5

55 2.4 1.6



Figure 4.1

The effect of varying pH on malate oxidation
by turnip mitochondria.

Oxygen uptake was measured as described in
Materials and Methods. Mitochondria (1.26 mg

protein) were added to 2.0 mt standard reac-

tion medium at the pH indicated. The medium

also contai-ned 12.5 mM malate and additions
were 411 n.moles ADP.

Rates are expressed as n.moles O2/mln/mg

protein
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Figure 4.2

Malate oxidation by beetroot mitochondria.

Oxygen uptake r,''as measured as described in
Materials and Methods. Mitochondria (1.0 mg

protein) were added to 1.5 ml standard reac-

tion medj-um containing 15 mM mal-ate (A) or

15 mM malate + 15 mM glutamate (B). Addi-

tions were 328 n.moles ADP (A) or 219 n.moles

ADP (B) .

Rates are expressed as n.moles O2/mín/mg

protein.
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Fiqrure 4.3

Interactions between NAD+ and rotenone on

malate oxidation by turnip (C) and beetroot

(A) mitochondría.

Oxygen uptake ûras measured as described in
Materials and Method.s. Substrates v¡ere

18 mM malate + 18'mM glutamate. Trace B is
the rate of NADH oxidation by turnip mito-
chondria in the presence of 1.3 mM NADH.

Traces start with the first stat.e 3 rate.

Rates are expressed as n.moles O2/mín/mg

protein.
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Fi.gure 4 .4

NAD+ reduction by beetroot mitochondrj.a.

Assayed as described under Materials and

Methods. Addit.ions were as follows:

(I) 15 mM malate

(II) 15 mM malate + 15 mM gluÈamate

(III) As (II) + 20 pM rotenone

(TV) As (TI) + 0.01? (v/v) deoxy-

chol-ate.

Rates are expressed. as n.moles. NADH

produced,/mj-n/mg .
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Figure 4.5

' NAD* reduction by turnip mitochondrj-a.

Assayed as described under Materials and.

Methods. Additions vüere as follows:

(I) 15 mM malate

(II) 15 mM malate + 15 mM glutamate

(IIT) As (II) + 20 pM rotenone

(ïv) As (II) + 0.014 (v/v) deoxy-

cholate.

Rates are expressed as n.moles NADH pro-

duced/mín/mg prote j-n.
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Figure 4.6

The effect of neo+ and butyl malonate on

rotenone inhibited malate oxidation by turnip

mitochondr ia.

Oxygen uptake was measured. as described in
Materials and Methods. Mitochondria (0.46 mg

protein) were added to 1.5 ml standard reac-

tj-on medj-um containing 1 7 mM malate. Addi-

tions were 25 ¡lM rotenone, I mM butyl malonate

and 0.6 mM NAD+.

Rates are expressed as n.moles 02/mín/mg

protein.
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Fiqrure 4.7

The effect of glutamate on rotenone inhibi-tion
of malate oxidation by soya bean (A), turnip
(B) and. beet (C) mitochondria.

Oxygen uptake was measured as described in
Materials and. Methods. Additions were 18 mM

malat,e , 86 0 UM ADP, 18 ¡lM roÈenone and 1 B mM

glutamate.

Rates are expressed. as n.moles O2/min/mg

protein.
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Figure 4.8. The effect of increasing rotenone concent.ration on
state 3 (O-O) and state 4 (r-¡¡ malate oxidation
by turnip mitochondria.

Oxygen uptake $ras measured as described in Materials and
Methods. Mitochondria (0.69 mg protein) were added to
1.5 nl standard reaction medium containing 15 mM malate
and rotenone at the appropriate concentration. State 3

rates were obtained by the addition of 422 n.moles ADP,
and both state 3 and state 4 rates are the average of
two determinations.
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Figure 4.9. The effecÈ of increasing rotenone concentration on state 3

(C-O) and state 4 (¡-¡) malate oxÍdation by beetroot
mil-ochondria.

oxygen uptakewas measured as described in Materials and
Methods. Mitochondria (0.94 - 2.8 mg protein) were added
Eo 2.5 ml standard reaction medium containing 10 mM malate'
10 mM glutamate, and rotenone at the appropriate concentra-
tion. The state 3 rates were obtained by the addition of
388 n.moles ADP, and both state 3 and state 4 rates are
the average 'of two determinations.



Fiqure 4.10

The effect of rotenone on coupled and uncoupled

malate oxidation by turniþ mitochondria.

Oxygen uptake was measured as described. in
Materials and Method.s. Mitochondria (0.62 mg

protein) were added to 1,5 mI standard reac-

tion med.ium containing 17 mM malate. Addi-

tions hrere 410 n.moles ADP (1st addition) ,

1024 n.moles ADP (2nd add.ition), 5 UM

CCCP, and 30 pM rotenone as indicated.

Rates are expressed as n.moles O2/min/mg

protein.
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Fisure 4.11

The effect of rotenone on coupled and uncoupled

malat.e oxidation by beetroot mitochondria.

Oxygen uptake \^ras_ measured as described ín
Materials and Methods. Mit.ochondria (1.36 mg

proteÍn) were added to 1.5 ml stand.ard reac-

tion medium containing 30 mM malate. Addi-

tions were 566 n.moles ADP, 30 ¡rM rotenone and

0.6 yM CCCP as indicated.

Rates are expressed as n.moles O2/mln/mg

protein.
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Fisure 4.12

The effect of rotenone and antimycin a on

malate oxj-datj-on by turnip (A) and beetroot

(B) mitochondria.

Oxygen uptake was measured as d.escribed in
Materials and Methods.

A: mitochondria (0.65 mg protein) were added

to 1.5 m1 standard reacti-on medium contain-
ing 20 mM malate. Additions were 272 ¡rM ADp

(1st add.ition) , 693 ¡rlvl ADP (2nd addition) ,

1 8 ¡.rM rotenone and I UM antimycin a.

mj-tochondria (2.04 mg protein) were added

to 2.4 mI standard reacti-on medium. Addi-

tions were 20 mM mal-ate, 20 mM glutamate,

152 yM ADP (1st ad.dition) , 608 ¡rM ADP (2nd

ad.dition) , 35 pM rotenone and 6 UM antimycin a.

B

Rates are expressed as n.moles 02/mín/mg protein.
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Fiqure 4 .13

The effect of rotenone on state 3 and state 4

malate oxidation by turnip mitochondria.

Oxygen uptake was measured as described in
Materials and Methods. Mitochondria (0,6 mg

protein) were added to 1.5 mI standard reac-

tion medium containing 60 mM malate. Addi-

tions were 25 ¡rM rotenone and 520 n.moles ADP

except that Èhe second addition of ADP in
trace A contained 1560 n.moles ADP.

Rates are expressed as n.moles O2/mín/mg

protein.
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Fiqure 4.15

Cytochrome b reduction in turnip mitochondria.

Reduction was followed as described in Materials

and Methods. The standard react,ion medium con-

tained 0.48 mg protein and in each case the fol-
lowing were included in the reaction medium:

A:

B:

D:

no addit,ion

28 pM rotenone

28 pM rotenone + 410 n.moles ADp

410 n.moles ADP.

Cytochrome b reduction $ras initiated by the

addition of 25 mM malate.
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Figure 4.l-6. Flavoprotein reduction by turnip mitochondria.

Reduction was followed as described in Mat,erials and Methods.
For assay condj.t-ions refer to figure legend for figure 4.15.



Figure 4.17

Pyridine nucleotide reduction by turnip

mitochondria.

Reduction was followed as described in

Materials and Methods. For assay cond.i-

tions refer to figure legend for Figure

4.15.
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Fi-gure 4.18

Lineweaver-Burk Plot showing the effect of

malate concentratj.on on oxygen uptake, and the

inhibitory effect of rotenone when added in

state 3.

MiÈochond.ria (0.44 mg protein) were added to

1 .5 ml standard reaction medium contai-ning

malate at the appropriate concent::ation.

Mitochondria were allowed to go through a

state 3/staÈe 4 transition, a second state 3

hras ind.uced and rotenone added. to inhibÍt

oxygen uptake.

V is expressed as n.moles O2/min/mg protein

[Mal] is the mM malate concenÈration.
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Figure 4.19

Lineweaver-Burk Pl-ot showing the effect of malate

concentration on oxygen uptake and the inhibitory
effect of rotenone when added in state 4.

Mitochondri-a (0.44 mg protein) were added to 1.5 m1

standard reaction medium contai-ning malate at the

appropriate concentration. Mitochondri-a were aI1ow-

ed to go through two state 3,/state 4 transitj_ons and

rotenone was added i-n the second state 4 to inhibit
oxygen uptake.

V is expressed as n.moles O2/mLn/mg protej_n.

IMal] is the mM malate concentration.
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Figure 4.20

A generalised scheme for electron transport

in plant mitochondria.

Ex = external

= internalr

ft should be noted. that beetroot mitochondria

do not possess Fp
EX

The heavy arrows indj-cate the three "sites"
where oxidative phosphorylation occurs during

state 3 substrate oxidation.
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CHAPTER V GLUTAT4ATE OXTDAT TON AND TRANSPORT TN

BEET I'TTTOCHONDRTA

The importance of glutamate in facilitating malate

oxidation has been stressed. Under the conditions used for

malate oxidation, glutamate is oxidised very sIowly. How-

ever, it is a potential substrate and because not much is

known about the oxidation and transport of glutamate in

plant mitochond::ia, a brief characterisation of the oxidative

and transport properties of this substrate was aÈtempted.

I RESULTS

(a) GenetaT

Mitochondria isolated from beetroot tissue will oxidise

glutamate and cx,-ketoglutarate (Fi-gures 5.1 and 5 .2) and

although this does not necessarily require the presence of

co-factors (CoA and TTP) the oxidative characteristics of

glutamate oxidation (viz respiratory control and ADP/O ratio

(Table 5.1)) are inproved by their presence. Reference to

Figure 5.9 shows the possible routes available for the

oxj-dation of glutamate, viz indirectly by transamination with

oxaloacetate or directly by oxidative deamination, both of

which yield o-ketoglutaraterand it seems that the subsequent

oxidation of this substrate is partly responsible for the

oxygen uptake observed. The inclusion of malonate in the

reaction medium (Table 5.1 z (4) ) , reduces oxygen uptake

under optimal conditions for c-ketoglutarate oxidation and
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improves the ADP/O ratío. Malonate inhibits succinate oxi-

dation, which contributes to the reduced ADP/O ratio by

transferring reducing equivalents to the respiratory chaJ-nt

but bypassing one site of oxidertive phosphorylation (Storey'

1974),resulting in an "apparent" ADP/O ratio whose average

value is lower than the real value (Hunter ¡ 1955). Despite

these precautj-ons, the ADP/O ratios for glutamate oxidatj-on

showed a varj-ed range (eg 1.7 2.5) in the Preparations made

during the course of these j-nvestigations (compare Table 5.1

and Tab1e 5.2) .

fn the absence of phosphate, oxygen uptake by either

glutamate or o-ketoglutarate is not very rapid and subse-

quent addition of phosphate does little to stimulate this

rate (Figures 5.34 and B) as it does to both malate and.

citrate oxidaLion under the same conditions (Figures 5.3C and

D). Furthermore, the add.ition of an uncoupler (CCCP) has no

effect (Figures 5.34 and B). Tt is not until ADP is added

that any significant stj-mulation of either glutamate or

o-ketoglutarate oxidatj-on occurs, viz a substrate leve1 phos-

phorylation is necessary (Figure 5.9) and requires the pre-

sence of both ADP and phosphate (Figure 5.4¡ Wiskich' Young

and. Bi-ale, 1964) .

Arsenite, an inhibitor of o-ketoglutarate oxidation'

witl also inhibit glutamate oxidation (Figure 5.5) giving

residual rates of oxygen uptake which are slightly greater

than those of arsenite inhibited o-ketoglutarate oxidation.

