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SUMKARY

Mitochondria were isolated from the root tissue of red beetroot
(Beta vulgaris L.) and oxidatién of Kebs cycle intermediates was studied.
Succinate, malate, citrate, pyruvate, w~ketoglutorate amd ascorbate (plus
TMPﬁ) were oxidized most rapidly in the presence of phosphate acceptor
(ADP) and inorgamic phosphate. On exhaustiom of the phosphate acceptor
the oxidation rate decreased indicating respiratory contrel of oxidation
by coupled phosphorylatiomn. State 4 oxidation rates and respiratory
control ratios indicated that substrate-ievel phosphorylation wes most
strongly coupled to oxidation and phosphorylation at site 1 in the elec-
tron transfer chain was also strongly coupled whereas site 3 phosphory-
lation (ascorbate) was very loosely coupled. Respiratory control did
not reflect capacity for phosphorylation and each site in the electron
transfer chain phosphorylated ADP efficiently. The theoretical ADP/0O
ratios were measured for each substrate (3 with malate, 2 with succinate
and 1 with ascorbate).

Magnesium or calcium and phosphate were taken up by beetroot mito-
chondria by a substrate-dependent process. Succinate-dependent iom uptake
was inhibited by inhibitors (cyanide, antimycim A) and uncouplers (NP,
CCP) indicating associatién with oxidative phosphorylation. OCligomyecin
did not affect ion uptake indicating that ATP as such was not required.

Ion uptake was completely inhibited under conditions allowing continuous
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ATP formation and oligomyecin inhibited oxidative phosphorylatiom and
permitted ion uptake to proceed. The ratios of magnesium or calcinn/
phosphate taken up were close to 1.5.

ATP did not support magnesium or calcium and phosphate uptake
although low concentrations (0.5 mM) of ATP stimulated substrate-depen~
dent ion uptake by an oligomycin-insensitive process. BSA and cytochrome
¢ also stimulated iom upteke and these effects were attriduted to stab-
ilization of membrane structure or of a precipitated ion complex. High
concentrations of ATF (3 mM) inhibited substrate-dependent ion uptake
and oligomycin did not relieve inhibition. EDTA also inhibited ion
uptake and these effects were related to the chelating properties of these
molecules.

Calcium and magnesium competed for membrane binding sites and for
substrate~dependent uptake with phosphate. Calcium was the favoured
cation and 4-5 times more calcium was taken up by both processes. High
calcium and magnesium concentrations had little effect on oxidative phos-
phorylation although P/0 ratios were highest without added Mgﬂlz or
Ca012. Substrate oxidation was stimulated by low cation concentrations
but did not return to the slower rate elther with or without phosphate.
This result and the low Mg++/b ratios measured were attributed to the
high permeability of beetroot mitochondrial membranes to ioms.

Monovalent cations inhibited divalent cation and phosphate uptake

more strongly than monovalent anions indicating that cations competed



iii

for the uptake mechanism. Monovalent cations were taken up in a sub-
strate-dependent manner and uptake was inhibited by DNP but not by
cyanide or oligomycin.

Succinate and ascorbate supported massive magnesium uptake but
malate supported very little ion uptake. The capacity for ion uptake
was directly proportional to the state 4 oxidation rates and indirectly
to the ADP/0 and respiratory control ratiocs.

ATP was synthesized and magnesiw» and phosphate were taken up
when a PH differential was applied briefly across beetroot mitochondrial
membranes.

These result were compared with those obtained from similar
investigations with other plant and animal mitochondria and were discussed
in relation to the current hypotheses of oxidative phosphorylation and

ion uptake.
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CHAPTER _ONE

INTRODUCTION

RESPIRATION,
It has been well established that plant and animal mitochondria are

the sites of aerobic respiration, The respiratory processes ang related
reactions of plant mitochondria have been reviewed by Hackett (1959, 1963,
1964), Beevers (1961), Bonner (1961), Lundegrdn (1960), Goddard and Bonner
(1960), Crane (1961), Zelitch (1964), Ducet and Rosenberg (1962) and Lieberman
and Baker (1965) and general plant and animsl mitochondrial properties have
been reviewed by Ermster and Lee (1964), Lehninger (1964) and Racker (1965).
The isolation from meny plant tissues of a particulate fraction which showed
both succinate and eytochrome oxidase activity was deseribed by Bhagvat and
Hill in 1951. Millerd et al (1951) established that isolated mung bean
mitochondria could oxidise most of the acid intermediates of the Krebs cycle
and this was confirmed by Brummond and Burris (1953) who found that 61“ from
labelled pyruvate fed to lupine mitochondria ecould be detected in every acid
intermediate of the Krebs ¢ycle. Mitochondria isolated from many different
plant species and tissues have been shown to be capable of Krebs cycle
activity (Goddard and Stafford 1954, Freebairn and Remmert 1956).  Millerd
et al (1951) also established that ATP was formed during mitochondrial
oxidation. Investigations following these Teports have been reviewed by
Hackett (1959).
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Investigations into the components of the electron transfer chain
have been carried out more often using animal tissues than plant and the
evidence has been reviewed by Chance and Williams (1956), Slater (1958a),
Schneider (1959), Green {1959), and Lehninger (1959}, The oxidation and
reduction of cytochromes in intact tissues of plants have been observed
by Keilin and co~-workers (1925, 1947), Bhagvat and Hill (1951), Yocum and
Hackett (1957), and Lundeglrdh (1954), and these and subsequent findings
have been discussed by Hill and Hartree (1953), Hartree (1957), James
(1957), Smith and Chance (1958), Chance (1958), Hackett (1959) and Lieberman
and Baker (1965). The general properties of the cytochrome pigments have
been reviewed by Morton (1958). It appears that mitochondria isolated from
many plant tissues contain an electron transfer pathway eimilar to that of
animal mitochondria but the status of cytochrome €4 and betype cytochromes is
in doubt (Lundegirdh 1958, Martin and Morton 1956, 1957, Bonner 1959). The
cytochrome components of certain plant tissues showing respiratory activity
which is insensitive to classical respiratory inhibitors (c¢yanide and carbon
monoxide) have been investigated by Hackett (1957), Bendall and Hill (1957},
Hackett and Hass (1958) and Chance and Hackett (1959), and the situation has
been reviewed by Smith and Chance (1958) and Hackett (1959).

ISOLATION OF PLANT MITOCEONDRIA.

In plant tissues, investigations into the respiratory electron
transport chain and related mitochondrial reactions have been difficult and

progress slower than in animal tissues because of the low concentration of
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respiratory enzymes (Hill and Hartree 1953, Bonner 1961), and the presence

of a wide range of endogencus inhibitory and potentially inhibitory substances
present in the cytoplasm and vacuoles of plant cells (Lieberman 1961, Jones
and Hulme 1961, Hulme and Jones 1964). These inhibitors are released or
formed during the hemogenizing and extracting procedures and inactivate the
mitochondrial preparations either physieally by attachment or adsorptioif’or
chemically by interaction and dematuration. Frocedures designed to counteract
these inhibitors concentrate on the homogenizing medium where the mitochondria
first come into close contact with these inaetivators om disruption of the
cell and release of the vacuolar and cytoplasmic contents. Aeid tissues, such
as apple fruit and beetroot require an initially alkaline isolation medium

(pH 9 = 10) for demonstration of optimum mitochondrial activity (Lieberman
1958, Honda et al 1958),

The inclusion of EDTA, an effective metal-chelating agent, in the
isolation medium can markedly stimulate and stabilise the oxidative capacity
of isolated mitochondria (Tager 1954, Lieberman and Biale 1955, Honda et al
1958). The isolation of beetroot mitochondria in EDTA solutions was found
to decrease the content of mitochondrial calcium and to increase the rate of
oxidation of succinate, malate and w-ketoglutarate and accompanying
phosphorylations (Honda and Robertson 1956), and the inclusion of EDTA in the
isolating medium stimulated the phosphorylative activity of heart-muscle
mitochondria (Slater and Cheland 1952). However, it is possible that the
beneficial chelating effect of EDTA msy mask some harmful effect such as the
chelation of metals requiredfor respiratory processes (e.g. Mg ') (Slater 1957).

EDTA, although required during the initial homogenizing procedure, can be



omitted during the subsequent stages of mitochondria isolation without
deleterious effects (Lieberman and Biale 1955). Stimulative effects of
phosphate in the isolating medium have been reported (Beaudreau and Remmert
1955, Biale et al 1957, Ducet et al 1958, Switzer and Smith 1957).

Reducing agents (e.g. cysteine)have been added to prevent oxidative
reactions (Wiskich and Bonner 1963) and in potato homogenates they inhibe
ited a soluble NADH-oxidizing system (Hackett 1958). A method for carrying
out isolation under anaerobic conditions has been described (Cohen et al
1956)« The deleterious effect of lecithinase may be prevented by fluoride
(Goodwin and Waygood 1954). Polyvinyl pyrrolidone has also been added to
the isclating medium (Jones and Hulme 1961, Hulme and Jones 1963, Wiskich
1966) to prevent the inhibitory action of tannins.

