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SUMMARY

Mitochondria isolated from a variety of p'lant tissues

oxidized NADH via three distinct pathways. These were:

(a) a dehydrogenase located on the outer membrane and

linked to exogenous cytochrome c reduction by cytochrome

bsSS. This pathway was insensitive to respiratory

inhibitors. (b) A dehydrogenase probably located on

the outside of the inner membrane and linked to the

respiratory chain in the ubiquinone - cytochrome r

region. This pathway was insensitive to rotenone (but

i nhì bi ted by ant'imyci n A) and coup'l ed to two phosphoryl ati on

sites. Both 'external' dehydrogenases were characteris-

tically inhibited by pCMB, but could be protected from

mercurial attack by preincubation of the mitochondria with

NADH. (c) A dehydrogenase accessible only*to NADH

generated within the matriX, ê.g. by oxidation of malate.

This pathway was coupìed to three phosphorylation sites and

was sensitive to rotenone.

An exception to the above were mitochondria isolated from

beetroot (eetu vursaris L.), which appeared to lack the

dehydrogenase associated with the outer surface of the

inner membrane, and in this respect resembled animal

mitochondria. However, exogenous NADH oxidation could

be induced in these mitochondria by slicing the beetroot

into discs and ag'ing them in an aerated CaS04solution,

pri or to 'i sol ati on of the mi tochondri a.



2.

Exogenous NADPH was also oxidized, in a Fouênorìê-insens-

itive manney', by iso'lated cauliflower bud mitochondria,

but this oxidation was slow compared to that of external

NADH.

The outer menrbrane of isolated plant mitochondria was

found to be impermeable to cytochrome c. Added cytochrorne

c wâS not accessible to inner membrane enzymes (succinate -

cyt. c reductase and cyt. c - oXidase) unless the outer

membrane was disrupted by digitonin.

Low concentrations of digitonin fragmented the outer mem-

brane but left the inner membrane of isolated plant

mitochondria relatively intact. This enab'led the outer

membrane of turnip mitochondria to be isolated and pur-

ified, free from contamination by inner membrane enzymes.

Unlike the microsomes of turnip, the outer mitochondrial

membrane disp'layed littje NADPH - cytochrome c reductase

activity, a'lthough very act'ive NADH - cytochroffis c, Fe CN

and DCPIP reductases were measured. An acid phosphatase

and IIADPH - Fe CN reductase were found associated with

the outer membrane, but the latter enzyme was only loosely

bound and could be washed off.

In contrast to the external NADH dehydrogenase of the inner

membrane, vrhich ¡¡as strongìy inhibìted by low (less than

10 uFl) dicoumarol concentrations, the outer membrane I'IADH

dehydrogenase was only inhibited by high (50 pM) concen-

trati ons of di coumarol , and then on'ly parti al 'ly.

3
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The outer membrane dehydrogenase was not affected by CaCI,

(O.s mt't) or EGTA (r mu).

In the presence of added NAD+, the oxidation of malate

(and other NAD-ljnked substrates) displayed properties

usually associated with exogenous NADH oxjdation" That

is, malate oxidation became insensitive to rotenone

and associated ADP/O ratios were lower. The addition

of ma'late to isolated cauliflower and beetroot mito-

chondria, in the presence of antimycin A, caused a

reduction of exogenous NAD+. The kinetics of this

reduction, together lvith the observation that it (and

the oxidation of maiate in the presence of exogenous NAD+

and rotenone) were dependent on added phosphate and

inhibited by n-butylmalonate, suggest that extramito-

chondrial malate oxidation was not responsible.
+

Exogenous NAD- reducti on was not observed wi th i soci trate

or ".-ketoglutarate as substrates, although rotenone

inhibition of the oxidation of these substrates was

relieved by the addition of NAD+.

Since exogenous NADH was not oxidized by beetroot mito-

chondria, and NADH oxidation by other plant mitochondria

was insensitive to rotenone, it appears that the inner

membrane was impermeable to pyridjne nucleotides. Hence

a transmembrane transhydrogenase was postulated to catalyse

the transfer of reducing equivalents from intra-

mitochondrial NADH to external NAD+. Exogenous NADP+

reduction was not observed.



5 Malate and succ'inate oxidation by isolated p'lant nritochondria

was dependent on inorgan'ic phosphate and jnhibited by n-

buty'lmalonate, showing that this oxidation was dependent on

the dicarboxylate transporter. Malate oxidation in the

absence of added glutamate was severe'ly 'inhibited by

oxaloacetate accumulation, even though this substance was

shown to read'iìy penetrate the inner membrane of isolated

p'lant mitochondrja. Tentative evidence was obtained for

the restriction of isocitrate and *-ketog'lutarate oxidation

by their respective dehydrogenase compiexes in isolated

mi tochondri a .

No NADP-linked malate or isocitrate oxidation was observed

by intact or disrupted plant mitochondria.

Swelling of isolated beetroot and cauliflower mìtochondria

in ammonium glutamate was activated by inorganic phosphate

and malate (or malonate), and inhibited by n-butylmalonate,

suggesting that glutamate entered the mitochondria via a

camier similar to that for tricarboxylate ions.

Isolated beetroot mitochondria oxidized exogenous IIADH when

malate and malate dehydrogenase were added. This oxidation

was inhibíted by gìutamate and did not recover upon addition

of glutamate-oxa'loacetate transaminase. This suggests that

a malte-oxaloacetate, but not the malate-aspartate, shuttle

was operative. Beetroot cells may reìy on such a shuttle

for the oxidation of extramitochondrial NADH.

6

7



1

2

DECLARATI ON

The investigations described in this thesis were

performed in the Botany Department, University of Adelaide,

from March, t972 to July, 1975. The following papers were

written during the period of studY:

The Oxidation of Malate and Exogenous NADH by

Isolated Plant Mitochondria, by D.A. Day and

J.T. Wiskich, Plant Physiol. (tgz+) ss : 104 - 109

The Effect of Exogenous llAD on the 0xidation

of I'IAD-ìinked Substrate by Iso]ated Plant

l4itochondria, by D.A. Day and J.T. Ìdiskich.

Plant Physioì. (1974) 54 : 360 - 363

Isoìation and Propert'ies of the 0uter l'lembrane

of Plant l4itochondria, by D.A. Day and J.T.

l,liskich. Arch. Biochem. Biophys. (in press).

A fourth paper entitled "NADH Oxidation by Mitochondria

Isolated from ¡eta vutsaris (L) is in preparation.

To the author's belief and knowledge, this thesis contains

no material previously submitted for a degree in any Univers'ity

by the author or by any other person, except where due reference

is made in the text.

3

D.A. DAY



ACKNOÌ^JLEDGTl'1ENTS

I woul d I i ke to si ncere'ly thank the fol I owi ng peopl e:

Dr. J.T. l^liskich for his supervision, guidance and encourage-

ment throughout the course of this work; Mr. S.P. Robinson

for helpful discussion; Professor P.G. Martin and Dr. R.T.

Lange for use of laboratory facilities; Mrs. C. Evans for

typi ng thi s thesi s ; and l'4i sses S. Hi I 1 and C. !üi I ki ns for

their help with diagrams.

I also dearty thank my wife, Judith, without whose love

and support this work may not have been possibìe.

This work was carried out durìng the tenure of a

Commonweal th Postgraduate Award.

-oo0oo-



ADP

AI4P

APAD(H)

asc

ATP

BM

BSA

ci t.

cyt.

CoA

DCPI P

DIC

DNP

D9o

E

tr
"m

Eo

EDTA

Fe CN

FP

gl ut.

GOT

i soci t.

\,4

KG

ma] .

mal on.

AtsBRTV I ATI ONS

adenosine dì phosphate

adenosi ne monophosPhate

3 - acetyl pyridine adenine dinucleotide (reduced)

ascorbate

adenosine tri phosPhate

2-n-butylmalonate

bovine serum albumen

ci trate

cytochrome

coenzyme A

2, 6 - dichlorophenoì indoPhenol

di coumarol

2, 4 - djnitropheno'l

Decon 90

Exti ncti on

midpoint redox potential

oxidation - reduction Potential

ethyl ene di ami netetra-acetate

potassi um ferri cyanide

fl avoprotei n

gì utamate

glutamate - oxaloacetate - transaminase

i soci trate

Ii'lichaelis constant

--ketogl utarate

mal ate

mal onate



Abbrevi ati ons ,

Page 2.

MDH

Mr{

MD

NAD(H)

NADP(H)

OAA

pCMB

Pi

pmf

PMS

pNPP

roten.

succ.

tes

TI'IPD

malate dehydrogenase

washed mitochondria

disrupted mi tochondria

nicotinamide adenine dinucleotide (reduced)

nicotinamide adenine dinucleotide phosphate (reduced)

oxal oacetate

para - chloromercuribenzoate

inorganic phosphate

proton motive force

phenazine methosul phate

para - nitrophenylphosphate

rotenone

succi nate

tris (hydroxymethy'l ) methylethanesulphonic acid

tetra methyl-p-phenylene diamine



t!i:v-:;')

CIIAPTER 1 GENERAL TNTRODUCTTON

Si nce l4i I I erd et al ( 1951) demonstrated that 'isol ated

mungbean mitochondrja oxidized organic ac'ids of the Kreb's

cyc'le, and that ATP was formed concommitantly, mitochondria

from a large number of different p'lant species have been

isolated and studied in some detail. The respiratory processes

and related reactions, especially those pertain'ing to the

electron transport chain, of plant and animal mjtochondria

have been extens'ive'ly reviewed (Azzone, I973; Chappell ' 1968;

van Dam and Meyer, 1971; Greville, 1969; Hackett, 1963; Ikuma,

1972; l(lingenberg, 1970; Lehninger, 1972; l4itchell ' 1966 and

1972;Ohníshi , I973; Racker, 7970; Sen'ior, 1973; Skulachev'

L972; Sl ater , lg7!; I'lainio, I970; Ì¡li kstrom, 1973) .

7. ?åe Res ra Chain

Figure 1.1 depicts a currentìy accepted scheme of the

mar¡mal i an m'itochondri al respi ratory chai n (van Dam and ltleyer,

I97I). Reducing equivalents produced by the oxidation of

organ'ic acids or fatty acids enter the chain via dehydrogenases;

electrons flow dou¡n the chain, through ubiquinone and the

cytochromes to reduce oxygen; three sites of phosphorylation are

coupled to this flow of electrons. These sites of

phosphorylat'ion are termed site I, II and III and their respective

positions on the respiratory chajn are shown in figure 1.1.

The dehydrogenase contai ns f I avi n and severa'l i ron-su'l phur

centres (Ohnishi, L973;Ohn'ishj et al ,1972), the function o'F
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which remajns obscure although they appear to be involved in

site I energy conservatjon (Ohnìshi,1973). The flavin

prostheti c group i s probably Ft'lN and functi ons cata'lyti ca1 ly

(Kumar et al, 1968). Both rotenone and piericidìn A are very

potent inhibitors of the NADH dehydrogenase and act at the

same site, somelhere on the oxygen sjde of the flavin

component (Gutman et al , 1970; Qhn'ishi et al , 1969). Stud'ies

with yeast grown underiron - and sulphate - l'imited conditions

(t-ight and Garland, 1971.; C'legg and Garland, 1971; Ragan and

Garland, !97I) suggest that pierjcid'in A sensitivity and site

I energy conservation are conferred on the mitochondrìa by

tv¡o distjnct', iron-su'lphur components of the NADH dehydrogenase.

Chance et al (7967) proposed that another flavin component of

high potential and low fluorescence was present 'in the

I'IADH dehydrogenase reg'ion of the chain. That ilí' that two

flavoproteins exist (FPl and FP2) and that the site of action

of rotenone was between the two species. However' this

proposaì seems doubtful due to the finding that the high

potential FP was in the soluble fraction of sonicated

mitochondria and was not detected in all animal mitochondria

(Ragan and Garland, 1969).

The position that ub'iquinone occupies on the chain has

been a controversia'l mattero but studies with ubiquinone

dep'leted mitochondrial particles (Ernster et al, 1.969) indicate

tnat it transfers electrons between the dehydrogenase systems

and cytochrome b, and it appears to be the po'int at which

the NADH and succinate systems converge (K'lingenberg and

Kroger, 1970).
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Extraction of ubiqu'inone inh'ib'its reduction of cytochrome

a by IIADH and succ'inate, and the measured redox potentiaì of

ubiquinone suggests that it lies on the substrate side of

cytochrome b (Kroeger and Kl'ingenberg, 1966). Since

ubÍquinone has a low molecular ureight, is lipophilic and

is present in the chain in excess quant'ities (wÍth respect

to the f]avoproteins and cytochromes), it nray function as

a djffusible hydrogen pool (Klingenberg and Kroger, 1970).

Three cytochrome b components have been found in mammalian

mitochondria, b562, ¡566 and ¡558 (Slater, 1973; ['Jikstrom

1973), although the latter two may be ìdentical (Sato et

âl , 1971). These b type cytochromes appear to be grouped

i nto two f uncti onal 'ly di fferent comp'l exes wi th di ff erent ki neti c

and spectrophotometric properties (l'Jikstrom' 1973). It has

been suggested that one of these cytochromes is intirnately

involved in site, II energy conservation since ATP seems to

have a direct affect on cytochrome ¡566 (or ¡568), 'induc'ing

a shjft in its redox potent'ia'l (Chance et al ' 1970). Chance

et al (1970) renamed the high potential ¡566, cytochrome bT,

and the low potential ¡562, cytochrome bK (since it did not

seem to be involved in energy transduction). These results

have recently been reinterpreted (l,rlikstrom and Lambow'itz, 1974)

and doubt has been cast on the direct involvement of ¡

cytochromes ìn energy conservation (see discussion on oxidative

phosphorylation). It has also been pointecl out that the

different absorpt'ion peaks observed could simply be due to

different forms of a single r cytochrome (t'Jikstrom, I97l;

Yu et al, 1972).
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Two closely assoc'iated c cytochromes (c andcr) can be

distjnguished in the mammalian resp'iratory chain (van Dam

and Meyer, L97L) and the antibiotic, antimycin A, inh'ibits

electron transfer between cytochrome ¡ and cytochromes c * cf

(Berden and Slater, 1970). The actual site of inhibjtion

of antimycin A is not known but appears to be cytochrome

¡562 because jts absorption band and redox potentia'l appears

to change upon bínding ant'imycin (Berden and Opperdoes, I972;

Dutton et al , 1972). Inhibition by antimycin may be allosteric

under certain conditions since it shows cooperative binding

with substrate-reduced (succinate + cyan'ide treated) subm'it-

ochondrial particles (Berden anc Slater, 1.972). Cytochrome c

oxidase, the terminal portion of the respiratory chain, is a

complex consist'ing of two haem molecules and two copper molecules,

all of which are essential for activity (Beinert et al, 1970)

aìthough the role of copper is not yet clear. Estabrook (1961)

showed that cytochrome c was located near the outer surface of

the inner membrane, and was accessible from the intermembrane

space. Hinkle and Mitchell (1970) have suggested that the

cytochromê c oXidase complex is orientated across the membrane,

cytochrome c being on the outer Surface, cytochrgme a embedded

in the middle of the membrane and cytochrome a3 close to the

matrix. Such an arrangement of this system has important imp-

lications for oxidative phosphorylation theories (see next

secti on ) .
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As in most areas of bjochemical research,'less is known about

the electron transport chain of plant mitochondria than 'bhat of

anímal mitochondria. Unfortunately, much of the work on the

plant respiratory chain components has been done by one ìab-

oratory; obviously a more diversifìed approach is desirable.

Little is known about the internal IIADH dehydrogenase (FPl in

Fig 1.2) except that it is not as sensitive to rotenone as its

mammalian counterpart. (Ikuma and Bonner, L967; Wilson and

Hanson, 1969). This may not reflect a djfference in the

dehydrogenases themselves however' since the bind'ing of rotenone

is noncovalent and involves the phospho'lipid environment of

the membrane-bound enzyme (Singer and Gutman, 1971). The

low sensitivity to rotenone may reflect the presence of an

alternative pathway for NADH oxidation, since plant mitochondria

oxidize added NADH while animal mitochondria do not, ind'icatìng

the presence of an additional, respiratory-linked IIADH

dehydrogenase in plants (Coleman and Palmer, !972; Cunningham'

1964; Ikuma and Bonner,7967; Miller and Koeppe, L97U |^Jilson

and Hanson, 1969; l,liskich and Bonner, 1963). Douce et al (1973)

have recent'ly shovrn this flavoprotein (FP3 in Fig 1.2) to be

located on the outer surface of the inner membrane (see

later), Fluorescence measurements of mung bean and skunk

cabbage mitochondrìa have shown that four flavoproteins can

be discerned (Erecinska and Storey, 7970; Storey, 1970).

storey (1970) named these components FPha, FPm, FPhf and FPlf.

Two species FPha and FPhf can be reduced by succinate and

added NADH (under anaerobic conditions) suggesting that these

flavoproteins are on that part of the resp'iratory chain shared

by NADH and succinate.
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Studies on the time sequence of oxjdat'ion cf electron

carrÍers suggest that FPha lies betv¡een ubiquinone and cytochronle

¡ (Storey and Bahr, 1972) and corresponds to FP4 in Fig. 1.2,

but beasurements of redox potentials of plant mitochondrial

components suggest that FPhf and PFlf are identical(Storey,

1971) and the posit'ion th'is component occupies on the chain

(ìf any) is obscure. FPm is reduced only by malate and corres-

ponds to FPI in Fig . 1'.2. The flavoproteins associated

specifical'ly with the oxidation of exogenous I'IADH have not

been determined. Storey (tgZg) suggested that FPhf was

associated with the cyanide insensitive pathway' but 'its

highly negative redox potential makes this unlike'ly (Ikuma,

te72).

Three .b-type cytochrome peaks can be distinguished 'in

plant mitochondria (Bonner, 1965; Lance and Bonner, 1968).

The room temperature --absorption peaks of these cytochromes

are 556nm, 560nm and 566nm (Lambowitz and Bonner, 1'974);

there has been one report of an additional peak at 558 nm

(Lambor,litz and Bonner, 1974). Cytochromes ¡558 and ¡566

seem to be analogous to the cytochromes with ident'ial peaks

found in animal mitochondria in that their reduction'is

enhanced by treatment with antinycin A pìus oxidant (Lambowitz

and Bonner, 1974). Cytochrome ¡-560 appears to correspond to

r-562 in animal mitochondria since i15 c-peak shifts slightly

to the red upon addition of antimycin A (Bonner and Slater,

1970; Storey, I973). Hgu¡ever, cytochrome ¡-556 seems to be

unique to pl ants. The pos'iti oni ng of these cytochromes 'is

uncertain but kinetic studies prompted Storey (1973) to place
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cytochronle ¡-556 on the substrate side of ¡-560, despite the

finding that the Em of cytochrome b560 is lower than that of

cytochrome ¡556 (Dutton and Storey, l97I; Lambowitz and

Bonner, 1,974). The position of cytochrome ¡-566 has not

been determined.

Two c-type cytochromes with *-absorption peaks at 549 and

547 nm can be distinguished in p'lant mitochondria' corres-

ponding to cytochromês c âfld c, in animal mjtochrondrja

(Ikuma, Ig72). Since cytochrome c549 is reduced together with

cytochromêS a * a3 ìn the presence of cyanide and the absence

of substrate (Lance and Bonner, 1968; Storey' 1970) and

cannot be extracted as easily as cytochrome c549 by salt

solutions (Lance and Bonner, 1968) 'it appears that cytochrome

c547 ts analagous to cytochFOmê cr and cytochrome c549

analagous to c.

cytochrome oxadise in p'lant mitochondria, as in animal

mitochondria, consists of cytochromes a ôrìd a, (Storey, 1970;

Chance et al, 1968) and displays similar inhibitor sensit'ivity

as its animal counterpart (Bendall and Bonner, L97I; l,ljskich

and Bonner, 1963).

The studies outlined above can be summarized by a scheme

such as that shown in Fig. L,2. It should be noted that not

all the flavoproteins shovrn have been identified, and not all the

b-type cytochromes are shown. Ubiquinone, FP4 and the ¡

cytochromes are grouped because their redox potentials and their

tirne sequence of oxjdation are similar (Storey, 1970; t973;

Lambowitz and Bonner, 1974).
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Rat liver mitochondria wiìl not oxidize added malate

unless g'lutamate (or another compound) ìs present to

transaminate (or remove) oxaloacetate and prevent product

inhibition of malate dehydrogenase (Lehn'inger' 1964).

However , some p'l ant mi tochondri a oxi dì ze mal ate rap'idì y ì n

the absence of gìutamate (Ikuma and Bonner, 1967) although

often a progressive decrease in the rate of malate oxidat'ion

has been observecl (e.g. see l,Jìskjch et al , 1964) and the

presence of a transaminase has been demonstrated (l'liskich

et al, 1964). Recently Macrae (1971a, b and c) has shown that

many plant mitochondria conta'in both malate dehydrogenase and

malic enzyme which oxidatively carboxylates malate to pyruvate.

Macrae (1971) has shown that the pH of the assay medium has a

profound effect on whÍch enzyme activjty predom'inates in

isolated cauliflowér mitochondria oxjdizing malate.

A]though l.4acrae and l4oorehouse (1970) envisaged mal ic

enzyme to be ìocated in the matrix, Coleman and Palmer (1973)

have suggested that it lies ín the inter'membrane space'

reducing equivalents being transferred to the respiratory chain

via the external NADH dehydrogenase on the outsjde of the inner

membrane (Douce et al , 1973). More recent'ly Hatch and Kagawa

(1g74) have reported evidence supporting l4acrae's idea that malic

enzyme is located in the matris<. The gt eater ease of malate

oxiclation by p'lant mitochondria may a'lso be due to a greater

permeabiljty of the inner membrane to oxaloacetate (Douce

and Bonner, lg72), hence preventìng a high 'intramitochondrjal

concentration of it. Rat liver mitochondria appear to be

impernreabl e to oxal oacetate (Borst, 1962; Chappe'l 1 , 1968) .
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Perhaps the most striking difference between the res-

piratory chains of plant and animal mitochondria is that the

former may contai n ( or deve'lop ) an al ternat j ve cyan'ide

insensitjve electron transport pathway (Ikuma, L972). The

degree of sensitivity of p'lant mitochondria to cyanide va¡ies

from species to species; skunk cabbage mitochondria are

highly cyanide resistant (Bendall and Bonner, 797 1; Simon,

l9S7; yocum and Hackett, 1957), Mung bean mitochondria are

on'ly partially resistant to cyanide (Ikuma and Bonner, 1967),

while most other plant mitochondria are very sensitjve to

cyanide (Bendal'l and 
-Bonher, I97t). Mitochondria isolated

from cyanjde resistant species contain both the cyanide

resistant, non phosphorylating pathway and the cyanide

sensitive pathway coup'led to phosphorylation (Storey and

Bahr, 1969). The former pathway branches from the main

chain between substrate and cytochrome ¡ and does not

contain cytochromes, although a flavoprotein is involved

(Lance and Bonner, 1968; Storey and Bahr, 1969). The

alternative pathway contains an oxidase which transfers

electrons from the flavoprotein to oxygen and is inhjbÍted

by m-cCLAM (Schonbaum et al , 1971). Storage tissues which

are usually sensitive to cyanide have been found to develop

the alternative pathway upon sl'icing and aging (Beevers, 1961;

Hackett, 1963). It also appears that there is a substrate

spec'ific'ity for the cyanide-insensitive chain, since exogenous

NADH oxidation is inhìbìted almost comp'lete'ly in mitochondria

from cultured sycamore, while malate and succinate oxjdation

are not (l,Jilson , L971).
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The function of this pathwa/ in vÍvo is not immediate'ly apparent'

but it may serve to control adenylate concentrat'ions in the

cell without altering metabolic flux (tkuma, 1'972)'

2. oxìdative Phos Phorq Tation

Three main hypotheses are currently used to exp'lajn how ATP

synthesjs is coupled to electron flow through the respiratory

chai n .

(a) The ChemicaT Hupothesis

This hypothesis, as originaìly stated by Slater

(1953), can be rePresented as;

AH, + B + I 
-+ 

A- I + BH, ___-- (1)

A-I + ADP + Pi +4 + ATP + I ----- (2)

A- I represents a high energy intermediate in which the

redox energy (liberated during the electron transfer

processes of the respiratory chain) is conserved in a

covalent bond between the specific electron carrier

and a ligand, I (Azzone' L972). This intermediate

then reacts with ADP and Pi to form ATP, a reaction

cata'lysed by the ATPase of the inner mitochondrial mem-

brane and v¡hich releases A and I to participate 'in

further redox reactions. This hypothesis was later

elaborated to include an intermediate (X^'I) common to

all three phosphorylation sites (Ernster et al , t967).
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This form of the hypothesis can be represented as;

Allr+B+I
¡,-z I + X

X^,I + P.

X^¿P + ADP

( 3)

(4)

(s)

(6)

0ften equations (5) and (6) are replaced by a single,

concerted reactjon by some proponents of the chemical

scheme (Cooper, 1965; Boyer, 1968; Slater' 1971);

X-I +ADP+ Pi X+I+ATP (7)

Advocates of this hypothesis envisage uncouplers as

hydrolysing A'., C or X-I (Slater , l97t), preventing

ATP formation artd recycling A and C (or X ind I).

The chemical hypothesis has proved to be of relatively

tittle use experimentally and has been strongly criticjzed

on these grounds by Azzone (1971). The main experimental

prediction of the hypothesis is the existence of a high

energy intermediate. The strongest evidence for such

an intermediate has come from studies that indicate that

the *-absorption bands of cytochrome .b, and the midpoint

potentials of ¡ and a, shift upon energization of the

mitochondrial membrane (Chance et al' 1970; Slater et

âl , 1970; I^Ji I son and Dutton, 1970) . The midpoint

potential of cytochrome b566 is the primary high energy

intermediate of site II phosphorylation. However' some

doubt has been cast on the techniques used to measure
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these changes in potential , and on their.interpretation

(l^Jikstrom and Lambowitz, L974). The technique empìoyed

by l,lilson and Dutton (1970) and Chance et al (1970)

depends on added redox mediators (such as PMS) to bring

the membrane-bound cytochromes i nto equ'i I j bri um rvi th

the potentia'l of the electrode used (De Vault, l97I',

caswell, IgTl). That ìs, upon add'ition of ATP reversed

electron transport from cytochrome c to cytochrome ¡

occurs, and the PMS should recycle electrons to cytochrome

c, thus ,clamping, the redox potentìal on both sides of

site II energy conservation (Wilson et al,7973).

However, if the redox mediator reacted rapidly with

cytochromê c * c, but slowly with cytochrome ¡, the apparent

midpoint potentiaì shift in energized mitochondria could have

been due to reversed electron transport from cytochrome . * .L

to cytochrome .b vrjthout the latter being directly involved

in energy transduction (t,likstrom and Lambowitz, 1974). t^likstrom

and Lambowitz (1974) showed that the concentrations of PMS used

by wilson and Dutton (1970) and chance et al (1970) were not

high enough to react efficientìy on both sides of site II

phosphorylation and therefore did not establish redox equ'ilibrium

duri ng potenti ometri c ti trati ons . l^li ks trom and Lambowi tz ( 197 4)

therefore concluded that the ATP-induced potentia'l shifts

observed Were a consequence of reversed electron transport and

cannot be consÍdered evidence for the role of cytochrome b as

a high energy intermed'iate. Dutton and Storey (lgl1) and

Lambowitz et al (1974) have shown that mung bean mitochondria

do not possess a b-type cytochrome which undergoes a shift

i n mi dpoi nt potenti al upon add'i ti on of ATP.
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Even if val id, these potent'ia'l shifts can be equal ly we]'l

explained by any hypothesis that allows for energized mem-

branes.

(b) The Confotma tíonaL hur>othesis

Another hypothesis proposed by Boyer (1965) suggested

that energy from redox reactions of the respiratory chain

is conserved in a change 'in the conformation of some

protein and then utilized in some manner for ATP formation.

This hypothesis can be symbo'lized (Slater, l97L) as;

AH2+BA*
A*+ADP+Pi 

--r 
A

Sum: AH2+B+ADP=Pi -+

(1)

(2)

(3),
+

+ BHá.

ATP

A+BHl+ATP

where A* represents a high energy state of a redox carrier.

When represented in this way there 'is very 'little diff-

erence between the conformat'ional and chemical hypothesis.

More recently however, Boyer (tgZS) has adapted this

idea to account for ATP synthesis driven by proton

translocation; protein conformational changes could be

induced by a proton gradient across the membrane, an idea

proposed by Azzone (Azzone and l4assari, 1973) and Papa et

al (1973). This concept however, sti'll represents the

,black box, type of approach to oxidative phosphorylation.
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(c) rhe Chemiosmotic hqwthesìs

Lundegardh (1945) suggested that an anisotropic

organization of the cytochrome chain across a membrane

would lead to protons being produced on one side and

taken up on the other. This difference in proton concen-

tration across the membrane represents an osmotic

potential which could be used for ATP synthesís, if

coup'led to an ATPase (Nitchell, 1961).

This idea has been developed by Mitchell (1961, 1966) who

envisaged a reversible anisotropic ATPase system positioned

across the inner mitochondrial membrane such that it

cou'ld couple ATP synthesis to a backflow' across the

membrane, of protons produced by the redox reactions of

the respiratory chain. This hypothesis requires the

membrane invol.ved to be relatively impermeable to

protons; if it also had a low permeability to other ions,

the electron transport and ATPase systems could be coupìed

by the sum of the osmotic pressure (pH) difference and

the electrical potential difference (Nitchell, 1966).

These combined potentials have been termed 'proton motive

force' (pmf; l4itchelt, 1966). In short, the chemiosmotic

theory proposes that "oxidation and phosphorylation are

coup'led via the transmembrane electrochemical potential

of hydrogen ions (¡I H+):

oxidatiorì ---ù ¡u H+ -+ phosphorylatjon"

(skutachev , 1974).
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The four basic postulates of the chemiosmotic hypothesis are

(Mitchell and Moy1e, 1967):

An ion impermeable coupling membrane, which

contaì ns ,

the proton - translocating respiratory chain,

the proton - translocating reversible ATPase'

(a)

(b)

(c)

and

(d) exchange diffusion systems rvhich couple proton

translocation to that of anions and other

cations.