This suggests that gluLamate dehydrogenase is the enzyme res-

ponsible for the conversion of glutamate to o-ketoglutarate si¡ce
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(a) there is no oxaloacetate available for the transamination

reaction (Fígure 5,9) and the higher residual rate of oxygen

uptake suggests a supply of reducing equivalents (NADH) that
j-s not dependent on the oxidation of o-ketoglutarate, ie

from the glutamate dehyd.rogenase reaction. Malate plus

glutamate oxidatj-on is not affected by arsenite under these

same conditions (Figure 5.6) suggesting that glutamate oxi-

dation is not contributing to that of malate. GLutamate

oxidation is sensitive to rotenone and is not stimulated by

the ad.dition of nAo+ (Figure 5. 1 ) . This is conf irmed. by

spectrophotomeric evidence (Figure 5.7) which shows that only

malate, of the NAo+-linked substrates concerned, leads to a

reduction of external NAD+ in beet mitochondria. Addition

of oligomycin will inhÍbit state 3 oxygen uptake to a leve1

that is almost that of state 4 (Figure 5.8) and the subsequent

addition of an uncoupler (CCCP) will only stimulate this rate

slightly, suggesting, once again, that the rate of glutamate

oxj-dation is strongly d.ependent on the substrate level phos-

phorylation occurring during o-ketoglutarate oxid.ation, eg

the uncoupler does not relieve oligomycin inhibition of sub-

strate oxj-dation greatly, suggesting that the rate limiting

step is not primarily concerned with phosphorylation due to

respj-ratory chain activity but occurs at another locus, eg

the enzymatic conversion of succinyl CoA to succj-nate

(Figure 5.9). Glutamate oxidation is substanLially sensitive

to inhibition by cyanide (Figure 5.8) yielding low residual

rates of oxidation that are not affected by subsequent addi-

tj-on of SHAM. This particular aspect will be discussed else-

where in 'b.he thesis (Chapter 6) but suffice Ít to say here
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that the result is not unexpected, since the oxidation of

other substrates by beet mitochondria behaves in a similar

manner to that described here. Thus, generally, glutamate

oxidation by isolated beetroot mitochondria is typical of

that of other NAD+-linked respiratory substrates (see Table

5.2) .

( b ) 9-LsLzryzle_ys!2 ke and Exchange

Tables 5.3 and 5.4 show the results of experiments

carried out with I qC labelled glutamate in a preliminary

attempt to characterise the means by which glutamate enters

and./or leaves beet mitochondria. Table 5.3 shows that of the

two-SH poisons used (NEM and mersalyl) NEM is an effective

inhibitor of glutamate uptake. In fact it would. seem that

mersalyl does not inhibit glutamate uptake at all (Tab1e

5.3 : (3)) nor does it affect glutamate exchange (Table 5.4

3 (3) ) . Glutamate uptake and exchange \^/ere both sensitive

to butyl-malonate (Tables 5.3 and.5.4: (4)) as was oxygen

uptake (Figure 5.8) , suggesti-ng a requirement for either

the dicarboxylate carrier (Wiskich t 1977¡ Day and Wj-skich,

1977 ) or the o,-ketoglutaraÈe carrier (De Santis et aL.,1976¡

WÍskich,1977). However, the latter suggestion would seem

to be negated by the fact that o-ketoglutarate has no obvious

effect on either glutamate uptake (Table 5.3 : (7)) or

exchange (Table 5.4 : (5)). Aspartate inhibited glutamate

uptake (Table 5.3 : (6)) and was at least as good. as glutamate

itself in exchanging for internal I aC-glutamate (Tab1e 5.4 :

(6) ) suggesting a closely related transport process for these

two metabolj-tes. Both CCCP and antimycin a inhibit glutamate
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uptake (Tab1e 5.3 : (5) & (B)) suggesting that it is an ener-

gy requiri-ng process. Neither externaL malate nor external

citrate seem to exchange for internal I +C-glutamate (Table

5.4: (7) & (8)).

2.

The mechanÍsms of glutamate transport and oxidation

have been well characterised for animal mitochondrj-a (Azzi

et a7., 1967). Here, two systems for glutamate transport

have been d.escribed, a glutamate/H+ symport (alternatively

called a glutamate/OH exchange diffusion carrier) ¡ which can

be inhibited by NEM or suitable sulphydryl reagents (Meijer

et â7., 1972; Meijer and Vignais, 1973) and an NEM insen-

sitive antiport system, catalysing the electrogenic exchange

of glutamate (plus H*) for aspartate. ft has been suggested

that these translocators can be thought of as being func-

tionally linked to the two pathways of glutamate oxidation

in rat liver mitochondria (De Haan et a7-, 1967) - the

transamj-nation pathway oxidising glutamate to o-ketoglutarei;-e

and the oxidative deamination of glutamate (see Figure 5.9).

Reference to the permeability of plant mitochondria to

organic anions and in particular, to glutamate' j-s scant.

Phillips and Williams (1973) and lriiskich (1974) | using the

ammonium swelling technique, showed that phosphate, dicarb-

oxylate and tricarboxylate transporters are present in

isolated cauliflower, potato and beetroot mitochondria and

that these transporters are similar to those found in rat

DTSCUS S ÏON
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liver mitochondria. More recently I'Viskich (1977 ) has

reviewed the literature concerning mitochondrial metabolite

transport but the situation with regard to glutamate is not

at al1 clear, due principally, it seems, to the fact that

glutamate as a metabolite t p€r sê t has not been delegated

any status. Hovrever, one report (Day and. Wiskich' 1977 ) did

suggest that glutamate transport into beet mitochondria

requires both phosphate and a dicarboxylate t viz the dicarb-

oxylate enters the matri-x compartment in exchange for phos-

phate and subsequently exchanges for glutamate.

Some aspects of the measurement of I +c-glutamate uptake

into isolated beetroot mj-tochondria by the method used here

can be difficult to interpret because the energy necessary

to drive this process (Table 5.3) must come from the oxidation

of an internal substrate (in this case' succinate), since

the externally located NADH dehydrogenase Ís not available

for this purpose (see Chapter 1 ) . Consequentlyr âny sugges-

tion that either NEM or butyl malonate (Table 5 .3 ) are j-n-

hibiting glutamate transport, per sê t must be made with

caution when considering the results of uptake experiments

alone, since reduced. uptake might simply be d.ue to a restric-

tion on energy supply (that is inhibition of succi-nate entry).

Exchange experiments (Table 5.4) should be able to provide

evidence in support of one alternative or the other. In

these prelÍminary experiments, however, glutamate exchange

did. not seem to occur readily or to any great extentr so once

again interpretation of the results should be cautious. The

mechanism of glutamate exchange may be diff-i-cult to resolve
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by this technique since low exchange values were afso

reported by De Santis et a7. (1976) in bean mitochondrj-a,

suggesting that rather than being a problem that is of par-

ticular sÍgnificance to beet mitochondrj-a, it is a general

one that requires further investigation. Nevertheless,

certain preliminary suggestJ-ons can be made with regard to

glutamate transport. One system seems to Ínvolve a gluta-

mate/aspartate exchange, that is, external aspartate will

exchange for j-nternal t aC-glutamate (Table 5.4 : (6) ) and

external aspartate will inhibit glutamate uptake (Tab1e 5.3

: (6) ) suggesting that glutamate or aspartate can be trans-
ported into the mitochondrion, on the same carrier, in

exchange f.or j-nternal glutamate. This tells us nothing

about whether aspartate might substitute for glutamate in

the reverse process (internal aspartate exchanging for ex-

ternal glutamate/aspartate) but for the lack of any evidence

to the contrary this is assumed. A glutamate/glutamate ex-

change seems to occùr (Table 5.4 : (1)¡ the transporter

responsible being similar to the dicarboxylate or o,-keto-

glutarate carrier in its sensitivity to butyl-malonate

(Wiskich t 1977 ¡ Tables 5.3 and 5.4 : (4)) . This latter
possibility is seemingly ruled out by the lack of effect of

cr,-ketoglutarate on either glutamate uptake (Table 5.3 : (7) )

or exchange (Tab1e 5.4 : (5)) whilst the former possibilíty

is not supported because apparently no exchange occurs with

external- malate. The process is at least partly energy

dependent since both antJ-mycin a and CCCP inhibit glutamate

uptake (Table 5.3 : (5) & (8)). The lack of effect of mer-



93.

salyl on either glutamate uptake or exchange (Tables 5.3

and 5.4 (3) ) was not expected because at the concentra-

tions used it is an effective inhibitor of phosphate ex-

change (Santis et a7. , 1975; De Santi-s et af . , 1976 ) which'

on the basis of other evidence (Day and Wiskich, 1977 ), j.s

at least one of the factors required for glutamate uptake.

Thus basically the only "recognisable" transporter to be

distinguj-shed on the basis of evidence presented here is an

NEM, butyl-malonate sensitive glutamate,/aspartate exchange

carrier. This is entirely plausible since beetroot mito-

chondria Seem to rely on a substrate shuttle system similar

to that of animal mitochondria for the transfer of reducing

equivalents from the matrix compartment to the cytosol (Day'

Rayner and. tr{iskich, 1976). But it would seem that the inhi-

bitor sensitivity of the process requires deeper investigation

in view of the apparent contradiction between the evidence

presented here and that of the above mentioned reports.

Glutamate oxidation by plant mitochondria that is,

the oxidative d.eamj-nation of glutamate by glutamate dehydro-

genase

glutamate + NAD+ + H2o + qKG + NADH + NHT

does not seem to have received much attention in the litera-

ture beyond various isolated. references to its occurrence

(Freebairn and Remmert ' 1957 i Marx and Brinkmann | 1978) .

The major thrust of the research j-nto glutamate dehydrogenase

in plant mitochondria seems to have been with respect to the

characterisation of the isoenzymes of the dehydrogenase (Yue,

1969) , their localisation within the ceII and the regulatory
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properties of the isolated enzylne (King atrd Wu t 1971¡ Davieso

1973) but even in this latter case regulation has been con-

sidered. mainly in the direction of glutamate synthesis rather

than its oxidation (Davies and Teixeira | 1975) . The results

presented in this brief study show that glutamate oxidatj-on

can occur in isolated beet mitochondria and that it is asso-

ciated with the oxidation of o-ketoglutarate, sj-nce cofactors

of o-ketoglutarate deh1zfl¡sgenase (TPP) improve the respiratory

characteristics of glutamate oxidation (Table 5.1 ) " Under the

conditions of the assay as reported hererthe glutamate dehydro-

genase reaction rather than the transaminase is supplying the

cr-ketoglutarate for Èhe. o-ketoglutarate dehydrogenase, since

Èhere is no obviously available Source of oxaloacetate for

the tra¡rsaminase and, Ín the presence of arsenj-ter there is

a resid.ual source of reducing equivalents which can only be

suppLied by the glutamate dehydrogenase reaction.

The variability in the ADP/O ratios observed from

preparation to preparation and also their low values (compare

Tab1e 5.1 \^tith Table 5.2) are not a helpful guide in suggest-

ing just where reducing equivalents from the oxidation of

glutamate are entering the electron transport chain, sJ-nce

the rotenone sensitivity observed (Figure 5.1 ) may largely

be due to the effect of the inhibitor on q,-ketoglutarate

oxidation (for example' see Figure 5.2) and since the sub-

strate leve1 phosphorylation in o-ketoglutarate oxidation

must be taken into account, it would seem that the coupling

efficiency of glutamate oxidation is very poor indeed. rt

is not known why this should occur, but it has been suggested
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(Woo and Osmond, 1976) that the accumulation of ammonia

could result in osmotic swelling and uncoupling in isolated

mitochondria. This could account for a poor coupling

efficiency during glutamate oxid.ation, but the lower than

expected ADP/O ratios for o-ketoglutarate oxidation (eg

see Chapter 4) must also play some part in this.

The physiological importance of glutamate oxidation,

pe;: se¡ is not entirely understood, since the oxidative

deamination of glutamate represents a potential loss of nitro-

9ênr unless it is refixed by other means. Control of gluta-

mate dehydrogenase by the NAD+/NADH ratio has been proposed

(Davies and Teixeira | 1975) and it is suggested that a high

leve1 of TCAC intermediates would result in a 1ow NAD+/NADH

ratio (ie the pyridine nucleotide pool is in a highly reduced

state) and that glutamate oxj-datj-on would be inhibited.