Cther techniques such as differentiaml centrifuging to separate starch
and aggregated material from mitochondria have been used to obtain prepar-
ations of more active mitochondria (Wiskich and Bonmer 1963, \iskich et al
196k). The co-precipitation of mitochondria and chloroplast fragments (Leech
and Ellis 1961) occurs during preparation of mitochondria from green tissues
and the chloroplast fraction may make up most of the mitochondrial pellet
(Pierpoint 1959). The chloroplast fragments may be separated from the mito-
chondria by centrifuging through suitable sucrose density gréﬁents (James
and Das 1957, Pierpoint 1962, Jagendorf 1955). Dalgarno and Birt (1963) sug-
gested that fatty acids released during hdmogenizing acted as uncouplers of
carrot mitochondria and that the presence of 1% bovine serum albumin in the
homogenizing medium prevented uncoupling, lehninger and Remmert (1959) and
Hulsmann et al (1960) have shown that unsaturated fatty acids uncouple oxid-

ative phosphorylation, and Tappel and Zalkin (1959) have suggested that lipid
peroxidation may cause damage by producing free radicals which inactivate
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enzymes of the mitochondrial phosphorylating system. Methods for producing
active plant mitochondria have been reviewed by Hackett (1959) and Lieberman
and Baker (1965).

REACTIONS OF MITOCHONDRIA.

Isolated plant mitochondria from a great nuwber of plant tissues have
been shown to ssterify inorganiec phosphate during oxidation of substrates
via the electron transfer chain (Hackett 1959). Although it has been claimed
(Jawes 1957) that P/0 ratios higher than one with plant mitochondria were rare
due to ATPase activity, a great number of reports hss shown that the
phosphorylative efficiency of plani wmitochondria cam be equal to that of
animal mitochondris (Hackett 1959) during the oxidation of Krebs cyecle acids.
Values approaching the theoretical maxima for the P/O ratios have frequently
been obtained; i.e. greater than 3.0 foroe-ketoglutarate (Akazawa snd Beevers
1957, Conn and Young 1957, Freebairn and Remmert 1957, Hackett and Hasas 1958,
Lieberman and Biale 1956, Wiskich g&aghh 1964), greater than 2 for citrate,
malate and pyruvate (Akasawa and Beevers 1957, Smillie 1955, Wiskich and
Bonner 1963, Wiskich et al 1964, Hanson et al 1965), and greater than 1.0 for |
succinate (Conn and Young 1957, Freebairn and Remmert 1957, Laties 1953,
Wiskich et al 1960, Wiskich and Bonner 1963 and many others).

The ability of mitochondria to carry out oxidative phosphorylation
with P/O ratios approaching the theoretical maxima was the criterion of
intactness of mitochondria in the earlier investigations into the
phosphorylative abilities of isclated mitochondria (Laties 1953). However,

after the work of Chance and Williams (1956), the degree of ADP or P, control



over mitochondrial respiration has been considered es a more important
criterion of mitochondrial intactness. The respiratory control (R.C.)
ratio of mitochondria was defined by Chance and Williams (1956) as the
state 3 rate of oxidation divided by the state 4 rate of oxidation where
state 3 rate wes the rate of oxidation in the presence of substrate, ADP,
P; and oxygen and state 4 was the rate of oxidation obtained when all

ADF was converted to ATP and ADP was the rate limiting factor (see Table 1
and Fig. 1, ippendix). Respiratory control is not demonstrated by
stimulation of respiratory rate by ADP, (Hackett ot al 1960, Tamaoki et
al 1960), unless ADP is shown %o be limiting.

Bigh respiratory control ratios hove been observed in animal
mitochondria using a polarographic technique {Chance and Williams 1956,
Chance 1956). However, reports of plant mitochondria showing respiratory
control have only recently been submitted (Wiskich and Bonner 1963, Jones
et al 1964, Wiskich et al 1964, Childress and Stein 1965, Hanson et al
1965), although plant mitochondria have long been shown to couple phos-
prhorylation of ADF to oxidation of substrates with P/C ratios approaching
the theoretical maxima. Wiskich and Bonner (1963) using an oxygen electrode
have reported R.C. ratios as high ae 1O with sweet potato mitochondria
oxidizing malate and an R.C. ratio of 1.5 with mitochondria of white potato
mitochondria prepared with equal care. R.C. ratios of 16 with NADH were
reported in apple mitochondria (Jones et al 1964). Using polaregraphic
techniques /DF/O and R.C. values can be measured over short time periods
and changes in R.C. and oxidative phosphorylation can be followed with time.
Wiskich et al (1964) have reported m declining respiratory comtrol with
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time in avocadc mitechondria and they discussed this with relation to factors
(e.g. ATPase) whick may mask respiratory control.

ADP/0O ratios can be caleculated using polarographic techniques as
described by Chance and Williams (1955) and the ratios so obtained with plant
mitochondria are close to the P/0 ratios obtained using classical manometric
techniques employing a hexokinase-glucose trap for AT formed. However,
ADP/0 ratios are usually greater than P/0 ratios obtained using the same
preparation of mitochondria and substrate (Wiskich et al 1964). Explanations
of these differences have implicated shaking mechanisms, penetration factors
or the presence of phosphatases (Stickland 1960, Wiskich et al 1964). The
ADP/0 ratios obtained with plant mitochondria have been shown to be as high
as those obtained with animal mitochondris using the same substrate (Wiskich
and Bonner 1963}, Wiskich et al 1964, Hanson 1965), indicating again that the
phosphorylative mechanism is as efficient in plant mitcchondria as in animal
mitochondria. However, the R.C. ratios for plant mitochondria are usually
lower than those obtained for animal mitochondria using the same substrates
(Wiskich snd Bonmer 1963, Wiskich et al 1964, Chance and Williams 1956).

This probably reflects the difficulties associated with isolating intact and
active plant mitochondria rather tham any major inherent differences between
the two types of mitochondris.

It is genmerally considered that there are three sites of ATP formationm
along the mitochondrial electron-transfer chain (Hackett 1959). The three
sites are associated in some way with the oxidation of reduced pyridine
mucleotide, cytochrome b and cytochrome ¢ (Slater 1958b). These three sites
satisfy (a) the P/O ratios obtained with partial reactions of the respiratory



chain and (b) the thermodynamic distribution of redox potentisls im the
respiratory chain (Slater 1958b) and (c) the ‘cross-over' points observed
by Chance and Williams (1956).

Use of extra-mitochondrial WADH as substrate in plant mitochondria
which do oxidize NADH with respiratory control have yielded P/0 ratios
approaching 3 (Wiskich and Bonner 1963), snd substrates with KADH-linked
dehydrogenases, (e¢.g. malate) also give P/O ratios approaching 3 (Wiskich
and Bonner 1963). Frits and Nayler (1956), using mumg bean particles
localized one phesphorylative step between oytochrome ¢ and oxygen and
another between succinate and the point where ferricyanide intercepts the
respiratory chain:- presumably near the cytochrome ¢ level. Kmetec and
Newcomb (1955) observed phosphorylation during the oxidation of reduced
cytochrome ¢ by cauliflower mitochondria but were unable to detect it inm
the preceding steps. Thise results may be compared with the cbservationy
that the phosphorylative step between cytoohromes b and ¢ is the most
labile in animal mitochondria (Lehninger et al 1958). Phosphorylation
occurs between the site of action of ascorbate through M™PD (possibly
cytochrome ¢) and oxygen in animal mitochondria (Racker et al 1963, Howland
1963b), glving an ADP/O ratio approaching ona.

Studies with the oxygen electrode have indidated that the first
phosphorylation step between NADH and oytochrome b is more strongly eoupled
to oxidation, (Wiskich and Bonner 1963) than subsequent phosphorylation
steps involved in the oxidation of suecinate (Wiskich and Bonner 1963,
Childress and Stein 1965), or in the oxidation of ascerbate (Packer et al
1963). The stremgth of coupling of the phosphorylation steps are reflected



9.

in the respiratory control ratios obtained from the same preparation of
mitochondria with different substrates. The substrate-level phozphory-~
lation site sssociated with «-ketoglutarate oxidation has been reported to
be even more strongly coupled to oxidation (Wiskich et al 1963).

Beevers and Walker (1966) and Walker and Beevers (1956) demonstrated
the requirement of all associated eo-factors by isolated castor bean
mitochondria for the oxidation of varieus Krebs eycle acids. A similar
requirement .of added co~factors was reported by Lieberman and Biale {1956b)
for mitoshondris isolated from sweet potatces althowgh s requirement of
lipoic acid for pyruvate and w-ketogiutarate oxidatior was not demonstrated.
Arsenite inhibited the oxidation =f both «~keto acids indicating that a
dithiol such as lipeate (Reed 1957) was involved. Plant mitochondris have
been isolated recently which do mot require addition of a full complement
of cofactors for maximum oxidative activity (Wiskieh and Bonner 1963,
Wiskich et al 196k, Childress and Stein 1965), although requirement of
some cofactors is still demonstrated. Aiddition of horse heart cytochrome ¢
has been commonly shown to increase the oxidative capacity of isolated plant
and animal mitochondria (Wiskich et al 1960), although this does not always
ocour (Childress and Stein 1965).