Mitchell and l''loyle (1965; 1967 ) have shown that not only

does the cristae membrane have a low permeability to

protons (tnis permeability can be increased by uncouplers)

but that protons are üanslocated out of the matrix during

respirat'ion or ATP hydroìysis, with H+/0 ratios close to

4 for succinate and 6 for Ê-hydroxy butyrate oxidation

(i.e. corresponding to P/0 ratios of 2 and 3 respectively).

.These 
studies suppol t the postulate (l,litchell 1961, 1966)

that the respiratory chain is arranged in proton translocat'ing

ìoops (see Fig. 1.3) and that uncouplers act by causing

protons to flovr back through the inner membrane, destroying

the pl-l gradient. Much of the criticism of Mitchel l 's hypothesis

has been directed at his proposed arrangement of the electron

trañsport chain (see Slater,1971, for a review), part'icular1y

the positioning of ubiquinone. (See Fìg. 1.3).
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However, it has been shown that flavíns and cytochrome c

are on opposite sides of the membrane, so that reducing

equivalents flowing from flavins to c must transverse

the membrane (Grinius et al, 1971). Hinkle and l4itchell

(1970) and Racker (1973) have also obtained evidence

suggesting that cytochrome a3 is on the matrix side, and

a in the middle, of the inner membrane; electron transfer

in cytochrome oxidase vesicles results in formation of an

electrical gradient across the membrane (Hinkle, 1974).

It has also been shown that energization of the coupling

membrane leads to the production of a transmembrane electrical

potential, and/or a pH gradient, which is 'large enough

to drive ATP synthes'is, and that an artificialìy induced

membrane potentiat (using synthetic ions) can be used for

ATP synthesis (Stu'lachev , L97I and 1974).

One of the main problems in the field of oxidative phos-

phorylation has been the structure and mechanism of the

ATPase system coupled to electron transfer. Figure 1.4

illustrates the most recentìy proposed chemiosmotic model

(Mitchel1,l974). The lipophilic Fo component contains a

specific proton conducting pathway which can be blocked

by oligomycin (Nitchell, 1973) and it is assumed that

HrO can also migrate through Fo. The component Ft catalyses

ATP hydrolysis and c'loses the proton - conducting pathway

through ro (ltitchelì, 1973). iqitchell (7974) has therefore

postuìated that the active centre is situated at the Fo-Fi

interface such that durr'ng synthesis the phosphorus centre
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of Pi (or ATP if hydrovsis is occurring) becomes accessable

onìy on the right side (see Fig. 1.4) to protons at a

relatively high potential in the aqueous phase when a pmf

is applied across the membrane. Protonation of phosphate

wi I I then al tow ATP synthes'is to occur Lry a nucl eophi 1 i c

substitution mechanism (tlitchel I, 1974).

Evidence for exchange diffusion systems for anion-proton

exchange across the cristae membrane has come from a large

number of studies (for reviews see Chappelì' 1968' and

Klingenberg, 1970). For example, it has been demonstrated

that Pi enteres rat liver mitochondria in exchange for

hydroxyl ions (Chappell, 1968). Transport systems such as

this enable ions to be transported across the inner membrane

wÍthout disrupting any pmf present, and will be discussed in

detail in a later section.

Evidence in support of the chemiosmotic hypothesis has also

been provided by studies on photophosphory'lation in green

plants and photosynthetÍc bacteria. Hind and Jagendorf (1963)

showed that preittuminated chloroplasts would synthesize

ATP in the dark if supplied with ADP and Pi immediately

after the light was switched off. Apparently light driven

electron transport produced an intermediate (termed Xt) which

could support ATP synthesis in the dark. This dark

phosphorylation was dependent on the presence of a coupling

factor (Avron, L963). Since the amount of ATP formed was

large compared to the amounts of electron caryiers present,

it was conc'luded that X, could not be a high energy form

of these carriers (Jagendorf and Uribe , 1967).
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It has been shown that light driven electron transport is

accompanied by proton translocation' suggesting that Xt

is a pH gradient (Jagendorf, 1967). This proton

translocation appears to be into the grana sac and can be

measured as an increase in the pH of the surrounding

medium (Jagendorf, 1967). That a pH gradient can drive

ATP formation is indicated by the demonstration of "acid-

bath,' ATP synthesis 'in the dark (Jagendorf and uribe, 1967).

Ch]oroplasts in the dark and in the presence of electron

transport inhibitors were found to synthesize ATP if they

were first incubated at pH 4, followed by a rapid

adjustment of the medium to pH 8.5 (as ADP, Pi and I''lg2+ were

added). This acid-base ATP synthesis was inhibited by

uncouplers (Jagendorf and Uribe, 1967) and an antibody

specific for the chloroplast ATPase (t4ccarty and Racker,

r966). Apparently protons penetrate the thylakoid membrane

slow'ly at pH 4 and some cations leak out; when the medium

is adiusted to pH 8.5 an artifjcial pH gradient is set up,

which can drive ATP formation (Jagendorf, L967). The light-

triggered Mg2* - dependent ATpase of chloroplasts (Petrack

and Lipman, 1961) can a'lso be triggered by the formation

of a pH gradient in the dark (Kaplan et aI,1967).

Despite the wealth of evidence produced by proponents of

the chemiosmotic hypothes'ìs, fina1 proof (or djsproof of

other hypotheses) has yet to be demonstrated, and much of

the data collected can be interpreted in terms of the

chemical or conformational hypotheses (Slater, 1971).
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Therefore these hypotheses remain vjab'le alternatives and

must be considered when discussing energy transduction.

However the studies outlined above (particuìarly those

with isolated chloropìasts) do show conclusively that pH

and/or electrical gradients across membranes are

intimately associated with energy transduction and must

be incorporated into any hypothes'is dealing with oxidative

phosphoryl ati on.

3 Oxidation of extramítochondri a7 NAÐ(P)n

(a) NADH oxìdatíon bq animal mìtochondtia

The final oxidation of the end products of lipid'

protein and carbohydrate metabolism produced in the ceÏl

occurs in the mitochondria (van Dam and Meyer, 1977) and

the reducing power of these compounds must be deiivered

to the respiratory chain. However Lehninger (1951) had

shown that exogenous NADH was not accessible to the

respiratory chain of isolated rat liver mitochondria, an

observation confirmed by studies with other tissues

(Sacktor and Dick, L962; Borst, L962). Klingenberg and

Pfaff (1966) have since shown that the inner mitochon-

drial membrane is impermeable to added NADH, although it

free'ly penetrates the outer membrane. Since direct

oxidation pathways are not readily available, attention

has been focussed on substrate shuttles involving a

reaction between NADH and oxidized substrate in the cyto-

plasm, folloled by penetration of the reduced substrate
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into the mitochondria, and subsequent oxidation. In other

words, the substrate (eg malate) serves as a carrier of

reducÍng equivalents from cytoplasmic NADH to the respiratoi"y

chain. Since a considerable portion of the Kreb's cycle

pathway is dup'licated ìn the cytoplasm (Greville' 1966) ' a

variety of enzymatic reactions and intermediates are

theoretically avaÍlable to provide a number of shuttles

and cycìes for the transfer of reducing equivalents to the

mitochondria. Examples of proposed shuttles include,

(i) the --glycerol-phosphate cycle (Estabrook and Sacktor,

1958), (ii) ttre ß-hydroxybutyrate cycle (Devlin and Bendell,

1960) and (iii) the malate-asparte cycle (Delbruck et al,

1959; Borst, 1962 and ChaPPell, 1969)

External NADH can also be oxidized directly by liver mito-

chondria but not via the respiratory chain. Ernster et al

(1955, 1956) found that added cytochrome c was reduced by

rat liver mitochondria in the presence of NADH, but this

reduction was insensitive to amytal and antimycin A and was

not coupled to phosphorylation. Ernster et al (1956)

proposed that an NADH-cytochrome c reductase, similar to

that found in microsomes, resided on the outer membrane.

This prediction was later confirmed by studies with isolated

outer membrane fragments (Sottocasa et al , 'J.967; Parsons et

dl, L967) which were found to possess a rotenone-insensitive

NADH-cytochrome c reductase.
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(b) NADII oxìdatíon bg t mitochondria

Mitochondria isolated from a variety of plant tissues

have been shown to readiìy oxidize exogenous NADH via the

respiratory chain (Baker and Lieberman, 1962; Bonner and

Voss,1961; Cunningham,1964; Hackett' 1961; Ikuma and

Bonner, 1967; Mìller and Koeppe, 797I; Ì'lilson and Hanson,

1969) with ADP/O values between 1.0 and 1.5 (Cunningham,

!964; Ikuma and Bonner, 1967; l,liskich and Bonner, 1963)

suggesting that onìy two phosphorylation sites are involved.

This, together with the fact that exogenous NADH oxjdation

is insensitive to rotenone (Niller and Koeppe, l97I; l,Jilson

and Hanson, 1969), suggested that the dehydrogenase

involved in NAD-linked substrate oxidation was bypassed.

Since antimycin'A inhibjted this exogenous'-ruRnH oxidation

(tlilson and Hanson, 1969¡ Miller and Koeppe, 1971), reducing

equivalents must enter the respiratory chain on the substrate

side of cytochrome .0. Palmer and Passam (1971) and Coleman

and Palmer (1971) suggested that a specific NADH dehydrogenase'

situated on the outside of the inner membrane' is resp9nsible

for the oxidation of exogenous NADH. This idea was later

confirmed by the work of Douce et a1 (1973) with mung bean

mitochondria. l^lilson and Hanson (tg6g) demonstrated that

the addition of excess cytochrome c to isolated corn

mitochondria would partly relieve the ant'imycin A inhibition

of NADH oxidation, suggesting that an alternative NADH-

cytochrome c recluctase, insensitive to respiratory inhibitors,

may be present in plant mitochondria.
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More recently Douce et al (1972 and 1973) and Moreau and

Lance (L972) showed that the outer membrane of mung bean

and cauliflower bud mitochondria contained an antimycin

A-insensitive NADH-cytochrome c reductase similar to that

found in animal mitochondria. This reductase consisted of

a flavoprotein (with a different stereospecificity for NADH

than that of the inner membrane) ' cytochrome .aUUU and

.UUUU reductase.

Plant mitochondria thus possess two external NADH dehy-

drogenases, one located on the outer membrane and the other

on the outersurface of the innet' membrane' linked to the

respiratory chain. This tatter enzyme appears to require a

divalent cation for maximum activity since ìt is specifical]y

stimulated by low (less than 1 mM) Ca Clt and other catíons

(Milter et al, 1970; Miller and Koeppe, 1971). Coleman and

Palmer (1971) suggested that exogenous NADH oxidation has

an absolute requirement for Ca++ since, in the presence of
++

EGTA, no oxygen uptake was observed unless Ca

to the reaction medium.

was added

(c) NADPH oxidatìon

There has been only one report of significant rates of

exogenous NADPH oxidation by intact plant mitochondria.

Koeppe and Miller (L972) showed that corn mitochondria would

oxidÍze added NADPH in a coupled manner with ADP/0 values

similar to those for I'IADH.
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This oxidation was dependent on ca++ and phosphate, and was

insensitive to rotenone; amytal on the other hand inhibited

NADPH oxidatìon almost comp'letely, although it had little

effect on trIADH oxiciatÍon. These authors concluded that a

specifÍc flavoproteín u/as involved in exogenous NADPH

oxidation. The outer membrane of both plant (Douce et al,

1,973; Moreau and Lance , 1972) and animal (Parsons et al,

lg67z sottocasa et al, L967) does not appear to possess an

enzyme capable of oxidizing NADPH, and in this aspect

di ffers from the mi crosomal fracti on (Rungi e and l'li skí ch '

1972a, Ernster et al , 1962),

4. Enzqme dis tríbution and the separatíon of mi tochondr i a 7 membtane s

The existence of two mitochondrial membranes, an outer

timiting membrane and a folded innen membrane' has been long

established (Paìade, 1953), but the distribution of enzymes

within these membranes was not elucidated until reliable methods

vJere devel oped to separate and i sol ate the two membranes. The

first preparations of apparently pureinner and outer membranes

were obtained by Parsons et al (1966), using what is known as

the ',swelling-shrinking" technique. This method is based on the

observation (Wtodower et al, 1966) that swelling of iso'lated liver

mitochondria in hypotonic phosphate buffer resulted in breakage

of the outer membrane, while the inner one s'imply unfolded without

rupturing. By centrifuging swollen mitochondria on a suitable

sucrose gradient Parsons et al (1966) obtained small but reìativeìy

pure fractions of inner and outer menlbrane from the bulk of

unbroken mi tochondri a.
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sottocasa et al (7967) improved on this method by contracting the

swollen inner membrane in the presence of hypertonic sucrose, Mg++

and ATP. Gentle sonication was used to facilitate removal of

the broken outer membrane, and after centrifugatìon on a discontjnuous

density gradient, high yietds of pure 'inner and outer membranes

were obtained. In fact almost 90% of the outer membiane, free from

contamjnation by the inner membrane, was recovered by this technique

(Sottocasa et al , Lg67). Levy et al (1967 ) introduced another

method based on the selective action of ìow concentrations of

digitonin on the outer membrane. Schnaitman et al (L967)

developed this technique further and obta'ined high yields of outer

membrane fragments and relative'ly intact inner membrane 'ghosts''
-Levy et al (1969) have shown that digitonin complexes cholesterol

ín vitro and proposed that it has a simi'lar effect on mitochondrial

membranes. Since cholesterol is five times more concentrated in

the outer membrane (Levy and Sauner, 1968), digitonin has a

more pronounced effect on the outer membrane than on the inner

membrane.

As a result of these studies a detailed insight into the

intramitochondrial localjzation of various enzymes has been gained.

Sottocasa et al (L967) obtained three fractions upon gradient

centrifugation, namely a "heavY", â "'light" and a "soluble" fraction.

From electron microscopic examination the heavy fraction consisted

of inner membranes and some matrix, and the light fraction contained

outer membrane vesicles; the soluble fraction was therefore

expected to contain the jntermembrane components and some matrix.
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0n the basjs of this investigation and many others sjnce, the

pattern of enzyme distribution shown in table 1.L was obtaíned

(Ernster and Kuylenstierna, 1969). It is now widely accepted

that monoamine oxidase, cytochrome oxidase and malate dehydrog-

enase are markers for the outer membrane, inner membrane and

matrix respective'ly, in animal mitochondria.

In contrast to the work done with animal r¡itochondria, only

a few attempts have been made to separate and isolate the membranes

of plant mitochondria, and most of these have involved adaptations

of the method of Parsons et al (L967), using hypotonic swe'lling

to selectìvely break the outer membrane (Douce et al' l'973;

Moreau and Lance , !972). Malate dehydrogenase has been found to

be located in the matrix (Douce et al, 1973) and an antimycin

A-insensitive NADH-cytochroffiê c FedUctase on the outer membrane

(Douce et a'l , lg73; l'loreau and Lance ' 1972). This latter enzyme

appears to be identical to that found on the outer membrane of

animal mitochondria and on plant and animal microsomes (Rungie

and lJiskich, 7972). llo NADPH-cytochrome c reductase has been

found associated with the outer membrane fractions, showing that

they were not contarninated with microsomes. As we]l as the

respiratory chain components, the inner membrane has been shown

to possess an enzyme system which synthesizes CDP-diglyceride

(Douce et al, 1973b). Moreau et al (L974) have studied the

phospholipid and fatty acid composition of the membranes of

cauliflower mitochondria and found that they differ considerabìy

from each other and from nlicrosomes.
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In contrast to those of the inner membranes, the fatty acids of

the outer membrane were largely saturated, and the authors

suggested that this may account for the difference in plasticity

between the two membranes.

5. Metabolite transpott

It has been shown that the outer membrane of rat liver

mitochondrja is freely permeabìe to low molecular weight compounds

(t<lingenberg and Pfaff, 1966) and impermeable to large molecules

(hlojtczak and Zaluska, 1969). In particular, the outer membrane

forms a permeability baryier to external cytochrome c' preventing

it from reacting with ìnner membrane enzymes Such aS cytochrome

oxidase and succinate - cytochrome c reductase (t'loitczak and

Zaluska, 1969; l,loitc¿ak and Sottocasa, 1,g72). S-|mi lar studies

with mung bean mitochondria (Douce et al,1972) have shown that

the outer membrane of plant mitochondria is also ìmpermeable to

cytochromê c, âlthough Palmer and Kirk (197a) have questioned

these results, claiming that the swelling technique used by Douce

et al (1,972), to break the outer membrane, induced conformational

changes in the inner membrane and thus stimulated succinate-

cytochrome c reductase activitY.

0n the other hand, the inner membrane is impermeable to many

metabolites (Chappell and Haarhoff, t967); some compounds, such

as ADP and Krebs cycle intermediates, move across the membrane

on specific carrier systems (Chappeì.l, 1968; Chappell and Crofts'

1966; Chappell and Haarhoff, 1'967).
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These exchange diffusion systetrs have been thoroughly ìnvestigated

in mammalian mitochondria, but only a few studies with plant

mi tochondri a have been pub'l i shed.

t4ost of the studies of anion transport have used a swe'lling

technique developed by Chappelì and Haarhoff (1967). Isolated

mitochondria suspended in iso-osmotic solutions of ammonium salts

of Kreb,s cycle intermediates were found to swell and this swelling

could be monitored spectrophotometrically. Apparently' NH3 enters

the matrix down a concentration gradient; the llHt associates with

a proton within the matrix, leaving an excess of hydroxyl ions

which can then exchange for a diffusib'le anion, such as phosphate

(Chappell and Haarhoff, t967). As the osmotic pressure increases

the mitochondria swell. As a result of these studies, and others

using radioactive isotope exchange techniques (eg Meyer and

Vignais,1973), the s'cheme shown in figure 1.5 has been proposed

for substrate transport in rat liver mitochondria (Chappell, 1968)'

This scheme represents the malate-aspartate cycle (Borst, L962)

which can lead to rapid rates of I'IADH oxidatior jn vìtro. This

cycle is probably the main mechanism for the transport of reducing

pourer betleen cytosol and mitochondrion (Krebs, t967 ) and relies

upon the presence of mal ate dehydrogenase and aspartate ami no-

transferase in both cell compartments, since oxaloacetate does not

readily penetrate the inner membrane of mammalian mitochondria

(Borst, 1962).

If such a system is allowed to proceed to equilibrium' the

redox potential of NAD in the cytosol and mitochondrja will aìso

be equilibrated (Borst, 1963; Chappell, 1969).
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However, measurements of NAD/NADH ratios in liver (Krebs, 1967;

|l|illiamson et al, L967) have indicated that the redox potential

of free NAD is much more negative in the mitochondria than in

the cytosol, o\rer a wide range of metabolic conditions. If

the malate-aspartate cyc'le operateS in vivo, there must be an

asyrnmetrjc distribution of the substrate anions between the two

compartments , to maintain the difference in NAD redox state

(chappell, 1969). Chappell (1969) demonstrated that when energy

was supp'lied to isolated rat liver mitochondria, they would

accumulate malate (and gtutamate) and export aspartate and

--ketoglutarate, thus keeping the mitochondrial NAD in a reduced

state.

The carriers postu'lated ín fig. 1.5 all seem to operate on

an exchange-díffusion mechanism. Phosphate enters the mitochondrion

in exchange for hydroxyl ìons on a specific carrier that is

sensitive to SH poisons such as mersalyl (Tyler, 1969); the

phosphate can then exchange for a dicarboxylate anion, such as

malate, via the dicarboxylate transporter which is competive'ly

inhibited by certain dicarboxylate anaìogues' such as 2-n-butyl-

malonate (RoOinson and Chappell, 1967). Both these transporters

are capable of accumulat'ing their substrates against a concen-

tration gradient (Chappell, 1969). The dicarboxylate carrier can

also carry out dicarboxyìate-dicarboxylate and phosphate-

phosphate exchange (Chappell, 1969; Johnson and Chappeì1, 1969).

The tricarboxylate transporter, also present in the inner membrane

of liver mitochondria, catalyses the exchange of dicarboxylaie and

tricarboxylate acids. (Chappell and Haarhoff, 1967; Palmieri

and Quagl i ari el I o, 1968) .
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Butylmalonate inhibits this exchange by preventing entry of

malate via the dicarboxylate transporter (RoUinson and

chappell, 1967; chappell and Robinson, 1968). Glutamate can

enter the mitochondrìon either v'ia its oln specific transporter

in exchange for hydroxyl 'ions (Meiier et a1, '1972; McÇivan and

chappell, 1970), or in exchange for aspartate (Azzi et al, 1967).

Glutamate is also an activator of aspartate transport which

occurs via a separate carrier (chappell, 1969). Qxog'lutarate enters

the mitochondrion in exchange for malate or an analogue such as

malonate (no¡inson and Chappeì1,1967); this entry is inhibited

by aspartate although the efflux of oxoglutarate isn't (Chappell'

1969). This effect may help to maintain an asymmetric distribution

of oxoglutarate in the cell and thus influence the NAD/NADH ratio

in the cytosol and mitochondria (Chappel'1,1969)'

A number of differences in anion transport have been observed

wi th mi tochondri a i sol ated from di fferent sources (Chappe'l 1 , 1968) '

but the adenine nucleotide transporter Seems to be common to

mitochondria from all animal tissues studied. The existence of

this system v,as detected using atractyloside, a potent inhibitor

of adenine nucleotide transport (see Chappell, 1968, for a review

of its effects). Investigations of the exchange of exogenous

and endogenous adenine nucleotides in isolated mitochondria have

shown that an ADP and ATP exchange carrier operates and is

sensitive to atractyloside. (Klingenberg and Pfaff, 1966; Heldt

et al, 1965; Vignais et al, 1966).
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tlinkler et al (1968) have shovrn that this system operates by

an obligatory exchange diffusion process, the entry of one

mo]ecule of external nucleotide being Òotlpled to the exit of

one molecule of internal nucleotide. In this way a constant

mitochondrial pool size is maintained.

The picture of metabolite transport in pìant m'itochondria

is not as clear, with only a few investigations having been

undertaken. Phillips and Willîams (1973) and Wiskich (1974),

using the technique of swelling in amnonium salts, have shown

that mitochondria from potatoe and cauliflower possess a

phosphate-hydroxyl exchange carrier, a dicarboxylate and a

tricarboxylate carrier. These systems appear to be similar to

their animal counterparts; mersalyl inhibits the phosphate trans-

porter and butyl-malonate inhibits the dicarboxyìate system as

well as citrate entry (Phillips and llJilliams, 1973). Succinate,

malate and malonate, but not fumarate' can enter the mito-

chondrion via the dÍcarboxylate carrier in exchange for phosphate

(hliskich, L974). Both phosphate and malate were necessary to

observe swelling of cauliflower mitochondria in ammonium citrate,

but only phosphate was necessary with beetroot mitochondria

(tnli ski ch, 1974), showi ng that not al I ti ssues are i denti cal i n

this respect. Lee and lllilson (1972) observed a passive and active

swelling of bean-shoot mitochondria incubated with a series of

potassium Salts of organic anions' including acetate, pyruvate'

--ketoglutarate and g-hydroxybutyrate as well as those already

di scussed.
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The presence of an uncoupler (DNP), or an ATP generating system,

i nhi bi ted the acti ve ( substrate dependent) swe'l 1 i ng (Lee and l¡l'i i son ,

lg72). The mechanism of entry of these anÍons is not known.

The phys'io'logi cal si gni f i cance of these ani on transport systems

in pìants is not immediately apparent, since as discussed

previously, p'lant mitochondria can oxidize exogenous NADH directly;

substrate shuttles are therefore not needed for th'is purpose.

The operation of the malate-aspartate cycle has not been demonstrated

in plants, and s'ince oxaloacetate movement across the mitochondrial

membranes of p'lants does not appear to be controlted (Douce et

dl, i,g72 ) such a cycle would be "short-circuited". However, to

maintain the pll and electrical gradients of the chemìosmotic

scheme of oxi dati ve phosphoryl ati on (l4i tchel I 1961 ' 1966) , the

movement of substrates across the membrane must be controlled. In

view of this, it seerns strange that oxalacetats shou'ld be freely

permeabl e.

Jung and Hanson (1973) have shown that in intact cauliflower

mitochondria, ATPase activity is inhibited by atractylate,

although this compound had little effect on sonicated mitochondria.

State 3 oxygen uptake was also inhibited by atractylate and this

inhibition was competive with respect to ADP (Jung and Hanson, 1973).

Isolated corn mitochondria display similar properties (Hanson et

â1, 1972; Bertagnoìli and Hanson, 1973). This suggests the

presence of an adenine nucleotide transporter sjmilar to that of

liver mitochondria. Passam et al (1973) reported that atractyloside

did not inhibit adenine nucleotide dependent reactions in

Jerusalem artichoke mìtochondria, but, as Jung and Hanson (1973)

have pointed out, adenine nucleotide transport in some pìant
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mitochondria may have to be activated by'prining', which involves

a short burst of respiration in the presence of phosphate and

magnes i um ( Carmel 
'l i and B'i a'l e , 1970 )

6. The Ptesent Studtl

This vrork characterizes the oxidation of both extra - and

intramitochondrial I{ADH by isolated plant mitochond¡ia' the

control of these oxidations,and interactions between the diff-

erent pathways involved. The study was restricted to two tissues,

cauliflower buds and turnip tubers, for most of the studies' but

-comparisons were made with red-beet tubers to clarify certain

points. The jnvestigation was camied out wÍth the following aims

in mind:

(a) NAD (P) H .oxidation

A comparison of the inner membrane and outer membrane

pathways, and their interactions' v'ras made. This led to a

study of the effects of digitonin on mitochondrial membranes,

and on cytochrome c pênetration 'in partÍcular. Mitochondria

from red beet were found not to oxidize exogenous NADH

readily, and this tissue u/as compared with cauliflower buds.

Prel i mi nary i nves ti gati ons of the i nducti on of IIIADH oxi dati on

by red beet mitochondria were made.
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(b) Isolation of the outet membtane

Conttol of subs trate oxidatíon

A method for obtaining pure fractions of outer

membrane in relatively large quantities was developed and

a detailed investigation of the enzyme systems located on

this membrane was undertaken. comparisons with the

microsmal fraction were made.

(c)

It was hoped to determine the controlling factors of

NAD-linked substrate oxidation' -and attention was focussed

on the permeabi t i ty of the i nner membrane to these

anions and the products of their oxidation. An investigation

was made on the penetration of pyridine nucleotides in an

attempt to determine their influence on NAD-linked substrate

oxidation and to study interactions bet\iJeen the external

and internal pathways of Î'IADH oxidation'

It should be noted that the work outlined above was under-

taken prior to the pubtications of Douce et al (1972 and

1973b), Moreau and Lance (1972) and coleman and Palmer

(tgtz).
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CHAPTER II MATERTALS AND METHODS

7. Materìa7s

All plant tissues were purchased local]y and used when fresh'

All reagents were analytical grade. Bovine Serum albumen was

obtaíned fronr the Commonwealth Serum Laboratories (Melbourne'

Australia) and enzymes from Boehringer and Soehne (Mannheim,

Germany) . Antimyci n A was obta j ned f rom llutri ti onal Bi ochemi cal

(Cleveland, Qhio), pCMB from British Drug Houses Ltd. (Poole, U.K. )

and amytat from Eli Lilly and co. Ltd. (Basingstoke, England).

2 - n - buty]malonate was prepared by the organic chemistry

Department, Adela'ide University (Adelaide, South Australia).

Qther biochemicals used were obtained from Sigma Chemical

Company (St. Louis, U.S.A.), and Calbiochem. Inc. (San D'iego,

California).

2 Pteparation of Mìtochondria

(a) Cauliflower (Btassìca oI"racea L.)

Young florets (200g) were disrupted in 200 ml of a

medi um contai ni ng 0.3 14 sucrose, 0 " 5% (t^l/V ) BSA' 50 ml'l

tris - HC1 buffer (pH 7.2)' 15 rnt4 EDTA and 20 mM TES

buffer (pH 7.2), using either a l'loulinex liquidizer or

a Waring B'lender (for about 30 sec).
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The homogenate was strained through a double layer of 'miracloth'

and centrifuged at 15009 for 10 nrin. in a Sorvall RCz

refrigerated centrifuge (rotor no. SS-34). The supernatant

was decanted and centrifuged at 120009 for 15 min to pellet

the mitochondria. The mitochondrial pellet was washed

(sometimes twice) by resuspending in 0.3 M sucrose and

recentrifuging at 120009 for 15 min. The final precip'itate

was resuspended in approximately 3 ml of 0.3 14 sucrose and

0.5% BSA. Only the fìrm pellet was resuspended; if any

semi-solid material was present it was decanted. All

operations were performed at about 2oC, using chilled solutions

and apparatus.

(b) TutnÍ Brassica ra L

Turnip tubers were peeled, cut into sections and

chilled. The tissue (400 - 1000g) was homogenised, using a

Braun juice extractor, into a medium of 0.3 M sucrose (40 -

100 ml) containing B mM EDTA, 100 mM TES buffer (pH 7.2),

30 mM Tris, I% (vUU) BSA and 0.4% (VUU ) cvsteine. The

homogenate was strained through 'miracloth' and centrifuged

at 15009 for 5 min. The mitochondria were pelleted, washed

and resuspended as clescribed for cauliflower. The volume

of the final suspension was adiusted to give a prote'in

concentration of approxirnately 10 mg/ml.
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(c) Red Beeü (Butu vuTgari s L.)

(d) Iúaize root mitochondria Zea ma

The method of Milìard et al (tg6S) was used. Chilled

beetroot tissue (a00g) was disrupted in a Braun iuice

extractor into a rnedium of 0"4 M sucrose (60 m'l) containìng

15 mM EDTA, 25 mM TES buffer (pH 7.2) and 30 ml'l Tris' The

homogenate was centrifuged and the mitochondria washed as

described above, with the final pel1et resuspended in 0.4 M

sucrose.