Ho\^rever, when the level of these intermediates is low ( ie

the pyridine nucleotid.e pool is in a more oxid.ised state a
+high NAD'/NADH ratio¡ the TCAC couTd be replenished at the

cxpense of glutamate. The system under investigation (ie

isolated mitochondria) is assumed to be analogous to the

Iatter situation (ie a high NAD+/NADH ratio) since there are

no TCAC intermedj-ates available (barring, of courser âoy

endogenous substrate) and supplying exogenous glutamate would

tend to favour the deamination reaction. This may be repre-

sentatj-ve of an artifj-cial situation which does not readily

occur Ín vivo. Indirect evidence for this suggestion is
gleaned from experiments concerning the fate of ammonia that

is released during photorespiration in spinach (Woo et a7. ,
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1978) and a]'bhough perhaps not directly relevant to the

situation under observation here it suggests that the tneta-

bolic conversion of o-ketoglutarate to glutamate might be

more significant under normal cj-rcumstances than is oxida-

tive deamination. The mitochondrial reaction that catalyses

the conversion of glycine to serine during photorespiration

requi-res that ammonia be released during the reaction (Woo

and Osmond., 1976) and this is toxic to the leaf cel-l if allowed

to accumulate, so that the refixation of ammonia is necessar-

ity an important factor during photorespiration. In experj--

ments carried out to test this hypothesis (Woo eË ã7.,1978)

it was found that ammonia was in fact released during glycine

decarboxylaÈj-on in isolated spinach mitochondria but that this

was not refixed even in the presence of o-ketoglutarate and

glutamate. On the other hand., in spinach leaf discs supplied'

with l5NH+C1, ammonia could be incorporated into glutamate

and ultimatety int.o gLycine, the most possible course for

this being refixation of aÍìmonia via the glutamate dehydro-

genase of the chloroPlasts.

Thus, although the ox j-dative deamination of glutamate,

per sêt can occur in isolated beet mitochondria, it may be

the result of the artificial , ìn vítto, conditions. Obviously

it is imporLant to establish a physiological basis for the

occurrence of this reaction before any significance can be

attached to the observations made here.



TabTe 5.1 The effects o !-92L2-!ZP and mal-onate on

g-L utamate oxidation bq beetroot nitochondria.

Oxygen uptake was measured as described in Materials and

Methods. Mitochondria (1 .02 mg protein) were added to

1.5 mt stand.ard reaction medium containing 28 mM glutamate.

Other additionswere 14 pM CoA, 0.11 mM TPP and.6 mM malo-

nate. State 3 rates \¡tere obtained by the addition of 414

n.moles ADP.

Rates are expressed as n.moles O2/min/mg protein.

Substrate State 3 State 4 RCR ADP/O

1 Glutamate 28

16

34

21

13

20

1.3 1 .00

1.2 0.85

1.7 1.5

2. Glutamate

+ malonate

3. Glutamate

+COA + TPP

Glutamate + CoA

+TPP + malonate

4

21 14 1.5 1.7



Table 5 2. The oxidation characteristics of vatious

s-ubs.tra 9ZZ_L2- beetroot mitochondria.

Oxygen uptake was measured as described 1n Materials and

Methods. Mitochondria (1.36 mg protein) were added to

'l .5 ml standard. reaction medium. All substrates \^rere at

30 mM. 17 pM CoA' 0.13 mM TPP and 6 mM malonate were in-

cluded in the reactj-on medium for glutamate and q,-keto-

glutarate assays and 0.67 mM ATP in the succinate assay

medium. State 3 rates were obLained by the addition of

275 pM ADP.

Rates are expressed as n.moles O2/min/mg protein.

Substrate First Addition
State 3 State 4 F<CR ADP/O

Second Addition
State 3 State 4 RCR ADP/O

Glutamate

s-ketoglutarate
Malate

Succinate

Citrate

25

42

87

128

45

11

15

23

52

23

2.2

2.9

3.9

2.5

1.9

2.2

3.4

2.3

1.5

2.2

31

59

59

141

47

10

15

18

55

26

3.0

3.8

3.3

2.6

1.8

2.1

3.4

2.2

1.5

2.0



TabLe 5.3. r4c-glutamate uptake bq beetroot mitochondzia.

Assay conditions as outlined in Materials and Methods.

Glutamate was at a concentration of 17 rM; NEM - 0.5 mM;

mersalyl 100 UM; butyl malonate 11 mM; antimycin

a - 6 UM; aspartate 14 mM; o-ketoglutarate 14 mM

and CCCP 0.9 irM. 1.0 mg of protein was used in each

assay and the results are the average of duplicate

sarnples.

Rates are expressed as (y.mo1es glutamate/min/mg protein) x 10

Additions Uptake

3

1.

2.

3.

4.

5.

6.

7.

8.

Glutamate

Glutamate

Glutamate

Glutamate

Glutamate

Glutamate

Glutamate

Glutamate

(Control )

+ NEM

+ mersalyl

+ butyl malonate

+ antimycin a

+ aspartate

+ a-ketoglutarate
+ cccP

752

499

745

546

569

539

724

584



TabTe 5.4 ac',rLutamate e xcLa\le _by_

Assay conditions as outlined in Materials and Methods.

Glutamate, o-ketoglutarate, aspartate, malate and citrate

\Árere all added to a final concentration of 2 mM. Other

additions were 0.5 mM NEM' 100 pM mersalyl and 11 mM

butyl malonate.

Exchangeable Anion I Exchange

|ggltggt_mi_LggLgry8.ri_Z

1 Glutamate

2 Glutamate + NEM

3. Glutamate + mersalyl

4. Glutamate + butyl malonate

5. o-ketoglutarate

6. AsPartate

7. Malate

B. Citrate

9

3

't1

-2

10

0

1

3



Fisure 5.1

The effect of rotenone and. NAD* on glutamate

oxi.dation by beetroot mitochondria.

Oxygen uptake was measured. as described in
Materials and Methods. Mitochondria (1.36 mg

protein (A) ; 1.20 mg protein (B) and 1.44 mg

protein (C)) vlere added to 1.5 ml standard

reaction medium containing 28 mM glutamate,

13 ¡rM CoA, 0.1 m¡{ TPP and 6 mM malonate.

Additions were 19 pM rotenone and O.5B mM NAD+.

Rates are expressed as n.moles O2/mín/mg

protein.
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Figure 5.2

o- ketoglutarate oxidation by beetroot mito-

chondria and the effect of rotenone.

Oxygen uptake was measured as described. in
Materials and Methods. Mitochondria (1.02 mg

protein (A) and 1 .2 mg protein (B) ) were added

to 1 .5 ml stand.ard reaction medium containing

30 mM c-ketoglutaiate, 17 pM CoA, 0.1 mM TPP

and 6 mM malonate. 1 8 ¡rM rotenone hras added

as indicated.

ADP (273 ¡iM 1st additiont 204 pM - 2nd. addi-

tion) was added as indi-cated in (A) . In (B)

the first additj-on was 273 pM and the second

addj-tion was 680 pM.

Rates are expressed as n.moles O2/min/mg

protein.
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Figure 5.3

The effect of phosphate and uncouplers on o-keto-
glutarate and glutamate oxidation by beetroot

mitochondria.

Oxygen uptake was measured as described in Materials

and Methods. Mitochondria (1.14 mg protein) were

add.ed to 1 .5 ml standard reaction medium (minus phos-

phate) containing 1 5 mM s-ketoglutarate (A) or 30 mM

glutarnate (B). The medium also contained 15 pM CoA,

0.17 mM TPP and 6 mM malonate. Additions were 15 mM

phosphate, 0.6 pM CCCP and 415 n.moles ADP.

Traces (C) and (D) are included .=,r comparison of
the effect of phosphate on maíate (C) and citrate
(D) oxj-dation. The medium (minus phosphate) con-

taj-ned 15 mM malate (C) or 15 mM citrate (D) and

15 mM phosphate was added. as indicated.

Rates are expressed. as n.moles 02/mín/mg protein.
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figure 5.4. The effect of phosphate on cr-ketoglutarate (A) and glutamate
oxidation by beetroot mitochondria in the presence of ADP.

Oxygen uptake was measured as described in Materials and
Methods. Mitochondria (1.0 mg protein) were added to I.5 mI
standard reaction medium (minus phosphate) containing 8.6 mM

q-ketoglutarate (A) ' or 8.6 mM glutamate (B). The medium
also contained 13 pM CoA' 0.1 mM TPP, 6 mM malonate and 950
n.moles ADP in each case.

B

Rates are expressed as n.moles O2/min/mg proteín.



Fisure 5.5

The effect of arsenite on o-ketoglutarate and

glutamate oxidation by beetroot mitochondria.

Oxygen uptake was measured as described in
Materials and. Methods. Mitochondria (1.13 mg

protein) were ad.ded to 1.5 mI standard. reac-

tion medium containing 8.6 mM o-ketoglutarate
(A) or 8.6 mM glutamate (B). The medium also

contained 13 ¡rM CoA, 0. 1 mM TPP and 6 mM malo-

nate in each case. Additions were 950 n.moles

ADP (second. addition) and 3 mM arsenite as

ind,lcated.

Rates are expressed as n.moles 02/mín/mg protein.
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Figure 5.6. The effect of arsenite on malate plus glutamate oxidation
by beetroot mitochondria.

oxygen uptake was measured as described in Materials and
Methods. Mitochondria (I.f4 mg protein) were added to
2.0 nl standard reaction medium containing 12 mM malate
and 12 mM glutamate. 980 n.moles ADP (2nd addition) and
3 mM arsenite were added as indicated.

Rates are expressed as n.moles O2/min/mg protein.



Figure 5,7

+External NAD reduction by beetroot mitochondria.

+
NAD reduction was measured as described in
Materials and Methods, and in each case 0.35 mM

NAD* was included in the reaction medium. Mito-
chondrial protein was 0.48 mg. Additions, as

indicated by Èhe arrow hrere:

MaIate: 25 mM

Succi-nate: 25 mM - 0.38 mM ATP was

also included in the assay

medium.

Glutamate: 25 mM - I UM CoA, 0.1 mM

TPP and 6 mM malonate were

also included in the reac-

tion medi-um.

Citrate: 25 mM

cr-Ketoglutarate¿ 25 mM - I UM CoA, 0.1 mM

TPP and 6 mM malonate were

also included. in the reac-

tion medium.
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Figure 5. B

Some general characterj_stics of glutamate

oxidation by isolated beetroot mitochond.ria.

Oxygen uptake was measured as described in
Materials and Methods. Mitochondria (1.6 mg

protein) were added to 2.0 mI standard reac-
tion medÍum containi-ng 12.5 mM glutamate¡ 10 .pM

CoA, 0.08 mM TPP and 5 mM malonate. Additions

were 730 n.moles ADP (2nd addition in each

case), 0.37 5 mM KCN, 1 mM SHAM, 5 ¡.rgm oligo-
mycin, 0.6 pM CCCP and 6 mM butyl malonate

(BM) .

Rates are expressed as n.moles O2/mln/mg

protein.
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The pathways of glutamate oxidation referred to in the
text. The enzymes involved are:

1. Glutamate Dehydrogenase

2: Glutamate Oxaloacetate Transaminase

3. q,-Ketoglutarate Dehydrogenase
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Flgure 5.9.

represents inhibition of the particular enzyme by the
compound referred to alongside-lÞ
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CHAPTtrR VI ROTENONE AND CYANIDE RESISTANCE

I

Ma1ate oxidation (in the presence of glutamate) by

isolated beet mitochondria is relatively resistant to inhi-

bition by rotenone (Chapter 4). Under these same conditions'

mitochondria isolated from aged. discs seems to show an in-

creased resj-stance (Tab1e 6.1) . As can be seen, inhibition

by 35 pivi rotenone is less marked in mitochondria isolated

from tissue slices that had. been aged. for increasing periods

of tÍme, ie the percentage inhibition of the state 3 rate

decreases with time of agej-ng.

When gradient purified mitochondria from fresh tj-ssue

and 24 hour aged discs were titrated with rotenone during

state 3 malate (pIus glutamate) oxidation, the inhibition was

quantitatively less in mitochondria from the aged tissue

(Figure 6.1), ie the residual rate of substrate oxid.ation j-n

the presence of a gÍven concentration of rotenone is greater.

Further ageing of the tÍssue yields mitochondria which are

even less sensitive to rotenone under these conditions

(Figure 6.2). These results suggested that,in the presence

of glutamate, the ability of the mitochondria isolated from

aged tissue to remove oxaloacetate has increased.