ACTIOR OF INHIBITORS AND UNCOUPLERS

The use of inhibitors and uncouplers of the eleetron transfer chain
and asgociated phosphorylations has helped in identifying the components of
the chain in their correet sequence and the sites of phosphorylation. The
sites of action of various inhibitors and wncouplers have been reviewed

recently in detail by Ernster and Iee (196#) and by Lieberman and Baker (1956) .
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The respiratory activity of many plant mitochcndria has been shown to be

inhibited by cyanide and carbon monoxide (Hackett 1959), indiceting the
involvement in the electron transfer chain of the terminal cytochrome
oxidase, although the respiration of many plant tissues is not easily ine
hibited by cyanide and carbon monoxide (Hartree 1959, James 1953, Smith and
Chance 1958). Cyanide has been shown to exert multiple effects on electron
transport =nd phosphorylation depending on the concentration used (Hackett
et al 1960}

Amytal inhibits mitochondrial respiration supported by pyridine
nucleotide-linked substrates but does not inhibit respiration associated
with succinate oxidation (Ernster et al 1955). High concentrations of
amytal have been found to partizlly inhibit aserobic oxidation of succinate
in both tightly coupled and DNFeuncoupled rat liver mitochondria
(Fumphrey and Redfearn 1962, 1963). Amytal can =lso reduce ¥/C ratios
(Greengard et al 1959, Azzone et sl 1961). Chance =nd co-workers (1962,
1963) have concluded that amytal combines an inhibition of electron transe
fer between flavoprotein and cytochrome b with an inhibition of energy
traﬁsfer at the NADH and flavoprotein site.

Antimycin A has been shown to inhbit electron transfer between cyto-
chromes b and ¢ in animal mitochcndria. (Fotter and Reif 1952, Chance 1952,
1958, Chance and Williams 1956), and in plant mitochondria (Martin and
Morton 1957). Estabrook (1958) demonstrated that in guinea pig liver
mitochondria antimycin A caused a reduction of cytochrome b but did not
interfere with the oxidation of cytochrome ¢, znd Estabrook (1962) con-
cluded that the carrier with which antimycin & interacts probably is not
cytochrome b, but the oxidized carrier subsequent to cytochrome b (possibly)

non~heme irom). Estabrook (1962) also found that the antimycin A titer of
the mitochondria was equal under phosphorylating and non-phosphorylating
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(uncoupled) conditions although antimycin A bas been reported to exhibit

effects on energy transfer (Myers and Slater 1957, siekevitz et al 1958,
Low et al 1958).

HOQNO (Ligﬁﬁown and Jackson 1956, Jackson and Lighbown 1958) in-
hibits electron transfer at the same site as antimycin A:- between cytochromes
b and c. Howland (1963a) reported that the inhibition of succinate oxie
dation in rat liver mitochondria by HOQNO was partially reversed by low
concentrations of DNP and he concluded that HOQNO acts on both energy trams-
fer and electron transfer reactlonms.

The reaction and site of action of the c¢lassical uncoupling agent

DNP has been reviewed by Slater (1961) who considers that DNF (and CCP)
act by uncoupling or discharging a non-phosphorylated "high energy" inter=-
mediate of oxidative phosphorylation (Borst and Slater 1961). The stimue
lation of ATPase activity by DNP is assumed to result from partial reversal
of oxidative phosphorylation (Racker 1961) and this action is inhibited by
ADP or oligomycin. Wadkins and Lehninger (1959) demonstrated that rates of
ATPase activity were maximal when the respiratory carriers were in the oxi-
dized state and minimal when the carriers were in the reduced state. Hemker
(1962) found that the activity of uncoupling phenols was related to the
amount dissolved in the mitochondrial lipid, which depended on pH and other
factors. Weinbach and Garbus (1964) have demonstrated that uncoupling
phenols bind to proteins within mitochondria after traversing a lipid layer.
The uncoupling of oxidative phosphorylation in plant mitochondria by DNP
bas been well established (Hackett 1959).

The antibiotic oligomycin was introduced by Lardy et al (1958) as an
inhibitor of oxidative phosphorylation. Oligomycin inhibits substrate oxi=-
dation in tightly coupled mitochondria and this inhibition is reversed by DNP

water
(Lardy and McMurray 1958). Oligomycin blocks ATP-phosphate exchange,phosphate-,
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018 exchange, and inhibits ATPase activity in the presence of DNP, in-

dicating that oligomyecin inhibits near the site of incorporatiom ¢f inorganic
phosphate (Lardy and Connelly 1961). The uncoupling action of DNP would then
occur before the site of phosphate incorporation and the site of oligomycin
action.

Arsenate uncouples phosphorylation by forming a high-energy inter-
mediate complex which is easily dissociated by arsenolysis. ADP is reguired
for maximal rate of arsenate-stimulated respiration (Estabrook 1962). The
inhibitory effect of oligomycin in tightly coupled mitochondria is not relieved
by arsenate (Estabrook 1961, Huijing and Slater 1961), indicating that the
uncoupling action of arsenate differs from the uncoupling action of DNR
Fhosphate inihibits arsenata—atimdgted respiration in the absence of ADP
(Crane and Lipmann 1953, Ter VWelle and Slater 1964), and 4DF or DNP reverses
this inhibition. Arsenate and Pi appear then to compete for a site in the
respiratory chain phosphorylation mekchanism, with Pi the more successful
competitor, apd Slater (1966) concluded that arsenate uncouples by reacting
with a non-phosphorylated high-energy compoundjreceding Pi in the phosphoryl-
ation sequence, but Pi competes 50 successfully with arsenate that in the
absence of ADP it inhibits the arsenate-stimulated respiration. Slater (1966)
considers that these data indicate the existence of a phosphorylated High-
energy intermediate but an alternative mechanism for the action of arsenate has
been proposed (Lardy et al 1964, Chappell 1966),

Atractyloside is another inhibitor of oxidative phosphorylation which
appeared to have a site of action similar to that of oligomycin in blocking
phosphorylation (Bruni et al 1962, 1965, Vignais et al 1962, Bruni and Azzone

1964). However, agtractyloside appears to act at the surface of the
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mitochondrizl membrane as a competitive inhibitor of adenine nucleatide
penetration (Bruni 1966, Kemp and Slater 196k, Heldt et sl 1965, Chappell
end Crofts 1965b, Brierley and Greem 1965). Atractyloside may inhibit
phosphorylation of endogenous ADP (Brumi 1966). The imhibitory actiom
of atractyloside depends on the maintenance of mitochondrial membrane
structure.

The sites of action of thése and other inhihi£crs and uncouplers
and thelr effecis on electrom transfer and phosphorylation reactions in
smitochondria and sub-mitochondrial partieles have been reviewed by Ernster.
and Lee (1964) and Lieberman and Baker (1965), and discusued by Slater
(1966), Bruni (1966) and Chappell and Crofts (1966).

IYFOTHESES OF OXIDATIVE FHOSPHORYLATION.

1. Chemical.

Oxidative phosphorylation consists of the fleow of reducing equivalents
along the electron transfer chain sné concurrent coupling to phosphorylation
of ADP to form ATF. Many hypotheses have been propesed for the coupling
action and the actual formation of ATP. Most of these hypotheses are
variations of a scheme of chemical ecoupling between the electron transfer
chain and ATF formation depending on existence of “energy rich" chemieal
intermediatescommon to both electron transfer and phosphorylatiom, (Slater
1953, 1958b, Chance and Williems 1956, Myers and Slater 1957, Lehminger et
al 1958, Racker 1961, Green and Fleischer 1962). The chemical coupling
hypethesis has been revicwed recently by Ernster and Lee (1964), Samadi

(1965) , Racker (1965), Slater (1958b), Lehninger (1962), and Lehninger and
¥Valkins (1962), and will be referred to as the “classical" hypothesis of
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oxidative phosphorylation. Thiahmsia based on analegy with substraté-
level phoaspherylation where a commen intermediate is present between electron
transpert and ATP formatjon end two different wechanisms can be identified
{Lehninger 1964).

a. Type 1 Mechanism:- A type 1 mechanism first proposes that one
substance (not P, )} combines with the eleetron carrier durinz coupled axido-
reduction to form a high energy intermediate shown ag A~ C. Tais
intermediate, which is common to the oxido-reduction pathway and the ATP-
forming reaction, then reacts with Pi and ATP to form ATP {Slater 1953,
Lehninger 1955}, as follows:-

AKZ + B + c —_— A ﬁ + BHZ coo.ol
A-C + Pi. + ADP —=4A + € + ATP sevsed
Sum AKZ + B 4'@1 + AP —>=>4 «+ BEz + ATP concald

The finding that arsenate, unlike DNP, does not relieve the
inhibition of respiratien by oligomycin led Estabrook {1961) and Huijing
and Slater (1961), to conelude that 4~ C does not react directly with
P 5 and that a second high-energy intermediate is involved.

A~ C + D —> A + @ T~ D aoooo‘*
€~ B ‘l"k‘i + 4P>C + b3 + ATP csonesd
Sum AT C + P, o+ ADPA + c + ATP cesneb

An alternative mechanism (Chappell 1966, Lardy et al 1964), suggests
that arsenate could form a gtable C ~— As compound which reacts with ADP in

an oligomycin-gensitive reaction.