L

One hundred grams of roots r{ere harvested from one to

two week old plants growing in vermiculite. The tissue was

chi¡ed and then disrupted in a medium (ZCíõ ml) of 0.4 M

sucrose, 50 ml4 TES buffer (pH 7.2),20 mM gìutamate, 5 mM

EDTA, 5 mM cysteine and 0.5% (l^J/V) BSA, using a'l'laring'

blendor. The final pH of the homogenate was adiusted to

7.7 using KOH, and the homogenate was strajned through 'miracloth'

and centrifuged at 15009 for 8 min. The supernant was

decanted and the pellet washed and resuspended as described

above, using 0.4 M sucrose.

3. Ptepatation ot Mícrosomes

Microsomes were prepared by the method of Rungie and þJiskich

(tglZa). The supernatant obtained after mitochondria had been

precipated was centrifuged at 30,0009 for 20 min. The supernant
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thus obtained was recentrifuged at 150,0009 for 45 mìn. in a

Beckman Model L-2 centrìfuge (Ti50 rotor), to sediment the

mjcrosomes. The microsomal pellet was washed by resuspending in

0.4 M sucrose and recentrifuging at 150,0009 for 45 rnin. The

final petlet was resuspended in 5 - 10 ml 0.4 M sucrose" All

apparatus tvas pre-chilled and all operat'ions were performed at

about 2oC.

4. Ftactíonation of Mitochonfuía

Mitochondria were-disrupted by incubating them in digitonin

solutions. A 1% stock solutìon of digitonin was prepared by

adding 0.3 M sucrose to recrystallized digitonin and heating

gently until the solut'ion was water clear. All such solutions

were prepared ir¡mediately before use. Aliquots of mìtochondrial

suspensìons in 0.3 14 sucrose were p'laced in an ice bath, and

equal a'liquots of cold digitonin solutions were added with

continuous stir¡ing. The digitonin concentration of the final

solution htas adjusted to give the desired digitonin-protein

ratio (usually 3 : 10 was used). The suspension was incubated at

ooc for 30 mìn., dituted by adding 3 volumes of cold 0.3 M sucrose'

and gent'ly homogenized. The homogenate was centrifuged at B'50C9

for 20 min. to yield a sofid precipitate which vtas washed by

resuspending in 0.3 Ì,1 sucrose and recentrifuged at 8,5009 for 20

min. The final pellet was resuspended in a small volume of 0"3 M

sucrose; the two supernatants were pooled and centrifuged at

37,0009 for 30 mìn-
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The resultant pellet was resuspended in 0.3 M sucrose, and the

supernatant was centrifuged at 144,0009 for 90 min. (SpÍnco

Model L-2, Ti50 rotor) to yield a firm, brown pel]et which was

resuspended in 2 n1 of 0.3 ltl sucrose. The final supernatant

was retajned. All procedures uJere carried out in the cold,

and the resuspensions were stored at 00C untÍ1 assayed.

5. SoLubiTízatì on of MitochondriaT Enzqmes bq Diqitonin

Isolated, washed mitochondria (60 - 100 mg protein) were

divided into aliquots and incubated, for 30 min. at OoC, with

equal aliquots of digitonin solution. The concentration of each

so'lution was adiusted to give the desired digitonin : protein

ratio. The suspensions were then centrifuged for 30 min. ¿it

30,0009 in a Sorvall RC2 centrifuge (rotor no. SS-34), and

the supernatants were assayed for the various enzyme activities.

These activities were also assayed in the disrupted, but unfrac-

tionated, mÌtochondria.

6 Isolation of the Outer llitoehondrìa7 Membrane

The mitochondrial suspens'ion (approximately 10 mg protein/ml)

was incubated with an equa'l volume of digitonin solution whose

concentration had been adiusted to give a digitonin : protein

ratio of 2 : 10 (for turnìp) or 3: 10 (for cauliflower), for 30

min. at OoC with continuous stirring. The digìtonin : protein

ratios were selected on the basis of the solubilization experiments

described above (see Chapter 4 for details),'
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The suspension was then diluted by adding 4 volumes of 0.3 M sucrose

and centrífuged at 30,0C09 for 30 min. (Sorval RC2 centrifuge,

SS - 34 rotor) to remove inner membrane fragments and unbroken

mitochondria. The supernatant was decanted, and centrifuged for

5 hours at 144,0009 (Beckman Model L-2 centrifuge; Ti50 rotor).

The resultant lÍght-brown pellet was resuspended in'about I ml

of 0.3 M sucrose (5 - 10 mg protein/ml).

7. Sl.í and A Root Tissue

tli sks (1 ml,l thi ck) were cut, usi ng a hand mi crotome, f rom

cyìinders (1 cm diameter) of beetroot tissue. The disks were

-aged in 10-4 MCaS0O aerated with a stream of filtered air at

about 20oC. The aging solution was changed several times in the

first hour and thereafter about three times pet':*day. Ca S0O

was used inüe aging solution to prevent loss of turgidity of the

disks. The disks were rinsed at least three times with distilled

water and chilled before homogenizing. Mitochondria vtere prepared

from disks in the same way as described above except that a ìarger

volume of isolating medium was used (100 ml per 2009 disks) and

the disks were homogenized rvìth a'polytron' (modeì PT 35) blendor.

8. Oxqgen Consumption

Oxygen uptake was measured polarographica'l1y in a sealed

'Perspex' vessel with a circulating vrater bath, using a Clarke

electrode (Ye11ow Springs Instrument Co., Cleveland, Ohio)

connected to a 1 MV recorder (tlectronik, Honeywell Controls Ltd.'

Great Britain, or Varian, Model G-14).
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A standard reaction medium of 0.25 t'l sucnose containing 10 mM

phosphate buffer (K salts, pH 7.2)" 5 mM f'19 Clz' 0.5 rnM EDTA

and 10 ml'l tris-HCl or TES buffer (pH 7.2) lvas used. Mitochondria

(1 - 3 mg protein) and reagents were added via a plunger fitted

to the vessel. The total volume of the assay mixture was 3.0 to

3.4 ml and was maintained at 250C.

9. ADP/O and Respitaiorg ContraT Ratios

These were determined from the oxygen electrode traces

obtained upon addition of ADP, according to the method of Chance

and l"lilliams (1956).

70. Enzgme Assags

(a) Cqtochrome e teductase

Cytochromê c Feductase activity was measured by

following the reduction of cytochromê c ôt 550 nm in either

a Beckman Acta CIII or Beckman Model DB spectrophotometer,

at room temperature using cuvettes of 1-cm light path. The

reaction mixture consjsted of 0.1 mì mitochondrial suspension

(or 0.05 ml outer membrane suspension), 0.05 mM cytochrome

c and 10 mM KCN in 3.0 ml of the standard reactíon medium

described above. The reaction uras initiated by add'ing 0.5 mM

NAD(P)H, 15 rnt'î malate or 15 ml4 succjnate to the cuvette. A

molar extinction coeffjcient (reduced minus oxidized) of

19.8 x 103 cm-1 (Monton, 1958) was used.
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(b) Fe CN and DCPIP Reductases

The activity of Fe Cll - and DCPIP - reductases was

measured by foììowing the reduction of Fe CN (at 420 nm) and

DCPIP (at 600 nm) spectrophotometricalìy. The reaction

mixture was the same as that used for cytochrome c reductase,

except that cytochrome c was replaced by 1 mM K, Fe (Ctt¡U

or 0.05 ml4 DCPIP. A molar extinction coefficient of 15.5

x 103 cm-l was used for DCPIP (Strittmatter and Velick, 1956)

and 1.05 x 103 cm-l for Fe Cl'l (l4orton and Sturtevant, 1964).

(c) NAD(H) oxid.ation - reduction

NADH oxidation, or NAD+ reduction, was measured spectro-

photometrically by foììowing changes in absorptjon at 340 nm.

The reaction medium for NAD+ reduction conta'ined 0.1 ml of

mitochondrial suspension, 0 .25 to 1.0 ml4 NAD+ and 10 ul,l

antimycin A in 3 ml of standard reaction medium. The assay

mixture for I{ADH oxidation was the same except that antimycin A

was omitted and 0.25 ml''l i'IADH repìaced the l{AD+. In the latter

case, the reaction was started by adding the NADH to the cuvette,

but l''lAD+ reduction was ínitiated by the addition of 10 mll malate

or isocitrate. A molar extinction coefficient of 6.22 x 703

.r-1 *u, used (Pabst Laboratories, 1961).

(d) Plalate Dehgdrogenase

lvlalate dehydrogenase activity vras measured spectro-

photometrically by folìowing the oxidation of NADH at

340 nm Ín the presence of oxaloacetate (Ochoa,1955).
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The reaction mixture conta'ined 0.01 ml mitochondrial suspension

(about 50 ug protein),0.25 mM NADH and 10 ul'l antimytin A

in 3 ml of standard reaction med'ium. The reaction was started

by the addition of 0.5 mM oxaloacetate.

(e) Acid phosphatase

Acid phosphatase was assayed by the method of Linhardt

and |¡lalter (1963) by estimating p-njtrophenyì formed from

p-nitrophenyl phosphate hydrolysis. The assay medÍum contained

5 mM p-nitrophenyì phosphosphate ; 50 mM sodium citrate

(pH a.1 - 5.0), t'lES (pH 6.5 - 7.0) or Tris-HCl (pH 7.5 -

8.0) buffer; and 0.05 ml outer membrane or 0.02 ml

mitochondrial suspension, in a total volume of L mì. After

30 min. at 25oC, 2 n1 of 0.5 ll NaOll was added and the

absorbance read at 405 nm against a control (enzyme omitted),

using p-nitrophenYl standards.

(f) Transhvdrogenase

Pyridine nuc'leotide transhydrogenase activity was

measured by following the increase in absorbanceof APAD(pl

at 375 nm using a molar extinction coefficient of 5.2 x 103

.*-1 (Ragland and Hackett, 1964). The reaction mixture con-

sisted of 0.1 ml mitochondrial suspension or 0.05 ml of

outer nembrane, 10 mlll KCN, 0.2 mM NAD(P)ll , 0-5 mM APAD(P)

in 3 ml of standard reaction medium.
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(s) Monoarcíne Oxi.dase

Monoamine oxidase activity uras measured by following

the formation of benzaldehyde (at 250 nm) from benzylamine

hydrochloride. The reaction mixture consisted of 2.5 mM

benzyìamine hydrochloride, 0.1 ml mitochondria in 3 ml

of standard reaction medium. Absorbance was read against

a blank which did not contain benzyìamine. A molar

extinction coefficient of 0.012 x 103 cm-l was used (Tabor

et al, 1954).

(h) Catochtome oxidase

Cytochrome oxidase activity was measured either by

(1) following the oxidation of ferrocytochrome c spectro-

photometrically at 550 nm in a medium containing 0.05 ml'l

cytochrome c 5 uM antimycin A, 0.1 ml mitochondria

(added to start the reaction) in 3 ml of standard reaction

medium, or (2) polarographicalìy using a Clarke oxygen

electrode to measure oxygen uptake in the presence of 5 mM

ascorbate and 1 ml4 TMPD.

(11) ChenicaT assags

(1) pCMB was routinely assayed by the rnethod of

Boyer (1954).

(2) Antimycin A was assayed by the method of

Strong et al (1960).
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(3) Protein was estimated by the method of Lowry et al

(1951) with the Cu S0O solution 1n I% citrate (rather

than tartrate). Standards were run with BSA (fraction V).

(r2) MitochondriaT SweT Ting

Swelling was measured as a decrease in absorbance at

520 nm upon addition of mitochondria (about 1. mg protein)

to the reaction rnixture, using a Beckman Acta CIII spectro-

photometer.

( 13) Absorption Spectra

Absorption spectra (of outer membrane and mjcrosomes)

were measured with a Shimadzu recording spectrophotometer at

77oK using cuvettes with a 2 mm light path. Samples were

reduced with sodium dithÍonite and read against oxidized

sampìes for difference spectra.



45

CHAPTTR I I I

NAD(P)H OXTDATTON BY TSOLATED I4TTOCHONDRTA

The aim of this section is to describe the pathways of

exogenous NADH oxidation by m'itochondria isolated from turnip

tubers and cauliflower buds, and to compare these pathways to

the oxidation of intramitochondrial NADH (generated by the

oxidation of maìate). The effect of various inhibitors,

particularly pcMB and dicumarol, is described and discussed with

reference to previousìy published data, and interactions between

the outer membrane and inner membrane systems are considered.

Studies on the effect of digitonin on NADH and succinate oxidation

led to an investigation of the penetration of the outer membrane

by cytochrome c. After these studÍes had been completed, a report

on the effecü of mitochondrial swelling on cytochrome c penetration

appeared in the literature (Douce et al, lg72), and the results

presented here are considered in the ìight of th'is report.

Finally, an investigation into the oxidation of exogenous NADPH

was undertaken and comparisons made to the oxidation of llADH.

RESULTS

7. Respiratoru contró7 and e7éctron t].ansÐort inhibitors

l4alate and I'IADH were oxjdized rapid'ly and r,vith good

respi ratory control ( Fí g. 3. 1 ) . ADP/O rati os for mal ate oxi dati on

approx'inrated to 3 (2.4 - 2.9), r,rhile those for I'IADH oxidation

were less than 2 (r.4 - 1.9). Figure 3.2 shows the effect of
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of varying rotenone concentratíon on malate and I{ADH oxìdation by

cauliflower bud mitochondria. tJhi1e malate oxidation was inhibÍted

up to 65%, IIADH oxidation was ìarge'ly unaffected in intact

mitochondria. However, when the mitochondrÍa were disrupted by

sonication NADH oxidation became sensitive to rotenone (Fig. 3.3).

Both malate and I{ADH oxidation were inhibited completely by low

concentrations (0.1 ul4) of antimycin A (fig. 3.4). These results

support those of others (Douce et al , t972; Ikuma and Bonner,

1967; Miller and Koeppe, 7971.; Palmer and Passam, 1970; Wilson and

Hanson, 1969; lJiskich and Bonner, 1963), and indicate that the

oxidation of exogenous NADH bypasses the first site of phosphory-

lation and the rotenone-sensitive site. The sensitivity to

antimycin A would suggest that reducing equivalents enter the chain

on the substrate side of cytochrome .4. Palmer and Passam (tgZO)

and Coleman and Palmer (1971,) have suggested that a specific IIADH

dehydrogenase, situated on the outside of the inner membrane, is

responsible for the oxiciation of exogenous NADH. This suggestion

has been tenbtiveìy confirmed by Douce et al (1973a). The

inhibition of IIADH oxidation by antimycin A was partia'lly re'lieved

by the addition of'large amounts of cytochrome c to the medium

(Fig. 3.5); cytochrom€ c ôlone had no such affect on the inhibited

malate oxidation (Fig. 3.5). This effect was also observed by

tlilson and l-lanson (1969), and suggests the presence of an alter-

native, antimycìn A-insensitive route for the oxidation of NADH.

However, it should be noted that the recovery of antimycin A-

inhibited l,lADH oxidation by cytochromê c wâS only sl ight.
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2. Cqtochrome c and Fertictlanide reductìon

Table 3.1 shows the rate of cytochrorlrê c reduction with

succinate, malate and I'IADH as substrates, and the effect of

rotenone and antimycin A. These results reflect those obtained

with the oxygen electrode, although cytochrome c reduction by

malate and succinate was much slower than that by NADH. The

small inhibition of NADH-cytochrome c reductase by antimycin A

again suggests an alternative, jnhjbitor-insensitive pathway of

NADH oxidation, probably involving an electron transport chain

on the outer membrane (Douce et al, 1973a; see chap. IV) simi'lar

to that of rat liver mitochondria (Sottocasa et al,1967). Such

a pathway would account for the difference in rates of cytochrome

c reduction by malate and NADH, since the outer membrane appears

to be largely impermeable to the hígh molecular weight cytochrome

c (Douce et al , 197.2; Wojtczak and Sottocase, 1972; Wojtczak and

Zaluska, 1969). Support for these ideas comes from studies with

disrupted mitochondria. Incubation of the mitochondria with jow

concentrations of digitonin prior to assay resulted in an increase

in succinate and malate cytochrome c reductase, and antimycin A-

sens i ti ve I'IADH-cytochrome c reductase acti vi ti es , but di d not

affect the antimycin A-insensitive cytochrome c reduction by

NADH (Table 3.1). These results are in agreement with those of

Douce et al (1972). It is unlikely that the antimycin A-Ínsen-

sitive reductase represents an alternative oxidase activity

(Storey, 1969) of the inner membrane, since succinate cytochrome c

reductase was completely inhibited by antimycin A (Table 3.1).
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Further support for the postulate of the outer membrane

limiting cytochrome c reductase activitjes is provided by studies

vrith Fe CN as electron acceptor. In contrast to succinate-

cytochrome c reductasen succinate - Fe CN reductase activity

decreased slightly upon incubation with digitonin (ta¡le 3.2).

Antìmycín A-sensitive NADH - Fe Cll reductase activity decreased

even more markedly, while the antimycin-insensitive activity

increased (fa¡le 3.2). Similar results with mung bean mitochondria

have been reported (Douce et al, I973a) and indicate that Fe CN

readily penetrates the outer membrane; hence little change in

succinate - Fe CN reductase activity occurred upon rupture of

the outer membrane. Douce et al (1973a) suggested that the

decrease in antimycin-sensitive, and the increase in antimycin-

insensitive, Fe CN reductases, upon disruption of the mitochondria,

vrere due to the fìavgprote'in on the outside of 'the inner membrane

becomíng more accessible to Fe CN. In other words, Fe CN

accepts e'lectrons directìy from the NADH-dehydrogenase, rather

than the cytochromê c poSítion of the respiratory chain, in

digitonin-treated mitochondria. This impìies that in intact

mitochondria the respiratory-ìinked external NADH-dehydrogenase

is not access'ible to Fe Ctl.

3. Cgtochrome oxidase actìvìtg

The effect of incubating turnip mitochondria with low

concentrations of digiton'in (0.2 ng/ng. protein) increased

cytochromê c oXidase, and succinate-cytochrome c reductase,

several-fold (faUle 3.3), again indicating a permeability barrier
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(of the outer membrane) to added cytochrome c, preventing it
from reacting with inner membrane enzymes. similar results v¡ere

obtained by hlojtczak and Zaluska (1969) v¿íth rat liver mitochondria.

The higher rates of cytochrome c oXidation, compared with cyto-

chrome c reducb'ion (faUle 3.3), probably reflects the high

activity of cytochrome oxidase in the broken mitochondria in the

preparati ons used.

0n the other hand, oxygen uptake with ascorbate p'lus TI4PD

as substrate rvas dramatically inhibited by digitonin (table 3.3).

l,lhen cytochrome c was added to the digitonin treated mjtochondira,

however, oxygen uptake was restored to its rate in untreated

mitochondria (Fig. 3.6). These results imp'ly that endogenous

cytochromê c tvâs released from the inner membrane by digitonin;

by adding back cytochrome c, respiratory chain activity was

restored. This explanation may account for the decrease in

antimycin A-sensitive Fe CN reductase activities (at least that

with succinate as substrate; Table 3.2). The results shown in

Fi g. 3.7 support thi s i nterpretati on; caul i fl ower mi tochondri a

incubated with digitonin (0.2 nglmg. prote'in) would not oxidize

succinate unless cytochrome c was added, although succinate

oxidation by untreated mitochondria was not affected by cytochrome

c¡ suggesting that endogenous cytochrorìe c is removed by digitonin.

If correct, this interpretation means that TI4PD can only transfer

reducing equivalents to the respiratory chain via endogenous

cytochromê c, ôs found with animal mitochondria (Jacobs et aj, 196â).
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4 Effect of ¡ñMB

The respiratory-1ínked external IiIADH oxidase and the outer

membrane antimycin A-insensitive l|ADH-cytochrome c reductase

showed similar patterns of inhibition by pCt4B (figs. 3.8 and

3.9). Both systems were severely inhibited (greater than 90%)

-Ãby 2 x 10 " M pCMB when it was added to the mitochondria before

NADH. i,lhen the mitochondria were preincubated with NADH, the

dehydrogenases were largeìy protected from pCi,lB inhÍbition, at

least initially (Fig. 3.8 and 3.9). I'IADH dehydrogenase protection

has also been observed -in both animal microsomes (Stritmatter,

1965) and pìant mÍcrosomes (Rungje and ïlljskich, L972a). The effect

has been discussed by these authors; NADH binds to its dehydrogenase

via a sulphydryl group in such a way that bound NADH prevents

the binding of pCMB. ldhen IIADH and pCi{B are added to the r¡ito-

chondria together they compete for sites on the dehydrogenase,

resulting in an intermediate inhibition (Figs. 3.8 and 3.9). These

results differ from observations made with mammalian mitochondria;

the respÍratory chain |\ADH dehydrogenase of rat liver mitochondria

was only ínhibited significantly by pCllB when pretreated with ttlADH

or substrate (Tyler et al, 1965) and was not inhibited to the same

extent as the outer membrane I'IADH-cytochrome c reductase (Ragan

and Garland, 1969). The rotenone-insensitive NADH-dehydrogenase

from pÌg liver mitochondria was severeìy inhibited by pCi,lB whether

the enzyme r,.ras preincubated with NADH or not (l'latrter et al , 1958)

although a similar enzyme isolated from sarcosornes was only sìightìy

sensitive to pCf'18 (Avi-Dor et al, 1958). Sottocasa et al (L967)

found that the outer membrane electron transport chain of rat liver

nritochondria was much less sensitive to pClilB than was its micro-
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somal counterpart.

Malate oxidation was also severely inhjbited by ÞCMB but

substrate protection rvas not observed (faUle 3.4). S'ince malate

dehydrogenase was not affected by pCItlB (Table 3.4) the site of

pCl'18 inhibition could be either the jnternal I'IADH dehydrogenase

or the phosphate transporter on the inner membrane. Swelling of

pìant mitochondria in ammonium phosphate Ís 'inhibited by mercurials

(Phill'ips and I'ljlliams, 1973; Wiskich, I974). Inhibition of

phosphate transport into the mitochondría would prevent malate-

phosphate exchange across the inner membrane and hence inhibít

malate oxidation.

. However, pCl'18 'inhibited malate both in the presence and absence

of added ìnorganic phosphate (F'ig. 3.10). The phosphate-stimulated

and the state 3 rates of oxygen consumption were completely ín-

hibited by 10 ¡rM pCl,lB (fig. 3.10 A and B). In untreated mito-

chondria, there was no malate oxidation unless phospha.te was added

(Fig. 3.104), but vrhen the mitochondria were swollen in water

they became leaky to malate and oxidjzed it readily in the absence

of added phosphate (fig. 3.10 C). This oxygen uptake by swo'llen

mitochondria was also inhibited comp'letely by pCt'lB (Fig. 3.10 C).

That ís, pCl4B appears to inhíbit both malate penetration

(by preventing phosphate transport) and the internal NADH dehydrog-

enase.
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5. Effect of dicounarol

Malate, succinate and IIADH oxidation by caulifIower and turnip

mitochondria were inhibited by dicoumarol" but NADH oxidation was

inhibited much nlore severe'ly by low concentrations (5 - 10 uM)

than were succinate and malate oxidation (Fìg. 3.11 and Table 3.5).

0n the other hand, the oxidation of ascorbate plus TI4PD, and

mal ate dehydrogenase acti vi ty, were not i nhi bÍ ted by d'i coutnarol

(Table 3.5) suggesting that it acts on the flavoproteins of the

respiratory chain. Fifty percent inhibition of malate and

succinate oxidation was only observed rn¡hen the dícoumarol concen-

tration was greater than 25 uM (FiS. 3:11); lower concentrations

uncoupled malate oxidation (Fig. 3.12), when added during state

4 respiration. Dicoumarol inhibition of succinate and malate

dehydrogenases has been observed in rat liver mitochondrja (van

Dam, 1,967 ; !,'li I son and Merz, 1969 ) , but at hi gher concentrati ons

than those used here.

The high sensitÍvity of IIADH oxidation to low concentrations

of dicoumarol (S ut'l caused 73% lnhibition; Fig. 3.11) suggests

a DT-diaphorase-like activity. DT-diaphorases of manrnalian tissues

are almost complete'ly sensitive to 1 uM dicoumarol (Ernster et al,

1962). The extent of dicoumarol inhibition djd not change much when

mitochondrial concentration was increased  -fold (Table 3.6); the

dicoumarol sensitìvity of rat liver DT-diaphorase was also

irrdependent of enzyme concentration (Ernster et al ' 7962).
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6. Effect of Ca Cf on NADH oxÍdation

In contrast to the results of Coleman and Palmer (1971),

cauliflower mítochondria isolated and assayed in the presence

of EGTA readi ìy ox'idi zed exogenous NADI-I (f aUl e 3. 7 ) . A'l though

llADl{ oxidation'in the presence of EGTA was not completely depend-

ent on Ca Cì2, the addition of low (t mt'l) Ca Cl, to the medium

markedly stimulated IIADH oxidatíon (Table 3.7). Malate oxidation

was only slightly stimulated by the same concentration of Ca CT,

(fa¡l e 3.7 ) . Stimul ati on of NADI'I oxi dati on by di val ent cati ons

has been observed by several other workers and discussed at

some length (Hanson et al, 1965; Koeppe and Miller, I97L; Miller
.et al, 1970).

7. NADPII oxidation

Exogenous NADPH was oxidized by cau'liflower bud mitochondria,

but oxygen uptake was very sìow compared to I'IADH oxidation (Fig. 3.13).

This oxidation was stimulated by'low concentrations of Ca Cì, and

was coupìed to phosphorylation, although respiratory control was

poor (fig. 3.13). ADP/O values of less than 2 (L.2 - 1.6) were

obtaÍned suggesting the first phosphoryìation site was bypassed.

NADPH oxidation was insensitive to rotenone but strongly inhibited

by antimycin A (Fig. 3.13). The addition of cytochrome c djd

not relieve this inhibition a'lthough subsequent addition of NADH

stimuiated oxygen uptake sf ightìy (fig. 3.13). Similar results

to these u¡ere obtained by Koeppe and Miller (L972) aìthough faster

rates of oxygen consumption were observed.
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It should be noted that cauliflower bud mitochondria did not

consi stently oxi di ze I{ADPH; si gni fi cant rates utere on'ly observed

with cauliflower's grown during the winter months. Significant

oxidatjon rates tJere rarely obtained with mitochondria isolated

from turnip tubers. Therefore, these results must remain tentat'ive.

It is unlikely that the NADPH sol'utions used had been contaminated

with I{ADH, since small amounts of NADH gave a brief burst of

rapid oxygen uptake.

DISCUSS ION

7. NADH oxidation

The results presented in this chapter provide further evidence

of alternative patht'lays of NADH oxidation in ísolated p'lant

mitochondria. These pathways are represented in Fig. 3.14. The

antimycin A-insensitive oxidation of I,IADH (measured by cytochrome

c reduction) occurs on the outer membrane of the rnitochondria as

shown by fractionation studies. (fan]es 3.1 and 3.2). Douce et al

(i973a) and l4oreau and Lance (L972) have shown this pathway to

be similar to that of animal mitochondria (Sottocasa et al, L967),

consist'ing of a flavoprotein and .a-type cytochrome (see also

chapter IV).

Another pathway of NADH oxidation occurs via a dehydrogenase

apparently located on the outside of the inner membrane and coupled

to two sites of phosphorylation.
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This pathway is insensitive to rotenone but is strongly inhib'ited

by antimyc'in A, indicating that reducing equivalents enter the

electron transfer chain on the substrate side of cytochrome .u

and bypass phosphorylation site I. Although this dehydrogenase

remains to be identified, it could involve one of the flavo-

proteins detected by Storey (1969; 1970).

Apparently these outer and inner membrane pathways can

interact as suggested by the relief of antimycin A-inhibited

NADH oxidation by added cytochrome c (Fig. 3.5). Presumably,

cytochrome c reduced by the outer pathway moves to the inner chain;

the recovery of NADH oxÍdation is small because cytochrome c

has difficulty in penetrating the outer membrane.

The third IIADH oxidation pathway is inhibited by rotenone,

coup'led to three phosphorylation sites and is exc?usive to ÎIADH

generated wÍthin the mitochondria. Presumably it is located on the

inside of the innei^ membrane and is not available (in intact

mitochondria) to added IIADH vrhich cannot penetrate the inner

membrane. This internal pathway can interact with the others if
NAD+ is added to the medium (Chapter VI).

The external and internal NADH dehydrogenases are also

distinguished by their different responses to the inhibitor

dicoumaroì; only the flavoprotein on the outer surface of the

inner membrane is inhibited significantìy by low concentrations

of dicoumarol (i.e. less than 10 ul,l). The internal dehydrogenase,

and that on the outer membrane (see chapter IV), are virtua'lly

uninhibited by these concentrations
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2. Site I en conservatìon and rotenone inhibitíon

The lack of site I phosphorylation during exogenous NADH

oxidation can best be explained in terms of the chemiosmotic

hypothesis (¡,titchell, 1961). If NADH is oxidized by a dehydrogenase

on the outsjde of the inner membrane and reducing equivalents are

transferred directly to cytochrome .b, then the site I proton-

translocatjng loop would be bypassed (Fig. 3.15); hence external

I{ADH oxidation is coupled to only two sites of phosphorylation.

Yeast mitochondria were found to lose their sensitivity to

rotenone (and piericidin A) and their first phosphorylation site

when grorvn under iron and suìphur limited conditions (Light and

Gar'land, I97I); this was shown to be assocíated with a loss of

non-haem iron from these mitochondria (nagan and Garland, 1971).

Ragan and Garland (I97L) suggested that iron-sulphur pnoteins

were essential for piericidin A inhibition, and site I energy

conservation, and constituted part of the internal NADH dehydrog-

enase. The fact that oxidation of exogenous NADH by plant

mitochondria is insensitive to rotenone (and coupled to on'ly

two phosphorylation sites) suggests that the external NADH clehy-

drogenase lacks these non-haem iron components.