Flgure 6.3 suggests that in mitochond.ria isolated from

fresh tissue the apparent rotenone resistance is related to

the efficiency wÍth which oxaloacetate is removed (see also

Chapter 4). That isr when oxaloacetate is removed by trans-

amination (ie malate plus glutamate) the resistance to

Rotenone Resi stance
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inhibition by ro'tenone is less than that when it is removed

by condensation wÍth acetyl-CoA (ie malic enzyme activity to

yield pyruvate). However, in mitochondria from aged tissue

(Figure 6.4), this difference does not seem to app1y, ie the

apparent inhibition by rotenone seems to be equally dependent

on either of these pathways. This may partly be due to an

increased permeability to glutamate butrmore importantlyrto

an apparently greater parti-cipation of the transaminatj-on

pathway in malate oxidation. As shown j-n Chapter 4, trans-

amination seems to be relatively irnportant in the removal of

oxaloacetate in beet mitochondriar and changes in GOT activity

should be reflected in a changJ-ng or differential sensitivity

of malate (p1us glutamate) oxidation to rotenone inhj-bition,

as seems to be the case.

Emzyme assays of the crude mj-tochondrial fraction (ie

detergent disrupted mitochondria) were carried out in order

to obtain a quantitative estimate of changes which might be

occurring in the leve1 of activity of some TCAC enzymes dur-

ing ageing (Table 6.2), and the results are summarised in

Figure 6.19. As mentioned earlier (Chapter 4) , changes or

differences i-n the activity of individual enzymes as assayed

in vitro need not necessarily reflect on the activity in vivo,

and a perusal of the literature on the subject makes it ob-

vious that a great many regulatory mechanj-sms are possible

with respecÈ to control by substrate turnover and./or avail-

abitity, especially when the isolated enzyme is studied.

Such methods as are available can only lead to speculation

and must continue to do so until a better means of correlation

becomes available.



oo

Ma1ate dehydrogenase activit.y was used as a (numerical)

standard of comparison, since it j-s principally the activity

of thís enzyme, in relation to that of the other enzymes under

consideration, that is of interest for the purposes of this

dÍscussion. No relative change in the activities of pyruvate

dehydrogenase, isocitrate dehydrogenase or malic enzyme could

be detected. by this method in mitochondria isol-ated from

tissue that had. been aged for 24 hours, as compared with those

isolated from fresh tissue. This suggests that the maximum

poÈential capacity of the mitochondria to oxidise malate

remains relatively unchanged in the early period of agej-ng

of beet tissue, and that. the change in rotenone sensitivity is

mediated by the regulation of substrate fLow through the

possil¡le alternative pathways (Figure 6.19). In this respect

an increase in the relative activities of fumarase, s-keto-

glutarate dehydrogenase and GOT (Table 6.2) are of interest,

since they suggest a possible increase in the activity of

the sequence

+ fumarate e malate <-> OAA+glutamate ê sKG + succinate

ie the transamination pathway' provided of course that the

oxidation of malate is not rate limiting. If this suggested

pathway could. be translated to the mitochondrj-al system it

would mean that in the presence of glutamate, mitochondrj-a

from aged tissue would be less influenced by an unfavourable

malate dehydrogenase equilibrium because of a quicker removal

of oxaloacetate by transamination (viz Figure 6.1 ) . Whether

the observed changes in enzyme activity can quantitatively

account for the decreased sensitivity of mitochondria from
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aged tissue to inhib.ition by rotenone is a moot point since,

as mentioned ea.rlÍer, these methods give no j-ndication of

the relative substrate flux thror-rgh any particular pathway,

but they do suggest that transaminatlon might play a rela-

tively more irnportant role j-n metabolic functions of mito-

chonclrj.a in aged beet tissue.

Although an enzymatic basis can be suggested for the

decrease in rotenone sensitivity of aged beet mitochondria,

this may not be the only factor invol-ved.. Cammack and Palmer

(1973) observed that the oxidation of malate alone by uncoupled

potato mitochondria isolated from aged tissue had developed

a resistance to piericidin a (analogous to rotenone),and sug-

gested that this activj-ty was linked. to the development of

the alternate oxidase, ie cyanide resistant respiration.

Table 6.3 -shows that malate oxidation (1 vs 3) by mitochondrj-a

j-solated from aged discs is less sensitive to inhibition by

rotenone than is malate oxidation by mitochondrj-a isolated

f rom fresh ti-ssue. OxaloaceÈate inhibition of mal-ate oxida-

tion by mitochond.ria isolat.ed from aged tissue is still a

contributing factor because glutamate has a significant effect

Ín determining the rate at which this occurs (Table 6.3 ? (2)

& (4) ) . The observations of Cammack and Palmer must, however,

be interpreted with care, since it seems that white potato

mitochondria, lilce beet mitochondrj-ar câfi suffer a substan-

tial inhibition of malate oxidation due to an accumulation

of oxaloacetate (Wiskich and. Day ¡ 1979) . This may mean that

a considerable part of the inhibition of malate oxidation

observed by these authors could j-n fact be due to an unfavour-
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able malate dehydrogenase equilibrium. Obviously, these

experiments need to be carried out in the presence of

glutamateror a suitable system for the removal of oxaloace-

tate, before any conclusions can be drawn.

The basis of this apparent increase in enzymatic

activity j-s not understood.. It could possibly be due to a

de-repression of existing enzymes (eg Latiês ¡- 1 964) or mito-

chondrial biogenesis, involving the synthesis of a different

"population" of mitochondria whose enzymatic function j-s con-

tríbuting to the activity observed in these assays.

The relative activity of succinate dehydrogenase (SDH)

showed a significant decrease (viz > 508) in mitochondria

isolated from aged tissue as opposed t.o those from fresh

tissue. Changes of this magnitude were not expected since'

qualj-tatively, mitochondri-a from fresh tissue d.id not seem to

differ significantly from those of aged tissue with respect to

the general characteristics of succinate oxidation (Figure

6,5), and it was shown (Waring and. Laties' 1977a) that SDH

activity in mitochondria from aged potato discs had decreased

only slightly when compared with the activity of the enzyme

in mitochondria from fresh discs. Nakayama and Asahi (1978)

have shown that SDH becomes more labÍle d.uring imbibition

and germination of pea seeds and although the analogy is not

exact it does set some precedence for the suggestion that the

enzyme of mitochondria from aged beet ti-ssue might react

unfavourably to isolati-on, ie even though activity might

decrease, the effect may be augmented by the lability of the

enzyme when the mitochondria are treated with detergent.
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Despite these speculations r âny real drop in enzyme activity

may be of 1ittIe significance when applied to observations

made with whole mitochondria, since succinate dehydrogenase

does not seem to be rate limiting with respect to TCAC acti-

vity, ie the turnover of the enzyme exceeds that of the cycle

over a range of conditions (Singer et â7., 1973 and also com-

pare with o-ketoglutarate oxidation, Tab1e 6.2).

+ExternaL NAD Reduction

+The reduction of external NAD has been used to gi-ve

some indication of the extent of malate oxi-dation in mito-

chondria from various tissues (see Chapter 4). This technique

was fur+-her applied here in an attempt to detect possible

changes in the pattern of malate oxidation by miÇochondria

isolated from fresh and aged tissue, and revealed. that some

qualitative differences had occurred on ageing.

Addition of malate to mitochondria isolated from fresh

beetroot tissue, in the presence of glutamate and phosphate,

gave rapid initial rates of external NAD+ reduction which

eventually slowed down to a steady rate (Figure 6.6) . A

similar result was obtained for mitochondria i-solated from

aged tissue (Figure 6.7) except that the final steady state

rate seemed to be faster in relation to the initial rate than

it was in mitochondria isolated from fresh ti-ssue.

Omission of glutamate from the medium had simj-lar

effects on both types of mitochondrj-a; that is, it reduced
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+the ex'bent of external IiIAD reduction observed on the add.i-

tion of malaterand also gave a slower steady state rate of

reduction. Subsequent addition of glutamate restored the

rate observed previously in the fully supplentented medium.

Omission of phosphate from the medium had. a very severe effect

on external NAD+ reduction in mitochondria isolated from

fresh tissue. Its absence recluced the extent of nao+ reduc-

tion after the addition of malate, and completely abolished

any residual rate once maximal reductíon had been achieved.

However, the addition of phosphate did much to restore the

rate to that of Figure 6.6C. Recovery r¡tas slow and was not

complete during the time of observatj-on. As statecl previous-

Iy (Chapter 4) , this suggests that in mitochondria isolated

from fresh tissue the d.etectable rate of external NAD+ reduc-

tion is largely dependent on malate entry (ie the presence of

phosphate to operate the dicarboxylate transporter) and on

its oxidation (the presence of glutamate to remove oxaloace-

tate) .

The omission of phosphate from the medium had a differ-

ent effect on mitochondria isolated from aged tissue. The

addition of malate gave a rapid initial rate of reduction

of external NAD+, but a fairly fast rate was maintained

(Figure 6.7C) | to which the addition of phosphate had little

effect. This observation leads to several suggestions. One

of these is that mitochondria isolated from aged tissue are

more "Ieaky" to malate than are those from fresh tissue, ie

that malate diffuses more readily across the inner membrane

of mitochondria isolated from aged tissue than it does j-n
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nritochondria j.solated from fresh .LÍssue" ThÍs idea might be

dispelled. on several grounds. Irigure 6.8 shows tha'L the.

omission of both phosphate and g1u{-amate from the assay

medium has a similar effect on external N/\D-[-reduction by both

fresh and aged tissue nitochondria,eg lOw l-eve1s of external-

NAD+ reduc'bion on the addition of lnalate" Tn the presence

of phosphate, the level of reduction is greatly Íncreased in

both cases , despite the absence of glutamate ' whj-clt suggests

that the presence of phosphate i-s a d.etermining factor in mala-te

entry in both fresh and aged mitochondria, and. ther:eby deter-

mines the extent of external NAD+ reduction. But glutamate

acts similarly to phosphate in that its presence (ie glutamate

wj-thout phosphate) leads to greater relative levels of exter-

nal NAO+ reduction in mitochondria from aged tissue than it

does in mitochondria from fresh tissue, suggesting some form

of co-operatj-ve effect between phosphate and glutamate

possibly that glutamate might be substituting for phosphate

in aiding malate entry. In this role it would be accomplish-

ing a dual purpose, viz (a) it would. enable malate to enter

the mitochondrion more readily and (b) would promote malate

oxidation (hence the differences in external NAD+ reduction)

by removing oxatoacetate. !ühen mitochondria from aged beet

tissue are suspended in isosmotic solutions of ammonium malate

no appreciable swelling of the mitochondrj-a occurs until

phosphate is added (Figure 6.9) a similar effect to that

observed in mitochondria from fresh tissue (Figures 6.1 0A and

B) so that this explanation does not seem to be fully warran-

ted. However, swelling reflects fast rates of substrate entry

- much faster than those needed to support substrate oxidation,
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so that the above suggestion neecl not be considered couclu-

sive. In reciprocal expeliments in which malate was added

to beet mitochondria suspended in ammonium glutamate' the

results suggested that the addition of nej-ther phosphate nor

malate alone acted to increase the rate of swelling appre-

ciably (Figure 6"11) but Èhat the pl:esence of both together

was necessary. Results similar to this have been described

for glutamate entry into mitochondria isolated from fresh

beet tissue (Day and Wiskich, 1977a¡ , and thus in this res-

pect some basic properties of glutamate transport do not

seem to have undergone any signj-ficant change on ageing.

Changing permeabÍlity of the mitochondrj-a to glutamate

during ageing of the tissue might, however, be partly respon-

sibl-e for the observations presented thus far, since if glu-

tamate entry into the mitochondria from fresh tissue was

limiting the rate of the GOT reactionrthen the sensitivity

to rotenone inhibition and the extent of external NAD+ red.uc-

tion might be expected to be greater in mj-tochondria isolated

from fresh tissue. Increased permeability to glutamate would

relieve this restriction and would. result in a more effici-ent

removal of oxaloacetate (ie a more favourable malate dehydro-

genase activity) in mitochondria from aged tissue. However,

the situation will be difficult to resolve, since for gluta-

mate entry to occur more rapidly, the transport rate on the

carrier must increase or alternatÍve pathways for glutamate

entry must develop on ageing. Such postulates are difficult

to prove since even the basic nature of glutamate entry is

stilI uncertain (Chapter 5). Diffusj-on of glutamate across
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the inner membrane may be a factor to consider, since

relatively fast swelling rates are observed when mitochondria

from aged. tissue were simply suspend.ed in ammonj-um glutamate

(Figure 6.11 ) before the addition of either phosphate or

malate, but in such cases it would seem that this is limited

only to glutamate penetration, since malate entry is under

relatively strict control in mitochondria isolated from both

fresh and aged tissue, as is suggested by external NAD+ reduc-

tion and swelling exPeriments.