Reaction 5 is generally considered to proceed via an energy-rich
phosphate compound and can be split into two different squations:-

c’\"n + Pi —= ¢ + Df\’ P .ooooo?
B,\/P + m —>0 + A!? ..0008
sm D +P1+ABP90 + D + ATP ...'.9

The reaction has also been considered as a concerted mechanism
without a P compound being formed as intermediate (Kulkas and Cooper
1962). The finding that phosphate inhibits the arsenste-stimulated
respiration in the absence of ADP and that DNP or ADP reverses the
inhibition suggests the presence of the "_P intermediate shown in equation
7 above (Crane and Lipmann 1953, Ter Welle and Slater 1964).

b. e 2 Mechanism:~ The second mechanism involving high-energy
intermediates postulates the reaction of phosphate with the electron carrier
molecule either before or during oxido-reduction thus:-

A Ka + B + Pi _-_>A’\JP + an PR { o)
A’\’P ¥ ADP —_—> A + ATP couo-ll

K4 ADP —_— A“‘m +A£P 0000012

Al-l-B-i-Pi >

2
Various chemical models involving quinol phosphate have been suggested
(Clark et al 1960, Vilkas and Lederer 1962) on the basis of entry of phosphate
prior to exidation. However, there is little evidence in favour of this
second mechanism and most biochemical evidence suggests that phosphate enters
after oxidation (Racker 1965). Evidence in favour of a non-phosphorylated

high-energy intermediate has come from studies of the enmergy driven reduction
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of NAD by succinate. When succinate oxidation is used to provide necessary
energy the reduction of NAD tokes place in the presence of oligomycin in
mitochondris depleted of phosphate (Ernster 1963, Snoswell 1962). It khas
been shown that neither phosphate nor trans-phosphorylative enzymes are
required for the formatiom of a non-phosphorylated high-energy intermediate
or for the trans-hydrogenation step (Racker and Monroy 1964). Oligomycin
markedly stimulates the rate of NADP reduction presumably by inhibiting the
breakdown of a high-energy intermediate (Racker 1965). Oligomycin has been
shown to still exert its stimulatory effect on an energy-linked trans-
hydrogenase in the virtual absence of phosphate, and phosphate did not
enhance the stimulating effect, indicating that Pi is not needed for the
action of oligomycin (Ter Welle 1966). The action of dinitrophenol in
stimulating oxidatien in the absence of Pi. indicates that the respiratory
carriers interact with each other in the absence of P, (Lehninger 1964).
However, it could be postulated that oxidation in the presence of dinitro-
phenol occurred through replacement of P i by water rather than by formation
of an actual non-phosphorylated high-energy intermediate (Racker 1965).

There appears to be more suppoert for the type 1 mechanism.

c. General:~ It is thermodynamically possible for the energized
form of the electron carrier in equation 1 (A~ C) to be in either the
oxidized or reduced form. The equations 1-12 have indicated the energized
form of the electron carrier to be in the oxidized state although an
alternative mechanism has been proposed by Chance and Williams (1956), where

the enmergized form of the electron carrier is in the reduced form as followsi~
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ma + B + C —= A + anr\/ C '.ii.l}
Bﬂz’\fc + Pi + ADP —>ma + ATP + € u--oal‘l’
Aﬁa + B '*Pi + P —> A +Bﬂa + AP .0-0.15

A mechanism has been recently proposed by Estabrook et al (1963)
based anpburvationa of fluorescent enhancement when NADH was added to
mitochondria. They suggest that a charge-transfer complex is formed
betwﬁen NADH and mitochondrial imidazole groups whereby the hydrogen of the
imidazole nitrogen is labilized and removed by the respiratory chain.
Simultaneously a lone pair electron from the pyridine nitrogen is added to
the imidagole ring which then makes a nucleophilic attack on the phosphate.
This variant of a former view (Grabe 1958) accounts for observations of a
phosphorylated histidine in a mitochondrial protein (Boyer 1963), and
includes proposals on the function of imidasoles in electron transport
(Theorell 19%1, Urry end Eyring 1963).

‘The proposed site of action for oligomyein inm the chemical coupling
mlias already been discussed. The action of DNP is considered to occur
at the siteof the non—phosphoryfct‘d high~energy intermediate, hydrolyzing
the high~energy compound and allowing the continued passage of reducing
equivalents along the electron transfer chain without incorporation of the

~ from A~ C into ATP (Lardy and Elvehjem 1945, Slater 1966).

By, + B + € —>A~C + B

2
thue A ¢ DNP A+ C censelb
Sum Aﬁz + B DRP A + Bﬂa on.ool?
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Experiments have been presented, however, which suggest the hydrolysis
of the C D (equation 4) intermediate {Chance and Williams 1956, Wadkins and
Lehninger 1959), or D~ P {equation 7) compound (phosphorylated high~energy
intermediate) Drysdale and Cohn 1958, Racker 1965). A propossl that DNP
affects structural relationships rather than eatalysing ef the hydrolysis of
an intermediate has also been put forward (Racker 1965),

The DNR-stimulated ATPase activity of mitochondria can be explained by
the elassical hypothesiass,.gartial reversal of the coupling steps from ATP to
the site of action of DNP (Myers and Slater 1957, Hemker and Hulsmann1961,
Racker 1965).

thus ATP + A + & —=A-C + Pi + ADP 0000018
A ~ ¢ ———DNP=>4 + C eesseld
Sum ATP ——— DNP=>P + ADP ceseedl

i
b
Oligomycin would then inhibit DNP-induced ATPase activit:,&nhibiting
the reaction between ATP, A and C.,

i.e. ATP + A + € —oligomycin/~AC + P, + ADP  +eese2l

i

The isolation and purification of many coupling factors from mito-
chondria and submitochondrial pariicles has been described (Pinchot 1953,
1957, Racker 1963, 1964, 1965, Wadkins and Lehninger 1963, Green et al 1963).
This subject has been reviewed by Lieberman and Baker (1965), Ernster and Lee
{1964) and Racker (1965). The various soluble "coupling factors" which have
been isolated do not appesar to affect the primary energy-conserving reaction,
and it has been demonstrated (Lee et al 1964) that non—phosphorylating

respiratory chain preparations can be made to phosphorylate by the addition



19.

of "coupling factors™. Moreover these preparations are still able, in the
absence of coupling factors, to provide emergy which can be used for the
energy linked transhydrogenase reaction and for reversal of the respiratory
chain. It appears that coupling factors "promote only energy transfer rather
than energy eoupling in the true sense” (Ernster and Lee 196k).

Reconstitution of the respiratory chain has also been attempted with
complexes (Hatefi et al 1961, 1962, Green and Wharton 1963), and with
purified enzymes (Keilin and King 1960, King 1962, 1963), However, the
absolute structural and functional reconstruction of the respiratory chain
may not be possible as reconstitution regquires elements of mitochondrial
membranes (Green and Fleischer 1963), which require a matrix of structural
protein, phospholipids and other lipids (Das and Crane 1964), to provide
attachment positions for the purified carriers. Reconstitution ecamnot be
considered as a reassembly of components to form the actusl multi-enzyme
respiratory chain "until oxidative phosphorylation, reversed eleciron transfex
active ion transport amd other functions of therespiratory chain have also
been reconstituted" (Lieberman and Baker 1965).
2e Boyer's Rmthe.sia.

Another hypothesis of oxidative phosphorylatiom (Boyer 1965) proposes
that energy made available by an oxido-reduction reaction is conserved in a

conformational change in the protein of the respiratory carrier. This can be

shown ast
*
‘_ﬁ o8 e *
ABZ + B A + ma NP ¥-4
A* + £ — A T~ X censal)d

Sum Axa + B 4+ X —— A ™~ X + sz .....2‘4



where A~ X is suggested as being a thiol ester (Boyer 1965). A®* cannot be
reduced by the reaction which normally results in reduction of 4 to Aﬂé and
uncouplers result in the transformation of A®* to A. Thus the A" C of
equation 1 of the "elassical" hypothesis is replaced by A*. Boyer (1965)
has also suggested that only one phosphorylation site might exists for the
entire phosphorylation process and oxidation-reduection reactions in different
portions of an organized unit eeuld lead to deformities transmitted to one
locus. Thermodynamic calculations (Veeger 1965) show that this theory is
feasible bqﬁ the search for the A® or A~ C and other intermediates still
remains.
3.  Summary.

The hypotheses described have in common the chemical coupling between
the oxido-reduction pathway and the phosphorylation pathway, involving a
high-energy intermediste of some form or other. The basic chemical theory
can be summarised in Fig. Il and most mechanisms are variations on this theme,
depending on the number of high-energy intermediates postulated, the existence
of the high~energy phosphorylated intermediate, and the presence of A~ C
(Slater 1966), A* (Boyer 1965), or A"~ I (Chance and Williams 1956}, where
1 represents inhibition of respiration in the absence of ADP and Pi' The
cyclic oxidation of the carrier AH is not represented in Fig. Il because
A" C may represent the reduced (Chance and Williams 1956), or the oxidized
(Racker et al 1965, Slater 1966) form of the component A of the electron
transfer chain. The energy-rich bond may be considered as a potential site
for occupation by water or for hydrolysis (Mitchell 1966), and so high-
energy bonds flowing in onzvdireetian from the chain to ATP sre equivalent

to water flowing in the opposite direction.