3. The effect of disi tonin on mítochondriaL membtanes: cqtochtome

c penetratíon

'The results presented in tables 3.1, 3.2 and 3.3 suggest

that the outer membrane forms a permeability barrier to cytochrome

c¡ preventing ìt frotn reacting with inner membrane enzymes.
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Incubation v¡ith low concentrations of dig'itonin apparently removed

this barrier. The same conciusions have been made from similar

studies wÍth mung bean (Douce et al, 1973a) and rat liver mito-

chondria (l'lojtczak and Zaluska, 1969). This interpretation,

however, has been challenged recently by Palmer and Kirk (1974).

These authors cl aimed that hypotoni c sl'lel l'ing of mi tochondri a

induced conformational changes in the inner membrane rather than

rupture of the outer membrane. That is, 'lack of succinate-

cytochrome c reductase activity in untreated mitochondrja vras not

due to 'impermeability of the outer membrane to cytochrOrTìê c,

but due to the inabilìty of added cytochrome c to interact (accept

eìectrons from) rvith the inner membrane. In support of this proposal

Palmer and KÍrk (1974) showed that, even in untreated mitochondria,

antimycin A-sensitive NADH-cytochrome c reductase activity was

higher than that of succinate-cytochrome c reductase. In addition,

succinate-cytochrome c reductase showed the same pattern of

activation (by ATP) in intact and in swollen mitochondria. The

antimycin-sensitive NADtl-cytochrome c reductase activity of

intact cauliflolver mitochondria was also faster than succinate-

cytochrome c reductase activity (TabIe 3.1). Palmer and Kirk

(1974) interpreted their results to show that the outer membrane

did not limit cytochrome c reduction. 0bviousìy, these authors

considered their preparations to be compìeteìy intact. However,

if the small amount of succinate-cytochrome c reductase activity

observed was due to the presence of some damaged or broken

mitochondrja in the preparations used, then the different ant'inrycìn-

sensitive rates with succinate and NADH probab'ly reflect different

activities of the tr¿o enzymes in the broken mitochondria.
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In support of this interpretat'ion, oxygen uptake with NADH as

substrate was faster than that with succinate, (Palmer and Kirk,

t974), and the antimyci n-sensi ti ve I'IADH-cytochrome c reductase

activity of dig'itonin-treated mitochondria was greater than the

succi nate-cytochrome c reductase (Tabl e 3. 1 ) . Simj I arly, one

might expect succinate oxidation by damaged mitochondria to

require activation bv ATP.( Since 0estreicher et al (1973)

observed activation of succinate dehydrogenase in frozen and

sonicated caulif'lower mitochondria, by ATP and ADP.)

tJhen viewed in this manner, the results of Palmer and

Kirk (1974) are not inconsistent with the idea that the outer

membrane of isolated pìant mitochondria is impermeable to the

high molecular lveight cytochrome c. However, the effect of

digitonin on ascorbate pìus TMPD oxidation (Fig. 3.6) shows that

disruption of mitochondria may jead to removal of endogenous

cytochrome c from.the inner membrane. Addition of cytochrome

to the medium reconstitutes electron transfer in digitonin-

treated mitochondria and restored ascorbate plus Tl'lPD, and

succi nate, oxi dati on ( fi gs . 3.6 and 3. 7 ) . Reconsti tuti on by

exogenous cytochrome c has been observed in rat liver mitochondria

(Jacobs and Sanadai , 1960).

4. NADPH oxidation

Respiratory linked oxidation of exogenous NADPH showed a

similar response to rotenone a.nd antimycin A, and yielded sim'ilar

ADP/0 values, as NADH oxidation and may'invo'lve the same dehydrogenase.
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However, Koeppe and l.liller (L972) suggested that a separate enzyme

was involved in corn mitochondria, on the basis of different effects

of amytal on NADH and NADPH oxidation. The fact that added cyto-

chrome c did not relieve antimycin A inhibition (Fig. 3.13) suggests

that NADPH is not oxidized by the outer membrane electron transport

chain.



Table 3.7. The effect of inhibitors and diqi tonin on cqtochtome

c teductase activÍ ttl in isolated cauJ-itTower mírochondtÍa

Cytochrome c reductase was assayed as described in Materials

and l,lethods. Substrates used were 0.5 ml{ IIADH' 10 ml''l malate

and 10 mll succinate.

Substrate Untreated Mitochondria l4i tochondri a pre-i ncubated
with digitoninl

Control +Rotenone+Anti -
mycin A

(7- uM) (s ut't)

Control +Rotenone+An ti -
mycin A

(7 ula) (5 ut'l)

NADH

Ma'late

Succi nate

4L.9

2.3

5.6

nmoles cgtochrome c reduced/min.mg protein

4L.7 3r .7 78 71 .4 33.9

L.2 0 19.4 8.9 0

- 0 ?9.2 - 0

10.lrng/mg protein, for 30 min. at 0oC.



TabTe 3.2 Effect of diqitonin on NADH and succinate -

Fe CIV reductase activítq of turnip ntitochondtia

Fe CN reductase vlas assayed as described in Materials and

Methods. Substrates used lvere 0.5 ûtl\'l |\'IADH and 10 nlM succinate.

Enzyne Untreated
Mi tochondri a

digitonin treated

mi tochondri a

antimyci n-sensi ti ve
NADH - Fe CI'I

reductase

antìmyci n-i nsensi ti ve
NADH - Fe Cll reduct-
ase

succinate - Fe Cl,l

reductase

rrnoTes Ye CN teduced/mÍn. mg ptotein

1020

2508 3135

823 735

394

*
0.2 mg/mg protein, for 30 min. at OoC.



Table 3.3 Effect of diqÍ tonín on cqtochtome c oxidase

activi.ttl and ascorbate plus TIttPD oxi dation b,u turnip mito-

chondría.

Assay conditions are described in l'laterials and l4ethods.

Substrates used urere L0 ntirl succinate, 10 mM ascorbate plus

l mtr'l TI4PD and 0.05 ml4 cytochror:re c. Rates are expressed as

nmoles 02 consumed/min. mg (for Ascorbate + Tl'fPD) and nmoles

cytochrome c reduced or oxidized/nin. mg protein.

Enz¡rme Untreated
mi tochondri a

*
Digitonin treated

mi tochondri a

succi nate-cyt.c
reductase

cyt. c oxidase

Ascorbate + TMPD

oxi ati on

10

198

422

2BT

1304

4B

*' 0.2 mg/mg protein, for 30 min. at 00C.



Table 3.4. Effect of æMB on maLate oxidatìon and MaLate

se activì in cauTì fTower mítochondria

Assay conditions are described in ltlateria]s and ii'lethods. The

final concentration of pcMB was 20 ul{, and 3 mg (for malate

oxidatìon) or 0.L5 mg (for MDH assay) of mjtochondrial protein

were used.

Mal ate
oxi dati on

Mal ate
dehydrogenase

Contro'l

pCMB added before
substrate

pCl4B added after
substrate

nmoles }r/nin mg

protein

nmoTes NAÐH oxidìzed/

rl.in: mS.

5.805

5.810

5.805

60

0

0



TabTe 3.5. Effect of dicoumarol on varìous actívìties of

isoTated caulifTowet mitochondria.

NADH, malate and ascorbate plus TMPD oxidation were measured

pol arographicaì 1y, and malate dehydrogenase spectrophotometricaì ly,

as described in l4aterial and Methods. Substrates used were

0.5 mrT NADH, 10 mM malate and 5 mlY ascorbate plus l. rnlq TMPD.

0xygen uptake rates shown are state 3 rates, and 2 mg protein was

used.

Di coumarol
concentrati on

NADH

oxi dati on
mal ate
oxi dati on

asc. + TMPD

oxi dati on
mal ate
dehydrogenase

nmoles 0, / min. mg protein

330

nmoles NADH/
min. mg.

4. 85

4.7

4.6

L02

76

25

22

0

10 ul"î

50 uM

110

7.5

B0100uM

330

310



TabTe 3-6. Effect of mitochondrial cöncentration on

dÍeoumatof ìnhíbìtion of NADH oxidation

NADH oxidation was measured polarographica'lly as described in

Materials and Methods. Controt (state 3) rate = 110 nmoles 0Z/

min. mg protein.

mg protein Percent inhibition of 53 rate

25 uM dicoumarol 50 ultl dicoumarol

100

91

92

97

89

B5

0.75

1.5

3.0



Table 3-7. Effect of Ca CI on NADH and malate oxìdation

bg cauTìfTower mitochondria

Mitochondria were isolated in the presence of 5 ml.l EGTA.

Details of assays are given in Materials and l4ethods, except

that 1 mt'l EGTA !,/as included in the reaction medium. Substrates

used were 1 ml'l NADH and 15 ml'l malate (plus 15 mM gìutamate).

State 2 rate State 3 rate RCR

Substrate nmoles 02 / nin.mg protejn ratío

NADH control
+ 0.5 ml,î Ca Cl

malate control
+ 0.5 mM Ca Cl

45
135

45
60

15ö
240

142
180

2.7
2.5

2

2

3.2
3.3



M
W

M
w

Ma'late

13

79

ADP

I
61

16

ADP

I
I

ADP

59

ADP

I

NADH
10

ADP

10

29

200
nmo'les 0

| 2 min.

2

84

?9

Figure 3.1. e and NADH oxidation bv caulif'lower mitochondria.Mal at

Mitochondria (t.Smg protein) were added to 3 ml of

standard reaction medium as described in Materials and

Methods. Addjtions as indicated were 20 mM nlalate,

1 mM NADH and 0.29 mM ADP. Oxygen uptake is expressed

as nmol es/mi n .mg.prote'in . Gl utamate (tS m¡'t) was

added prior to the addition of malate. Mv¡ = washed

mi tochondrì a.
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Figure 3.5 Effect of antimycjn A and cytochrome c

on malate and NADH oxiclatìon by cauliflower
bud mitochondria.

Assay cond'itions were the same as those

in Figure 3.1, except that 1.4 mg protein

was used in each experiment. Addit'Íons as

indicated were, 20 mM malate, 1 mM NADH,

0.26 mM ADP, 5 uM ant'imycìn A, 7 uM rotenone

and 0.05 mM cytochrome c. Rates are

expressed as nmoles Orlmin. mg. protein.



M
w

NADHA

ADP

/
43

200
nmol es

m n

antimycin A

0

52

13

ADP

57

/- antimycín A

99 cyt

/

c

B

M
l{

/
ADP

/
mal ate

6

23 cyt. c

0 /

02

0



MD

I
ASC. + TMPD

I
ADP

I cyt. c

M
w

I

48

ADP

ASC. + TMPD

4?-2.

422

1 min

Figure 3.6 Effect of di qìtonin on the oxidation of ascorbate plus

TMPD by turnip mitochondria.



MD

I
Succ.
(ADP )

Succ.

ATP

ADP

cyt

I0
.9.

0

0

M
ul

I
0

antimycìn A.

95

cyt.g

150
nmoles 0

97

?

1 min

Figure 3.7 Effect of digitonin and cY tochrome c on succinate

oxi dati on bv caulifIower mitochondria.



55

548
D

55

pcMB

0.1
0.D

C

Ni{DH

oxi dati on
658

603

1 min.

Fi gure 3. B Effect of pCtrlB on the external NADH-oxidase of
turnip mitochondria.

NADH oxidation was measured spectrophotometrically
as descrjbed in Methods, except that 0.5 mM ADP was
included in the reaction medium. The final concen-
tration of pCllB was 20 uM and 0.2 mg mitochondrial
protein was used in each assay. Rates are.expressed
as nmoles NADH oxidized min.-rmg.protein-r.
: control
: mitochondria pre'incubated with NADH. pCMB added

as ì ndi cated.
: NADH and pCMB added together.
: mitochondria preincubated with pCMB.

86

B

A

A

B

C

D



A

1

D

0
0 '550

î| 1 nrìn ¡

B

62

5

cyt. q
reduc Li on

c

??

Figure 3.9 Effect of pCMB on the antimvcin A-insensitive
NADH-cytochrome c reductase of turnip mìtochondrìa.

3
D

Details of assay are given ìn Methods. 0.35 mg

mitochondrial prote'in used per assay. Final concen-
tration of pCl'lB = 20 uM. _$ates are expressed as
nmoles cyt. c reduced mi n 'mg. prote'in '.

A

B

c

D

con trol
mitochondria preincubated v¡ith NADH, reaction
started w'ith cytochrome c.

NADH and pCMB added together.
mitochondria preincubated with pCMB.



Fi gure 3. 10 Effect of pCMB on malate oxidation by cau'liflower
bud mitochondria.

0xygen uptake was measured as described in Materials
and Methods, except phosphate was omìtted from

the medium and added as shown. Additions as

indicated were; A and B: 2.4 ng mitochondrial
prote'in,l.0 mM malate, 10 mM phosphate,0.28 mM

ADP and 10 uM pCt'18; C: 2.4 mg mitochondria pre-

incubated in water for 5 min, 10 mM malate,

10 uM pCMB. Glutamate (10 mM) was included

in the reaction med'ium in each case. Oxygen

uptake is expressed as nmoles/min.mg prote'in.
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Figure 3.13 Exoqen ous NADPH oxidation by cauliflower
bud m'itochondri a.

Details of assays are given in Materìals and

Methods. Additions as indicated were

mitochondria (1.5 mg proteìn) L mM NADH,

0.14 mM ADP, 0.6 mM CaClr, 30 uM DNP,

5 uM antÍmycin A, 7 uM rotenone, 0.025 mM

cytochrome c. Rates are expressed as

nmol es 0, consumed/mi n . mg prote'in .
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CHAPTER IV

TSOLATTON AND PROPERTTES OF THE OUTER MEI'IBRANE

Although the outer membrane of mammalian mitochondria has

been isoJated and studied extensively, relative]y littje is known

about the outer membrane of plant mìtochondria, apart from its

spectral properties (Douce et al, 1973b; Þloraeu and Lance, 1972).

This chapter describes the enzyrnic properties of the outer

membrane isolate'd from cauliflower and turnip mÍtochondria, after

incubation with d'igitonin, with particular exphasìs on the

associated tlAD(P)H reductases. The effect of digitonin on the

inner membrane is also described, and the outer membrane is

compared to the microsomal fraction.

RESULTS

7. SoTub iLization of mítochondriaf enzttmes bq diqitonin

Figures 4.1, 2 and 3 show the degree of solubilization of

certaín mitochondrial enzymes by digitonin. Malate dehydrogenase

was used as a marker for the matrix space, succinate-cytochrome

c or arttimycin-sensitive l.lADH-cytochrome c reductase as a marker

for the outer membrane. A similar pattern of solubilization was

obtained vrith cauljflower, turnip and beetroot mitochondria, as

the digiton'in : protein ratio was increased. 0uter membrane

activity was released from the mitochondria at a lower digitonin :

protein ratio than that at t¡rhich the inner membrane v'¡as broken
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(as judged by the release of soluble malate dehydrogenase from

the matrix). The ínner membrane enzymes were solubilized only

to a small degree even by high digìtonìn protein ratios (Fig.

4,1, 4,2 and 4. 3 ) .

2. 'Fractions obtained after centrifuqation of diqitonin -

treated mitochondria

Four distinct fractìons could be obtained by centrifuging

the digiton'in-treated mitochondria at different speeds (Table

4.1). Although the technique emp'loyed was rather harsh, resulting

in disruption of some inner membranes (tne ¡2,0009 peì1et

probably consisted of fragmented mitochondria and contained a

considerable proportion of both inner and outer membrane enzyme

activities), a fraction was obtained in which the I{ADH-cytochronre

c reductase activity was 'largely insensìtive to antimycin A.

This fraction (tne t++,0009 pellet) was devo'id of succinate-cyto-

chrome c reductase and was poor in malate dehydrogenase activity

(even this low activity could be "washed off" with sucrose-

see later). It thus appears that this fraction consists of outer

membrane fragments. The 8,5009 pe'l 'let appears to consi st

large'ly of inner membrane ves'ic1es, be'ing enriched Ín antimycin -

sensitive IIADH - cytochrome c and possessing h'igh succinate -

cytochrome c reductase and malate dehydrogenase activity (table 4.1).

However, this fraction also contained some antìm¡lcin-insensitive

I'IADH-cytochrome c reductase activity suggesting that some intact

mitochondria were present.
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Attempts to purify the inner membrane vesicles by swelling the

8,5009 pe1 'let 'in hypotoni c phosphate buffer and then contracti ng

it in 1.5 l'1 sucrose were unsuccessful. Centrìfugation of the

8,5009 peì'let on a sujtable density gradient may yield a purer

inner membrane fraction.

At the concentratíon of digitonin used in table 4.1 (0.3 nrg/

mg. protein), a considerable proportion of enzyme activity was lost;

lower concentrations (e.g. 0.15m9 d'igitonin/nrg protein; Tab'l e 4.2)

yielded hÍgher recoveries but separation of the membranes r,vas not

as good.

A conrparison of figures 4.1 and 4.2 shows that a'larger

proportion of turnip outer membrane activity was solubilized,

by l ow concentrati ons of d'igi ton'in, than was caul i f I ower-bud

outer membrane activity. Hence turnip mitochondria were used to

investigate the outer membrane more thorough'ly. Using the

technique described in chapter II, approximately 50% of pure

outer membrane could be recovered after differential centrif-

ugati on of mi tochondri a i ncubated wi th 0 .2 mg d'i gi toni n/mg.

proteín (tanle 4.3). The specifÍc activity of antimycin-

insensitive |\ADH-cytochrome c reductase was approximately 4 times

higher in the isclated outer membrane than in the mitochondria,

yet no inner nrernbrane enzyme activjty was detected in the outer

membrane (fa¡le 4.3). Very ìfttle (less than 0.3%) of malate

dehydrogenase r{as attached to the outer membrane.

Low temperature (ZZof) spectra of this fraction (Fig. 4.4)

showed that it contained a f'lavoprotein and .a-type cytochrome
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(with an *-absorption peak at 560 nnr), confirming the results

of Douce et al (1973b) and l4oreau and Lance (L972). No cytochrome

a peak lvas evident, suggesting that it was devoid of cytochrome

oxi dase.

3. NAD(P)H reductases of the outet membrane and míctosornes

The outer membrane fraction uras capabie of high rates of

cytochrome c, DCPIP and Fe CN reduction with NADH as substrate

(fa¡le 4.4). Holever, un'l ike the microsomal fraction, very I ittle
NADPH-cytochrome c reductase activity was present (faUle 4.4).

DCPIP reduction was much faster than cytochrome c reductjon, and

approximate'ly equal to the rate of ferricyanide reduction, in the

outer membrane fraction (Table 4.4), suggesting that DCpIp and

Fe cN were reduced at the same site (or their reduction involved

the same limiting step) prior to that at which cytochrome c

accepted electrons. Studies of the concurrent reduction of DCpIp

and cytochrome c support this idea. Reduced DCPIP (Eå = +0.22)

reduces oxidi zed cytochrome " (Eå - +0.26) non-enzymi ca'l 'ly. 
DCpIp

has a broad absorption peak and absorbs almost as strongly at 550 nm

as at 600 nm; therefore in a mixture of the two electron acceptors

^ESSO 
is g'iven by the sum of the increase due to cytochrome c

reduction and the decrease due to DCPIP reduction. Table 4.S shows

that the inìtial rate of cytochrome c reduction (at 55ô nm) was

greater in the presence of DCPIP (despite any drop in absorption

due to DCPIP reduction).
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Figure 4.5 shows that sirrce reduced DCPIP reduced cytochrome c

non-enzymica11y there vras no net reduction of DCPIP until all the

cytochrome c had been reduced. These results can be best

explained by a rate limiting step between the site of DCPIP

(and Fe CN) reduction and the site of cytochrome c reduction.

NADI-I-DCPIP reductase activ'ity of mjcrosomes was cons'iderably

slower than that of the outer membrane (Table 4.4). However

addition of DCPIP to the react'ion mixture stimulated the rate

of cytochrOmê c reduction in :the microsomes (Table 4.5), suggesting

it accepts electrons prior to the site of cytochrome c reduction.

['4icrosomal NADH-Fe CN reduction was much faster than DCPIP reduction

(faUle 4.4) and Rungie and l,liskich (7972a) have shown that Fe Ctl

and DCPiP are reduced at different sites on the microsomal

electron transport chain.

The most significant outer membrane rate with NADPII as

substrate rvas with Fe Cl'l as electron acceptor (Table 4.4).

These results indicate that the outer membrane fraction

contained very fev¡ microsomal membranes, and that the electron

transport pathr^rays associated with the two types of particles

are di fferent.

4. Effect of inhìbitors on NADH reductases

Table 4.6 shows the effect o'F some electron transport

inhibitors on t.he outer membrane reductases. Significant

inhibition lvas observed onìy with pCl4B and high concentratjons

of di cournarol .
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These high concentrations (Fig. 4.6) show that the reductase

activities cannot be attpibuted to DT-diaphorase which is

comp'lete'ly inhibited by 1 x 10-6 M dicounlarol (Ernster et al ,

1962). The rotenone-insensitjve I'IADH-cytochrome c reductase

of pìg liver mitochondria was also sensitive to high concentraticns

of dicoumarol (Raw and l,1ahler, 1959), but the inhibitíon observed

was not as great as reported here. Mahler et al (1958) demonstrated

that dìcoumarol inhibition of the same enzyme from pig liver was

greater when the enzyme was preincubated with NADH. I{o such

effect was observed with turnip reductases.

The lack of inhjbjtjon of the outer membrane NADH dehydrogenase

by 1 ow concentrati ons of di coumarol contrasted wi th the severe

i nh'ibi ti on of the i nner membrane enzyme ( f i g. 3. 10) . Unl i ke I{ADH

oxidation by the inner membrane' the outer membrane reductases

were not affected by'Ca C'1, (Tabìe 4.6).

NADH-cytochrome c and Fe cl'l reductase were both severeìy

inhibited by low concentrations of pCl4B (Table 4.6) when it was

added before NADH. Preincubation of the outer membrane u¡ith NADH

protected the dehydrogenase from pCMB inhibit'ion (Table 4.7). The

pattern of pCMB jnhibition of NADH-cytochrome c reductase vras

identical for the isolated outer membrane and intact mitochondria

(Fig. 3.9 and Table 4.7). Similar results were obtained with

cauliflower and turnip nritochondria. Preincubating the outer

membrane with NADPH did not protect llADtl-cytochrome c reductase

from pCl4B inhibit'ion (ta5l e 4.7), suggestÍng that NADPH is oxidized

by a different dehydrogenase.
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The NADH: pCMB ratio employed in the present study (12:1)

provided considerably greater protect'ion of the mitochondrial

enzyme than did the same ratio for the turnip microsomal fraction

(Rung'ie and l,rliskich, I972a). This suggests that the microsomal

dehydrogenase contains other essentiaj suìphydry'l groups (Stritt-

matter, 1965) not present in the mitochondrial enzymes.

5. NAÐPH - Fe CIV reductase

The NADPH - Fe CII reductase of the outer membrane was not

i nhí bi ted by ei ther pCt4B or di coumarol (Tabl e 4. 6 ) , i ndi cat'i ng

that it was distinct from the NADH dehydrogenase, but was not a

DT-diaphorase. Since pCl4B did not inhibit this enzyme, accessjble

sul phydryl groups cannot be i nvol ved i n I{ADH bi ndi ng. Rungi e

and t{Í ski ch (tglZS) detected an I{ADPH-Fe CN reductase, wi th simi I ar

properties, in the soluble fraction of turnip ; this soluble

enzyme may have adsorbed to the outer mitochondrial membrane

during isolation.

Although the specific activity of the ftlADH reductases increased

after washing, some NADPH-Fe CN reductase activity was ìost (Tab1e

4.8) indicating that it was more loose'ly bound to the membrane.

This also shows that different enzymes were responsible for IiADH

and I'IADPH oxidation, and supports the idea that the NADPH-Fe Cl'l

reductase may have originated from the cytosol.
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6. Acid phosphatase

An acid phosphatase was also detected in the outer membrane

fraction (faUle 4.3), although its activ'ity was rather low. This

enzyme, which has a pH opt'imum of 6.0 (Fig. 4.7), may account for

the glucose-6-phosphatase activity found by l4oreau and Lance (1972)

in caulìflower bud mitochondria. Rungie and l^liskich (1973) observed

acid phosphatase activity in both the microsornal and soluble

fractions of turnip, but these phosphatases had a more acidic pH

optimum than the one described here. Phosphatase activity did not

decrease when the outer membrane was washed with sucrose (faUle 4.8),

suggesting that the enzyme was firmly bound to the membrane and

hence unlikely to be due to contamination from the soluble fraction.

In contrast, some malate dehydrogenase activity (presumabìy released

from the matrix during isolation of the outer membrane) was lost

during the washing procedure (fa¡le 4.8).

The significance of this acid phosphatase is not immedìately

apparent.

7. Ttanshgdtogenase and Monoamíne oxidase

No tranhydrogenase (Un0pH -----o NAD) or monoamine oxiclase

activity was observed in the outer rnembrane fraction of any of the

p'lant ti ssues studi ed.
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DISCUSS ION

1. The methods used in this study enabled the isolation of outer

tnembrane free from inner membrane enzymes, and confirnls the exist-

ence of two I'lADll oxi di zi ng pathways i n pi ant mi tochondri a. The

outer membrane was virtually free from microsomal contamination

also; on the basis of l|ADPH-cytochrome c reductase activity, onìy

10% contaminat'ion by microsomes was observed (faUle 4.4).

The studies wíth DCPIP and cytochrome c reduction, and those

of Rungie and Wiskich (I972a), show that the outer membrane and

microsomal electron transport chaÍns are not identical. The

microsomal pathway appears to contain an additional component,

and the two possible schemes of electron transport are depicted

in figure 4.8. The outer mitochondrial membrane seems to be

devoid of NADPH reductases; the small amount of NADPH-Fe CN activity

was not firmìy bound to the membrane.

In other aspects the two membrane fractfons are similar and

may have a common origin during ce]lular synthesís. Parsons et al

(tg6g) have suggested that the outer membrane is derived from the

endopìasmic reticulum in mammalian tissues, since electron-micro-

graphs often show the two membranes in c'lose association, or

actually joined, in intact cells.

2. This study aìso shows that the two dehydrogenases responsible

for the oxidation of exogenous NADH in plant mitochondria are not

identi cal .



69.

The inner membrane dehydrogenase was severe'ly inhibited by concen-

trations of dicoumarol (see chap. III) which had no effect on the

outer membrane enzyme. NADH oxidation by the outer membrane did

not respond to low concentrations of Ca C12, although the inner

membrane dehydrogenase rdas st'irnulated by the same concentratjons.

This suggests that the outer membrane dehydrogenase does not

have a divalent catìon requirement like that reporteci for the

inner membrane enzyme (Coleman and Palmer, L972). These differences

between the two enzymes may a'lso reflect differences in their

phosphoìip'id environment or structural djfferences between the

outer and inner membrahes.

Both dehydrogenases showed similar responses to -SH poisons,

indicating that they have sim'ilar tIADH-Lrinding sites. The involve-

ment of an essential su'lphydryi group bindìng l,lADH has also been

reported for plant nricrosomal and soluble NADH-dehydrogenases

(Rungie and Wisk'ich, I97?a and b). Simjlar observations have been

made with animal microsomes (Strittmatter, 1965), outer mitochondrial

membrane (Ragan and Garìand, 1969) and lactate dehydrogenase

(Ho'lbr:ook and Stinson, 1970). These findings suggest a possible

evolutionary relationship, perhaps indjcating a common source or

fuñctÍon (Fondy and Holohan, L97I). Hov¡ever, the NADH dehydrogenases

of mung bean mìtochondria appear to have different stereospecific-

itÍes for the hydrogen atoms of IIADH (Douce et al, 1973b); obvìously

thi s does not al ter pCMB i nhi b'iti on.

3. The plant outer mitochondrial membrane appears to be sirnilar to

its mamnnlian counterpart, since both contain a flavoprotein and

cytochromu b55S. However, the dehydrogenase of the animal menlbrane
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djd not shorv protection from pCMB inhibitíon by NADH (llahìer et al,

1958), and no acid phosphatase activity has been reported ìn the

animal outer membrane. Unlike anÍmal mitochondria (Schna'itman

and Greenwalt, 1968), the outer membrane of plant mitochondria

did not possess any monoamine oxidase activity.

4. The involvement of the outer membrane electron transport chain

in the function'ing of mitochondriê, in vivo has yet to be demonstrated.

It was suggested that ìf small amounts of endogenous cytochrome c

were located in the intermembrane space then exogenous l.lADH could be

oxidized vja the respiratory chain (llicholls et a'l , 1969; see Fig.

4.9). Certainly isolated pìant mitochondria can oxidize NADH via

the respiratory chain, ìn the presence of antimycin A, if cytochrome

c is added to the reaction medium (chap. III). However, attempts

to demonstrate the p¡esence of cytochrome c in'the íntermembrane

space have failed (eg. llicholls, I974). Obrien (1971) has shown

that a number of different artjficial electron acceptors can

shuttle electrons betv,reen the outer and inner membrane systems of

isolated liver mitochondria, and suggested that such shutt'les may

play a role in the ox'idation of extramitochondrial NADH. No such

acceptors have been found in isolated mitochondria, but since the

outer membrane is permeable to lovl molecular weight compounds, it
might be expected that the shuttle-carriers would leak out of the

mi tochondri a duri ng 'isol ati on .

It is unlike'ly that such intermembrane shuttle systems play a

role'in plant m'itochondria since l.lADH can be readily ox'idized directìy

by the resp'iratory chain.
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The outer membrane electron transport pathway m'rst therefore be

linked to other functions of the outer membrane or cytoplasm;

the role ìt plays will not become clear until the natural termina'l

acceptor (s) are determined. It may be that the phosphatase reported

in this study is involved, although Rungìe and l^Jiskich (lglza, 1973)

could not demonstrate a relationshÍp between the turnip microscmal

phosphatase and electron transport activities.