A change in malic enzyme activi-ty relative to that of

GOT (see Fi-gure 6.12) in mitochondria isolated from aged

tissue is also suggested by the following results. In mito-

chondria isolated from fresh tissue, the addition of Coenzyme

A (in the absence of glutamate), which activiates NAD+-maIic

enzyme (Hatch and. Kagawa, 1974) ' stimulated external UAD+

reduction. MnClz (similarly an activator of malic enzyme

MacRae, 1971) , in the absence of phosphate' stimulated exter-

nal NAD+-reduction slightly' suggesting that some NAD+ reduç-

tion might be external (see chapter 4, Figure 4.6) but the

subsequent addition of phosphate stimulated this rate great1y.

This suggests that the restriction on external NAD+ reduction

has been on malate entry, and. that the additÍon of phosphate

has allowed a much greater access,of malate to internal malic

enzyme, which thus contributes to external NAD+ reduction by

its contribution to a more favourable malate dehydrogenase

activity, ie by removal of oxalöacetate. It also suggests

that MnCIz is a more effective activator of malic enzyme than

is CoA; possibly because endogenous CoA is present and has
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partly activa'ted the

absolu'te requirement

(MacRae , 1971) .

fn any case

activation

++Mn is often an

of the enzyme

enzyme.

for full

Neither CoA nor MnCl2 has any effect on external NAD+

reduction when added to mitochondria i-solated from aged. tis-
sue (Figure 6.13), and although phosphate does stj_mulate

external NAD+ reduction after the addition of MnC12, the

effect is not as great as that produced. with glutamate.

This suggests that malj-c enzyme activit.y, relative to that
of Gor, is not as great as that in mitochondria isolated from

fresh tissue.

Thus it would seem that in mitochondria isolated from

aged beet tj-ssue at reast two factors have assumed a greater

importance in relation to the oxidation of malate, viz an

increased access of glutamate to the matrix compartmentrand

a changing (increased) activity of glutamate-oxaloacetate

transaminase (GOT). Although a connection with the alternate
oxidase might be a factor in the apparently decreased rotenone

sensitivity observed under these conditionsrit is not entire-
ly certain to what extent this occurs/since (a) inhibition by

oxaloacetate is obvi-ously a factor which must be Laken into
account in these observations, and (b) the degree to which

the alternate oxidase develops seems to be variable (see

next section).

9vanide Resj stant Respi ratìon in Ased Beet Mitochondria.3

Ageing of beet tissue results in the development of a



108.

cyanide resistant component of the ind.uced respiratory rise

(Kolattukudy and Reed. ' 1966), and herein is presented evi-

dence thatr âS in a number of other tj-ssues (Solomos, 1977),

this phenomenon can also be detected at the mitochondrial

level. It must be poi-nted out that cyani-de resistant respi-

ratj-on was not intended as a specific study in this work,

since the complexity of the phenomenon' per sê¿ (Solomos'

1977; Ikumat1972) appeared to be far beyond the scope of the

work in hand, and it was also noticed that the apparent degree

to which this activity cleveloped over a 24 hour ageing period

varied from preparation to preparation. It couLd be that

physiological factors inherent to the particular sample of

tissue used were the necessary determinants of this develop-

ment, unless unintentj-ona1 variations occurring during the

ageing of the tissue and the subsequent isolation of the

mitochondria resulted in the disparity. Despite Lhis apparent

anornaly, a generalj-sed picture of the phenomenon can be pre-

sented.

Figures 6.14 and. 6.15 show the effect that either

cyani.de or antimycin a had on actively respiring mitochondria

from fresh and aged Èissues. Figure 6.14 shows that succj--

nate oxidation by mitochondria isolated. from fresh beetroot

tissue is almost completely sensitive to the addition of

6!rMantimyci-n a or 0.47 mM cyanide respectively. The 1ow

rate of residual respiration is not significantly affected

by further additions of cyanide (not shown), and its source

Ís not cIear, sj-nce in most cases even addition of fully

Ínhibitory (1 mM) concentrations of SHAM (salicylhydroxamic
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acid a specific inhibitor of the alternate oxidase;

Schonbaum et â7., 1971) will- not completely abolish this

rate. ft is evident (traces c and d.) that this residual

rate survives in mÍtochondrial preparations from aged. tissues

as weII. These results suggest that the inhibitors are not

completely eff ective wi'th beet mj-tochondria t or, alternaÈive-

Iy, that a third type of inhibitor insensitive oxidase' not

necessarily mitochond.rial, is present in these preparaLions.

The latter consideration must be taken seriously, since the

mitochondria used here, were prepared by differential centri-

fugationrand the likelihood of contaminating material being

present is a real possibility (see Chapter 1). However' bY

contrast, mitochondria prepared from aged tissue (c and d)

show an insensitivity to the same concentrations of ej-ther

cyanide or antimycin that were used to inhibit mitochondria

from fresh tissue, and the subsequent addition of SHAM almost

completely inhibits this rate. A similar situation pertains

to the oxidation of malate (Figure 6.15). The data presented.

in Figure 6.1 5 show that malate and succinate oxidation by

mitochondrj-a isolated. from fresh tissue is almost completely

cyanide sensitive at very low concentrations of the inhibitor

(viz about 100 pM), and sj-milar results have been reported for

corn mitochondria (Wilson and Hanson, 1969). Concentrations

of cyanide which wil-I maximally inhibit substrate oxidation

by mj-tochondria from fresh tissue have less effect on mito-

chondria from aged tissue (Figure 6.15). The overall extent

of the inhibition of oxygen uptake by cyanide j-n mitochondria

from aged tissue is similar in the case of all three substrates
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tested (Figure 6.L6) , and the rates at the highest inhibi-

tory concentration of cyanicle (viz 0.37 mtt{) are simil-ar

(Table U.4)t suggesting that the maximum caPacity of the

alternate pathway to support substrate oxidation has been

exceeded, ie is rate limiting.

Similarly, malate oxidation is less sensitive to in-

creasing antimycin a concentrations in mitochondria from

aged tissue than it is in mitochondria from fresh tj-ssue

(Figure 6.17 ), and the similar patÈerns of inhibitíon of

both succinate (Figure 6.14) and NADH (Chapter IIf: Figure

3.4) oxid.ation suggest that the branch point of the alter-

nate oxidase in aged beet mitochondria occurs before the

site of inhÌbition by antimycin a (ie cytochrome b, fkuma'

1972).

Attempts were made to estimate the relative contribu-

tion of the alternate pathway to state 3 respiration in

mitochond.ria isolated from aged beet tissue during the

oxidation of a number of substrates (Tab1e 6.6). Addition

of KCN in state 3 gave a residual, resistant rate for all

three substrates. If one accepts the hypothesis of Bahr and

Bonner (1973a, b) (see Introduction) then this is to be

expectedrsince the addition of cyanide results in a suffi-

ciently high level of reduction of ubiquinone to effect the

switch from the cyanide sensitive to the cyanide resistant

pathway. This residual rate was almost completely inhibited

by 1 mM SHA¡4, which suggests that reducing equivalents from each

substrate have access to the alternate pathway in ¿¡sl presence

of KcN. Furthermore the alternate pathrvay \üas saturated wit.h
a maximum rate of 30-38 n.mol_es
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O2/min/ng. The adcLi'bion of SIIAM to mitochonclria oxidising

NADH in state 3 hact no effect on this rater and sjnce SHAI1

qgite clearly inhibits cyanj-de resistant NADI{ oxidation,

viz tTre alternate oxidase (Chapter If f , Figure 3.4). Thj-s

suggests that the capacity of the cyl-ochrome chaj-n (and j-n

particular that section of the chain between ubiqui.none and

cytochronre oxidase) to support an electron flux is,equivalent

to an oxygen uptake of at Teast 180 n.moles O2/min/mg. Thus

the state 3 electron flux of malate oxiclation (equivalent

to an oxygen uptake of 172 n.moles O2/min/mg) can quite

easily be accommodated by the chain without seriously affect-

ing the leveL of reduction of UQ and bringing the alternate

oxidase into operation (ie it does not saturate the chain).

For this reason, Ínhibition of malate oxidatj-on by SHAM need

not implicate activity of the alternate oxj-dase, and one is

led. to postulate that the rate limiting step during malate

oxidation in the presence of SHAM occurs before ubiquinone;

quite possibly at the level of the FeS centres associated

with flavoprotein oxid.ation of internal NADH, since SHAM is

known to complex with iron compounds (Schonbaum et a7., 1971).

How this occurs is unknown since SHAM d.oes not penetrate the

inner membrane of plant mj-tochondria (Schonbaum eÉ a7., 1971),

but similar experiments suggest that in the case of fresh

beeÈ mj-tochond.ria (Table 6.5) the possibility of other

interactions between the electron transport chain and SHAM

(especially before UQ) need. to be considered,since in these

mitochondria the alternate oxidase is not present but SHA.I4

inhibits both succinate and malate oxidation. In aged beet
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mitochondri-a an anomalous situation exists when succinate

oxidation is considered, since the state 3 rate clearJ-y ex-

ceeds that of state 3 NADII oxidation' so that the alternate

pathway could be operating in this case íf the cytochrome

pathway were saturated. However, if the mitochondria are

assayed in the presence of a mj-xture of substrates in an

effort to "saturate" the cytochrome chainrit j-s evident

(Table 6.6) that the cytochrome path can support a flux

equivalent to 212 n.moles O2/min/mg, no matter what the site

of SHAM inhibition. In other wordsrelectron flow between UQ

and cytochrome oxidase is not rate limiting in state 3 with

any substrate and, by inference, in uncoupled. mitochondria.

If the theory of Bahr and Bonner is assumed to aPPIY,

and. a high 1eveI of reduction of UQ is to be the effective

switchover mechanism for the operation of the alternate

oxidaserthen it can be seen that under no condition observed

here (ie in coupled beet mitochondria in state 3) is sub-

strate oxidation sufficj-entIy rapid to put the rate limit-

ing step between UQ and cytochrome oxi-d.ase. The pathway

between UQ and oxygen can support the electron fluxes gen-

erated by the oxidation of each substraterand thus inhibi-

tion by snau of malate or of succinate oxidation cannot be

presumed. to be indicative of alternate oxidase actj-vity,

but rather to be representative of an inhibition of a less

specific nature.

tr{hen applied to the whole tlssue situation in aged beet,

these results do not preclude the operation of the alternate
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path$/ay during coupled respi-rationrsince the UQ-cytochrome

oxidase step may be rate limitirig to a sufficient degreg to

engage the alternate pathway, ie if low ADP were limiting

electron flow through the cytochrome chain,ubiquj-none nìay

become sufficiently reduced. to allow the alternate pathway

to operate. However, in uncoupled beet tissue (analogous

to state 3), it j-s unlikely that the alternate oxidase would

be operating, since the UQ-cytochrome oxidase section of the

chain is not rate limiting the total cytochrome chain. The

rate limiting step of the electron transport pathway is bet-

ween substrate and UQ,and is independent of the relative

rates of either the UQ + cytochrome oxidase pathway or the

alternative oxidase pathv/ay. It is also independent of

glycolysis or the supply of organic substrates. The primary

dependence is on the presentation of electrons (reducing

equivalents) to UQ. Earlier work on isolated mitochondria

(Bahr and Bonner, 1973b) assumed saturation of the cytochrome

pathway by a single substrate, however the results presented.

here (Tables 6.5 and 6.6)rand those of Day and Wiskich (1977b)l

clearly show that the presentation of a single substrate

does not saturate the cytochrome chain. Therefore it is

restated that inhibition by SHAI4 of state 3 substrate oxi-

dation by isolated beet mitochondrj-a need not be explained

by inhibition of the alternate oxidase. Furthermore, in

the absence of any evidence to the contraryrit can be

assumed that similar inhibition occurs in vivo and that

SHAI\'Í (or other hydroxamates) do not specifically inhibit

uncoupTed respiration by reducing the contribution of the

alternate oxidase.
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Inhibition by hydroxarnates of tire type reported here

for beet mitochondría need not occur i.n mitochondria isola-

ted from other tissues for example mitochondria isolated

from fresh white potato mitochondria do not seem to be

similarly affected by hyclroxamates (Schonbaum et al., 1971.