Slater has stated recently (1966) that "attempts to isolate compounds
with the properties expected of a high~energy lntermediate have met with
conspicuous nnn—success"land the current position of claims of isolated
high-energy intermediates were discussed (Slater 1966). However, the failure
to isolate - compounds may only mean that they are very labile or stable
only in a 1lipid phase, and not that they do not exist.

b, Chemiosmotic othesis

Another hypothesis has been proposed for oxidative phosphorylation
by Mitchell (1961) based on the suggestion by Lundegardh (1945), from the
work of Lund (1928) and Stishler and Flexner (1938), that if oxido-reduction
through the cytochrome system were anisotropically organised across a
menbrane, E" would be produced on one side and consumed on the other.

This idea of the conversion of energy of electron transpert to camotic
potential of the H' eoncentration difference across a proton-imperaeable
membrane was used by Robertson and Wilkins (1943) to explain salt accumu-
lation by plant tissues, and by Robertson (1960) and Davies and Ogston
(1950) to explain acid secretion by the gestrie mucosa.

The idea of separation of K*.and OH™ acroses a membrane has been
developed by Mitchell (1966) as a mechanism of oxidative phesphorylation
whereby the separation of charges by the oxido-reduction system is coupled
to a reversible anisotropic ATPase system. Thus if the active centre of
a membrans-~located ATPase were specifiecally accessible to E' from cne side
only, to OB from the other side and to water as H,O from neither side, ATP
hydrolysis could be reversibly coupled to the tramslocation of ON  groups

or ions across the system (i.e. equivalent to protons tramslocated in the
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oppesite direction). Thus the reversed ATPase system could couple ATP
synthesis to t.;tow back across the membrane of protons which were produced
by the oxido-reduction system.

This hypothesis has been termed the chempsmotic hypothesis (Mitohell
1961a) and is ahm simply in Fig. I2. ATP hydrolysis =nd subatrate
oxidation would each generate a difference in proton concentration in the
same direction aeross a proton-impermeable membrane such that electron
transport through the oxido-reduction system would reverse ATP hydrolysis
to give ATP synthesis if the differemee in proton concentraticn were large
enough and ATP hydrolysis would exert a back force on electron transport.

The high pH differential required for the operation of this system was
decreased by the postulation (Mitchell 1961a) of a coupling membrane which
has a low iea pemahilit;(iﬁn;emal and not only to protons, such that the
electron transport and ATPase systems would be coupled not juat by a pH
differentizl but by the sum of the osmotic pressure difference and the
electrigal pressure difference (i.e. the electrochemical potential difference,
(P.M.F.), (Mitchell 1966). |

The low permesbility oisgh:itochondrial ¢ristas membrane to non-electro-
lytes containing 50 H groups or more has been estcblished (Lehninger 1962)
and early suggestions that the membrane has a low permeability to monovalent
cations {MacFarlane and Spencer 1963, Bartley 1961), to monovalent anions
{Robertson et al 1955) and to anions of higher valency (Bartley and Enser
1964) have been extended by Chappell and Crofts (1966). However, calculations
of permeability coefficients have rarely been made (Robertson et al 1955)
and relative impermesbilitiec have only been estimated qualitatively
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(Chappell and Crofts 1966). Cristae membrsnes in rat liver mitoechondria have
been shown to have a low permeability to protons (Mitechell 1961b, 1963,
Mitchell and Moyle 1965).

In intaet mitochondria from rat liver it has been shown that protons
are translocated outwards during substrate oxidation and during ATP hydro-~
lysis (Mitchell 1962a, Mitchell and Moyle 1965a) and this appears to be
the direction of proton translocation in certain bacteria (Mitechell 1962b).
However, it has been observed that protons appear to pass in through the
grane membranes of fragmented spinach chloroplasts during electron transport
(Jagendorf and Hind 1963, Neumann and Jagendorf 1964a, Jagendorf and Neumann
1965), and there is evidence that ATP synthesia is coupled to the outward
flow of protons through the grana membranes (Jagendorf amd Uribe 1966).

Thus the anisotropic iTPase of the chemosmoiic tlesry and the respiratory
chain systemswould appear to be v'orion’tattd such that protons ere translocated
inwards through the chloreplast 'ym,\bor%n%?anlm, and ouiwards through the
plasma membrane of certain ﬁaetar:la and through the eristae membranes of
intact mitochondria (Mitchell 1966).

a. _ATPase System:- The reversible ATPase portion of the oxido-
reduction/hydro-dehydration couple has been formulated in two ways. An
ATPase system of type I (Fig. I3) would require an electrochemical po:bénfial
difference of 420 mV or -7 pH units to poise the ATP/ADP couple centrslly
and an ATPase system of type II (Fig. Ih4) would require a force of 210mV or
3.5 pH units (Mitchell 19_66_)._ The hydro-dehydration system (ATPase) can be
written as a pair of mono-electronic half reactions commected by the flow of

OB~ (Fig. I3), or as a pair of di-electrogenic half reactions connected by
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the flow of 0°~ groups (Fig. I4), just aes the oxido-reduction reaction
SHa + % 02 _— S + 320 o.op025
can be writlen veetorically in two different.,ways, by the flow of hydride

ions between two half reactions,

SHZ v E—- g ] 02 + B ceveslb
5+ HY 320

or by the flow of paire of electirons.

= . + .
SHZ '> 2 e Q}é @a + 2H ssecely
S + 2B+ HZO

The ATPase of type II has been considered in more detail by Mitchell
(1966) who postulates the existence of three functional regions involving the
formation of an anhydride (X - I) 1=~ X ~ I hydrolase (a), X - I translocase
(b) and X - I synthetase (c) (Fig. I5). The movement of X - I from left to
right and the transformation to the "high energy" form X~_1I is comsidered
to be due to the lowering of the ground state energy for X - I hydrolysis in
going from phase L to R (Mitchell 1966).

The ATPase system of mitochondria and chloroplasts is considered to
being 'coupied to the oxido-reduction system or respiratory chain by means of
the proton current or electrochemical potential difference, and no chemical
link exists between the two systems. Thus if an electrochemical potential
difference of 200 to 250 wV, or -3 to -4 pH units were artificially imposed
across the coupling membrane for a short time there should theoretically be

some synthesis of ATP, and the maximum amount of ATF synthesis would be equal

to half the number of protons titrating across the membrane during the
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electrochemical or pH differential decay. Hind and Jagendorf (1965)
observed that when the pH values of the energy-accepting (light) stage and
the ATP and P -requiring (dark) stage in spinsch chloroplasts were 4.6 and
8.0 respectively, controls which had not been illuminated im the first
stage synthesized a considersgble amount of AYP in the second siage. Thus
ATP was apparently synthesized by the application of s pH differential
established for a short time scross the membrans {Jogendor! 1966}, ATP
synthesis induced by a pH gradiant across the coupling mewbrane of mito=
chondria has been measured recently $y Reid et al (1966),

The site of action of oligomyein is considered to be located in the
X— I translocase or X—1I hydrolase functional regions of the ATPase II
system (Mitchell 1966). The reconstituted system of oxidative phosphorylation
involving a combination of coupling factors (Racker 1964, 1965), and its
resctions with oligomycin have been interpreted by Mitchell (1966) éﬁ”ﬁﬂiﬂif
with the chemiosmotic hypothesis.

b. Oxido-reduction System:~ The oxido-reduction system or electron
transfer chain can be considered {Mitchell 1966) as a series of oxido-
reduction loops with a transition between the different currenciezs of oxido-
reduction at the junction of the two arms of the loop as shown in Fig. 16.

Two main types of systems are distinguished in Fig., I6:~ the first type trans-
locating one proton in the 2 electron equivalent oxido-reduction process,

and the seeond type transloecating 2 protons {Mitchell 1966). A complete
scheme for the oxido-reduction pathway of Type II is shown in Fig. I6A.
(Mitchell 1966), where respiratory chains are shown for oxidation of NAD-

linked and succinate-linked substrates in mitochondria, with the chains
branching at Co Q. The components of the chain are shown in the order usually
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presented for the "classical™ hypothesis of oxidative phosphorylation.
Although the position of Co Q@ is usually considered tc be on the substrate
side of cytochrome b (Massey and Veeger 1963, Ernster and Lee 1964, Sanadi
1965), the original suggestion of Hatefi (1959) and Moret et al (1961) placed
Co Q at the position shown in Fig. 16A. in respeet to cytochrome b. The
observed stoichiometry between oxygen reduced and ATP produced (i.e. P/O
ratios) can be accounted for by a scheme of this type and it has been shown
(Mitchell and Moyle 1965a) that the oxidation of succinate and s~hydroxy-
butyrate by intact rat liver mitochondris is accompanied by the trznsloecation
of approximately & protons and 6 protons respectively, outward through the
coupling membrane, and nearly 2 protons are translocated outwards per ATP
hydrolyzed. These data suggest the operation of an ATPase system of Type 1I.
The folding of the oxido-reduction chain as shown in Rig.I6A. is
suggested (Mitchell (1966) as representing structural configurstion of the chain
component molecules., A tendency to short circuit would be expected im a .
system of this type with the functional aetiﬁt: very sensitive to physical
displacement of the spatially related carriers and the structural components
of the lipoprotein membrame. "Non phosphorylating” mitochondrial preparations
are considered to differ from intact "phosphorylating" mitochondria in that
the respiratory cham in the former has been damaged so that both eytochrome
b and Co Q have become partially dislocated (Chance 1958, Redfearn and
Pumphrey 1960), and short circuiting across this region would consequently
impair the coupling between oxido-reduction and phosphorylation (Mitchell 1966).
The classical hypothesis of oxidative phosphorylation considers the'phos-
phorylating” electron transfer chain tgutiea different pathway from the
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Ynon~phosphorylating® chain.