Table 4.L Fractionation of Dìgitonin'-treated caul-ifTower

mítochondria.

Mitochondria were incubated with digitonin (0.3m9 digitonin/

mg protein) and subjected to differential centrifugation as

described in Materials and Methods. A sample of mito-

chondria was drawn off prior to centrifugation and used as

the control. Assays of enzymes are described in Materiaìs

and Methods. Cytochrome c reductase is expressed as nmoles

cyt. c reduced/min. and malate dehydrogenase as nmoles NADI1

oxidized/min. 5 ul4 antimycin A (final conc.) uras used

in all cases. (- represents no detectable activity)
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Percent recov-
ery

(P) denotes pel 1et (S) denotes supernatant



Table 4.2.'i'Ftactìonation af dìqitoninrtrea ted caaLifTower

mitochondria.

For details of treatments used see 'legend to the previous

tab'l e (4. 1) . 0. 15 mg di gi toni n / mg mi tochondri al protei n

r¡',as used. ( - represents no detectabl e acti vi ty) .

(P) pelìet supernatant(s)



1153

687

428

85

totai
acti vi ty

2677

28.4

37 .4

28"3

ANTIMYCIN A-INSENSITIVE
NADH-CYT.C REDUCTASE

speci fi c
acti vi ty
(per mg)

35 .9

total
actí vi ty

241.8

3394

0

0

140.3

32.5

83. 6

0

0

ANTIMYCIN A.SENSITIVE
NADH.CYT.C REDUCTASE

speci fi c
acti vi ty
(per mg)

0

0

1049

t372

130.6

SUCCINATE-CYT. C

REDUCTASE

+5 ul\'l

Antimyci n

A'
total
acti vi ty

speci fi c
acti vÍ ty
(per mg)

t4.r

33. B40.6

75.t2

99.5

PROTE I N
CONTENT

(mg)

7 4.4

18.38

hJHOLE

IlITOCHONDRIA

18,0009 (P)

144,000s(P)

i44,000q (S)

PERCE¡IT
RECOVERY

Activities expressed in nmoles cytochrome c reduced/min.



TabTe 4"3. Enzgme activitíes af turnip nítochondria and outer

mi tochondri a7 membrane .

Details of assays are given in Materials and l4ethods. Rates

are expressed as : nmoles cyt. c reduced min (cyt. c

reductases); umoles NADH oxidized/min. (MDH); nmoles p-

nitrophenyl released/min (acid phosphatase). The final

concentration of antimycin A was 5 ul'|.

Enzyme Mi tochondri al
Acti vi ty

Total Speci fi c

0uter Membrane
Acti vi ty

Total Speci fi c

Antimycin-sens.
NADH-cyt.c reductase

antimyci n-i nsens .

IIIADH-cyt. c reductase.

l4al ate dehydrogenase

Succi nate-cyt . c
reductase

Acid phosphatase

19920

4080

L423

14890

B9

400

6B

23.7

118

r.4

'1746

4.

29L

00

2

0

2T

0.7

0

3.7



Table 4.4. NAD(P)H reductase actìvìtg of turnìp outer

mitochondrial membrane and. mìctosomes.

Details of assays are given in I'laterials and Methods. Rates

expressed as nmo]es NAD(P)H oxidized/min. mg protein.

Reductase Outer membrane lvli crosomes

nmoles/min. mg. protein

NADH - cyt. c

NADPH - cyt. c

NADH - DCPIP

NADPH . DCPIP

NADH - Fe CN

NADPH . Fe CN

119

2

2678

81

2778

278

232

20

511

98

t224

204



Table 4.5. Effect of DCPIP on cqtochrome c redüction bu

turnip outer mitochondrial membrane and míctosomes.

Detai'ls of assays are given in Materials and Methods.

Fracti on

umoles cyt. c reduced/min. mg. protein

Control + DCPIP (50 uM)

ml cr0somes 0.260

outer membrane 0.180

0.447

2.2t



TabLe 4.6. Effect oÍ electron transport inhìbitors on the

NAD(P)H reduetases of the outer mi tochondriaT membtane.

Details of assays are given in lr{aterials and Methods.

Inhi bi tor Concn.

Percent Inhibition
NADFI-cyt.c NADH-Fe Cl'l IIADPH-Fe Ctl
reductase reductase reductase

pcMB

EGTA

CaCl
2

10 uM

3 mt4

5 pl'l

10 uM

100 uM

30 ul4

1mM

0.5 mM

0

0

0

L2

75

95

0

10

0

0

0

0

58

B6

0

5

0

0

0

0

10

0

0

0



Table 4.7. Effect of ñMB on outer mitochondrial membrane

NADH reductases.

Details of assays are gÍven in Materials and Methods. Final

concentration of pCl'lB was 20 ul"l, and 0.1 mg protein was used.

umoles NADH oxidized / nin. mg. protejn

NADH-cyt. c NADH- Fe CN

Control

prei ncubated r,vi th
I{ADH ; + pCl4B

pCMB and NADH

added together

preincubated with
pcMB

preincubated with
NADPH; + pCl4B

0. 095

0.077

0.058

0.004

0.0

2.17

1.83

0.67



TabLe 4.8. The effect of 'washinq' the auter membrane ftaction

on some associated enzgme activities.

The outer membrane suspension (approximateìy Smg protein in 2m1)

was sonicated for a few seconds, (MSE 100 watt) diluted 10

fold with 0.414 sucrose and centrifuged for 5 hrs at 144,0009

in a Sp'inco Model L centrifuge rvìth a Ti50 rotor. The peìlet

was resuspended in 0.41t4 sucrose. The various enzymic assays

were carried out before and after v,,ashing, as described in

Itlethods. Rates are expressed as: nmol es p-ni trophenyl formed/

min. mg protein (acid phosphatase); nmoles cyt. c ot" Fe CN

reduced/min. mg. protein(tU¡(P)H - reductases); nmoles NADH

oxidi zedlmin. mg protein (t4OH).

Enzyme Activi ty before
washì ng

Acti vi ty after
washi ng

Acid phosphatase

NADH-cytcreductase

NADH - Fe Cl'l reductase

NADPH - Fe Ct'l reductase

Malate dehydrogenase

3.7

300

3246

287

484

4.4

3?t

4081

105

244
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Figure 4.1 Solubilization of cauliflower mitochondr ial enzvmes

bv diq'itonin.

Mitochondria were incubated with digìtonìn, centrifuged
and the supernatants assayed for the various enzyme
activities as described in Chapter II. Activities
are expressed as percentages of those present 'in
disrupted, but unfractionated, mitochondria.
0 - 0 MDH, n-n ant'inryci'n insensitive NADH-cyt.c
reductase; A - A antimycin-sensitive I'IADH-cyt. c
reductase; X - X succìnate - cyt. g reductase.-

0 0.2 0.3 0.4

mg d'ig'itonin / mg prote'in

0.5 0,6
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Figure 4.2 Sol ubi I i zati on of turni D mi tochondr ial enzvmes

bv diqitonin.

For detajls of assays see previous figure (4.1)

0 - 0 MDH: tr -D antÍmycin-'insensitive NADH-

cyt.c reductase; 
^ - 

A ant'imycin-sens'itive NADH -

cyt" c reductase; X - X succinate-cyt. c reductase.
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Figure 4.3 Solubilìzation of beetroo t nritochondrial enzvmes

by diqjtonin.

Conditions of assay were the same as those gìven

in Figure 4. L. 0 - 0 MDH; D -fl antimycin-
insensitive NADH - cyt. c reductase; 

^- ^succinate - cyt. ç reductase.
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Figure 4.4.



Figure 4.5. Concurrent reduction of DCPIP and cytochrome c

by turnìp outer mítochondrial membrane.

Repetitive scans of absorbance between 450 and

700 nm were made using a Beckman Acta CIII
spectrophotometer. Time taken for each scan

was 82.5 seconds. The reaction was started
by add'ing NADH (0.25 mM) to 3 ml of standard

reaction medium containing 25 ¡rM DCPIP and

25 yM cytochrome c and 50 ug outer membrane.
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Figure 4.6 Ef fect of d'icoumarol on turnip outer mitochondrial

membran e NADH reductases.

Details of assays are g'iven in Materials and Methods.

0 - 0 NADH-cytochronle c reductase; A - A ¡lR0H -

FeCN reductase.
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Figure 4.7 Acid phosphatase activjty of outer membrane of
turnip mitochondria.
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AcÍd phosphatase assayed using p-nitrophenyì phosphate

as substrate as descrjbed in Methods. 0.1 mg outer

membrane protein used per assay.
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CHAPTTR V

REGULATTON OF SUBSTRATE UTTT,TZATTON BY ÏSOLATED

PLANT MTTOCHONDRTA

Control of the citric acid cycle in isolated anìnral mjto-

chondria by oxidat'ive phosphorylatíon has been demonstrated

(Stuart and W'illi.ams, 1966; McElroy and hlilliams, 1968),

and control of oxygen uptake accompany'ing oxidation of specific

citric acid cycle 'intermediates by the concentration of ADP

has been investigated in detail'in both plant and animal mito-

chondria. Substrate oxidation by isolated nlitochondria can

also be partly controlled by anion penetrat'ion of the inner

membrane. For exampl e, K'l'ingenberg and Pfaff (1968) have shown

that substrate oxidation by rat liver mitochondria can be

limited by the rate of entry of adenine nucleotides into the

matri x.

l^lilliams et al (1972) have demonstrated that flow of carbon

through the Kreb's cycle can be reguìated by the intram'itochondrial

malate concentration; hence the malate transporting systems may

play a role in control of the cycìe. Quagliariello and Palmieri

(tglt) have shown that succinate ox'idation by isolated heart

mitochondria can be limiteci by the rate of succinate transport

across the inner membrane; this transport was dependent on a pH

grad'ient across the membrane. Similar observations have been

made with rat adrenal mitochondría oxidizìng malate (Sauer and

Park, 1973).
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Plant mitochondria also possess specific anion transporters

on their inner menrbrane (Phil1ips and lnjilliams, 1973b; W'iskich,

1974) and under certain conditions these transporters can be

expected to control the oxidation of their substrates. In fact,

hliskich (1975) has shown that malate and citrate entry, and

therefore their oxidation, is Cependent on the presence of

phosphate in cauliflower bud mitochondrja. In the present study,

control of malate, succinate, citrate and o-ketog'lutarate oxid-

ation by isoìated plant mitochondria was reinvestigated, with

emphasis on anion transport, product inhibition and the effect

of exogenous NAD+.

RESULTS

7- Succinate oxidatìon

Succinate was readily oxÌdized by isolated cauliflower-bud

and beetroot mitochondria, with ADP/O values between 1.4 and 1.9.

ATP stimulated both state 2 and state 3 rates of oxygen consumption

with succinate as substrate (Fig. 5.1). This effect has been

observed with several other plant tissues (ldiskich and Bonner,

1963;Oestreicher et al, 1973; Palmer and Kink, 1974) as well as

with mammalian mitochondria (Gutman et al , 1971). ATP is

apparently an a'llosteric activator of succÍnate dehydrogenase and

as such may pìay an Ímportant role in regulation of the Kreb's

cycle (Gutman et al, 1971).
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Phosphate stimulated succinate oxication in the presence and

absence of ATP and ADP (Fig. 5.1) and ín some cases was an absolute

requirement for succinate oxidation (Fig. 5.2). Phosphate probably

has fts effect via the dicarboxylate exchange camier of the'inner

membrane, succinate entering the matrix in exchange for phosphate

(Chappell and Haarhoff, 1967; Phillips and blilliams, 1973b;

tnliskich, r974); ttris idea is supported by the fact that n-butyìma]-

onate, an inhibitor of the dicarboxy'late transporter (Robinson

and Chappel 1 , 1967 ; I'li s ki ch , L97 4), i nhi bí ted succi nate oxi dati on

(Fig. 5.2). Th'is inhibitÍon has also been observed with mung bean

mitochondria (Phillips -and williams, 1973a). The different rates

of succinate oxidation by dÍfferent preparations of mjtochondria

jn the absence of phosphate (compare Figs. 5.2 and 5.1), presumabìy

reflect varying degrees of jntactness and the amount of endogenous

phosphate (and substrates) present.

hliskich (1975) has observed similar effects of phosphate on

malate oxidation by cauliflou¿er bud mitochondria, and has shown

that the stimulation is not due to salt respiration or an effect

on oxidative phosphorylation (oligomycin did not inhibit the

phosphate-stÍmuiated rate in the absence of ADP).

2. MaLate oxidation

Malate was oxidized readily by cauliflower bud and beetroot

mitochondria in the presence of substrate amounts of glutanrate

(figs. 5.38 and 5.48), but when gìutamate was omitted frorn the

reactÍon medium the state 3 rate decreased with time (Figs. S.3A

and 5.aA); subsequent addition of giutamate restored malate
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oxi dati on alnlost to i ts maximum ra.te (Fi Ss . 5.34 and 5.44) . Thi s

effect has been observed previous'ly (t{acrae, 1971a; l,rliskich et

â1,1964) and has been interpreted as an accumulation of

oxaloacetate which inhibits malate oxidation; when glutamate is

present oxaloacetate is transaminated to *-ketog'lutarate and

aspartate via aspartate amÍnotransferase (tliskich et al, 1964).

Horvever, urhen the mitochondria were disrupted by the addition of

a detergent, oxaloacetate inhibition of malate oxidatjon was not

as marked (Fig. 5.5). In these experìments NAD+ and pMS were

included in the reaction mÍxture. It was assumed that rupture

of the mÍtochondrial membranes by the detergent ('Decon 90') released

malate dehydrogenase vrhich, Ín the presence of malate, would reduce

NAD+. The NADH thus formed reduced PMS direct'ly, which in turn

reduced oxygen to lvater. The slow rate of oxygen uptake prior

to the additjon of detergent (Fig. 5.5) suggests that PMS was not

reacting with the respiratory chain and that malate dehydrogenase

activity was measured upon disruption.

te J-- -L
malate + NAD OAA + NADH + H'

I.IADH + H+ + PMS PMSH2 + NAD+

PMSH, + 0, ----> PMS + HZ'Z

Hz}z H20 + ,"021

(2)

(3)

(4)

malate * ,z0Z 
-------'> 

0AA + H20 (5)

1 The additjon of catalase assured that reaction (4) took p1ace.
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This resuìt suggests that oxaloacetate accu'nulates within

the mitochondria when the inner membrane is intact. However,

addition of oxaloacetate to the external medium severe'ly

inhibited malate oxidation; no oxygen uptake occurred until

gìutamate was added and this rate was slower than that when

oxaloacetate was omitted (Fig. 5.6). C'learly, oxaloacetate can

readiìy penetrate the inner membrane of isolated plant mito-

chondria, a conclusion also reached by Douce and Bonner (1972).

Since malate oxidation is inhibited in intact mitochondria

(Figs. 5.34 and 5.44), not all of the oxaloacetate formed can

leave the mitochondrja; onìy a small quantity of oxaloacetate

would be necessary to inhibit malate oxidation due to the unfavou¡-

able equilibrium constant for equation (1). Thus malate dehydrogen-

ase, and oxaloacetate movement across mitochondrial membranes, ffiôV

play an important role in the regulation of Kreb's cycle activity

in plants.

3 Citrate and æ-ketogTutarate oxidation

Ci trate was readi 'ly oxi di zed by i sol ated caul i f I ower bud

mitochondria, but --ketog'lutarate oxidation required the addition

of ADP to the reaction mixture (Fig. 5.7). ADP/O ratios observed

with citrate were close to three (2.7 - 2.9) but *-ketoglutarate

oxidation gave ADP/O values of 3.3 to 3.6 (Fig. 5.7). The ADP

activation of --ketoglutarate oxidation, and the high ADP/O values,

were due to the associated substrate-level phosphorylation

(Chance and Baltcheffsky, 1968; t'liskich et al , 1964).
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State 3 rates of oxygen uptake and resp'iratory control ratios

associated with c'itrate and *-ketogìutarate oxidation were less

than those observed when malate was substrate (figs. 5.7 and

5.6), and often the mitochondrja had to be incubated in the

presence of substrate and cofactors (ADP, and thiamine pyrophos-

phate) before --ketoglutarate oxjdation was observed (Fig. 5.8).

The length of the lag period varied from 1 to 10 minutes depending

on the tirne of the year (a shorter incubation was needed with

mitochondria isolated from plants grown during the winter months)

and was observed with both caul'iflower bud and beetroot mitochondria.

Even when *-ketoglutarate oxidation had been init'iated, an

induction period (one S, - SO transition) was necessary before

maximal rates of oxygen uptake lvere observed (Fig. 5.7). Similar

results have been obtaìned by others (Chance and Baltcheffsky, 1958;

tlakiyama and Ogura, 1970; t,,Jiskich et al, 1964). The addition of

NAD+, PMS and detergent during the lag period did not stimulate

--ketoglutarate oxidation very much (fig. 5.8), suggest'ing that

penetration of substrate and cofactors was not lìm'iting. State

3 rates of *-ketogìutarate oxidation were general'ly higherin

beetroot mitochondria than in cauliflower bud mitochondrìa (figs.

5.7 and 5.8) but this rate also varied with the season.

Citrate.oxidation was dependent on the presence of inorganic

phosphate (FiS. 5.98), a result also obtained and discussed by

t^liskich (I975). This author also showed that djcarboxy'lic acjds

stimulated the entry and oxidatjon of citrate by cauìiflower bud

mi tochondrí a; hence mal onate v¡as al rvays 'i ncl uded í n the reacti on

medium when citrate (and --ketog'lutarate) oxidation vüas studied,

to ai d i ts entry i nto the mi tochondri a vi a the tri carboxyl ate
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exchange carrier, and to prevent succinate oxidation" The effect

of inorgan'ic phosphate on *-ketoglutarate oxidation was not

investigated (because of the lengthy incubation period required),

but the oxidation of this substrate by beetroot nrítochondria was

sìightly inhjbited by n-butylmalonate (Fìg.5.9) suggest'ing that

the dicarboxylate carrier t{as jnvolved. Although the actual

mechanism of *-ketoglutarate entry has yet to be determined, it
seems plausible that it exchanges for a dicarboxylate ion in a

similar manner to the exchange reaction of mammalian mitochondria

(Chappel l, 1968).

Table 5.i. shows that oxygen uptake coupled directly to the

malate and isocitrate dehydrogenases v'ia NAD+ and Pl.lS was considerably

faster than resp'iratory linked oxygen consumption, suggesting

that the oxidatÍon of these substrates in intact mitochondria 'is

restricted by the electron transport cha'in or by- compartmentation

of the enzymes and their substrates and products. Little oxygen

uptake was observed when NADP+ rep'laced NAD+ (Table 5.1) ind'ic-

ating that malate and isocitrate dehydrogenases of plant mito-

chondria are l,lAD+-specific.

4 GLutamate oxidation and transport

Glutamate was not oxidized by intact cauliflower bud mito-

chondria, and very little NAD-'IÍnked glutamate dehydrogenase

acti vi ty was detected upon d'isrupti on of the rni tochondri a ( I'i g.

5.10). The effect of gìutamate on malate oxidation (figs. 5.3 and

5.4) must therefore be due soìely to aspartate aminotransferase

actÍ vi ty.
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However arsenite, an inhibitor of --ketogiutarate dehydrogenase,

had no effect on malate oxjdatÍon in the presence of glutamate

(Figs. 5.3 ancl 5.6), suggesting that the --ketoglutarate formed

by the transaminase reaction u¡as not oxidized. This îs not

surprising in vieur of the ìengthy preincubation necessary to

observe --ketoglutarate oxidation'in isolated mitochondria;

alternatively the --ketoglutarate may have been transported out

of the matrix (in exchange for ma'late) as it was produced.

Transport of giutamate into the matrix was investigated by

following swelling of the mitochondria in ammcnium gìutamate (see

Chapter I). Cauliflou¡er and beetroot mitochondrja suspencled in

ammonium glutamate solut'ions did not swell until both phosphate

and a dicarboxylate anion (malate or malonate) rvere added (Figs.

5.11 and 5.I2). Although the extent of this swel'ling was not

great, it was comparab'le to that in ammonirnr *uiãt. (pigs. s.11c and

5.LZC) and was inhibited by n-butylmalonate (Fig. 5.118). pre-

sumab'ly, glutamate exchanges across the inner membrane for malate

which had entered the matrix in exchange for phosphate. Butyl-

malonate, by inhibiting maìate-phosphate exchange, would also

inhibit giutamate - malate exchange. The glutamate transporter

of p'lant mitochondria thus resembles the tricarboxylate carrier

(Philìips and LJillianrs, 1973; lJiskich, I974) and djffers from

gl utamate transport i n mammal i an ( Chappel ì , 1969; trlei jer et al ,

1972) and yeast (Chateaubodeau et al , I974) mìtochondria where

gi utamate exchattges ei ther for hydroxyì i ons or aspartate . l^li s ki ch

(unpublished results) found that phosphate and malate were necessary

to observe swelling of plant mitochondria in ammonium --ketoglutarate

sol uti ons .
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The transport of citrate, glutarnate and --ketoglutarate across

the inner membrane of p'lant mitochondria appears to occur by

similar exchange-diffusion mechanisrns.

The lack of glutamate ox'idation in intact cauliflower bud

mitochondria (Fig. 5.108) cannot be atiributed to the absence

of a dicarboxy'late anion requirement since the addition of

malonate did not stimulate oxygen uptake (Fig. 5.10C).

+5. The effect of exogenous NAD on NAD-7i-nked subsËrate

oxidation

In the presence of exogenous NAD+, the properties of

tnalate oxidation were altered and resembled those usua'lly

associ ated lv j th NADH oxi dati on . Upon addi ti on of t'lAD+,

rotenone ìnhibition was aimost completely reliev*ed (Fig. 5.13)

and ADP/O ratios were lowered (ta¡le 5.2). When both rotenone

and NAD+ were present, ADP/O values were lower than when NAD+

alone was added (faOle 5.2). This, together with the faster

rate of oxygen uptake observed when NAD+ was present (Table 5.2),

suggests that an alternative route of malate oxidation was

operating in addition to the "normal" pathway (i.e. no added

NAD+ present), u¡henever llAD+ was aclded. When rotenone v¡as also

added, flow of reducing equivalents through the first energy

conservation site would be restricted, leading to the lower

respiratory rates observed (Table I).

In the presence of exogenous cytochrome c, the adclition of

t{AD+ partìy reiieved antimycin A inhibition of malate oxidation

(Fig.5.14) indicating that reducjng equivalents were transferred
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to the outer nrembrane reductase. l4easurements of cytochnome c

reduction support the oxygen uptake results; the addit'ion of NAD+,

in the presence of malate, to intact mitochondria stimulated the

rate of cytochrome c reduction several fold, and relieved the

inhibition by both rotenone and antimycin A (Table 5.3).

These results indicate that in the presence of aclded NAD+

(and rotenone),reducing equivalents fnom malate oxidation enter

the respiratory chain via the external NADH dehydrogenases (see

Cha.pter IV). Two explanations can be forwarded to account for

this; (a) malate is oxidized in the intermembrane by malic enzyme

(Coleman and Palmer, 1,972) or (b) rnalate is oxid'ized in the matrix

by malate dehydrogenase, and the reducing equivalents transferred

to the intermembrane space. Either possibility rn¡ould expìain the

lack of rotenone sensitivity and the Cependence on added NAD+.

The relief of rotenone inhibit'ion by exogenous NAD+ has also

been reported by Coleman and Palmer (1972) who attributed it to

the action of malic enzyme (lt{acrae, 197L) in the jntermembrane

space. In support of their hypothesis, they reported that

butyìmaìonate did not inhibit malate oxidation, by Jerusalem arti-

choke mitochondria, in the presence of NAD+ and rotenone. Contrary

to this, n-butyl-malonate inhibition of malate oxidation by

caulifIower bud mitochondria was 'independent of adcled IrIRO+ (fig.

5.15). Furthermore, addition of NAD+ (and rotenone) had líttle
effect on nalate oxidation in the absence of Ínorgan'ic phosphate

( Fi g. 5. 16 ) , suggest'ing that the entry of rnal ate i nto the matri x

(via the phosphate-malate carrier) is a prerequisite for its

oxi dati on.
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These results suggest that alternative (b) above is the most

1 i kely exp'lanati on . Further support comes f rom studi es v,ri th

citrate and --ketoglutarate. The oxidation of both these

substrates was inh'ibìted by rotenone, but this ìnhibition was

relieved to varyìng degrees by the addition of 1 mM NAD+ (ra¡ie 5.4).

Table 5"5 shows that ADP/0 ratios and respiratory control ratios

associated w'ith citrate oxidat'ion were lowered when NAD+ and

rotenone urere added to the medium, in a sim'ilar manner to malate

oxidation (Table 5.2). These results suggest that transfer of

reducing equ'ivalents across the inner membrane can occur with all

NAD-l i nked substrates under certai n condi ti ons.

6. Concurtent oxidation of mote than one substrate

l,lherr a combination of any two of malate, succinate and NADH

was used, oxygen uptake rates were greater than those associated

with the oxidation of a sing'le substrate (faUle 5.6). Upon the

addition o'F malonate to mitochondria respiring NADH p]-ys. succinate,

or malate pl.us succinate, oxygen consumpt'ion rates reverted to

those found wj th malate or NADI-I alone (Table 5.6). Sínrilar'ly, the

addition of rotenone during oxidation of NADH plus malate

resu'lted in oxygen uptake rates similar to those observed when

on'ly NADH was substrate (fa¡ie 5.6). That ìs, electrons entered

the respiratory chain at different sites during the oxìdat'ion of

more than one substrate. ADP/0 values associated with the

oxi dati on of mal ate p-Us succ'inate, and nal ate pl us I'iADH, were

intermediate between values usually indicative of two and three

sites of phosphorylation (faUle 5.6).
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0n the other hand, ox.ygen uptake with malate plqs citrate was no

faster than that with nralate alone as substrate (fa¡le 5.6).

When I'IADH oxi dati on \^/as moni tored spectrophotometri caì ]y,

it was found that the addition of maÏate or succinate caused an

inhibition (faUle 5.7). This inhibition was more pronounced

when both malate and succinate were present (faUle 5.7).

Investigations with mammalian mitochondria have shown that

NAD(P)H can activate succinate dehydrogenase either direct'ly

(Rassmussen, I97I) or via ubiquinone reduction (Gutman et al, 1971).

However, stúdies with sub-mitochondrial particles from heart and

liver (Gutman and Silman, 1972; Davis et al, 1969) indicate that

succi nate oxi dati on can i nhi bi t NADH ox'idati on, perhaps by keep'ing

the ubiquinone poo'l reduced so that it cannot receive reducing

equivalents from NADH (Gutman and Silman, 1972).

DI SCUSS ION

7. Anion transport in ÍsoTated pTant mitochondrìa

The results presented in this chapter (ftgs.5.1 and 5.2)

show that the oxidation of succinate, like that of malate and

citrate (l'liskich, 1975), can be limited by the rate of substrate

entry into the matrix. In intact mitochondria this entry is

governed by the presence or absence of phosphate, whose transport

in turn depends on a pH gradíent across the inner membrane

(Chappell and Haarhoff, 1967; Phillips and l¡lilliams, 1973).

Figure 5.17 illustrates some of the probable anion transporting

systems of p'l ant mi tochondri a.
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At the present time it appears that transport of glutamate,

--ketoglutarate and tricarboxyìate acids involves a similar

mechani sm. Transporters I I I and IV i n Fi gttre 5. 17 coul d lvel I

be identical. Hence, compìex substrate shuttles such as occur

in animal nritochondria (See Chapter I) rray not operate in

pìant cells. This suggestion is supported by the apparent

ease with which oxaloacetate moves across the inner membrane

of plant mitochondria (Fig. 5.6; see also Douce and Bonner, 7972),

ThÍs movement would 'short-circuit' a shuttle such as the malate-

aspartate cycle of rat liver. Control of anion penetration is

essenti al , hor,vever, to preserve membrane potenti al s and gradi ents .

Oxaloacetate movement must therefore be controlled in some

manner, not onìy to nraintain membrane gradients, but also to keep

the Kreb's cyc'le operating. Perhaps during turnover of the TCA

cycle, when acetyl CdA is in suffìcient supply,'iigh intramito-

chondrial oxaloacetate levels would not occur, minimiz'ing e'tflux

of carbon skeletons from the mitochondrial matrix.

0bviously jt is the higher permeabììity of plant m'itochondrial

membranes to oxaloacetate which allows malate oxidatiott to occur ìn

iso'lated plant mitochondria, in contrast to mammalian mitochondria.

Thi s permeabi'l i ty cannot be attri buted to a genera'l ' I eaki ness '

of the inner membrane since the movement of other intermediates

is strjctly controlled 'in Ísolated p'lant mitochondria (Figs. 5.2,

5"9 and 5.16; t'Jiskich, 1975).

The importance of the anion movements discussed above to

Kreb's cycle activity :n vivo tÍld! not be very great, since flow

of carbon through the cycle ultimately depends on influx of carbon

skeletons from glycolysis, e'ither via acetate or pyruvate.
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Transport of these two substances has not been s{.:udied extensiveìy

in pìant mitochondria, although Lee and l,Jilson (lglZ) observed

acti ve swel I 'ing of bean mi tochondri a wi th potass'i um acetate. Thi s

swelling vras inhibited by DNP and an ATP-generating system,

suggesting that acetate transport is contro'l'led by the pmf across

the inner membrane. Studies with rat liver mitochondria

(Halestrap and Denton, I974) suggest that a specìfic carrier for

pyruvate exists on the inner menrbrane of animal mitochondria.

A similar carrier may be present in p'lant mitochondria, since

pyruvate-i nduced sv'rel I i ng of bean-shoot rni tochondri a was i nhi bi ted

by DNP, although to a less extent than acetate-induced swe'lling

(Lee and llilson, 7972). The acetate and pyruvate transporters can

be expected to play a greater role in the regulation of Kreb's

cycle turnover rates in vivo than the dicarboxylate and tri-
carboxyl ate carriers.