Compare with fresh beet mitochondria' Table 6.5). However,

one feels that a rîore critical assesstnent shoulcl be made of

resulLs obtained when hydroxamates are used to estimat-e the

alternative pathway activity in uncoupJed tissue (eg Theologis

and Laties, 1978)rsince what seems to be alternate pathway

activity may in fact be due to an inhibition of the normal

respiratory pathway at. those loci mentioned earlier. Ob-

viOusly, for such assessments to be maderit is essential

to first establish the effect that hydroxamates have on

substrate oxidation at the mitochondrial level before draw-

ing any conclusions as to their activity in vivo.

The above discussion rests on the assumption that the

hypothesis of Bahr and Bonner (i973b) explaj-ns the mechanism

by which electron flow is regulated between the cyanide sen-

sitive and cyanide insensitive pathways. However, the

mechanism may vary from tissue to tissue. The hypothesis

points to a simple on/off switching mechanism whilst Storey

(1976) suggests that there 1s an apPortionment of electrons

between the two pathways. The difference in the mid poj-nt

potentials of the acceptors at the head of each chain may

determine which mechanj-sms operates by determining the

st,eady state level of reduction of UQ. This last point is

surely olle for closer examination since UQ seems to be the

focal point of the whole phenomenon.
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4 Exte rna L NAD+ Redu cti.on and. Cqanide Insensitive

Rcspi ration blt As ed Beet I'Iitochondtia.

Externa] NAD+ red.uction \^/as used as a technique to

monitor j-nternal malate oxj-dation in aged beet mitochondria,

and although the technj.que proved to be successful' the rea-

son f or the detection of external NAD+ reduction \^tas pvzzling,

since under the cond.itions which the assays were carried out

(ie in the presence of antimycin a) it would be expected

that the alternate oxidase would be capable of oxidising

externally produced NADH via the external dehydrogenase.

This is supported by the evidence presented. in Table 6.7

which shows that the external dehydrogenase at least has

access to this NADH, since ad.dition of NAD+ to rotenone

inhibited mitochondria from aged beet tissue results in a

stimulation of malate oxidation, whereas it has no such

simiLar effect on the oxidation of other NAD+ linked sub-

strates under these conditions (see also Chapter 5). This

is due to the Presence of the external NADH dehydrogenase'

and further supports the cõntention that external NAD+

reduction observed under these conditions is due to inter-

nal factors, since mitochondrj-a from fresh tissue are not

stÍmulated by the addition of NAD+ simply because they lack

this dehydrogenase (see Chapter 4).

Experi-ments were carried out on mung bean mitochondria,

which are known to possess a relatj-vely active alternate

oxj-dase (Bahr and Bonner, 1973b), and Fig. 6 . 18 shows

thaL j-n this case also, external NAD+ reducÈion can be
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detected., atthough after a rapid initial. burst of reduction

the NADH produced j-s slowly reoxidised (trigure 6.18l\).

Under these conditions the observable rate of external

NAD+ red.uction is governed by the equilibrium level of the

internal NADH pool (Chapter 4) , ie by the difference between

NAD+ reduction from the oxidation of malate and its re-oxi-

dation via the alternate oxidase (see Figure 7.2). Obvi-ous1y,

re-oxid.ation of external NADH must also be taken into account.

Blocking the alternate oxidase with SHAM would lead to an

increase in the level of the internal NADH pool and a much

more extensive red.uction of external NAD+ (Figure 6.188) .

External NADH continues to accummulate because it can no

longer be re-oxid.ised by the alternate pathway through the

external dehydrogenase. Inhibition by rotenone however'

results in only an intermediate level of external NAD+ reduc-

tion (Figure 6.18C),since (a) rotenone has no effect on the

external dehydrogenase,and (b) rotenone only partly inhibits

the internal pathway (Chapter 4), so that the internal NADH

pool is at a level of reductj-on between the two described

above, and the re-oxidation of external NADH must Once more

be taken into account because of the activity of the external

dehydrogenase coupled to the alternate pathway.

Thus, once againr ânY contention that the reduction of

external NAD+ is due to the activity of an external NAD+-

Iinked malic enzyme (Palmer and Arron, 1976) does not seem

to be justified. In fact, these results should be considered

to be more conclusive than those presented j-n Chapter 4 with
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respect to turnip mitochondrj-arsince the mitochondria used.

here were purified on a density gradient, and the only known

effects of roLenone relate to i-ntra-mitochondrial NADH oxi-
dation.

Thus, reverting back to the earlier discussion concern-

ing the possibility of the reoxidation of externalry genera-

ted NADH during the investigations of external NAD+ reduction
j-n aged beet mitochondri-a, it would seem that this is not a

consideration of major importance, quite possibly because

the activity of the alternate oxÍdase is low in these pre-
parations ancl the level of reductj-on of internal pyridine
nucleotides can be maintained at a high enough level to
account for any losses of NADH which might occur, either
internally or externally, via this pathway.

5 Summarg

The results presented in this chapter suggest that a

rerative insensitivity to inhibition of malate oxidation by

rotenone in isorated beet mitochondria develops on ageing of
the tissue from which the mitochond.ria \^/ere derived. That

this d.evelopment was linked to the presence of glutamate

suggested that the change was due to i.ncreasing activj-ty of
the Gor pathway (ie the more efficj-ent removar of oxalo-
acetate - Figures 6 .3 and. 6 .4 ) , and an exami-nation of the

relative enzyme activities occurring in fresh and aged mito-
chondria (Tab1e 6.2) tended to confirm this by suggesting

that the capacity for transamj-nation of glutamate had
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increased. Studies utilising the technique of external

NAD+ reduction to monitor Possil:le changes in the pattern

of internal malate oxidation sustained this hypothesis by

showing that glutamate remains an important mediator in

malate oxidation during the ageing period under study (ie

24 hours)rwhilst any change in the activity of malic enzyme

does not seem to be of great importance in its contribution

to oxaloacetate removal.

A cyani-de resistant component to substrate oxidation

could also be demonstrated, but its apparent variatj-on from

preparation to preParaÈion (compare Figure 6.1 5 with Table

6.5),and its low activity,allowed for only a general charac-

terisation to be attempted. Horntever, the general assumption

that SHAM specifically inhibits the alternate oxj-dase might

not be appticable to beet mitochondria, since the compound.

wilt inhibit substrate oxidation by mitochondria from fresh

tissue (where the alternate oxidase is not present) to a

degree Èhat is comparable to that observed in mitochondria

from aged tissue. The basis of this inhibition is not fully

understoodrbut speculation leads to the conclusion that

the iron-sulphur centres of the electron transport chain

might be affected by SHAM, and that the nature of the

external dehydrogenase induced by ageing is such that a

similar type of inhibition does not occur.



Tabie 6. J. I n h i b i t i o n o f _rya t_Z|g_!-gt-yZ-g-1-yLa n ?!e ) oxida-

tion bq mitoc hondria isol-ated ftom beet discs at diff erelg

tirnes aftet
-zt-i-gLlg-z

Mítochondria were j-solated and assayed as described in

Materials and Methods. State 3 rates were obtained by

the addition of 337 n.moles ADP. Other addítions were

20 mM malate and 20 mM glutamate.

Rates are expressed as n.moles O2/mín/mg protein.

Time after slicing
(hr)

State 3 +35 pM Rotenone z
Inhibition

0

24

48

54

96

45

11

26

15

80

73

67



Tabfe 6.2. The activ i_LZ_gr__Zgf "g_!gL9_qLd_aqZggLZLg_!_9!z_!!92
ín mitochondria isofated from fresh tissue and sfices that
had been 1s9d -fo r -Zt-\ ou.rs in l0 -4 M cafc tvry"-zyt-eLzle

AII assays were performed as described j-n lvlaterials and

Methods and rates are expressed as n.moles product formed
or substrate utiliseð,/min/mg protein.

Fresh Tissue _Aged Tissue
Enzyme Activity Rel-ative

Activity Activity Rel-aLive
Activity

MaIate
Dehydrogienase

NAD+-Malic
Enzyme

GOT

Succinate
Dehydrogenase

NAo+-Tsocitrate
Dehydrogenase

0 - Ketoglutarate
Dehydrogenase

Fumarase

Pyruvate
Dehydrogenase

(1)

(2)

(1)

(2)

(1)
(2)

(1)
(2)

(1)

(2)

(1)
(2)

(1)
(2)

(1)
(2)

28 112
24 t598

338

193

1,407

11279

159

237

400

428

100.0

0.01

0.051

0.008

0.016

0.00021

0.0027

0.0022

20 t2g3

30,440

291

136

1t721

1 1410

67

101

419

366

1 00.0

0.008

o.062

0.003

0. 01s

0.00058

0.0061

0.0023

7.00

4.08

16.92

11.95

154

154

65

48

77

66

57

60

Relative activity Ís the numerical average of the two

individual experiments, and is expressed relative to

malate dehyd.rogenase.



TabLe 6.3. The effect or roteno¡te an maTate and maLate pLus

gLutamate oxidation bq nitochondria isolated from fresh tissue and

sJ.ices that had been -4for 24 hours in L0 M cafcium su te

Oxygen uptal<e was measured as descrj-bed in Materials and

Methods. Mitochondria (1 .2 mg fresh; 1.44 mg aged)

were added to 1.5 mI standard reaction medium containing

30 m¡4 mal-ate or 30 mM malate + 30 mM glutamate. State 3

rates were obtained by the addition of 341 pM ADP.

Rates are expressed. as n.moles 02/mín/mg protein.

State 3 + 18 pM
Rotenone

? Inhibition

1.

Fresh Ti-ssue

2.

MaIate

Malate + glutamate

Aged Tissue

3. Malate

Ma1ate + glutamate4.

121

172

112

173

13

38

32

54

90

78

71

69



TabLe 6.4 The effect of KCN on su.bstrate oxidation

mitochondria isoJ"ated from sLices of beetroot tissue
-Lv
that

-4had been aged for 24 hours in 10 M cafcium suLphate.

Oxygen uptake was measured as described in Materials and

Methods. Mitochondria (0.76 mg protein) \¡/ere added to

1.5 ml standard reaction medium containing 16 mM malate

(plus 16 mM glutamate) , 16 mM succj-nate or 1.1 mM NADH.

State 3 rates \^/ere obtained by the addition of 512 n.moles

ADP.

Rates are expressed as n.moles 02/min/mg protein.

Substrate State 3 +0.37 mM KCN

Ma1ate (plus glutamate)

Succinate

NADH

91

95

74

35

37

30



TabLe 6.5. The effect of KCN and SHAM on substrate oxida-

Xion þv--nitochondria isol-ated from fresh beetroot tissuei

Oxygen uptake was measured as described in Materials and

Methods. Mitochondria (1 .14 mg protein for malate + glu-

tamate | 0.76 mg protei-n for succinate and the "complete"

medi-um) were added to 2.0 mI standard reaction medium con-

taining 12.5 mM malate, 12.5 mM glutamate or 12.5 mM suc-

cinate. The "complete" medium contained 12.5 mM malate,

glutamate, pyruvate and succinate' 10 pM CoA, 75 UM TPP

and 0.5 mM ATP. State 3 rates were obtained by the addi-

tion of 978 n.moles ADP.

Rates are espressed as n.moles Or/min/mg protein.

Additions Substrate
Malate + Gl-utamate Succi-nate "CompIete"

ADP

+0.4 mM

+1.0 mM

KCN

SHAM

124

136

112

2

9

4

180

7

176

156

207

182

I

ADP

+1 ,0

+0.4

mM SHAM

mM KCN



TABLE 6.6 The ef f ect of KCN and SHAM on su.bs trate oxida-

tion b v_! itochondria isoLated from discs of beetroot tis,sue

that had been zs9
-4d for 24 hours in 70 M cal-ci ly_su LpLeËg.

For assay conditions refer to Table 6.5.

Additions Substrate
Ma1ate +
Glutamate

Succinate NADH "Compl-ete'r

ADP

+0.4

+1 .0

mM KCN

mM SHAM

172

35

3

172

129

9

187

38

199

163

5

180

30

4

ADP

+1.0 mM SHAM

+0.4 mM KCN

180

180

9

242

212



+TabTe 6.7. The effect of rotenone and NAI) on the oxida-

calcium

tion of various substrate r-þv- mitochondria isoLated from

beetroot discs that had been !s"g-! -4ot 24 hours in 10 YI

-IYLPLZL9.

Oxygen uptake \^tas measured as described in Materials and

Method.s. Mitochondria ( 1 .50 mg protein) were added to

'1.5 ml standard reaction medium containing 30 mM each of

either glutamate, a-ketoglutarate' malate or citrate.