Co Action of Inhibitors and Uncouplers:- The action of the
respiratory chain inhibitors, antimycin A, HOQNO, amytal and others are ex~
plained as in the "classical® hypothesis by reaction with the oxido-reduction
components, blocking the flow of reducing equivalents. The electron and
hydrogen transfer function in the Loop 1 (Fig.164). or NAD-PMN coupling
region is extremely labile toward rnagenta.'hich dislocate the structural
integration of the system such as amytal, rotenone and sub-lytic con-
centrations of Triton X~100 (Chappell 1964, Rékearn and King 196k, Burgos
and Redfearn 1965, Chance and Hollunger 1963a).

The supposed specificity of guanidine and its derivatives for the
A~ C intermediates of the “classieal" hypothesis (Chance and Hollunger 1963b,
Chappell 1963, Pressman 1963a,b) has been used as an argument ag@inat the
chemiosmotic hypothesis on the basis that "3 different ATPases would be
required to sccount for the site specificity of the guanidines” (Slater 1966).
However, Mitchell (1966) has discussed the action of guanidines in relation
to the observation (Pressman and Park 1963) that guanidine competes with Mg''

for ertry into mitochondria and enmhances uptake of P The inhibitory action

3°
of the guanidine group could thus be explained on the basis of cation uptake
along an electro-chemical gradient and accumulation of these lipid-soluble
compounds in the mitochondria, leading to inhibition of the oxideo-reduction
chain at the susceptible sites I and II (Fig.I6A) or in one case at site III.
The tion of uncouplers in reversing guanidine group inmhibition is accounted
for by postulating breakdown of the membrane potential by uncouplers followed
by removal of the accumulated inhibitors (Pressman 1963b, Schafer 196k,

Guillory and Slater 1965, Mitchell 1966).
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The chemiosmotic hypothesis bases the uncoupling action of DNP on
the observation that DNP and other uncouplers hasten acid-~base equilibrium
across the membranes of certain bacteria and rat liver mitochondria (Mitchell
1961b, 1963, Mitchell and Moyle 1965a, Chappell and Crofts 1966), and chloro-
plasts (Jagendorf and Neumann 1965). The uncouplers DNP and CCP are considered
to be specific proton conductors. The production of a pH differential across
the membrane of rat liver mitochondria by the addition of HCl or alkali in
an mnaercbic KC1 medium was followed by only & limited rapid phase of pH
equilibration on addition of DNP or CCP (Mitchell 1966). The creation of a
pH differential by respiratory or ATPase activity was, however, followed, on
addition of uncouplersy by a rapid and complete collapse of the pn differential
(Mitchell 1966). This would be expected if the uncouplers were specifie
proton conductors and the membrane was relatively impermeable to K* and C17.
The membrane potential developed on transfer of H* alone would prevent compled®
equilibration. If, howsver, the membrane was made specifically permeable to
K* by valinomycin then migration of X* (from inside) would collapse the
membrane potential and the equilibration of the acid-produced pH differential
could go to completion in the presence of the uncoupler.

The antibiotic polypeptides, valinomycin and gramicidin have been
found to release respiratory control and simultaneously cause uptake of K and
output of H' (Pressmah 1963a, Moore and Pressman 196%, Pressman 1965).
Chappell and Crofts (1965a, 1966) showed that grameidin and valinomycin confer
upon naturel lipid membranes a specific permeability to certain cations, and
that these antibiotiecs had similar effects on artificial and natural lipid

membranes suggesting that the specific ion-conducting property existed in the
polypeptide molecules themselves. Thus valinomycin and gramicidin should be
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membrane potential-collapsing agents and the effects of these compounds on
stoichiometric proton translocating measurements (Mitchell and Moyle 1966)
suggests that the greater part of the PMF produced during operation of the
exidoreduction chain consists of membrane potential., The action of un~
couplers dn pH equilibration across a membrans, where = pH differential has
been developed by addition of acid or alkali or by the operation of the oxido-
reduction chain, and the action of valinomyein on this pH equilibration
confirms this suggestion (Mitchell 1966).

d.  Respiratory Comtroli=  The start of oxido~reduction through
the respiratory chain is accompanied in mitochondris and bacteris by net out-
put of protons (Mitchell and Koyle 1965a, Mitchell 1963), and in chloroplasts
and chromatophores by a net intake of protons (Neumann and Jagendorf 196ka,
Baltscheffsky and von Stedingk 1966). However, a steady state is soon
reached in which there is little or no net acid production or consumption
based on the rate of return of protons across the membrane. During axidatiorg
of succinate by rat liver mitochondria in the absence of phosphate_ acceptor
the return flow of protons produced by the oxido-reduction syastem would be
restricted due to the absence of phosphate acceptor, the PMF would be high and
respiration would be slowed to the controlled rate of oxidation (state 4).

The addition of phosphate acceptor would allow phosphorylation with coupled
flow of protons through the reversed ATPase system and the decrease in DMF
would allow a new steady state value =(state 3 rate of oxidation. During
state 4/state 3 transitions large changes of external pH would not be expected
(Mitchell 1966), although a significant change in PMF (the greater part
existing as membrane potential) would be expected.
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Low concentrations of divalent cations produce an uncoupling effect
on mitochondrial oxidation while the divalent cation is taken up by the
mitochondria (Chance 1965k, Chappell and Crofts 1966). According to the
eheqiosmotic hypothesis this effect would be due to collapse of the membrane
potential as the cations moved into the mitochondria along the electro-
chemical gradient. Oxidation rate would inecrease due to this collapse, as
the membrane potential is a major part of the PHF which controls the oxido-
reduction state of the respiratory earriers. Oxidation rate would decrease
on uptake of all the divalent cations. Further addition of divalent eation
in the absence of phosphate would repeat this effect until respiratory
stimulation accompanying membrane potehtial ¢ollapse produced sufficient
protons and OH  (or pH differential) to produce a PMF large enough to oppose
nbvegant of reducing equivalents along the oxido-reduction chain. The system
would then return to the controlled state of oxidation. Thus in the absence
of a penetrating anion (e.g. phosphate, acetate) (Chappell and Crofts 1966)
the cation-induced inhibited oxidation rate (state 6, Chance 1964, 1965)
would be a result of increased alkalinity within the mitochondria in the
absence of an exchangeable anion for OH . Breakdown of the mitochondrial
membrane with Triton I-100 after uptake of divalent cation alone, did cause
pH neutralization (Chappell et al 1962, 1963, Brierley et al 1964). Addition
of penetrating anion (phosphate) would allow exchange for OB  and continued
cation uptake and stimulated respiration.

e. _ Exchange Diffusion:=-  Mitchell (1966) postulates the existence
of exchange diffusion systems as an integral part of the choipsmotie

hypothesis whereby diffusion of ions (other than protons or OH™ )ioms down the
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electro-chemical gradient across the coupling membrane, and their
accumulation in osmotically disruptive concentrations in the internal phase,
are counter-balanced by an exchange diffusion for protons or OH  (Mitchell
1961a). The entry of substrates against the electrical gradient would be
facilitated by exchange diffusion for H' or OB~ (Mitchell 1962a). 4 gpecific
translocation system aprears to be operating in rat liver mitochondria for
the entry of inorganic phosphate (Chappell and Crofts 1965a), citrate, malate
(Chappell 1964) and other Krebs cycle acids (Gamble 1965).

The chemiosmotic hypothesis attempts to explain the coupling between
oxido~reduction and phosphorylation without assuming the existence of chemical
intermediates common to both pathways. The translocation of protoms in the
membrane-~located oxido-reduction system is by means of oxido-redution loops
each consisting of one hydrogen and one electron carrier in series. The
translocation of protons also occurs across a membrane-located reversible
ATPase, probably of type II (Fig.Ij) in mitochondria, which translocates
tro protons per ATP hydrolysed. The operation of both systems in an ion-
impermeable membrane would create both pH differential and membrane potential,
together forming a proton motive force (PMF). The presence of exchange
diffusion systems would regulate the internsl pH and osmotically active ions
and would enhance the membrane potential component at the expense of the pH
differential. This cheé@slotic hypothesis as modified by Mitchell (1966)
still involves a "high energy” or an anhydro intermediate in the reversible
ATPase system. This intermediate is not common to both oxido-reduction and
phosphorylation systems as proposed in the "classicsl" hypothesis. The

problems of isolating this intermediate are the same as for the "classical”
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high-energy intermediates. This iTPase intermediate may not exist in a
"gtable" form (Mitchell 1966).