Hov¡ever, the transporting systems shourn in Figure 5.17 are

obviously essential to maintain ion and electrical gradients

across the mitochondrial membrane, and may also be important

during gìuconeogenesis. In pìants whjch store organic acids

(such as malate) in their vacuoles, these carriers may also

reguìate mitochondrial oxidations. For example, during malate

oxidation jn the presence of glutamate, the malate transporter

may regulate (at least partiaìly) the respiration rate and energy

producti on.

The role of anion transport'ing systems in the oxidation of

cytoplasmic NADH by animal mitochondria has been discussed in

Chapter I.
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Si nce pì ant mì tochondri a can oxidi ze exogenous tlADll di rect'ly (see

Chapter III), these transporters are probably not ìnvolved in

oxi dati on of cytopl asmi c reduci ng power i n pl ant cel ì s .

2. ControT of substrate csxidation lcq droqenases

The activity of individual dehydrogenases may a'lso reguìate

substrate oxidation by isolated plant mitochondria. Isocitrate

oxidation by intact and d'isrupted mitochondria was considerably

sl ower than mal ate oxi dati on (ra¡l e 5. 1 ) , suggesti ng 1 ower I evel s

or lower activity of isocitrate dehydrogenase. Citrate and

Ísocitrate oxidation in intact mitochondria may also be restrjcted

by the equilibrium of the aconitase reaction (tehninger, 1970)

and by NADH levels within the matrix (cox and Davies, 1967). unjike

the mammalian enzyme .(Lehninger, 1970) the p'lanr- mitochondrial

isocitrate dehydrogenase does not appear to be allosterica'l'ly

reguìated by adenine nucleotides (Cox and Davies, 1967).

The lengthy ìag period observed before isolated mitochondria

oxidized --ketoglutarate (Fig. 5.9) Ís probably due to deactivation

of the *-ketoglutarate dehydrogenase complex during isoìation

(e.g. by depletion of endogenous substrate and cofactors) and may

not reflect the in vivo situation.

The results shown in Table 5.6 suggest that the rate limiting

steps involved in oxygen uptake, upon oxidation of malate or

succinate, are the jnternal NADH and succinate dehydrogenases of

the respìratory chain.
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This idea is supported by the faster rate of nralate oxidation by

disrupted than by intact mitochondrìa (Table 5.1) which indicates

that malate dehydrogenase activity was not rate 1ìm'iting. The

fact that oxygen uptake with malate as substrate was stimulated

by the addition of I'IAD+ also suggests that the internal NADi-l

dehydrogenase I irni ts the rate o'f ¡nal a te oxi datì on (at I east 'i n

the presence of excess malate, g'lutamate and phosphate), in

i ntact mi tochondri a. Oxygen uptake r,ri th mal ate pl us succi nate

was less than the combined rates with the single substrates

(faUte 5.1), suggesting that succinate and malate may compete

for the dicarboxylate carrier, when added simultaneously.

, Since citrate oxidation was slower than malate oxidatÌon

(ta¡'tes 5.1 and 5.6), NADH dehydrogenase activity obvìous1y was

not linliting (see above). The presence o't citrate did not lead to

faster rates of oxygen uptake v¿ith malate (faUle 5"6), suggest-

ing that reducing equ'ivalents from these two substrates en'Ler

the electron transport chain via a common NADH dehydrogenase.

However, exogenous NADH oxidation per se was inhibited by

the additìon of succinate and malate (faUle 5.7). This imp'l'ies

a competition for a component common to the oxidation pathways

of all three substrates (perhaps ubiquìnone), and explains why

the oxygen uptake rate with two or more of these substrates was

less than the aggregate of the rates associated with the oxìdation

of the substrates when they were addecj s'ing'ly (tanle 5.6).

3. Pqr-idine nucleotide specificit q of dehqdtc¡senases

The lack of NADP-linked isocitrate dehydrogenase act'ivity
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(tanle 5.1) suggests that isocitrate oxidation by plant mito-

chondria is not involved in producing reducing power for biosyn-

thetic pathways (e.g. fatty acid biosynthesis), in cc¡ntrast to

mamnral i an mí tochondri a ( Lehni nger, rg70). Hor,rever, there i s some

confusion over the presence of NADP-linked jsoc'itrate dehydro-

genase in dìfferent plant mitochondria. For example, Ragland

and Hackett (1964) reported no si gni f i cant NADp-l 'i nkecl acti v.i ty

in pea stem mitochondria, while Yamamoto (1969) cla'imed that

bean cotyledon mitochondrial isocitrate dehydrogenase showed a

higher activity rvith NADP+ than with NAD+. cox and Davies (nal¡
found that 95% of NADP-linked isocitrate dehydrogenase activity
was located in the soluble fraction of pea shoots, while NAD+-

specific activity rvas confined to the mìtochondria.

Production of NADPH by plant mitochondria Tgy be restricted

to the energy-línked Ñno(p)H-transhydrogenase reaction (.if no

NADP-linked dehydrogenases are present), a'lthough only tentative

evidence for the existence of this enzyme in plant mitochondria

has been prov'ided (l,li1son and Bonner, 1,970).

4 Al-ternative pathwaqs for NAD-I_ inked substrate oxid.ation

The resuìts presented here show that in isolated cauliflower

bud mi tochondri a, mal ate i s oxi di zed on]y w'ith j n the matri x; i n
the presence of NAD+ reducing equivalents are transferred across

the inner membrane. This conclusion is based on the foì'lowing

evidence; (a) n-butyì-malonate inhibits marate oxidatir¡n to

the same extent with or without rotenone and NAD+, (b) NAD+ has

no effect on malate oxidation in the absence of exogenous phos-
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phate, Since phosphate is necessary for nralate penetration across

the inner membrane via the malate transporter, lvhich is inhibited

by n-butyl -mal onate ( RoUi nson and Chappel 1 , 1967; lli ski ch, Lg75) ,

one must conclude that malate oxidation requires the operation o't

the malate transporter and is confined to the inner compartment of

i sol ated caul i'tl ov¡er bud mi tochondri a. Mal i c enzyme, v¿h'i ch i s

knolvn to exíst in cauljflower mitochondria (l4acrae and Moorehouse,

1970), is e'ither localized in the matrix or is not functional in

the mitochondria studied here.

The major discrepancy between these results (Fig. 5.lS) and

those of coleman and Palmer (rig. 3, 1972) is the differing effects

observed urith butylmalonate. Co'leman and Palmer's results are

difficult to interpret since they used high concentrations of

malate (100 mla) and had CaCl, present. Oxygen uptake by caul'iflower

bud mitochondria was not strongly ínhibited by butylmalonate when

hÍgh malate concentrations were used, and the presence of CaCl,

caused an even smaller inhibition (fa¡le 5.8). Butylmalonate did

not inhibit as much when it was added during malate oxidation as

it did when added prior to malate (compare Fig. 5.15 and Table 5.7).

Coleman and Palmer (tglZ) did not say at r^rhat stage butylmalonate

was added to their mìtochondria fron Jerusalem artìchoke. The

confl'icting results may also reflect the different tissues

(cauliflower and artichoke) used, although the present author

observed sim'ilar effects to those reported here, when turnip roots

were used as a mitochondrial source.
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Hatch and Kagawa (I974) found that NAD-spec'ific malìc enzyme

activity of Atriptex s¡nnsiosa bundle sheath cells showed a similar

distribution to fumarate hydratase activity, a marker for the

matrix of mitochondria. These authors also found that malic

enzyme of isolated mitochondria was not available to exogeneus
+

l{AD' ; very ì i ttl e acti vi ty was observed unl ess di gi toni n r¡ras

added to the m'itochondria. Hatch and Kagawa (ßlq) therefore

concluded that llAD malic enzyme was located in the matrix. Sauer

and Park (19i3) and sauer (1973) reached the same conclusion from

their studies on llAD-dependent mal'ic enz¡rme activity in rat l'iver

and adrenal m'itochondri a, si nce phosphate (whi ch stimr¡l ated mal ate

penetration) was necessary to observe malate oxidation by malìc

enzyme.

Aìthough Phillíps and t^lilliams (1973a) reported that buty'l-

malonate inhibited malate dehydrogenase in mung bean mitochondrìa,

l^liskich (tgzs) has 'shown that butylmalonate did not affect malate

oxidation by disrupted cauliflol.¡er and beetroot mitochondria, nor

the reduction of oxaloacetate to malate. The results obtained in

the present study, in the absence of inorganic phosphate (F'ig.5.16),

a]so suggestthat butyìmal onate has j ts s'ite of acti on at the I evel

of malate entry into the mitochondria, rather than at malate dehy-

drogenase i tsel f.

The fact that exogenous NAD+ relieved the rotenone inhibition

of citrate and --ketoglutarate oxidation a'lso suggests that a

transmembrane transfer of reducing equivalents js involved. If the

NAD+ effect was attributable to in'bermembrane enzyme actìvity,

then enzymes capable of oxidizing citrate and --ketog'lutarate must

also be present in this outer compartment. However, there is no
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evidence to support this. Glyoxysomes, which are capable of

oxidizing malate and reducing NAD+ (Breidenhach et al, 1968;

Marcus and Velasco, 1960), cannot be implicated since these

organeìles do not possess enzymes which can oxidize citrate

and *ketoglutarate (Breidenbach et al,1968).

The oxi dati on of flAD-l 'inked substrates by i sol ated pl ant

mitochondria, and their interactions wjth exogenous NAD+, are

summarized in Figure 5.18. How intramitochondrial NADH comrnunicates

with extramitochondrial NAD+ is not clear. It could be either by

(1) a transhydrogenase across the inner membrane, capable of

transferrìng reducing equivalents from within the matrix to the

intermembrane space upon oxidation of NAD-linked substrates in

the matrix, or (2) transport of llAD+ and I{ADH across the inner

membrane. 0nce NADH is present in the outer compartment, it can

be oxidízed by the eXternal NADH dehydrogenase iocate¿ on the

outside of the inner membrane (see Chapter III).

The observations reported here could also be due to leakage

of pyri d'ine nuc'l eoti des across the i nner membrane, parti cuì arìy

if the rnitochondria had been damaged or swollen during isolation.

This does not seern'likely, however, since malate ox'idatjon was

dependent on added phosphate and inhib'ited by butylmalonate.

That is, the mitochondria were not 'ìeaky' to organic acids. Other

integrity assays are reported in the following chapter.

In summarry, the results presented jn this chapter suggest

that jn isolated plant m'itochondria; (a) In the absence of ìnorganic

phosphate substrate oxidation js l'imited by the inner membrane

transportíng systems. (U) Wtien phosphate is present malate, exogenous
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NADH and succìnate oxidat'ion are lim'ited by the activity of the

respi ratory-1 inked dehydrogenases; ci trate and --ketogl utarate

oxidation are restricted by isocítrate and --ketoglutarate dehy-

drogenase activìty. (c) Malate oxidation is inhibited by oxa-

loacetate accumulation a'lthough oxaloacetate can readi'ly penetrate

the inner nlenlbrane. Glutamate relieved oxaloacetate inhibition.
(d) Glutamate entry into p'lant mitochondria is stimulated by

phosphate and dicarboxylate ions, and inhibjted by n-butylmalonate.

(e) Malate and isocitrate dehydrogenases are NAD-specific"

(f) l'la1ate-oxjd'izing enzymes are confined to the matrix. (g) In

the presence of exogenous NAD+, reducing equivalents are transferred

out of the matrix upon oxidation of NAD-linked substrates.

The significance of the above findings to in vivo control

of Kreb's cyc'le activìty is not clear and they may only represent

secondary control mechan'isms. The observation fnat oxidatjve

phosphorylation (i.e. ADP levels) limits respiration in fresh

storage tissue (e.9. see Ap Rees and Beevers, 1960), suggests

that prinrary control mechanisms involve the energy charge of the

cel I ( i .e. adeni ne nucl eoti de concentrati ons and al I osteri c effects

on cytoplasmic and mitochondrial enzymes, as we'll as oxidative

phosphoryl ati on ) .



TabTe 5.7 MaTate and isocitrate oxiclation bq cauTiflower

bud mÌtochondria.

Oxygen uptake was measured as described in Materials and

l4ethods . 10 ml4 mal ate, 10 mM i soc j trate, 0.5 ml,l I'IAD+ and

0.03 mM Pl,lS were used. The mitochondrìa were disrupted by

adding 30 ul of 'Decon 90' detergent concentrate. Rates

shown are averages of three experiments, and are expressed

as nmoles 02 consumed/mjn. mg protein.

Subs trate

Intact mitochondria

State 3 rate

Di srupted
mi tochondri a

NAD+PMS NADP+PMS

mal ate

i soci trate

B6

27

160

74

19

7



Table 5.2 The effect of exogenous NAD* anòl rotenone on ntalate

oxídatíon bq cauLiflower bud mìtochondria

Conditions of assay are described in l4aterials and Methods.

Final concentrations were; 10 mM malate, 10 rnl4 glutamate,

and 0.26 ml4 ADP.

Other Additions

l,lone

0.5 ml4 NAD+

0. 5 mM I'IAD

and 7 uM

rotenone

+

*

Oxygen uptake

State 3 State 4

nmoTes / nìn.mg protein

R. C. R. ADP/0

Ratio

( 1)*

(2)

(1)

(2)

(1)

70

64

99

97

4B

3.9

4.0

4.5

4.6

1.6

2.7

2.7

2.3

2.4

1.8

1B

16

22

2L

29

24

Numbers in parenthesis indicate separate experiments

(2) 44 1. B 1.8



+Table 5.3 The effect of exogenous NAD on malate cgtochtome c

reducxase activitg of isoiated caulifLowez mitochôndria

Cytochrome c reductase was assayed as described in l4aterials

and l'{ethods. 10 mttl malate was used as substrate. (1) and (2)

indi cate separate experiments.

Other Additions

Malate - cytochrofiê c reductase activity

Control 7 uM Rotenone 5 uM Antimycin A

nmoles clt. c reduced / min.mg protein

None

0. 5 ml4 I'IAD
+

(1)

(2)

(1)

(2)

2.3

3.3

13. B

28

1..2

1.6

12.9

27

0

0

8.1

18.9



TabLe 5.4 The effect of +NAD on maLate cittate

and æ*etoglutar ate oxi dation

0xygen uptake was measured as described in l'laterials and Methods"

20 nrM malate, 20 mM citrate, 10 ml4 --ketogultarate, 0.15 mtril

ADP and 2 ng of mitochondrial protein were used. In additìon,

20 mM glutamate was added to the reaction mixture when malate

was substrate, and 10ml'l malonate when citrate or *-ketog'lutarate

were used. (1) and (2) indicate separate experiments.

State 3 oxygen uptake

Substrate Control +12 ul4 rotenone

mal ate

ci trate

- keto-
gì utarate

(1)

(2)

(1)

(2)

63

7B

29

31

24

29

nmoLes )r/min. ng. pratein

9

72

7

10

+12 ul4 rotenone
and 1 ml4 NAD+

4B

50

27

33

1B

18

(1)

(2)

6

9



Tabl-e 5 " 5 Tlze ef fect of NAD+ and totenone on

citrate c-¡xi.dation

Conditions of assay are described in Materials and Me'bhods.

20 mM citrate was used and 5 ml4 malonate was Íncluded in the

reaction mixture. (1) and (2) índicate different experiments.

2.5m9 mitochondrial protein was used per assay.

None

f

1 mM NAD'

and 12 ut4

rotenone

0ther
Addi ti ons

l

(1)

(2)

(1)

(2)

Rate 0, uptake

' State 3 State 4

R. C. R. ADP/o

2.7

1

nmoTes/mín.mg. protein RatÍo

2.0

2.L

1.3

1.36

26

28

30

33

53

59

40

45

2

1.8

7

6



Table 5.6 Concurrent oxìdatìon of more than one su.bstraËe

bq caulifTower bud mitochondria.

0xygen consumption was measured as described in Materials and

Methods. 10 ml"l malate, 5 ml4 malonate' 10 nlM succinate' 10 ml4

citrate, 15 ul'4 rotenone, I mM IIADH and 0.25 ml4 ADP were

used. Rates shown are averages of at least two experinrents.

10 mM glutamate was included in the reaction medium when

malate was used, and 5 mM malonate when citrate was used.

0thenvise malonate (and rotenone) ttlas added during state 3

respiration. 2.4 mg mitochondrial protein was used.



IahLe 5-6 Concurrent oxidation of two or more diffetent

substrates bu cauTifTower bud mitoahondtìa.

Substrate (s)
State 4 * rotenone

rate
tmal on-

ate
ADP/O

ma'late

succi nate

mal ate + succ-
i nate

NADH

NADH + succinate

NADH + malate

ci trate

malate + citrate

maÏate + succin-
ate + NADH

nmoles o, / nin" mg. protein

69 26 27

90 43 19

60

t12

Ratio

2.74

1.9

2.2

t.25

1.6

t.7

2.4

I .45

L20

118

L67

160

28

61

4L

51

B5

62

26

100

173 64



Table 5"7 NADH oxidatìon bq caul-ifTower bud mitochondria in

the presence of suecinate and ma.l-ate.

NADH oxidation vras followed spectrophotonretrically as described

in Materials and l,lethods. 0.5 mM irlADH, 10 mM succinate, 10 mtt{

malate and 0.2 nl4 ADP were used. Rates are expressed as nmoles

NADH oxidized / min. mg. protein. 0.6 mg mitochondrial protein

was used per assay.

NADH oxidation

Substrate -r ADP preincubated with ADP

and succinate

NADH

NADH + malate

258

209

208

t77



TabTe 5.8 Effect of maLate concentrati.on on n-butqTmalonate

inhibitìon of malate oxidatìon bg cauLifl-ower bud mitochondria

Malate oxidatÍon was measured pojarographically as described

in Materials and l4ethods. 2mg mitochondrial protejn vras used

and butylmalonate was added during state 3 respiration.

Control (state 3) rate of oxygen uptake was 120 nnoles/min.

mg protein.

'malate

concentrati on

n-butylmal onate

concentrati on

percent

inhibition

50
60

8mM
15 ml'f

8mM
16 mM

8mM
16 ml4

10 rnl'1

17 ml4

100 mM

100 rnl{ + 0.5 mM

CaCl,

42
54

30
40

20
33

BmM
16 mM
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F'igure 5. 1 Effect of phosphate and adenine nucleotides on

succ'inate oxi da ti on bv caul i f I or^¡er bud mi tochondri a.



Figure 5.2 Effect of hos hate on succin ate oxidation

by beetroot m1 tochondri a.

Assay condi ti ons are gi ven 'in Fi gure 5. 1.

In addition 15 mM butylmalonate (BM) was

added as indicated. Rates are expressed

as nmoles 0r/min.mg protein. In trace A,

phosphate was omitted from the reaction

medium and added as shown.
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Figure 5.3 The effect of qlutamate on malate oxidation

b.y intact c aul i fl ower mi tochondri a

1.6 mg mitochondrial protein was added to

3ml of standard reaction mixture as described

i n Materi a'l s and Methods . Addi ti ons as

indicated were, 16 mM malate, 16 mM glutamate'

0.75 mM ADP and 6 mM arsenite. Rates are

expressed as nmoles 0, consumedlmin.mg protein.
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Figure 5.4 The effect of ql utamate on malate oxidation by intact
beetroot mi tochondri a.

0xygen uptake was measured as described in Materials
and Methods. Additions as indicated were, 2 mg

mi tochondri al protei n (MU,) , 16 mM mal ate , 16 mM

glutamate, 0.75 mM ADP. Rates are expressed as nmoles

0, consumecl/mi n. mg protei n.
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F'igure 5. 5 Mal ate ox'idatì on by di sru pted caul i fl ower bud

mi tochondri a.

Conditions of assay are given in Figure 5.3, except

0.5 mM NAD+ and 0.025 mM PMS were included in the

reaction m'ixture, and 25 v1 of 'Decon 90' (DgO)

detergent concentrate was added as shown. Rates are

expressed as nmoles Or/min.mg protein.
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Figure 5.7 Citrate and q,-ketoql utarate oxiciation bv

caul iflower bud mitochondri a.

Oxygen uptake was measured as described in
Materi al s and Methods. Addi ti ons as indi cated

v,,ere; A: 2.52 ng of mi tochondri al protei n ,

10 mM o-ketoglutarate and 0.15 mM ADP;

B: 2 mg mitochondrial protein, 20 mM citrate
and 0.15 mM ADP. In addit'ion, 10 mM malonate

was included in the reaction medium 'in both

A and B, and 0.03 nil4 TPP in A. Rates are

expressed as nmoles Or/min.mg protein.
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2 min

o-Ketoqlutarate ox'idation by beetroot nritochondria.
Oxygen uptake measured as described in Materials and Methods. Add'itions as indicated
werg; L.2 mg mitochondrial protein, 10 mM cr-Ketogiutarate (KG), 0"27 nl'4 ADP, 0.5 mM

ryAD' ,.0.025 mM PMS and 20 p'l of 'Decon 90' (D90) detergent. TPP (0.03 rnl4) and malonate
(5 mM) were included in the reaction medium.0xygen uptake'is expressed as nmoles/min.
mg protein.



F'igure 5.9 Effect of phosphate and butylmalonate on citrate
and o,-ketoqlutarate oxidation.

Oxygen uptake was measured as described in
Materìals and Methods. Additions as indicated
were; A: 1.2 mg beetroot mitochondria'l protein,
10 mM c-ketoglutarate, 0.5 mM ADP and 15 mM

n-buty'lmalonate. TPP (0.03 mM) and malonate

(5 mM) were included in the reaction medium;

B: 1. 5 mg caul i f I ower mi tochondri al prote'i n ,

20 mM citrate, 10 mM phosphate and 0.23 mM

ADP. Malonate (B mM) was included 'in the

reaction medium which did not contain phosphate.

Oxygen uptake is expressed as nmoles/min.mg

protei n.
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Fi gure 5.10. Malate and glutamate oxidation by isolated cau'lilìqweq
bud m'itochondrì a.

Oxygen uptake u/as measured as described in Materials and
Methods . Addi ti ons as i ndi cated were ; A: 1 . 6 mg mi to-
chondrial protein, 15 mM glutamate, 30 pl 'Decon 90'
(DgO) detergent, 15 mM malate. NAD' (0.5 mM) and PMS

(0.025 mM) were added to the reactjon medium; B: 1.6
mg protein, 15 mM glutanrate, 0.24 mM ADP, 15 mM malate;
C: 2 mg proteìn, 10 mM glutamate, 0.16 mM ADP, 10 mM

malonate. Oxygen consumption is expressed as nmoles/mjn.
mg prote'in .
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Figure 5.13 Effect of exoqenous NAD and rotenone on mal ate

oxi dati on bv caul i fl ower bud mitochondria.

0xygen uptake was measured as described in

Materials and Methods. Additions as indicated

were, 2 mg mitochondrial protein, 15 mM malate,

17 uM rotenone,0.67 mM ADP, 0.5 mM NAD+ and

L mM NADH. Oxygen uptake is expressed as

nmo'les/min. mg prot'ein.
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Effect of exoqenous NAD+, antim.ycin A and c.ytochrome c on malate oxidation by
cau'l i f I ower mi tochonrdri a.

Oxygen consumption rneasuned as in Materials and Methods. Additions as indicated
were; 1.4 rng mitochondrial prçtein,20 mM malate, 0.26 mf',I ADP, 5 uM antimycin A,
0.05 mM cyl:^9and 0.5 mM NAD'. .Rates expressed as nmoles 0rlmin.mg prote'in.
Glutamate (20 mM) was added to the reaction medium.
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CHAPTER VI

TRANSFER OF REDUCTNG ESUTVALENTS ACROSS

TTIE TNNER MEMBRANE

In an attempt to elucidate the mechanism by which

reducing equivalents are transferred from intromitochondrial

NADH to extramitochondrial NAD+, the reduction of exogenous

NAD+ during the oxídation of NAD-Iinked substrates rnlas

investigated. Particular attent'ion was paid to the intactness

of the mitochondria employed, and integnity assays are des-

cribed. l4easurements were made with mitochondria from several

different plant tissues and an important difference was found

with ¿eta vutsaris (beetroot) tuber mitochondria, which appear

unable to oxidize exogenous NADH directly via the respiratory

chai n .

RESULTS AND DISCUSSiON

A. CauLífTower mitochondria

+I. NAD reduction

When the mitochondria were disrupted (by detergent), exog-

enous NAD+ was reduced rapìd'ly and at a steady rate in the presence

of mal ate and ant'imyci n A ( Fì g. 6 . 1A) . Under these cond'i t'i ons

NAD+ is reduced directly, upon ox'idation of malate, by maìate

dehydrogenase (or malic enzyme) released froln the matrix.

N.B. tHl = reducing equivalent
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since the reactjon occurred in a relatively rarge volume (: ml),

product inhibition by l,lADl'l or oxaloacetate was not observed over

the period of measurement (Fig. 6.14).

The additiorl of malate to intact mitochorrdria resulted in a

brief but rapicl reduction of exogenous NAD+; this reduction

decreased to a very low steady rate within one minute (F'ig. 6.18

and 6.2). The rate and extent of this reduction coulcj be

increased by increasing the concentrat'ion of exogenous NAD+ and/

or malate (Fig. 6.2). l,Jhen glutamate was omitted from the reaction

medium, less NAD+ was reduced and the reaction quick'ly slowed to

zero. (fig. 6.38); a subsequent addit'ion of g'lutamate to the

cuvette restored the final steady rate (Figure 6.38 c.r. 6.3A).

If phosphate r^ras not present, very little exogenous NAD+ was

reduced, the reaction coming to a halt within 0.3 minutes; when

phosphate was added to the medium a slow rate oi reduction occurred

(Fig. 6.3c).

The results suggest that the reduction of added t'tAO+ by

intact mitochondria Ís governed by the rate of malate oxidation

within the matrix. The rapid decrease in the rate of NAD+ reduction

(Figs. 6.1, 6.2 and 6.3) is probably clue to the equi'librium of

the malate dehydrogenase reaction. Since antfmycin A was present,

NADH in the matrix was not oxidjzed via the respiratory chain and

therefore would have accumulated; aìthough either (H) or NADH moves

out of the matrix, only a srna1l quantity vrould need to remain to

cause inhibition of malate oxidation (since the malate dehydrogenase

equì I i bri um does not favour thi s react'ion) . t^lhen gl utamate v¡as

omitted from the reaction medium, oxa'loacetate also accumulated

and malate oxidat'ion was more severe'ly inhibited (as was I¡AD+ reduc-
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'bion, Fig. 6.3). If phosphate was not present, malate entry was

restrictecl (See Chapter V) and very little NAD+ reduction

occurred (Fig. 6.3). Malate entry may not be very great in

the presence of antimycin A an¡rway, s'ince a pH gradient cannot

be generated across the inner membrane when electron transport

does not occur (t'titchell, 1966). Addition of ATP (to generate

a membrane potent'ial via the ATPase; Skulachev, L972) led to

a small increase in the amount of exogenous ltlAD+ reduced but

did not stimulate the initial rate of reduction (Fig. 6.44 and

B).

It also appears that a 'large concentration gradient of NADH

(high in matrix, low in the medìum) is needed for a rapid efflux

of (H) or I{ADH to be observed. The addition of relative'ly small

amounts (10% of NAD+ conc.) of NADH to the external medium

prevented the initial rapid reduction of exogenous NAD'F, and

subsequent reduction was very slow (fig. 6.4 C and D). Thjs

may simp'ly reflect a restriction of NADH q. NAD+ diffus'ion across

the inner membrane. However if (H) transfer involves a trans-

membrane transhydrogenase, then the inhibition of NAD+ reduction

by external I'IADH may also involve competition between the reduced

and oxidized nucleotides for binding sites on the outer surface

of the inner membrane.

The results presented above suggest that external l,lAD+ is in
equiìibrium, across the inner meml)rane, u,ith ínternal NADH, in

isolated caul'iflower bud m'itochondria oxidizing malate. The

rate of external tlAD+ reduct'ion is governed by: (i) the rate of

malate penetration of the inner membrane (i.e. the malate

concentration inside the matrix, (ii) the removal of oxaloacetate
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(by transam'inat'ion w'i th gl utamate) , and ( ii i ) the NAOì'/IIADH rati o

in the medium. Glutantate did not contribute dìrectly to NAD-F

reduction, since no reduction uras observed until malate was added

(Figs. 6.1, 6.2 and 6.3). Antimycìn A could be repìaced by a

combination of 50 pM dicoumarol (which inhibited exogenous NADH

oxidation, I¡ut not malate oxidation, completely; see Fjg. 3.10)

and rotenone (a specific inhibitor of the internal IIADH dehydro-

genase), as shown in Fig. 6.5 (A and B). However, when dicounlarol

alone replaced antimlcin A. as a respiratory inhibitor, less NAD+

reduction occurred and the 'initial rate was slower (Fig. 6.5C). This

was probably due to oxidation of some intramitochondrial NADH

by the internal NADH dehydrogenase. Nevertheless, significant

NAD+ reduction occurred when the external NADH dehydrogenase

was inhibited, implying that this flavoprotein was not involved

in the transfer of (H) out of the matrix.

The results presented in Fì9. 6.6 suggest that very little
external NAD+ reductjon was attributable to malic enzyme

activity. In the absence of glutantate, coenzyme A (an activator

of malic enzyme - Macrae, L97la; Hatch and Kagawa, 1974) did not

affect NAD+ reduction (Figure 6.6.8), although glutamate had a

marked effect (Fig. 6.64). When phosphate was absent, MnCì,

( a cofactor of malic enzyme - Macrae, L97Ia; Hatch and Kagawa,

Lg74) stimulated NAD+ reduction only s1ight1y, although sub-

sequent addition of phosphate caused a marked stimulation (Fig.