Also included \^rere, 17 yM.CoA, 0.15 mM TPP and 5 mM malo-

nate where specified. Additions were 18 pM rotenone and

0.6 mM NAD+. State 3 rates were obtained by the addition

of 348 pM ADP.

Rates t,,,?ere expressed as n.moles O2/mín/mg protein.

Substrate +State 3 +Rotenone +NAD +Rotenone

Glutamate+CoA
+TPP+malonate

a-ketoglutarate+CoA
tTPP*malonate

MaIate

Malate+glutamate

28

51

114

175

15

32

34

56

15

34

49

64

Citrate+malonate 46 29 29



T
o)
E

F
I

.F
Ë
N
o
ah
o
E
E

o
r!
É,

õ

=.no
É,

BO

60

40

Figure 6. l.

o

¿'

\
A

\
o o

\
^

20
^

^ ^

5 10

¡M Rotenone

Inhibition of malate oxidationras a function of rotenone con-
centrationrin mitochondria from fresh (r-¡) and 24 hour
aged (O-a) beetroot mitochondr ia .

Mitochondria were purified on a linear sucrose gradient as

described in Materials and Methods and oxygen uptake was

measured as described therein. Mitochondria (1.1 mg - fresh;
0.7 mg - aged) were added to 2.5 ml standard reaction medium

containing 20 mM malate and 20 rntvl glutamate. state 3 rates
were obtained on the addition of 2.6 pmoles ADP.

l5



Figure 6.2

The effect of rotenone on malate oxidation by

beetroot mitochondri-a isolated from fresh

tissue (A) and from discs that had been aged

for 90 hours (B) in 1O-4tt caLcium sulphate.

Oxygen uptake was measured as descrj-bed in
MateriaLs and. Methods. Mitochondria (1.I mg

(A): 1.04 mg (B) ) r¡tere added to 2.7 mI stan-

dard reaction medium. Additions were 18.5 mM

malate, 18.5 mM glutamate, 37 pM rotenone and

6 M antimycin a. ADP (200 pM - first addition,
500 pM - second additj-on) was added. as indicated.

Rates are expressed as n.moles O2/min/mg protein.



Mal
+

G lut

2g

ADP

ADP

ADP

83

I
Mw

Mal
Glut 96

Rot

Rot

19
36

100 n moles 02

2 min

A

137

ADP

4

160

66

B



Figure 6.3

Inhibition of malate oxidation, as a function

of rotenone concentratj-on, in mitochond.ria

isolated from fresh beetroot tissue.

Oxygen uptake was measured as described in
Materials and Methods. Mitochondria (1.8 mg

protein) were included. in 2.6 ml standard

reaction medium containing 20 mM malate and

20 mM glutamate ( r-r ), or 20 mM malate,

20 mM pyruvate, 10 pM CoA and 0.076 mM TPP

( o-. ) . State 3 rates r^rere obtained by

the addition of 2.6 ¡r.moles ADP.
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Figure 6.4

fnhibition of malate oxidationras a function
of rotenone concentrationrin mitochondria

isolated from beetroot tissue that had. been

aged for 24 hours in t O-4tt CaSo+.

Oxygen upÈake was measured as described in
Materials and Methods. Mitochondria (1.00 mg

protein) were included in 2.6 ml standard

reactj-on medium containing 20 mM malate and

20 mM glutamate ( l-r ), or 20 mM malate,

20 mM pyruvate, 10 pM CoA and 0.076 mM Tpp

( o-o ) . State 3 rates were obtained. on

the addition of 2.6 p.moles ADp.



o
I

o

I

1

rF
I
g)
E

rF
I

'--

ôto
o
o
o
E

o
rg

É,

tú

LJ'õ
o
É,

I

150

00

50

o
t

5
î

1510

¡rM Rotenone



Figure 6.5

Succinate oxid.ation by mitochondria isolated
from fresh (A) and 24 hour aged (B) beeÈroot

ti-s sue .

Oxygen uptake was measured as described in
Materials and Methods. Mitochondria (1.48 mg

(A) ; 0.84 mg (B) ) u¡ere included in 2.4 mI

standard reaction medium. Additions were 2O mM

succinate and 434 n.moles ADp.

Rates are expressed as n.moles O2/min/mg proÈein.
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F,'iqure 6 .6

External NAD+ reduction by mitochondria isolated.

from fresh beetroot tissue.

NAD+ reduction was followed as described in
Materials and Methods. Mitochondria (0.43 mg

protein) were add.ed to the reaction medium

containi-ng 10 ¡lM antimycin a and 0.32 mM NAD+.

Also included in the reaction medium were:

B

10 mM phosphate, 10 mM glutamate

10 mM phosphate

10 mM glutamate.

10 mM malate was addedzas índicated. by the

arrow, to initiate the reactj-on and 10 mM

glutamate or 1 0 mM phosphate were added as

shown.

Rates are expressed as n.moles NAD+ reduced/

min/mg

A

c
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Figure 6.7. External NAD

aged tissue.
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Conditions were as outlined in the legend to Figure 6.6 and
0.46 mg protein were used.

Rates are expressed as n.moles NAD+ reduced/min/mg protein.



Fiqure 6.8

The effect of phosphate and glutamate on

external NAD+ reduction by beetroot mito-

chondria from fresh tissue,or from dj-scs

that had been aged for 24 hours in t O-4m

calcium sulphate prior to isolation of the

mitochondria.

NAD+ reducÈion was measured as described

in Materials and Methods. Mitochondria

were added. to the reaction medium contain-
Íng 10 ¡rM antimycin a and, 0.32 mM NAD+.

10 mM phosphate and,/or 10 mM glutamate

lrere included as j-ndicated on the diagram

and 1 0 mM malate added as shown by the

arro$ts.
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Figure 6.9

Swelling of mitochondria in ammonium malate.

Mltochondria were isolated from beetroot discs

that had been aged for 24 hours in t O-41,t

calcium sulphate.

Swelling was followed as described in Mat.erials

and Metho¿i. Mitochondria (1.08 mg protein)

were included fn tf¡e meaium containing 175 mM

ammonium malate, 5 mM TRIS/HCI- (pH 7.2), 0.1 mM

EGTA (pH 7.2) and 5 UM antimycin a. t4alate and

phosphate were added as indicated by the arro$¡s.
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Figure 6.1 0

Swelling of mitochondria in ammonium sa1ts.

Mi-tochondria were isolated from fresh beet-

root tÍssue.

Swelling was followed as described in
Materials and. Methods. Mitochondria (1.4 mg

protein) were included in the medium contain-
ing 1 75 mM ammonium malate (4, B) or 175 mM

ammonium glutamate (C). AIso included in each

medium were 5 mM TRIS/HCI (pH 7.2), 0.1 mM

EGTA (pH 7 .2) and 5 UM antimyc j-n a. 5 mM

phosphate, 5 mM malate or 5 mM glutamate were

added as indicated by the arrows.
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Fj-gure 6.11

Swelling of mitochondria j-n ammonium glutamate.

Mitochondria were isolated from beetroot discs

that. had been aged for 24 hours in t O-41¿ cal-cium

sulphate.

Swelling was followed as described in Materials

and Methods. Mitochondria (1.08 mg protein) were

included in the medium containing 175 mM ammonium

glutamat.e, 5 mM TRIS/HCI (pH 7.2), 0.1 mM EGTA

(pFt 7 .2) and 5 UM antimycin a. 5 mM malate or
5 mM phosphate were added as indj-cated by the

arrows.
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Figure 6.12

External NAD+ reduction by rnitochondria isolated
from fresh beetroot tissue.

+
NAD reduction was followed as described in
Mater j-als and Methods. Mitochondria (0.43 mg

protein) were included in 2.7 ml of reaction
medj-um (mI-nus phosphate) containing 10 pM

antimycin a and 0.32 mM NAD+. Also included

in the medium \^¡ere:

A: 10 mM phosphate

B: 10 mM phosphate

C: no addition.

1 mM MnCl2 , 10 mM phosphate , 12 pM CoA or 1 0 mM

gJ-utamate were added as shown. The reaction was

ínitj-ated by the addition of 1 0 mM malate as in-
dicated by the arrow

Rates are expressed. as n.moles NAD+ reduced./min/

mg protein.



NAD + Reduct ion A

Ba

13 ,',
a

I
a

a

G

CoA

lut

1..

I

aa
a

3

4

c

20

AOD = 0'0f

l min

0
t

I
MnC12

P¡



AOD = 0'01

I ¡nin

At NAD +

Reduct io¡r

¿..M

I
I

,' 17

f
I
f

3

t
G lut t

I
I

B

3

CoA

t

c

11

0
0

I
MnC12

Figure 6.13. External NAD+ reduction by mitochondria isolated from
beetroot tissue that had been aged for 24 hours in 10
calcium sulphate.

Conditions were as outlined in thelegend to Figure 6.12.

Mitochondrial protein was 0.46 mg.

Rates are expressed as n.moles NAD+ reduced/min/nq protein.
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Fi-qure 6 .14

The effect of cyanide and antj_mycin a on succi-
nate oxidation by beetroot mitochondria isolated
from fresh tissue (ArB) or from discs that had

been aged for 24 hours in 't O-4lul calcium sulphate
(C'D).

Oxygen uptake $/as measured as described in
Materials and Methods. Mitochondria (0.5 mg

A' B; 0.75 mg - C, D) were added to 1.5 ml

standard reactj.on medium containing 17 mM succi-
nate and 0.67 mM ATP. Additions v¡ere 6¡tK anti-
mycin at 0.47 mM KCN, 1 mM SHAM, 76.¡,rM ADp (1st

addition) and 383 pM ADp (2nd addition).

Rates are expressed as n.moles O2/mín/mg protein.
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Figure 6.15

The effect of cyanide and antimycin a on malate

(plus glutamate) oxidation by beetroot mitochon-

dria Ísolated from fresh tissue (A, B) or from

discs that had been aged. for 24 hours in t 0-4u

calcium sulphate.

Oxygen uptake was. measured as descri-bed in
Materials and Methods. Mitochondria (1.00 mg

A, B; 0.75 mg C, D) v/ere added to 1.5 ml

standard reaction medium containing 17 mM malate

and 1 7 mM glutamate. Additions were 6 UM antj_-

mycin a, 0.47 mM KCN, 1 mM SHAM, 114 pM ADp

(1st ad.dition) and 383 yM ADp (2nd addition).

Rates are expressed as n.moles O2/min/mg protein.
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Figure 6.16

Inhibition of substrate oxidation by mitochondria

isolated from fresh (o-o) or 24 hour aged (A-^)
beetroot tj-ssuer âs a function of cyanide concen-

trati-on.

Oxygen uptake was measured as described. in
Materials and Methods. ïnhibition is expressed

as a percentage of the state 3 rate. Mitochondria

(0.5 mg fresh¡ 1.0 mg aged) hrere add.ed. to

1.5 mI standard reaction medium. Additions were:

A: 17 mM succi-nate and 0.6 mM ATp

17 mM malate + 17 mM glutamate

1.2 mM NADH.

B

State 3 rates were obtained by the addition of
765 pM ADP.

c
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0.02

¡M Antimycin

E

0.04

A

0.06

c

Inhíbition of malate oxidation by beetroot mitochondria
as a function of antimycin a concentration. Inhibition
is expressed as a percentage of the state 3 rate in fresh
(r-r) and aged (o-o) mitochondria.

(state 3, fresh - 7t n.moles O2/min/mg protein;
state 3, aged - 93 n.moles o2/mín/mg protein)

Mitochondria (0.68 mg - fresh; 0.42 mg - aged) were
included in 2.5 mt standard reaction medium containing
20 mM malate and 20 mM glutamate. State 3 rates were
obtained by the addition of 2.3 pl.moles ADP.



Figure 6.1 I

The effect of rotenone and SHAM on external
NAD+ reduction by mung bean mitochondria.

NAD+ reduction was measured as described in
Materials and Methods. Mitochondria (0.95 mg

protein) were added to 2.6 ml st,andard reac-
tion medium contaìning 6 UM antimycin a, O.ZS mM

'NAD+ and 20 mM glutamate. The reaction was

started by the additon of 20 mM malate as j-n-

dicated by the arro\^¡.