"ENERGY-LINKED REACTIONS CF MITOCHONDRIA

1. Reversed Electron Transfer.

Mitochondria and submitochondrisl particles from a variety of tissues
hzave been shown to catalyze an energy-dependent reversal of electron transport
through the respiratory chain. The energy for the reaction can be supplied
either by added 4ATP or by energy generated in some cther portion of the
respiratory chain, Vhen the energy is supplied by ATP the reaction:(by the
classical hypothesid) involves an actuel reversal of oxidative phosphorylation
and it appears that eleotron transport through all carriers of the respiratory
chais from NAD® to cytochrome oxidmse can be reversed in this oligomycin-
sensitive manner (Ernster and Lee 1964). When energy is supplied by operation
of some portion of the respiratory chain to supply endegenous high-energy
intermediates by the classical hypothesis, the reversal of electron transport
proceeds at the expense of these high-energy intermediates without involve-
ment of thke actual phosphorylating system in an cligemyein-insemsitive
manner., The relatien of these two types of energy dependent reversal of
eleectron transport to oxidative phosphorylation by the classieal hypothesis
ais shown in Fig. I7. This subject has recently been reviewed by Eruster
and Lee (1964) and Lieberman and Baker (1965).

The chemioamotic hypothesis can alse explain reversed electron transfer.
ATPase activity through the membrane-located ATPase system would produce
protons on the outside of the membrane {similarly oxido-reducstion reactions

through part of the respiratory chain would produce protons), increase the
PM}, and the oxido-reduction reaction through one or more of the oxido-
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reduction loops would be reversed if the PMF exceeded the mig-point potential
span across that loop system. The normal direction of oxido-reduction has
been reversed {through the part of the respiratory chain between succinate
dehydrogenase =nd a point on the oxygen side of the antimycin A-sensitive
site ~ probably at cytochrome e¢), in intact beef heart mitochondria by
reducing iﬁternal fumarate with an externally added artifiecial electron
donor (Mitchell and Moyle 1965b). The reaction was sensitive to antimyecin

A and caused translocation of protens inwards instead of outwards across

the mitochondrial membrane system (Mitchell 1966).

2. Swelling.

When isolated mitochondria are exposed to hypotonie¢ solutions the
swelling produced has been shown to be related to membrane permeability
(Pedeschi 1959). The total volume increases as well as the volume of the
intereristal apace and this-s'elling is related to the appearance of certain
enzyme activities not present in the intaet mitochendrion such as NADH
oxidation abilities (Green 1959¢c, Bendall and de Duve 1960). Conductivity
studies indicate that swollen mitochondria temd to equilibrate with the
external medium whereas shrunken mitochondria tend to maintain a constant
ionic composition regardless of changes in sxtermal iomic strength (Pauly
et al 1960, Pauly and Packer 1960).

Swelling and contraction of mitﬁchondria is also related to the
process of oxidative phosphorylation. It was found (Harmon and Fiegelson
1952) that loss of mitochondrial integrity paralleled swelling, and
subsequently it was found that ATP was lost during swelling, and that

addition of ATP and magnesium ions would reverse degradative swelling of



mitochondria (Price et al 1956). The varicus factors that induce swelling
in rat liver mitochondria have been outlined by Lehninger (1959) and swelling
induced by most of the agents was reversed by ATP, magnesium ions, serum
albumia and EDTA in various combinations. Hunter et al (1959) have
suggested that an oxidation - reduction process at ome or more points in
the electron transfer chain is associated with the swelling process whether
or not phosphate is present. Chappell and Greville (1960) have concluded
that swelling induced by substrate oxlidation in the presance of phosphate
does not involve coupled phosphorylation. This conclusion is based on the
inhibitory effects of oligomyein, amytal and antimycin A on swelling induced
by partial reactions of the electron transport chain.

Agents that cause swelling in mitochondrla do not always increase
ATPase ametivity (Maley and Johnson 1957). However, a group of compounds
{calcium, thyroxin, fatty acids and cysteine) cause swelling and an increcase
in ATPase activity. DNP stimulates ATPase but inhibits swelling (Chappell
& Greville 1960). Calcium has been shown to stimilate ATPase activity as
well as swelling in pea mitochondria (Forti 1957). In corn mitechondria
calcium had no effect on ATPase activity {except at high comcentrations inm
the presence of magnesium whes it inhibited), and caleium stimulested ATP+
magnesium-induced contractions of isoleted corn mitochondria (Hanson et al
1965). The swelling associated with energy-dependent cation uptake has been
studied in detail im rat liver mitochondria by Chappell amd Crofts (1965a,
b and o), Crofts and Chappell (1965), end Chance (1965), and in corn
mitochondria by Hanson (1965). Swelling and contraction of isclated
mitochondria has been reviewed by Chappell and Greville {1963a), Lehninger
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(1962) and Crane (1961).

Slater (1960) distinguishes three types of mitochondrial swelling:-

(1) that caused by the camolarity of the suspending medium being lowser
than that of the mitochondrial contents when water enters the mito-
chondrion (Kolliker 1888, Cleland 1952,and Tedeschi 1955),

(2) that caused by energy-dependent uptake of sations follewed by upitake
of anions, resulting in a higher osmelarity of the mitochondrial
contents than the suspending medium and thus water entsrs the
mitochondria (Chappell and Crofts 1965e¢, 1966, Chanece 1965, Crofts
and Chappell 1965, Hanson et al 1965) and

(3) that cazused by damage to the mitochondrial mexbrane causing imeressezd
permesbility to the solutes of the suspending medium. High permeability
of the membrane tc a eertain coxbination of ecatior and anicn will zlse
cause swelling.

Asmonium phosphate or acetate caused swelling in rat liver mitochondria
whereas kacl. KCl, potessium phosphate or rotassium acetate did not produce
swelling (Chappell and Crofts 1966). Corn mitochondria, showed substantial
spontaneous swelling in KC1 alone but &id not in sucrose (Stoner and Hanson
1966), indicating that corm mitochondria may be more permeable to these ions
than rat liver mitochondria (Chuppell and Crofts 1966). Contraction in corn
mitochondria was obtained after spomtaneous swelling by the addifion of
substrate alone in comtrast to results obtained with animal mitochondria
{Chappell and Greville 1963, Lehninger 1962). Phosphate reduced contraction

produced on addition of ATP and Hg++, or succinate to corn mitochondria



(Stoner and Hanson 1966). Substrate-induced contraction was inhibited by
respiratory inhibitors and ATP contraction was inhibited by oligomycin,
while both were inhibited by CCP (Stomer and Hanson 1966). The different
volume changes of plant and animal mitochondria in response to the zame
treatments may reflect different permeabilities in the mitochondrisl
mesbranes (either present originally or produced by isolation techniques),
rather than differences in awelling and contraction mechanisms.

3. Ion Uptake.

Another energy-linked activity of mitochondria which has recently
been studied in detail is ion uptake and accumulation by isolated mito-
chondria. The uptake of ions by plant cells has been under investigation
for many years in the study of plant-soil relationships and has been the
subject of many monographe (Brigge et al 1961, Steward and Sutcliffe 1961,
Jennings 1963) and reviews (Lundegardh 1951, Epstein 1956, Briggs and
Robertson 1957, Leties 1959, Robertson 1960, Brouwer 1965).

Robertson (1951) suggested that mitochondria could act as temporary
sites of ion accumulation in cells and serve as carriers in the intra-
cellular translocations of ions through the oytoplasm from the external
medium or cell wall to the vacuole. Mertz and Levitt (1961) have subse-
quently repeated this postulation. Isoclated plant mitochondria have been
shown to accumnlate ions against a concentration gradient (Robertson et al
1955?,2%&01{30& et al 1962) have implicated mitochondria as the particulate
sites of phosphate absorption in barley roots. Robertson (1960) discussed
the separation of HE and electrons or O during electron transfer in the

respiratory chaln situated in the matrix of the mitochondrial membrane, which
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acts as a non-conducting lipoidal insulating layer. He suggested that this
separation of charges could cause the movement of an ion down an electro-
chemical gradient into the mitochondria, the respiratory carriers serving
as lon carriers in a non-aquecus medius. The active uptake of ions into
mitochondria has been reviewed by Lehninger (1962).

. Divalent Cation and Phosphate Uptake: Recent studies have indicated

that isolated mitochondris can accumulate high concentrations of divalent
cations and phosphate by an energy-dependent process (Vasington and Murphy
1961, 1962, Vasington 1963, De Luca and co-workers 1961, 1962, Sallis et al
1963, Brierley and co-workers 1962, 1963, 1963b, 196k, 1964b, Brieriey 1963,
Chappell et al 1962, 1963, 1965¢, Lehninger et al 1963, Rossi and Lehninger
1963a, 1963b, 196k, Carafoli 1965a, 1965b and co-workers 196k, 1965a, 1965b,
Hodges and Hanson et sl 1965). Hitochondria from a variety of enimsl and
plant tissues are capable of taking up large amounts of Ca (Vasington and
Murphy 1961, 1962, De Lucz et al 1961, 1962, Brierley et al 1963, 196lb,
Rossi and Lehninger 1963a, 1963b, Hodges and Hanson 1965), Mg (Brierley et
al 1962, 1963b), Mn (Chappell et al 1962, 1963) and Sr (Carafoli 1965a, 1965k,
et al 1965b), in the presence of phosphate and added substrate. Inm the
.abuncc of phosphate (Pi),Ca (Hossi and Lehninger 1964, Ghance 1965), Mg
(Brierley et al 1964a) and Mn (Chappell 1963) was taken up to a limited
extent by a substrate-dependent process. This Pi-hdcpendcnt cation uptake
has been interpreted ax indicating that the cation is takenm up by an active

process and is followed passively by P, guring divalent cation and phosphate
cation and phosphate uptake (Chappell et al 1963, Chance 1965).
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(1) Requirements for Uptake:~ The massive accumulation of divalent
metal ions and phosphate, and the lesser uptake of cations in the sbsence of
phosphate, has been shown to be dependent on the presence of substrate snd
aerobic conditions (Brierley et al 1962, 1964b, Vasington and Murphy 1962,
Rossi and Lehninger 1963b, Chappell et al 1963). Incubation at O‘G. or in the
presence of uncoupling agents such as DNP and CCP, or of respiratory inhibitors
such as cyanide, amytal, HOGNO or antimyein A completely inhibits the substratex
~dependent ion uptake (Brierley et al 1962, Vasington and Murphy 1962, 1963a,
Chappell et al 1963). Oligomycin however, does not inhibit substrate~dependert
ion uptake suggesting that ATP as such is not involved in the process (Brierley
et al 1962, Chappell et al 1963)., Massive cation and phosphate accumulation by
mitochondria is supported by a large number of respiratory substrates {Brierley
et al 1962, Vasington 1963), Operation of only a portion of the respiration
chain supports ion uptake e.g. ascorbate « TMPD - ¢ytochrome ¢ - 0, (Brierlex
and Murer 1964) and succinate - ferricyanide (Chappell 1965¢). 4