6.6.C). This result confirms those presented in the previous

chapter, vlhi ch shoured tliat extrami tochonclri al nlal'ic enzyme

was not involved.
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Palmitoyì CoA (an jnhib'itor of the NAD(P) energy-linked

transhydrogenase of rat liver mitochondria; Rydstrom, 1972) had

little effect on the reduction of exogenous NAD+, and added

NADP+ was not reduced when maiate was added (Fig. 6.7),

suggest'ing that the energy-linked p,vridine nucleot'ide

transhydrogenase of these mi tochondri a (t'ti I son and Bonner, 1970)

was not involved.

Unlike malate, isocitrate dicl not induce external NAD+

reduction in the presence of antimycin A, by intact cauliflov¡er

mi tochondri a, ( F'i S. 6.84 ), al though a rap'id rate of reducti on was

observed upon di srupt'i on of the mi tochondri a (f i g. 6. BD) . t!AD+

reduction with isocitrate as substrate was only observed when

dicoumarol (50 ú4) replaced antimycÍn A as an ìnhibitor of

electron transport, and this reduction was very small compared

to that with nralate as substrate (Fig. 6.8). Von Jagow and

Klingenberg (1970) aìso failed to observe exogenous NAD+ reduction

r,rith citrate and *-ketoglutarate as substrates.

One of the problems with isocitrate may be its poor pene-

tration of the inner membrane in the presence of antimycin A (as

discussed above for malate). Cjtrate and isocitrate penetration

of cauliflower bud mitochondria is slower and more dependent on

added phosphate, than i s mal ate penetrati on ([,li s ki ch , 1975 ) , and

hence is likely to be more restricted by'lack of a pH gradient

across the inner membrane. However, preincubation of the mito-

chondria with citrate and ATP did not lead to any exogenous NAD+

reduction. Isocitrate dehydrogenase is also suscept'ible to

inhibit'ion by IIADH (Cox and Davies, 1967 ) and therefore restrictÍon

of NADH oxidation by antimycin A would tend to inhibit isocitrate
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oxidation by this enzyme. when djcoumarol, instead of antjmycin

A, was used, some intramitochondrial NADH oxìdation would have

occurred.

Studies of cytochrome c reduction supportecl the NAD+ reductjon

data. Additjon of NAD+ stjmulated the low marate cytochrome c

reductase acti vi ty observed wi th i ntact m'itochondri a , and th.i s

recluction in the presence of NAD+ was largely insens jt'ive to
antìmycin R (tau'le 6.14). cytochrome c reduction wjth cjtrate

and o-ketoglutarate as substrates was also very slow, but adclìng

NAD+ produced only a slight increase in rate (faUle 6.lA).

cytochrome c reduction in the absence of external I{AD+ presurnably

occurrecl only in the small percentage of broken mitochontJria

present (see chapter III), but addition of NAD+ allowed malate

oxidation by intact mitochondria to proceed, by transferring

reducing equivalents to the outermembrane NADH-cytochrome c

reductase. Cytochrome c reduction with citrate and o-keto-

glutarate as substrates d'id not occur even in the presence of

exogenous NAD+, probably for the same reasons that isocitrate-

induced NAD+ reduct'ion was not observed when electron transport

vüas severely inhibited (see above).

Rupture of the outer menrbrane by incubating the mitochondria

w'ith a low concentration of digitonin resulted in faster rates of

cytochrome c reduction with all three substrates, and this recluction

was completely inhibjted by antimycin A (Table 6.18). However,

only malate-cytochrome c reductase recovered activity when NAD+

was added to the medium (Table 6.18). These results suggest

that inhibitÍon of citrate entry, in the presence of antjmycin A,

i s not the on'ly factor i nvol ved, s'ince the mi tochondr j a oxi d'ized

citrate prÍor to the addition of antirnycín A. Therefore, some
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citrate should have been present in the matrix, and a pmf generated

across the membrane. Obviously the interpretation of these results

i s more compl i cated than at fi rst apparent; i t seems that 'inh'i bi ti on

of electron transport has a direct effect on isocitrate (and

*-ketoglutarate) dehydrogenase activity. NADH and ATp levels

withín the matrix may be important in this respect.

2 Oxggen eLectrode studies

Transfer of reducing equivalents across the inner membrane

was also measured indirectly by fo'lìowing oxygen uptake by

cauliflower mitochondria in the presence of NAD+, pMS and antinrycin

A.

Antimycin A inhibited malate oxidation severely and pl4S

had very little effect on the inhibited rate (Fig. 6.94),

suggesting that PMS did not penetrate the inner membrane to

react with intramitochondrÍal NADH. However subsequent addftion

of NAD+ stimulated oxygen uptake several-fold (Fig. 6.94),

a'lthough not nearly as much as did the addition of cletergent

(Fig. 6.9A), indicating that exogenous t¡An+ did not penetrate

the inner membrane rapidly. Inorganic phosphate was required to

elicÍt fast rates of malate oxidation, even in the presence of

NAD+ and PMS (Fig.6.98) showing that jnternal malate oxidation

was the main contributor to oxygen uptake. That is, reducing

equivalents were transferred out of the matrix upon oxidation of

malate, to reduce extramitochondrial NAD+ and lead to oxygen

uptake via PMS (see Chapter V).

The rate of (H) transfer measured by the above method was
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almost identical to the initial rate of NAD+ reduction measured

spectrophotometri cal 1y (Tabl e 6.2 ) . However oxygen uptake i n

the presence of NAD+ and PMS was linear, whereas NAD+ reduction

slowed almost to a halt, generally within one or two minutes

(compare Figs. 6.1 and 6.9). This difference is probably attrib-

utable to the reoxidation of I'lADHrformed in the 'intermembrane

space, by Pl,lS. NAD+ stimulated rotenone-inhibitecl malate oxid-

ation much more than NAD+ and PMS stimulated ant'imycin - inhjbjted

malate oxidation (faUle 6.2). 0nce aga'in this may reflect faster

penetration of the inner membrane by malate when electron transport

u,as operating. Alternatively, if release of NADH from the

outer surface of the inner membrane was rate limiting, then

reoxidation of NADH may have been faster via the external NADH

dehydrogenase (see Chapter III) than by PMS. This may have

been possible 'if a transmembrane transhydrogenase was involved

but not if the inner membrane was permeab'le (or leaky) to

pyridine nucleoticles, since added NADH was oxidized far more

rapidly by PitlS alone than by the electron transport chain.

Exogenous NADP+ had little effect on rotenone-inhibited

oxidation of NAD-linked substrates although external NADPH was

oxidized by these m'itochondria (fa¡le 6.3). This supports the

NAD+ reduction clata and indicates that the energy-ìinked NAD(P)-

transhydrogenase was not involved. Further support for this

idea came from studies with uncoupled mitochondria. DNP uncoupled

malate and citrate oxidation both in the presence and absence of

exogenous NAD+ and rotenone, but did not prevent the relief of

rotenone inhib'ition by tlRO+ (lanìe 6.4); suggesting that this

process is not dependent on a supply of energy.
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Citrate oxidation inhibited by antimycin A was only slightly

stimulated by PMS and NAD+, although exogenous NAD+ restored

rotenone-jnhibited citrate oxidation to the state 3 rate (Fig.

6.10). These results agree with those obtained with malate

(Fig. 6.9). The fact that some oxygen uptake was observed when

NAD+ and Pl4S were added in the presence of antimycin A (Fig. 6.104)

suggests that NADH accumulation prevented NAD+ reduct'ion during

ci trate oxi dat'i on ( Fi g . 6 . BA ) .

3. t_ltZsfl|y__"ssayz

The possibiìity that the inner menrbranes of the mitochondria

used in this study had been damaged, thereby allolving passage of

exogen-NAD+ into the matrix, is extremely remote as the fo'llowìng

observations demonstrate the intactness of theìr membranes.

(i) Exogenous I'IAD+ was reduced by mitochondria rvhich only oxidjzed

malate when Pi was present to allow operation of the dicarboxy'late

carrier (Fig.6.11). (ji) l,lRO+ relieved rotenone inhibition of

citrate and malate oxidat'ion although neither substrate was

oxidized until phosphate was added (Fig. 6.12 and 6.13 A and B).

(iii) Exogenous NADH oxidation by the same mitochondrial

preparation was insensitive to rotenone (Fig. 6.13C). (iv) Malate

and succinate-cytochrome c reductase activ'it'ies were very low

unless NAD+ was added (with malate) or the mitochondria were

disrupted (fa¡le 6.5). Also, the IIADH-cytochrome c reductase

was l arge'ly i nsensi t'ive to antimycì n A (Tabl e 6.5) . These resul'bs

suggest that the outer membranes were intact (Douce et al, 1973),

although if the mitochondria were swollen and damaged one would

expect their ou'ber membranes to be ruptured.
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(v) ADPi 0 ratios lvere high for al ì substrates, indicative of

tight coupling and intact membranes.

It should be noted that observations ('ii) to (v) above were

made with the same batch of mitochondria. Although some of

these results have been presented previous'ly in th'is study,

they were obta'ined with a number of different mitochondrial

preparatìons over a relatively long period of time. Since mito-

chondrial properties (particularly those which are closely

associated with membrane function and structure) may vary rvith

season and the'length of time a particular tissue has been

stored, as well as with unintentional differences in the isolating

procedure, it was considered important to demonstrate that mito-

chondria from a sing'le preparation were intact and disp'layed the

whole spectrum of results obtained previously with a number of

di fferent preparati o'ns.

Points (i) and (ii) above shol that the inner membrane is

intact with respect to organic acid entry. Point (iii) indicates

that NADH does not penetrate into the matrjx, while po'int (v)

shows that the inner menrbrane was intact with respect to maint-

enance of a high energy state. Any damage to the inner membrane

would increase the passive diffusion of organic acids and

decrease ADP/O ratios, as well as al'lowing exogenous ttlADH to be

oxidized via the rotenone-sensitive internal NADH dehydrogenase.

(runDH can be oxidized simultaneously by the external and internal

dehydrogenases , si nce mal ate plus IIADH oxi dati on was sensi t'ive

to rotenone - Table 5.6).
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Point (v) demonstrates that very ljttle danrage due to sweììing

had occurred, since swel I ing resu'lts 'in breakage of the less

flexible outermembrane. In fact, this forms the rationale

behind some methods used to 'isolate the outer mitochondrial membrane

(Douce et al, 1973). Douce et al (1972 ) have used the ratio

of succinate-cytochrome c reductase activity in purified mito-

chondria to that in disrupted mitochondria as an indication of the

percentage of mitochondria with intact outer membranes (since

the outer membrane is impermeable to cytochrome c - see Chapter

III). For the mitochondria used here this ratio was 11.5 (table

6.5), suggesting that ãpproximately 87% of the mitochondria had

intact outer membranes. However it should be noted that this

value depends on the degree to which both the outer membrane and

inner membrane have been d'isrupted. Partial disruption of the

outer rnembrane will lead to lower values while any breakage of

the inner membrane may lead to higher values. Therefore, a more

valid indication of outer membrane integrity may be that based

on the level of succinate-cytochrome c reductase activity in the

untreated mitochondria, providing that the penetration of the

outer membrane by the added cytochrorne c is the onìy limiting

factor in the assay. 0n the other hand, an estimation of inner

membrane integrity may be gained from ìts permeability to sub-

strates. Fully intact mitochondria sould disp'lay compiete

dependence on the inner membrane substrate transport systems.

The above integrity assays, together with the observed

kinetics of malate-induced NAD+ reduction (partìcular1y in the

absence of glutamate and phosphate), and the lack of citrate-

induced NAD+ reduction, strongly suggest that leakage of pyridine
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nuc]eotides across the inner membrane of these mitochondria did

not take p'lace. Hence, âflV pyridine nucleotíde passage across

the membrane would have to be via a transporter, for which

there is no precedence. ['lhichever is transported, either

reducing equivalents or nucjeotide, the transfer appears to

be un'idirectiona'l '({H} or NADH out; nothing or NAD+ in), since

exogenous NADH oxidation is insens'itive to rotenone.

Perhaps the best explanation of the results presented in

this study 'is the existence of a transhydrogenase across the

inner membrane of plant mitochondria, which is capable of

transferring reducing equivalents from within the matrix to

exogenous NAD+ in the intermembrane space, upon oxidation of

NAD-Iinked substrates. The NADH thus formed in the outer

compartment is oxidized via the external NADH-dehydrclgenase (s),

or", i f a respi ratory i nh'ibi tor i s present, accumul ates and

prevents further reduction of exogenous NAD+.

In contrast to the results presented here, Davis et al

(Ig72) found that exogenous NAD+ was not reduced by additjon of

malate to heart mitochondria, unless they were disrupted. In

fact, it appears that most animal mitochondria are impermeab'le

to pyridine nucleotides and extra-and intra-mitochondrial NAD(H)

cannot communicate across the inner membrane. (Rfatt and Schwalbach,

t967 ; Lehni nger, 1951 ) .

B. Turnip and Maíze mítochonciria

Rotenone (10 rrM) inhibited malate oxjdation by both maize

root and turnip mitochondria, but this inhibition was relieved
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upon addition of trlAD+ (ta¡le 6.6)" In general exogenous NAD+

stimul ated the rotenone-i nhi bi ted rate of oxygen consurnpti'on

two-fold (Table 6.6). Exogenous NAD+ was reduced by 'isolated

turni p mi tochondri a upon addi ti on of mal ate (Fi g. 6 . 14) , i n

much the same manner as by cauliflower bud mitochondria.

These results suggest that transfer of reducing equìvalents

across the inner membrane can occur in all isolated p'lant

mi tochondri a.

C. Beettoot Mìtochondrìa

7. uitochondria from fresh tissue

Unlike most other plant mitochondria (see Chapter I

and III), mitochondria isolated from fresh beetroot tubers

did not oxidize exogenous NADH readily (fig. 6.154) unless

they were disrupted (e.g. by addition of deoxycholate;

Fjg. 6.158). If external NADH was oxidized at all, it
was inhibited by rotenone, as was NADH oxidatÍon by

disrupted beetroot mitochondria (Fig. 6.154). However,

malate was oxidized readi'ly when gìutamate was present

(Fig. 6.15C). That is, all NADH oxidation by beetroot mito-

chondria occurred via the internal I'IADH dehydrogenase.

To ensure that the different isolation procedure

used with beetroot (see l4aterials and l4ethods) did not

produce thi s anomal ous resu'l t, turni p mi tochonclr j a vrere

prepared by essentially the same method.
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Exogenous NADH was oxidized readily by turnip mitochondrja,

was insensítive to rotenone and yielded ADP/O values

between 1 and 2 (tig. 6.15D). Mitochondria isolatecl from

beetroots which were sliced into disks and homogenized

with a 'Polytron', did not oxidize added NADH (Fig. 6.23A).

It thus seems that lack of external NADH oxidation by

beetroot mitochondria is not attributable to the

isolation procedure empìoyed.

Nor was it due to lack of a Ca++ requirement of the

external NADH dehydrogenase (Coleman and Palmer, l97I).

Addition of 0.5 ml4 CaC1, did not induce exogenous NADH

oxidation (fig. 6.164). However addjtion of cytochrome c

or Fe CN did stimulate NADH oxìdatìon, indicating that the

outer membrane reductase was active in isolated beetroot

mitochondria. (Fig. 6.168 and D). Some of this cytochrome

c-stimuïated oxygen consumption was sensitive to rotenone and

antimycin A (Fig. 6.168 and C). This was probably due to

the presence of some broken ¡nitochondria 'in the preparations

used. Oxygen uptake by these disrupted mitochondria

would not have been evident in the absence of added

cytochrome c, because endogenous cytochrome c is readi'ly

removed from the inner membrane upon disruption (see Chapter

rrr).

Studies on cytochromê c âncl Fe CN reduction support

the oxygen uptake data. Succinate-cytochrome c reductase

activity increased almost ten-fold upon rupture of the

outer membrane with digÍtonin, but NADH-cytochrome c

reductase hard'ly i ncreased at al 1 (Tab1e 6.7 ) .
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Some of the NADH-cytochrome c reciuction was sens'itive to

rotenone (fa¡le 6.7), indicating that some inner membranes

were broken, both before and after dìgitonin treatment.

In the presence of rotenone, NADH-cytochrome c reciuctase

activity was not increased by digitonin (Table 6.7 ), and

this activity was not inhibited further by antirnycin A

(fa¡le 6.7). In other v¡ords, in intact mitochondria only

the outer membnane reductase contributed to cytochlorìê c

reduction when exogenous NADH was the substrate.

NADH-Fe CN reductase activity of turnjp mitochondrja

was on'ly parti al ly i nhi bi ted by antimyci n A (Tabl e 6. B) ,

indicating that two pathways were operating (see Chapter

III). However, antimycin did not inhibit NADH-Fe CN

reductase activity of isolated beetroot mjtochondria

(Table 6.8). That is, only one pathway (insensitive to

antímycin) operated in beet mitochondria. Succinate-Fe CN

reductase activity was completely inhibited by antimycin A,

showing that in unda¡naged mitochondria Fe CN accepted

ejectrons from the respìratory chain at the cyt. c site.

Fronr these results it appears that mitochondria from

Beta vursaris lack the external NADH-dehydrogenase associated

with the outer surface of the inner membrane of most

other p'lant mitochondria (see Chapter IiI). That is, beet-

root mitochondria do not oxidize exogenous NADH d'irect'ly

via the respiratory chain, and in this respect resernble

animal m'itochondria (Lehninger, 1951). However, their

outer membrane NADH-cytochrome c recluctase appears to be

identical to that of cauliflower bud and turnip m'itochondria,
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at least wÍth respect to pCl'18 inhibition (fanle 6.9). bJhen

the mitochondria were preincubated with pCMB cytochrome c

reduction was inhibited almost completely, but NADH, if
added before pCMB, protected the dehydrogenase to some

extent from attack by the mercurial (Table 6.9).

Cauliflower bud mitochondria disp'layed a similar pattern

of inhibition (faUle 6.9; see also Chapter III). Obviously,

the outer membrane NADH-dehydrogenase contaíns sitnilar-

SH groups and binds I'IADH ìn the same manner in beetroot and

other pl ant rni tochondri a.

Because beet mjtochondria do not oxidize exogenous

NADH via the respiratory chain, external NAD+ did not

stimulate malate - induced oxygen uptake in the presence

of rotenone (ftg. 6.174), although antimycin A inhibition

was slightly relieved upon addition of llADi and

cytochrome c (Fig. 6.178), as it was in other p'lant

mitochondria (Fi9.6.17C). Th'is suggests that reducÍng

equivalents can be transported across the inner membrane

of beetroot mitochondria, as well as other plant mitochondria.

This is more c'learìy illustrated by the effect of exogenous

NAD+ on malate-cytochrome c reduction. Cytochrome c

was reduced upon addition of malate to beet mitochondria

(fig. 6.18), indicating that some of the outer membranes

were damaged; this cytochrome c reduction was compìeteìy

i nhi bi ted by ant'imyci n A but addi ti on of l'{AD+ rel i eved

this inhibition (Fjg. 6.18). That cytochrome c reductjon

in the presence of NAD+ was not due to mitochondria with

broken jnner membranes, or attributable to extra-mitochondrial



109.

malate dehydrogenase (or mai'ic enzyme) a.tovity, is shown

by the n-butylma.l onate i nh j bi ti on of the NAD+-st'imul ated

rate ( Fi g. 6. 18) . Butylnral onate does not i nhj bi t mal ate

dehydrogenase of these mitochondria ([,Jiskich , I975),

and oxidìzed cytochromê c wâs not limiting since NADH

stimulated reduction (Fig. 6.18).

Rotenone inhibited malate-Fe CN reductase activity

by approximately 80%, but this inhibition was partly

relieved by adding NAD+ (pig 0.19). This NAD+-induced

Fe CN reduction was via the outer nrembrane NADH dehydrogenase;

antimycin A inhibjted Fe CN reduction in the presence of

exogenous ¡lAO+ by eliminating the contributÍon by malate

alone (Fig. 6.19). That is, ín the presence of antimycin A

only NADH-Fe CN reductase activity was measured, again

implying a transmembrane transfer of reducing equivalents.

Malate-induced reduction of exogenous llAC+ by

beetroot mitochondria was also measured, and displayed similar

kinetics, both in intact and disrupted mitochondria, to

that by cauliflower bud mitochondria (Fig. 6.20; see Fig.

6.1). Exogenous NAD+ reduction by beet mitochondria was

inhibited by the omission of glutamate or phosphate from

the reaction medium (Figs. 6.21 and 6.22 respectively).

Subsequent addition of phosphate or giutamate to the

medium stimulated NAD+ reduction (figs . 6.2I8 and 6.228).

These results show that the NAD+ reduction observed was not

due to extrarnitochondrial enzyme activity, and that exogenous

NAD+ reduction by beetroot mitochondria occurred in a similar

fashion to that by cauliflower mitochondria.
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The most important feature of these studies with

beetroot mitochondria (at least wjth respect to the present

study) is that they show that although exogenous NADH is

not oxidized by the respiratory chajn and therefore does

not penetrate the inner membrane, exogenous l,lAD+ reduction

still occurs. That is, despite the fact that added NADH

cannot penetrate the intact inner membrane, reducÍng

equivalents can be transferred across the membrane upon

oxidation of NAD-linked substrate. This strongly suggests

that such a transfer occurs in a controlled manner, either

rzia â transmembrane transhydrogenase or some other trans-

porting system. The results also indicate that (H) can

only be transfemed in one dìrection, viz. out of the matrix.

2. Mitochondria ftom 'aqed t tissue

Mitochondria isoìated from beetroot which had been sliced

into discs and'aged', by bubbling Ín CaSOO, for 48 hours,

oxidized exogenous NADH in a rotenone insensitive manner

(Fig. 6.238). However, malate oxidation by these mitochondria

was inhibited by the same concentration of rotenone (Fig.

6.23C). Neither the slicing process alone, nor use of a

di fferent i sol ati on method , \^tere respons i bl e for the i nducti on

of exogenous NADH ox'idati on (Fi g, 6.234) .

ADP/O ratios associated with exogenous NADH oxidation by

mitochondria from aged beetroot were always less than two,

unlike those found with malate as substrate which were between

two and three (Table 6.10). External |IADH oxidation was
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complete'ly inhibited by antimycin A, but thís inhibition was

partìy relieved by adding cytochronìê c (Fig. 6.248). That

is, these mitochondria oxidized added NADH in much the

same manner as those isolated from other plant tissues

(see Chapter III), such as cauliflower buds. NADH oxidation

was not due to penetration of the inner membrane by this

compound, since it was insensitive to rotenone and coupìed

to only tr,ro phosphorylation sites. The small amount of

oxygen uptake in the presence of antimycin A and cytochrome

c also suggests that most of the mitochondria lvere intact

(Fig. 6.248). Dicoumarol inhibited NADH oxidation, but

not to the same extent as that by other plant mìtochondria

(NADH oxidation by cauliflower and turnjp mitochondria was

inhi bi ted compl ete'ly by 50 uM di coumarol - see Chapter I I I ) .

This impìies that the external I\,IADH dehydrogenases of the

different mitochondria are not identical.

Two other minor differences between fresh and 'aged'

beetroot were observed. Fresh beetroot contained very little
detectable starch; no starch was found in eíther the low

speed or high speed (12000g) peìlets during isolation of

mitochondria. However, considerable starch deposits were

found in the 15009 pe'llet during isolation of mitochondria

from 'aged' beetroot discs, suggesting that starch was

produced during the aging process. ThÍs may represent an

osmotic adjustment of the tissue to its incubation in

hypoton'ic CaSOO solution; the signìficance of starch

accunrulation to the induction of external NADH oxidation

is not immediate'ly apparent.
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It was also noticeable that rotenone inhibited malate

oxidation by mitochondria from fresh beetroot, more strongly

than it inhibited malate oxidation by mitochondria that

oxidized exogenous NADH (such as aged beetroot, caujiflower

and maize mitochondria - Table 6.11). In genera'|, nalate

oxidation b.y mitochondria from fresh beet was inhibjted

L0 - 20% more, by 15 pM rotenone, than that by mitochondria

frorn the other ti:ssues (faUle 6.11). This suggests that

the insensit'ivity of malate oxidation to rotenone, generally

observed with most plant mitochondria, is associated with

the presence of external NADH dehydrogenase activìty. Perhaps

some reducing equivalents are transferred directly to this

enzyme during malate oxidation, a'lthough this would be

expected to g'ive lower ADP/O values than those observed.

Whether the induction of exogenous NADH oxidation by

beetroot nritochondria (upon slic'ing and aging) is due to

de novo synthesis of an enzyme or, more simply, to an

activation (or 'derepression') of the dehydrogenase involved,

has yet to be determined. The role (if any) this phenomenom

plays in the respiratory rise observed upon aging plant

storage tissues (e.g. see Laties, 1968) should also be

determined. Nonetheìess, the results presented here do

show that p'lant tissues can modify NADH oxidation by their

mitochondria. Future studies using protein synthesis

inhibitors (particularly on whole tissue or cells) should

shed some light on the development of NADH oxidation by

pl ant nri tochondri a, and i ts import'ance to cel I ul ar metabol i sm.
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3. NADH oxidation vía substrafe shutt-Zes

Although exogenous NADH is not oxjdized directly by

fresh beetroot mitochondnia, it can be oxidized extra-

rnitochondrialìy via a malate-oxaloacetate shuttle. NADH

added to beetroot mitochondria was not oxidized, even in

the presence of exogenous malate dehycirogenase and ADP,

until malate was added to the medium (Fig. 6.25). This

oxidation took several minutes to reach its maximum rate,

and displayed respiratory control; rotenone inhibited NADH

oxidation very severeìy (Fig. 6.25), as did antimycin A.

Glutamate also inhibited NADH oxidation, but subsequent

addition of gìutamate - oxaloacetate transaminase did not

stimulate much (FÍ9. 6.26). When the mitochondria were

preincubated for a few minutes with malate and ADP, prior

to the addition of NADH, the initial 1ag in NADH oxidation

was abolished (Fig. 6.278). Under these conditions, a

rapid burst of oxidation was observed initial'ly, followed

by a considerable slowing of the rate which then graduaì'ly

increased again (Fig. 6.278). If glutamate was also

present during preincubation with malate, NADH oxidation

was dramatically inhibited (Fig. 6.27A). However,

gìutamate did not aìways completely inhibit NADH oxidation

(Fig. 6.27A; c.r. Fig. 6.26).

These results are interpreted as follows (Fig. 6.29);

malate enters the matrÍx and is ox'idized to form oxaloacetate

which, in the absence of glutanrate, leaves the matrix and is

reconverted to mal ate by the exogenous mal ate dehydrogenase.
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A conconmittant oxidation of added NADH is seen. S'ince

continuing malate oxidation relies on oxidation of intra-

mitochondrial NADH by the respiratory chain, external NADH

oxidation is inhibited by rotenone and antimycin A.

Likewise, when ADP is lim'iting, NADH oxidation is

restricted. Electron transport inhib'itors did not affect

exogenous NADH oxidation directly, because added NADH is

not oxidized via the respìratory chain of beetroot mito-

chondria(ftg.6.15). That is, exogenous NADH oxidation by

these mitochondria ís dependent on added MDH and internal

mal ate oxi dati on.

Preincubation of the mitochondria with malate allowed

oxaloacetate to accumulate in the medium and hence a rapid

burst of NADH oxidation was observedo until oxaloacetate

effl ux agai n became 'limi ti ng. Presumably the 'lag observed

when malate was first added to the mitochondria (Fig. 6.25)

was due to the time taken for oxaloacetate to build up in

the medium; a steady state was reached when oxaloacetate

efflux equailed its removal (externally) by MDH.

In the presence of glutamate, oxaÏoacetate is

ti'ansami nated ( i n the matri x) to --ketog'lutarate and

aspartate and therefore NADH oxidation was inhibited. The

different degrees of inhibition by glutamate probably

reflect varying permeability of the inner membrane to 0M,

or varying aspartate aminotransferase activity, in different

mitochondrial preparations. Sjnce addition of GOT, fn

the presence of glutamate, did not stimulate NADH oxidation

significantly (Fig. 6.26), it appears that the malate-
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aspartate cycle does not operate in these mitochondria.

This also implies that *-ketoglutarate, and/or aspartate,

transport out of the matrix is very slow compared to malate

and oxaloacetate movement across the inner membrane.

The operation of the malate-oxaloacetate shuttle

could also be demonstrated using the oxygen eiectrode.

Oxygen uptake with malate as substrate was inhibited within

a few minutes unless g'lutamate was also present (Fig.

6.288), Addition of NADH and MDH during the inhibited

stat.e stimulated oxygen uptake to the same extent as

gì utamate ( Fi g. 6.284) . Addi ti on of NADH and 91 utamate

together stimulated malate oxidation more than did

addition of either substance alone (Fig. 6.288), indicating

that not aìl oxaloacetate formed in the matrix was removed

by transamination or 0AA efflux across the inner membrane.

Such a malate-oxaloacetate cyc'le may also operate under

certain conditions in mitochondria isolated from other

tissues, but its demonstration is more difficult because

such mitochondria oxidize exogenous NADH directly via their

respiratory chain.



TabLe 6.7 "
Effect of antímqcìn A and NAD+ on cgtochrome c

reducti on bq cauTìfTower mitochondtia

Cytochrome c reduction was measured aS described in Mate¡ia.ls

and Methods. 1 mg mitochondrjal protein, 5 uM antimycin A

and 0.5 mM NAD+ were used. Substances added to the cuvette

are shown in order of addition.

Additions to cuvette l,lal ate Isoci trate KG

A. Intact Mitochondria

substrate (+ADP)

l-

NAD,

antimycin A

nmoTes/min. mg. protein

29

with díoitonin*

4

18

0

3

3

3

8

4

0

0

B. Mitochondria oreìncubated

substrate (+ADP)

antimycin A

I
NAD,

36

0

t7 28

2t

0

4

* 0.1 mg/mg Protein; for 30 min at 0C'



TabLe 6.2 'Transfêt of reducÍnq equi valents out of cauTífTowet

mítochondtia

gxygen uptake and NAD+ reduction were measured as described in

Materials and Methods. 10 mM ma]ate (+19 ml'1 glutamate) was

the substrate in each case. concentrations of other

reagents were;0.5 mM NAD+,25 uM PMS,5 uM antimycin A

and 1,0 uM rotenone.