A:

B:

control
+ 1 MM SHAM

+19 ¡lM rotenone.
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Figure 6.19

in enzyme activities referred to in the

Beetroot mitochondria \^/ere isolated from

tissue that had been aged for 24 hours in t O-4trl

CaSO¡.

Changes are expressed relative to malate dehydro-

genase activity

O = no change 0 - Íncrease in activity
O = decrease in activity

Enzymes ares

Changes

text.

1.

2.

3.

4.

5.

6.

7.

8.

Fumarase

NAo+-Malic Enzyme

Malate-Dehydrogenase

Pyruvate -Dehydrogen as e
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SuccinaÈe Dehydrogenase.



NAD

ATP

ADP+Pi

NADH

7 Succ CoA

Succ inate

CoA

NADH

NAD

I

F Umarate + +

Fumaratê-+ Ma late
1

NAD

c

NAD NADH

3

OAA

cO2

CoA

Glut o( KG

5

Acetyl CoA

Asparatê +

Citrat

coz

caz

6

2

NADH

Pyruvate
4

NAD NADH



119 .

CIIAPTtrR VIT GENERAL DISCUSSTON AND FUTURE WORK

It is generally accepted that plant mitochondria

possess the capaci-ty to oxidise extramitochondrial NADH

directly via the respiratory chain and that this particu-

lar ability is due to the presence of a dehydrogenase which

is located on the outer face of the i-nner mitochondrial

membrane (Palmer, 1976) . That is to say that the pathways

of internal and external NADH oxidation are intrinsically

part of the same membrane. Beetroot mitochondria occupy a

rare position with respect to this apparently ub-ì-quitous

phenomenon in that they do not possess any system for the

dj-rect, respiratory linked oxidation of exogenous NADH.

Slicing and agei-ng of beetroot tissue in dilute cal-'

cium suJ-phate solutions elicited the rise in respiration

that is characteristic of storage tissue so treated, and in

addition induced a number of changes in mitoihondrial pro-

perti-es, notably the development of a respiratory linked

NADH dehydrogenase that is located on the outer face of the

inner mitochondrial membrane (Chapter 1 ) . Enhanced NADH

oxidation has been noted to occur in mitochondria isolated

from ageing potato dj-scs (Dizengrimel and Lance, 1976) and

it was suggested that cytoplasmic protein synthesi-s could

be dinectly responsible for the synthesis of the NADH

dehydrogenase system, ie the dehydrogenase r¡/as synthesised

j-n the cytoplasm and incorporated into the membranes of

pre-existing organelles. This study tends to confirm these

suggestions, especially when one considers that the occur-
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rence of NADII dehydrogenase activity in 24 hour aged beet

mitochondria represents the synthesis of a completely new

clehydrogenase system rather than any enhancement of a pre-

existing one. Ageing beet tissue then, is an ideal system

in which to study the interaction between cytoplasmic pro-

tein synthesis and organelle development durinq ageing, and

further investigation may help to eludicate the processes

which control the respiratory activity of the mj.tochonclria

during the period when tissue respiration 1s rapidly increas-

ing (ie the first 24-36 hours).

In the animal ce1l the impermeability of the j-nner

mitochondrial- membrane to pyridine nucleotides means that

the cytoplasmic and matrix NADf couples can be maintained.

in different redox states, this difference being regulated

by a number of substrate and anion transporters. Similar

transport mechanisms may serve tO maintain an asymmetric

distribution of substrates between the matrix and cytoplasmic

compartments in beetroot tissue, thus helping to maintain

a difference in the redox poise of the respective NAD+

couples. A substrate "shuttle" can be demonstrated in

isolated beetroot mitochondria (eg malate-oxaloacetate;

Day, Rayner and Wiskich, 1976) and the evj-dence presented

in Chapter 5 suggests that a glutamate/aspartate exchange

carrier may also be present in beetroot mitochondria.

Obviously there is a pressì-ng need for a more definitive

study of substrate permeability j-n plant mitochondria.

Glutamate permeability in particular may require special

attention in view of the relatively i-mportant role that it



121 .

seems to play in the control of malate oxidation by mÍto-

chondria isol¿¡ted from a number of tissues (see Chapter 4).

However, unequivocal resolution of the mode of glutamate

trernsport rnay be difficul.t because glut-amate does not seem

to lend itself readily to investigations of the type reported

here or elsewhere (see De Santis et âf.,1976) which means

that more sensitive procedures may have to be devised.

The development of external- NADH oxidation by the mito-

chondria of ageing beetroot tissue may mean that the sugges-

ted "shuttle" mechanisms must now serve other functions,

since substrate movement alone would not be able to main-

tain the imbalance between the cytoplasmic and mitochondrial
-¡-

NAD' couples. Such functions might be maintenance of mem-

brane potentials or the intramitochondrial balance of carbon

skeletons (Wiskich, 1974). Thus' further study of this

phenomenon may be able to resolve many uncertalnties con-

cerning the relationship between substrate movement across

the i-nner mitochondrial membrane and the maintenance of redox

potential differences between the different cellular com-

partments in plant tissues (eg control of the external de-

hydrogenase) .

Glutamate oxidation by mitochondria isolated from

beetroot tissue was found to be typical of that of other

NAD+ linked substrates and was closely associated with the

oxidaÈion of o-ketoglutarate. Glutamate oxidation' per sêt

may not be of particular importance in non-photosynthetic

tissue, except at times when there j-s an acute shortage of
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TCAC intermediates (see Discussion in Chapter 5) ' since

no apparent mechanism exists for the mitochondrial

refixation of the aÍìmonia released in the process. How-

ever, transamination of glutamate plays an important role

in malate oxj-dation by mitochondria isolated from a

variet)z of planl- tissues (Chapter 4) and becomes increasing-

Iy more important in this capacity during the ageinq of

beetroot slices (Chapter 6). These observations suggest

that the role of glutamate in mitochondrial substrate oxi-

datíon can be quite significant and that the functional

interretationships between the various enzyme systems

involved in its metablism need to be better established'

especially with regard to NAo* malic enzyme activity.

The development of a second (alternate) non-phosphory-

lating pathway for substrate oxidation by mitochondria in

ageing tissue slices can be of great importance in the

metabolic function of this tissue since the presence of

such a pathway wou1d. allow for the maintenance of high

respiratory rates before the energy charge ratio (Atkinson,

1977) became a restraining factor, ie a high level of

alternate pathway activity would mean a lower energy

charge ratio and consequently a lesser restraint on glyco-

lysis. Alternate pathway activity was found to be present

in mitochondria from aged tissue (Chapter 6)rand a resis-

tance to cyanide (Kolattukudy and Reed | 1966) does develop

ín ageing beetroot tissue, but the apparently low activity

of the alternate oxidase exhibited by isolated mitochondria

suggests that if the conditions necessary for j-t's activity
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to be expressed were to occur j-n ageing tissue, the path-

v¡ay ¡nay quickl.y become saturated. rt would be of great

interest to determine the maximum potential activity of

the alternate oxidase in vivo, but experiments of the kind

carried out by Theologis and Laties (1978) may not be

successful when applied to beet tissue since i.t seems that

SHAM (and possibly other hydroxamates) may not be as spe-

cific for the alternate oxidase of beet mitochondria as it

is in rnitochondria isolated from other tissues (Chapter 6).

Thus, although the phenomenon is of particular interest to

the ageing process in storage tissue slices in general, it

would seem that beetroot tissue j-s not particularly well

suited to investigations of this nature, due maì-n1y to the

apparently low activity of the alternate pathway and the

non-specific action of inhj-bitors commonly used to study

its activity.

The relative insensitivity of endogenous NADH oxida-

tion by plant mitochondria to the inhibitor rotenone stands

in stark contrast to the marked effect that it has on ani--

mal mitochondria, where the inhibition is total and specific

(Gutman et a7. ¡ 1970) . The evidence presented in Chapter 4

suggests that the transfer of reducing equivalents proceeds

via a "by-pass" of the NADH-UQ complex. Light and Garland

(1971) showed that yeast mj-tochondria j-solated from ceIIs

grown under iron and sulphur limited conditions lost their

sensitivity to rotenone as well as the fj-rst site of phos-

phorylation and it was shown (Ragan and Garland., 1971) that

this was associated with a loss of non-haem iron. It may

be that non-haem iron const.itutes only part of the NADH
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ubiquinone complex, and that the rotenone insensitive path-

way lacks these comPonents,

Investigations carried out during this work in an

attempt to determine the effect of rotenone on flavopro-

tein reduction (Chapter 4 ) suggested that part of the

flavoprotein complement may be excluded during rotenone

inhibited state 3 malate oxidation (Figure 4.1 6D) but

similar experiments carried out on beetroot mitochondria

failed to justify any assumption that these observations

could be applied to plant mitochondria in general. Figure

7.1 shows that the flavoprotein complement of beetroot mito-

chondri-a generally remains Ín a relatively more oxidised

state with regard to the initial aerobic steady state than

does the flavoprotein complement of turnip mitochondria.

Other major differences to note are: (a) entry into state 4

(Figure 7.1 CrD) results in a rapid oxidation of the fl-avo-

protein complement rather than a reduction (compare with

Figure 4.16 CrD) and (b) the large degree of reductÍon

afLer a state 3/state 4 Ëransition observed in turnip mito-

chondria (Figure 4.16 D) does not occur in beetroot mito-

chondrj-a (Figure 7.1 D). These observations may be due to

an unfavourable malate dehydrogenase equilibrium restricting

the supply of NADH to the flavoprotein dehydrogenase and

resulting in a net outflow of electrons from this complex

(hence its oxidation)rbut this was not determined (ie was

not done in the presence of glutamate to remove oxaloacetate).

However, it would seem that rotenone insensitive malate (or

NADH) oxidation involves much more than a simple interaction
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between physicatly diff-erent f lavoprotein contponent-s j-n the

NADfl-ubiquinone complex and it is ol-:vious tha'b the final

solution to the problem awaits the resolutj-on of the inter-

actions between atl the components of th-i-s complex at

present a very difficult task indeed' although generalised

schemes can be proposed (see Figure 7.2)

In the final analysis, then, it would seem that the

mitochond.ria of the plant ceII do not serve simply as a

"powerhouserr in cellular metabolism, but may alsO serve to

bring about an interconversion of organic and amino acids.

The presence of both malic enzyme and malj-c dehydrogenase

allows for the compLete oxidation of malate without the

necessity to supply pyruvaLe through glycolysis (for example

see Fi-gure 6.19), and the j-ntermediates produced by this

process could be utilised as needed without unnecessarily

disturbing the cyc1e. Obviously the pyridine nucleotide

reLationships between the intra and extra-mitochondrial

compartments of the cell play a large part in this, because

for the processes to be efficient the NADH Produced. must

be reoxidj-sed - which process j-n some tissues can be carried

out by an alternaternon-phosphorylating pathway. Whether

or not rotenone insensitive maLate oxidation plays any part

in this, and just what function the external dehydrogenase

Servesr âr.ê thus questions of fundamental impOrtancerwhich

must be answered before our understanding of mitchondrial

function in plant tissues is to become any clearer.



Figure 7.1

Flavoprotein reduction by beetroot mitochondrj_a.

Reduction r¡Ias followed as described in Materials

and Methods. The standard reaction medium con-

tained o.8 mg protein and in each case the

followj-ng hrere included j-n Èhe reaction medium.

A no addition

28 pM rotenone

28 yM rotenone + 410 n.moles ADp

41 0 n.moles ADP.

B:

D:

F'lavoprotein reduction was initiated by the

addition of 25 mM malate.



Malate

Malate

o2 =Q

Ma late

02=o

o =0

Fp Reduct ion

A

O2 =0

r

Malate

B

/f

D c



Fiqure 7.2

Schematic representatj-on of how the inner membrane

dehydrogenase systems might be organised in plant
mitochondria. This scheme represents a composite

picture and not all of the components need be pre-

sent in any particular type of mitochondria.

Ef represents the external dehydrogenase which is
normally present in plant mj-tochondria, which is
probably synthesj-sed in the cytoplasm and incorpo-

rated into the mitochondrial membrane on ageing of
beetroot slices.

The alternate oxj-d.ase (AIt Ox) is present j_n some

types of mitochondria, and Iike the external de-

hydrogenase of beetroot mitochond.ria is synthesised

and incorporated into the membrane during ageing of
tissue slices from a varietlt of plant storage organs.

The dotted line represents the

"by-pass", the nature of which

established.

rotenone insensi-tive

has yet to be
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