Rate measured Oxidized or reduced NAD (H)

NAD+ - indÌrced increase

(t)*
of rotenone inhibited

. (2)

malate oxídation.

NAD+ - induced increase

of malate oxidation (1)

in the presence of (2)

PMS and antimYcin A.

Initiat rate of malate

(1)

-induced NAD

ucti on.

+ red-
(2)

nmoJes/ mín. mg Ptoteín

163

t64

56

60

55

50

I
I

* Numbers in parentheses indicate separate experiments.



TabLe 6.3 The effect of exogenous NAD(P)H On maTate, cìttate

and n-ketoglutarate oxÍda tion bt:' cau 7 í f 7 ovt e x mi to chond r ì a

0xygen uptake was measured as described in Materials and

Methods. Concentrations of reagents used were: 10 mM malate'

10 mM citrate, L0 mM --ketoglutarate, 15 uM rotenone, 0.5 mM

¿!
NAD(P)*, 0.28 mM ADP and 1 mM NADPH. Rotenone and NAD(P)' were

added during state 3 in each case.

Substrate state 3 Oxygen uptake
* rotenone +rotenone

& NADP

*rotenone
& NAD

nnoles/mìn. mg proteín

mal ate

ci trate

--KG

NADPH

113

5B

4B

33

40

L4

t2

33

52

20

15

110

54

36



Table 6.4 The effect of DNP on the tecoverq of malate and

+
cítrate oxi dation bq NAD

oxygen uptake was measured as described in Materials and

Methods. Final concentrations were ; malate and citrate

20 mM, NAD+ 1 mM, DNP 30 uM and ADP 0.3 mM.

Addition to
reacti on vesseì

Rate of 0t uptake

Mal ate

Expt. 1 ExPt. 2

Ci trate

Expt. I Expt. 2

nmoles/ min. mg Ptoteín

1. Substrate

2. ADP

3. Rotenone

4. NAD+

1. Substrate

2. DNP

3. Rotenone

4. NAD+

36

68

32

62

38

68

20

46

29

104

42

79

29

104

36

72

23

30

15

29

28

35

1B

35

1B

45

24

45

2t

46

22

52



TabTe 6.5 Cqtochrome c rëductase actìvìtu ín caulifTower

bud nìtochoncltia

Details of assays are described in Materials and Methods.

NAD+ (0.5 mM) and 5 uM Antimycin A were used.

Substrate Rate cyt. c reduction

mal ate

malate + NAD+

Succi nate

'succinatel

nmoles/mín. mg. ptoteín

3.4

23.5

9.7

114

68,2

51 .4

NADH

NADH + Antimycin A

1 mitochondria were incubated in distilled water for

five minutes Prior to assaYìng.



+
Îab7e 6.6 The effect of exogenous NAD on maLatê oxídatÍon

bg maize and turnip root mitochondtÍa

oxygen uptake was measured as described in Materials and

Methods. Final concentrations v.¡ere: 10 ffi malate' 0.5 mM

NAD+, 10 uM rotenone, and 0.5 rnM ADP.

: :--

Mitochondrial source Oxygen uptake

State 3 + Rotenone + Rotenone
& NAD+

nmoles / nin. mg proteìn

48Maize roots

Turnip roots

L28

Il2

B5

6035



TabLe 6"7 Ct) tochrome c reduction bq beetroot mìtochondria

Details of assays are given in Materials and Methods. Final

concentrations werel 0'3 mg mitochondrial protein, 5 uM

antimycin A, 25 uM cytochrome c, 10 uM rotenone' 0.14 mM

ADP, 0.5 mM NADH and 10 rnM succinate.

Subs trate Control Digitonin* - treated

mi tochondri a

Succi nate

Succinate + antimyc'in

NADH

NADH + rotenone

NADH - antimycin

nmoTes c7t. c reduced/mín"mg protein

28 2t3

0 0

t37

B3

80

113

B5

B5

*
0.1 mg / mg mitochondrial protein' for 30 min at 0C.



Tabie. 6.8 Ferîicqanide reductÍon bq bêettoot and tutnip

mítochondria

Ferricyanide reduction was measured as described in Materjals

and Methods. Final concentrations werei 0.9 mM Fe CN' l'5 mM

succinate, 0.25 mM NADH, 0.13 mM ADP, 5 uM antimycin A.

Substrate Source of mitochondria

Beetroot Turni P

pmoles Fe CN reduceflmín.mg protein

Succi nate

Succinate + antimycin

NADH

NADH + antimycin

0.514

0.0

1.714

t.7t4

0.823

0.0

3.528

2. s08



TabTe 6.9 Effect of ñMB on antímqcjn-insen sitive NADH-

cqtochrome c reductase activit.ts of isoTated plant mitochondria

Cytochrome c reduction was assayed as described in

Materials and Methods. 0.1 mg outer membrane protein

0.5 nf'l NADH, 25 uM pCMB, 5 uM antimycin A and 0.025 nM

cytochrome c were used. Initial rates of cytochrome c

are shown.

Beetroot
mi tochondri a

Cauliflower bud

mi tochondri a

nmoles / nin. mg protein

NADH

NADH + pCMB

(NADH added first)
¡¡¡¡'¡ + pCMB

(pCMB added first)

50

35

50

24

05



TabTe 6.70 Respiratorq conttôL and ADP/O tatìos of aqed

beettoot mìtochondtia

Oxygen uptake and ADP/O values were measured as described

in Materials and Methods. 10 mM malate and 0.5 mM NADH

were used as substrates.

Subs trate ADP/0 ratio R. C. R.

MALATE

NADH

2.6

2.3

1.3

1.1

3.0

2.5

2.0

t.7



TabLe 6.77 The etfect of rotenone on malate oxidatíon bll

vatíous plant mitochondria

Oxygen uptake was measured as descri bed i n Materi al s and Methods.

Rates are expressed as nmoles 02/ nin. mg protein. Final

concentrations were; 10 mM malate, 1 mM NADH' 0.33 mM ADP

and 15 uM rotenone.

Mi tochondri al

Source

Malate oxidation

State 3 + Rotenone

NADH oxidation

State 3

Fresh beetroot

Aged beetroot

Caul i fl ower

101

150

2t (7s%)

31 (80%)

45 (52%)

18 (62"/")

36 (57%l

24 (6e%)

0

3

6292

47

82

76

L28

44

t29

L32

Maize roots 4s (63%) 220
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Figure 6.1 Ex ous NAD reduction b caul i fl ower bud
+

e
m c on r a.

NAD+ reduction was measured spectrophotometrically
as described in Materials and Methoäs. The

A : mi tochondri | , 
pre-treatecl wi th ' Decon 90' cletergent .B : untreated mitochondria.

(N.8. Separate traces were superimposed for comparison)
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Agsay conditions arç described in Figure 6.1, except
that malate and NAD' concentrations were varied.

: 0.3 mM NAD+ and B mM malate
0.6 mM NAD+ and I mM malate

0.6 mM NAD+ and 30 mM malate
1.2 mM NAD+ and 30 mM malate.

Rates are expressed as nmoles NAD+ neduced
per m'i n . mg protei n .
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Figure 6.3 Effect of ql utamate and phosphate on ex0qen0us

NAD+ reducti on by cau I i flower mitochondria.

from the med'ium and added as ind'icated. Rates
are expres sed as nmol es/m'i n . mg protei n .
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Figure 6.4 Effect of ATP and NADH 0n exo ous NAD+ reduction
ca ol//e r toc ot1 a.

NAD+ reduction \^Jas measured as described in Materials
ant'imyci n A,
proteìn were
10 mM mal ate

A : 0.6 mM ATP also added to reacton medium.

B : control
C : 0.1 mM NADH added to medium

D : 0.05 ml4 NADH added to medium

Rates are expressed as nmoles/nrin. mg protein.

7

and Methodg. 10 mM glutamate,
0.5 mM NAD' and 2.4 mg mitochon
included in the reaction medium
was added as indicated.

5uM
dri al
, and
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Fi gure 6. 5 Effect of rotenone and di coumarol on NAD+ reducti on

added as shown.

A ; + 50 uM di coumarol and 25 pM rotenone

B : +5pMantimYcinA
C : + 50 pM di coumarol .

Rates are expressed as nmoles/min. mg protein'
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NAD+ reduction was measured as described in Materials
and Methods. 5 ¡rM antimycin A, 1 mg mitochondrial
protein and 0.5 mM NAD- vrere included in the reaction
medi um.

A and B : Glutamate (10 mM) and CoA (0.L mM) were
added as shown.

C : Phosphate was omitted from the medium and
addeä ( 10 mM) as shown , as was MnC'l , (6 ml,l) .

In each case 10 mM malate was added where indicated.
Rates are expressed as nmoles/mjn. mg protein.
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F'igure 6. 7 Effect of palmitoyl CoA on NAD(P)+ reduct'ion by
caul i fl ov¡er mi tochondri a.

NAD(P)+ reduct'ion was measured as described in
Materials and Methods. 1.2 mg mÍtochondrial
protein, 10 mS glutamate, 5 uM antimycin A and
0.3 mM NAD(P)'were included in the reaction medjum,
and L0 mM malate was added as shown. Rates are
expressed as nmoles/min. mg proteìn.
A : +50 ug palm'itoy'l CoA.

B : control.
C : 0.3 mM NADP+ instead of NAD+.
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Figure 6.8 NAD+ reducti on by caul i fI ourer mi tochondri a

with isocitrate and malate as substrat.es.

NAD+ reduction was measured as described in
Matgrials and Methods. In each case, 0.3 mM

NAD' was used.

A; + 10 mM isocitrate and 5 uM antìmyc'in A'

B; + 10 mM isocitrate + 50 uM dicoumarol.

C; + 10 mM malate + 50 uM dicoumarol.

D; + 10 mM 'isocitrate, 5 uM antimycìn A and
20 ul 'Decon 90' detergent.
Isocitrate and malate were added as ind'icated
by the arrow. Rates are expressed as
nmoles/min.mg protein. (In C,0.7 mg mito-
chondrial protein was used, while 1.4 mg was used
in A, B and D).



D

1 min r

C

55

B

CI. CI1

I 
oorno

t12

5 A

\ 0

\



Figure 6.9
+

Effect of phosphate, NAD and PMS on malate

oxidation by caulifìower mitochondria.

0xygen uptake was measured as described in
Materials and Methods except Pi was omitted

from the medium. Additions as indicated

were; 3 mg mitochondrial protein, 10 mM

malate, L0 mM phosphate,0.1.7 mM ADP, L0 uM

antimycin A, 0.3 mM NAD+ and 30 ul 'Decon 90'

detergent. In (B) NAD+ and PMS were included

in the reaction medium. Glutamate (10 mM)

was present in both cases. Rates are expressed

as nmol es 02lm'i n . mg prote i n .
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Fi gure 6. 10 The effect of NAD rotenone and ant imvcin A

on ti on cau'liflower mito chondri a .cl trate oxi da bv

Oxygen uptake v\tas measured as described in

Materials and Methods. Additions as indicated

were; 2, 6 mg m'i tochondri al protei rì , 0. 175 ml4

ADP, 5 pM antimycin, L5 uM rotenone' 25 uM PMS'

0.5 mM NAD+ and 15 mM citrate. Oxygen uptake

is expressed as nmoles/min. mg protein.
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Figure 6.11 Malate oxidation and NAD reduction by cauliflower

mi toch ondri a.

Oxygen consumption and NAD+ reduction were

measured as described in Materials and Methods.

A. Additions as indicated were; 2.6 ng mitochondrial
protein, 10 mM malate, 1.0 mM phosphate and 0.175 mM

ADP. B. The reacfion medium included 0.3 mM NAD+,

5 pM antimycin A and 10 mM glutamate. 10 mM

malate was added as shown. Oxygen uptake and NAD+

reduction are expressed as nmoles/min. mg protein.
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Fi gure 6. L2 The effect of hos h ate
+

rotenone and NAD on

isocitrate oxidation bv cauliflower mitochondria.

0xygen uptake was measured as described in
Materials and Methods. Additions as indicated

were; 1.5 mg mitochondrial protein, 15 mM

isocitrate, 10 mM Pi, 0.235 mM ADP, 10 uM rotenone

and 0.5 mM NAD+. Malonate (10 mM) was included

in the reactjon medium, but in trace A phosphate

was omitted and added as indicated. Rates are

expressed as nmol es Or/m'in . mg protei n .



Pi

0

ADP

I soci trate
31

[,uo
nmoles 0

23

Rotenone

ADP/0 = 2,9

B

lt

62

M!{
2

ADP

36ADP

?l

I soci trate

64
+

50 NAD
A

49 ' 1 miñ:-----l



Fìgure 6.13 The e
+ffect of exoqenous NAD and rotenone on

malate and NADH by cau I i flower mitochondria.

Oxygen consumption was measured as described

in Materials and Methods. Additions as

indicated were; 1.5 mg mitochondrial proteìn,

10 mM malate, 10 mM Pi, 0.235 mM ADP'

15 uM rotenone, 0.5 mM NAD+ and 1 mM NADH.

Rates are expressed as nmoles }rlnin. mg

protei n.
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Fi gure 6. 14 Exoqenous NAD reduction bv turnip mitochondria.

NAD+ reduction was measured as described in Materials
and Mathods. The reaction med'ium included, 0.75 mg

mitochondrial protein, 10mM glutamate, 5 uM

antimycin A, and 0.5 mM NAD+; 10 mM malate was

added as shown. Rates are expressed as nmoles/m'in.

mg protei n.



Figure 6.15 Malate and NADH oxi dati on by beetroof and tu rni p

mi to ond a.

Oxygen consumption lvas measured as described in

Materials and Methods. Additions as indicated

were; 1 mM NADH,0.3 mM (A, B and C) or 0.1 mM

(D) ADP, 10 uM rotenone, 5þM antimycin A, 0'025 mM

cytochrome c, 10 mM glutamate, 10 mM malate and

0.05% deoxycholate (OOC). Rates are expressed

as nmoles Otlmin.mg Protein.
An B and C : Beetroot mitochondria

D : TurniP mitochondria.
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Figure 6.16 The effect of cytochrome c, FeCN and CaCl on

exoqenous NADH oxidation by beetroot mitochondrja.

Oxygen consumption was measured as described in
Materials and Methods. Add'itions as indicated were;
1 mM NADH, 0.3 mM ADP,25 uM cyt. c,5 uM antimycin A,
10 ¡rM rotenone, 0.9 mM FeCN and 0.-6" mM CaCl,,. Rates
are expressed as nmol es 02/mtn . mg prote'in. L



Figure 6.L7. The effect of exoqe nous NAD on malate oxidation

by beetroot and maize root mítochondria.

Oxygen uptake was measured as described in
Materials and Methods. Additions as indicated

were; A and B: 2.4 ng mitochondria'l protein,
15 mM malate, 0.32 mM ADP, 10 uM rotenone,

0.5 mlv1 NAD+, 5 pM antimycin A, 0.05 mM cyto-

chrome c. Glutamate (t0 mpl) was present in
each experíment. Rates are expressed as

nmoles/min. mg protein. ''r
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Figure 6.18. Effect of exogenous NAD+ on malate-cyt

reductase acti vi tv of beetroot mitochondria.

Cyt. c reduction was measured as described in

Materials and Methods. Add'itions as shown

were; 10 mM malate, 5 uM antimyc'in A, 0.5 mM

NAD+, B mM butylmalonate and 0.5 mM NADH.

Rates are expressed as nmoles/min. mg protein.

ochrome c
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Fi g. 6. 19 The effect of NAD+ and rotenone on malate-FeCN

re tase activi of beetroot mi hondri

FeCN reductase was measured as described in

Materials and Methods. Additions as ind'icated were;

10 mM malate, 10 uM rotenone, 0.5 mM NAD+ and

5 uM antimyc'in A. Rates are expressed as nmoles/

mi n. mg prote'in .
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+Fi g. 6.20 Exoqenous NAD reduction by beetroot mitochondria.

NAD+ reduction hras measured as described in Materials

A : + 20 ul Decon 90 detergent.
B : control.
10 mM malate was added where shown.
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Fi g. 6.21 The effect of phosphate on NAD+ reduction by

beetroot mi tochondri a.

Conditions of assay were the same as those described
in Figure 6.20, except that in (B), pi was omitted
from the reaction medium and added as shown

(to mt'l) .
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Figure 6.22 Effect of q1 utamate on exoqenous NAD

b.y beet root mi tochondri a.
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NAD+ reduction was measured as described 'in

Rates are expressed as nnloles/m'in. mg protein.
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Oxygen uptake was measured as descrÌbed jn
Materials and Methods. Add.itions as indicatedwere; 1 mM NADHi 0.21, mM ADp, 10 uM rotenone
and 10 mM majate. Rates are eipressed as nmoles/min. mg protein.

A : mitochondria from 'fresh' beetroot dÍscs.
B and C : mitochondria from 'aged, beetroot discs.
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Figure 6.25 NADH Oxidation by beetroot mitochondri a.

NADH oxjdation was measured spectrophotomet-

ricalìy as described in Materials and Methods.

0.5 mM NADH, 0.75 mM ADP and 50 units of
malate dehydro!-enase were included in the

reaction medium. 1 mM ADP, 10 mM malate

and 15 pM rotenone were added as shown.

Rates are expressed as nmoles/m'in. mg

protei n .
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F'i gure 6. 26 The effect

Gì utamate
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utamate-oxaloacetate transaminase were added as shown. Rãtes are éxpressed
prote'in .



Fi gure 6.27 . NADH ox idation bv beetroot mitochondria.

NADH oxidation was measured spectrophotomet-

rically as described in Materials and Methods.

The mitochondria were pre'incubated with

10 mM malate and 1 mM ADP for 2.5 min.

prior to the addition of NADH (1mM).

In (A), 10 mM glutamate was also included

in the reaction medium. Rates are expressed

as nmoles/min. mg Prote'in.
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iFigure 6.28 The effect of q I utamate and NADH on mal ate

oxidation by beetroot mi tochondri a.

Oxygen consumption was measured as descrjbed

in Materials and Methods. 50 units of malate

dehydrogenase were inc'luded in the reaction

mixture. Additions as indicated urerei

10 mM malate, 0,7 mM ADP, 0.5 mM NADH and

10 mM glutamate. Rates are expressed as

nmoles/min. mg protein.
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CHAPTER VI I

FTNAL DTSCUSSTON AND FUTURE WORK

Although plant mitochondria are generally considered to

be similar to animal mitochondria (see Chapter I), this study

shows that pyridine nucleotide ínteractions of the two types

of mitochondria are vast'ly different. Not only do isolated

plant mitochondria oxidize extramitochondrial NADH directly

via their respiratory chain but exogenous NAD+ appears to

be in equiìibrium with the intramitochondrial pyridine nucleotjde

pooì (mainìy via MDH). Minor differences between the outer

membrane NADH - reductase systems of plant and animal míto-

chondria were also demonstrated.

It appears that p'lant mitochondria possess an additional

dehydrogenase, on the outer surface of the inner membrane, for

the oxidation of external NADH. NADH oxidation by this flavo-

protein is insensitive to rotenone and coupled to two phos-

phoryìation sites. Animal mitochondria do not contain such

an enzyme (Lehninger, i951).

When oxygen uptake associated with the oxidation of NAD-

linked substrates by isolated plant mitochondria is inhibited,

reducing equivalents are transferred from the matrix to external
+

NAD'. Two possible mechanisms for this process are shown in

Figure 7.1. If actual transport of nucleotides occurred, one

would expect to observe some antimycin-ínsensitive malate-cyto-

chrome c reductase activity; no such activity was detected.
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Hence, it seems that a transnlembrane transhydrogenase ìs respons-

ible for transport of reducing equ'ivalents across the inner membrane

of isolated plant mitochondria.

Transhydrogenase activity was not assayed for directly in

whole mitochondria since a number of NADH dehydrogenases exist

which could catalyse a hydrogen transfer between NADH and NAD+,

without being invo'lved in the transmembrane transfer. However,

Hackett (1963) reported NADH-NAD+ transhydrogenase activity in

mitochondria isolated from a number of plant tissues. The rates

of NAD+ reduction measured by Hackett (1963) were of the same

order of magnitude as those reported here. Either, or both, of

the inner membrane NADH dehydrogenases could be involved,

although the results with beetroot mítochondria would tend to

eliminate the external dehydrogenase. If the internal NADH

dehydrogenase is responsible for the (H) transfer, the rotenone-

sens i t j ve s ì te app.ears not to be i nvol ved .

Purvis and Greenspan (tg6S) obtained evidence for a pyrid'ine

nucleotide translocator which mediated the incorporation of NAD+

into isolated rat liver mitochondria. Holever, this incorporation

was very slow (e.g. when compared to adenine nucleot'ide transport)

and was dependent on a supply of energy. Electron transport

inhibitors abolished NAD+ incorporat'ion, and no IIADH transport

out of the mitochondria was observed, implying that the trans-

locator (if real) did not catalyse transfer of reducing equiv-

alents across the inner membrane. Pfaff and Schwalbach (1967)

have subsequently shown that leakage of pyridine nucleotides

from rat liver mitochondria does not occur over a period of

severaï hours.



118.

Anion movement across the inner menrbrane of isolated plant

mitochondria also differs from that of anÍmal mitochondria. In

particular, oxaloacetate appears to move readily across the

membrane. It seems unlikeiy that this movenent is passive,

since the transport of other anions is controlled via carriers.

0xaloacetate may also be transported by a carrier (perhaps

the dicarboxylate carrier, since some 0M is transported in

this manner across the rat liver mitochondrial membrane'{Gimpeì

et al, 1973 ]), or simply by facilitated diffusion in exchange

for hydroxyl ions (or via an H* symport) as for acetate in

anjrnal mitochondria (Quagliariello and Palmieri, 1,97I), without

a specific carrÍerinvolved. 0bviously, a more detailed invest-

igation of oxaloacetate transport by plant mitochondria is

warranted.

As discussed in'chapter I, one of the rott'important

functions of the anion transporters in animal cells is the

regu'lation of the malate-aspartate cycle. This cycle is res-

ponsible for the transfer of reducing equivalents between the

cytosol and mi tochondria during g'lycolysi s and g'luconeogenesis,

and was first proposed by Borst (nAZ) l^¿ho, since animal

mitochondria are relatively impermeable to 0AA, postulated a

double transamination of 0AA and glutamate, one on either s'ide

of the inner mitochondrial membrane (see Fig. 1.5). The ability

of the specific anion carriers to maintain an asymmetric

concentration of their substrates across the inner membrane,

and the membrane's impermeab'i1i ty to 0AA, 'is 'important

(together with the midpo'int potentials and activities of the

dehydrogenase systems duplicated in the cytoplasm and mito-
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chondria) in preserving the observed difference in pyridine nuc-

leotide redox potentia'l (more negative in the mitochondria)

betr¡reen the cytosol and mi tochondri a of animal cel I s (Chappel 1 ,

1969; Krebs and Veech, 1.969; þJilliamson et al , 1967), Such a

reguìation of the NAD+/NADH ratio in the two compartments is

only possible because the nucleotides do not interact directìy

across the mitochondrial membrane.

It has not been determined whether a similar difference
+in NAD'/NADH ratios exists between the cytosol and mitochondria

of plant cells. Assuming that such a disequilibrium does

exist, the factors that regulate and maintain it are likely to

be different than those that operate in animal cells. Not only

must oxaloacetate movement be regulated, but also exogenous

NADH oxidation and the transmembrane transhydrogenase.

If the concentrations of malate and oxaloacetate are the

same on both sides'of the inner mitochondrial membrane, then so
+

would the NAD'/NADH ratios be since the nucleotides are in

equilibrium with these substrates of malate dehydrogenase. This

is particuìarìy important in beetroot mitochondria wh'ich rely

on the malate-oxaloacetate shuttle to oxidize extramítochondrial

NADH. To keep cytop'lasmic NAD oxidized (and mitochondrial NAD

reduced), these mitochondria need to accumulate malate and expel

oxa'loacetate. If the malate dehydrogenase system of the mito-

chondria has a more negative redox potential than the cyto-

plasmic system, then this would also help to maintain intra-

mitochondrial NAD in the reduced form.
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In contrast to rat lìver ntitochondria whìch did not oxidize

exogenous NADH, even in the presence of malate and added malate

dehydrogenase, until glutamate, aspartate and aspartate amino-

transferase were added (Chappe'l'1, 1969) , oxidation of external

NADH by beetroot mitochondria was inhibited by giutamate, even

when transaminase was added (Fig. 6,27). This apparent lack of

ma'late-aspartate cycle activity in plant mitochondria fits in

well with the non-specificity of some anion transporters of

plant mitochondria. Thus gìutamate (see Chapter V) and

o-ketoglutarate (Wist<ich unpubìished resuìts) appear to be trans-

ported vja the tricarboxylate carrier. Swelling of beetroot and

caul'i'f'lower bud mitochondria in frfHf salts of g'lutamate and

*-ketoglutarate was activated by malate and phosphate and

inhibited by n-butylmalonate. However, a more thorough invest-

igation of these transporters, using a variety'bf substrate

analogues and potentia'l activators and inhibitors, may reveal

subtl e di fferences .

0n the basis of studies with animal tissues (see Chappe'lI,

1968), differences between anion transporters of mitochondria

from different plant tissues can be anticipated. In fact

Wiskich (7974 and 1975) has found that citrate transport by

isolated beetroot mitochondria has similar properties to dicarb-

oxyìate-ion transport, although different camiers operate in

cauliflou¡er (t,tiskich, 1974) and mung bean mitochondria (Phiilìps

and hlilliams,IgT3).

The apparent ease with which 0AA penetrates the inner

membrane of cauliflower mitochondria suggests that the malate-

0AA shuttle may operate in other plant tissues.
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However the oxidation of extra mitochondrial NADH by the

respiratory chain of these mitochondria lvould seem to obviate

the need for such a shuttle to oxidize I'lADl'l produced glyco'ly-

tically in the cytoplasm. Undoubtedly, the anion transporters of

p'lant mitochondria perform other functions, such as maintenance

of membrane potentiaìs (ttris is particularly important to the

chemiosmotic hypothesis of energy conservatÍon) and the intra-

mitochondrial balance of carbon skeletons (W'iskich, tg74).

Mitochondrial transport may also be involved in other metabolic

pathways, depending on the tissue in question. For example

mitochondria of bundle sheath cells in the leaves of p'lants such

âs Ätriplex may be involved in the C4-pathway of photosynthesis.

According to the scheme proposed by Hatch and his co-workers

(Hatch and Mau, 1973; Hatch and Kagawa, 1,975), bundle sheath

mitochondria should contain transporters for aspartate, gluta-

mate, malate (or oxaloacetate) and --ketog'lutarate. If present,

these transporting systems may pìay a role in regu'lation of the

C4-pathway.

Obviously the pyridine nucleotide interactions with plant

mitochondria reported in this study will exert a strong influence

on cytop'lasmic metabol ism. While respiratory activity is high,

that ís when cellular ADP concentrations are high and there is

a supply of carbon to the Kreb's cycle, oxidation of cytoplasmic

NADH by the mjtochondria will proceed, keeping the titRO+/¡|ROH

ratio ìn the outer compartment of the cell high. Since pyridine nucleotides

are cofactorsfor several reversible gìycoiytic enzymes, a high

tlRO+/ruROH ratio will tend to favour breakdown of glucose via

gìycolys i s .
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0n the other handn when the cellular ATP concentration is high

and e'lectron transport i nhi bi ted, cytopì asmi c l,lAD+ can be

reduced via the transmembrane transhydrogenase, thus allowìng

g'luconeogenesis (and hence starch production) to occur. Such

a transfer of reducÍng equivalents out of the mitochondria

is strictly controlled by the extramitochondrial NAD+/NADH

ratio (Fig. 6.4). Unless the cytoplasmic NADH is reoxidÍzed,

the transhydrogenase will be inhibited.

Exogenous IIADH oxidat'ion by plant mitochondria may also be

important during fatty acid oxidation by gìyoxisomes. ß-oxid-

ation of fatty acids in these organelles may lead to generation

of extramitochondrial NADH, which can be directly reoxidized by

the mitochondria. 0n the other hand, ß-oxidation of fatty acids

by animal ceìls occurs 'in the mitochondria (Lehringer, 7971),

which cannot oxidize cytop'lasmic NADH directly. Here, reducing

equivalents are transferred to the electron transport by FP.ETF,

upon fatty acid oxidation.

Control of extramitochondrial NADH oxidation, and NAD+

reductjon, in vivo¡ is probably more comp'lex than that outlined

above. Some light may be shed on this, and on the importance

of exogenous I'{ADH oxidation to the cell, by studies v¡ith aged

beetroot tissue. However these problems may not be solved

until measurements of the lrtAO+/NADH ratios in the different

compartmentsof plant cells are made. Such estimations are

difficult to make, since a detailed knotryledge of at least two

enzymes in each cell compartment, for one part'icular tissue,

is required jf conventional techniques are to be employed

(t,Jilliamson, 1969).
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Measurement of metabolite concentrations are also difficult to

interpret when made on heterogenous ceì1 populations (which

occur in most plant tissues), but cell or protoplast cultures

may help overcome this prob'lem,

The results presented in Chapter III, and those reported

by Koeppe and Miller (1972), suggest that at least some plant

mitochondria can oxidize extramitochondrial NADPH. This may be

of particular irnportance in photosynthet'ic cells. However, it
appears that external NADP+ is not reduced by the transmembrane

transhydrogenase. This, together with the low rates of the

energy-ìinked NADH-NADP transhydrogenase (Hackett, 1963;

hlilson and Bonner, 1970) and the generaT lack of NADP-linked

enzymes (see Chapter V) in plant mitochondria, suggest that

the mitochondria do not pìay a prominent role in generation NADPH

for biosynthetic purposes, in plant cells.
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