The requirement for substrate and for passage of reducing equivalents
along whole or part of the respiratory chain and the action of inhibitors and
uncouplers has been attributed to the requirement for a high-gnergy non-
phosphorylated (Chance 1965, Brierley et al 1962), or phosphorylated (Hodges
and Hanson 1965) intermediate to energise iom uptake. Fig I8. summarises
the proposed mechanismg for ion uptake based on the classical hypothesis of
oxidative phosphorylation (Brierley et al 1962, 1964b, Hodges and Hanson 1965).
Substrate-dependent ion uptake based on the chemiosmotie hypothesis of oxidative
phosphoryiation has already been discussed and, in summary, involves the

movement of cations into the mitochondria down an electro~chemical gradient
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sst up by the operation of the oxido~reduction pathway whieh produces H'
on the outside of the mitochondria.

Respiratory-chain inhibitors would imhibit ion uptake by preventing
eithor formation of high-energy intermediates by the classical view, or the
PMF (pE differential and membrane potential)responsible for the movement of
ions by the chemiosmotic view. The uncouplers DNP and CCP would imhibit iom
uptake in the classical view (Brieriey ot al 1962, 1964b, Chance 1965) by
breakdown of the high~smergy nom-phosphorylated imtermediate {equation 16)
responsible for energising iom uptake. The high~energy phosphorylated inter-
mediate (equation 7) has also been implicated (Hodges and Hanson 1965, Hanson
et al 1965) vith DNP imhibiting by mass aetion. DNP amd CCP would, by the
chemicsmotic hypothesis, allow the passage of the protons produced by the
oxido-reduction system back through the mesbrame, collapsing the menbrane
poteatial and thus preventing ion uptake,

(2) Effect of Oxidative Phosphorylationi= The presence of ADP, or
of ADP plus glucoss and hexokinase, i.¢. conditioms allowing oxidative phos-
phorylation to occur with formation of ATP or glucose-6-phesphate, completely
inhibited substrate-dependent Mg and Pi uptake by beef heart mitochondria
(Brierley 1962).

The concentrations of Ca used in Ca and Pi sccumulation experiments
were reported to completely uncouple oxidative phosphorylation in animal and
plant mitochondria (Vasington and Murphy 1962, Hamson 1965). Although the
presence of ADP and a hexokinase trap was reported to completely inhibit Ca
and Pi uptake in rat liver mitochondria (Carafoll et al 1964) this was probably
due to a complete elimination of ATP required for substrate-dependent Ca and
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Pi uptake, rather than to any inhibitory effeet of an operating oxidative
phosphorylation process,

‘Brierley ot al (1962) imterpreted the inhibitory effect of exidative
phosphorylation on ion uptake as a competition between iom uptake and
oxidative phosphorylation for the high-energy intermediates formed on oporatim
of the respiratory chain (Fig.I8). The competitiom favouwred oxidative phos-
phorylation to eeeur (Brierley et al 1962, 1963b). The chemiosmotic view,
vith a reversible ATPase syztem synthesizing AP and returning protons, formed
by operation of the oxido-reduction pathwayy to the other side of the coupling
membrane,also explains this competitive effect between ion uptake and 419
formatlion. The return of the protoms via the reversible ATPase system
synthesizing ATP must offer less resistance to PMF eollapse than the movement
of cations through the membrane down am electro-chemical gradiemt. Brierley
ot al (1963b) found that oligomyein, by ishibiting exidative phosphorylationm,
promoted iom uptake umder these dual conditioms. This aetion of oligemyein
can be simply explained by either hypothesis (Fig.I8).

(3) ATP requirementi~ The massive accumulation of Ca and Pi
(Vasington and Murphy 1962, Rossi and Lehninger 1963a,b), but not of Mg
(Brierley et al 1962), Mm (Chappell et al 1963) or Sr {Carafoli et al 1965),
was found to require the presence of ATP in addition to substrate, This:
oligomycin-insensitive effect of ATP has been attributed either to the chelating
properties of ATP in binding excess Ca and thus reducing mitochondrialwmembram
damage; Ca leakage and Ca-induced swelling (Chappell et 2l 1963), or to a
specific role of ATP in stabilizing the calcium phosphate salt presumed to
precipitate within the mitochondria (Carafoli et al 1965),
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The Ca and Pi-dependent adenine nucleotide uptake by rat liver
mitochondria has been studied by Carafoli and Lehninger (1964) and Carafoli
(1965a), and from investigatione with atractyl~okide they have suggested
that uptake of ATP or ADP is a prewrequisite for Cz and Pi accumulation.

This could be dus to stsbilizatior of the precipitated salt or to phos-
phorylation of an active site (by an oligomyein-ingensitive reactiom) which
provides a nucleus i‘or. salt precipitation. They concluded frow the action

of nt;aetyloam on ion aecusulation and om ADP/ATP accummlation ratios that
at high concentrations of Ca {when mitochondrial membranes wers damaged) both
ATP and ADP were bound. At low concentrations of Ca (when the membranes were
presusably intact and atractyloside-sensitive) the predominant or only nueloé—
tide bound was ADP.

The substratt-deptm_knt uptake of Ca and Pi by beef heart mitochondria
did occur in the absence of ATP {Brierley et al 196%h} but the accumulated
ions leaked out again after = very short time (20 seconds) whereas in the
presence of ATP czecumulation continwsd for 20 aimutes or more without loss of
the aceumulated ions. Substrate-dependent uptake of Ca and Pi ccourred in
corn mitochondria {Hodges and Hamson 1965) in the sbhsence of ATP but uptake
was increased by additiom of ATP, nowm_r, ATP inhibited substrate~dependent
Ca and Fi upt#kc in soybean mitochondria and massive uptske oceurred in the
absence of ATP. (Hanson 1965).

ATP iphibited substrate-~dependent Mg uptake in beef heart mitochondria
{Brierley et al 1963h), and this was related to ATPase activity providing
ATP for the competitive oxidative phosphorylation reaction. Oligomyein did

reduce the inhibitory effect of ATP on the uptake of Mg and Pi but complets
recovery was not observed (Brierley et al 1963b).
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(4,) ATP-Supported Uptakes- ATP was able to replsce substrate
oxidation{slthough usvally to a limited extent) im supporting meseive ion
sccusulation. This was been demonstrated for Ca by Rossi and Greenawalt
(1963, when 15 r¥l ATP wss required), Brierley et al, (1963a, 1964b), Hauson
and Hodges (1965), Hansom (1965), fer kg (Brierley et al 19672) and for Sr
(Carafoli ot al 1965b). iTP-supported ion uptaks was cligomycin-semsitive,
cyanide and uti-yeié-memitiu and was not greatly suppressed by ozission
of Pi, due presumably to ATPase activity providing Pi for saseive cation
phosphate precipitation. Under the éonditiou for massive Ca and Mg uptake,
substrate-supported eation uptake was not detected in the absence of Fi inm
many investigations (Vasington and Murphy 1962, Beierley et al 1962, but c.f.
Rosei end Lehninger 1964, and Brierley et al 196ha).

A!P—lnpporﬁd ick uptake has been explained by the c¢lassical hypothesis
of oxidative phosphorylatiom (Brierley st al 196hka, 1964b, Hodges and Eanson
1965) by a partial reversal of oxidative phospborylation producing the hf&i—r-%
intermediate required for ion uptake (Fig.I8). The chemiosmotic hypothesis
also provides a mechanisa for ATP-supporied ion uptake by the membrane-
located ATPase system producing protons on the outside of the coupling wewbrane,
1.6, 2 PMF is set up in the same manner and directiom as that produced under
the action of the oxido-reduction system. Iom uptake would thms be supported
by either ATP cr substrate oxidatiom, but the former process would be
sensitive to oligomycin and the latter insensitive. The inefficient ATP
support of ion uptake compared with substrate support (Brierley et al 196kb,
Hodges and Hamson 1965) could result from the phosphorylation system being

mors labile than the oxido-reduction system, or, in the absence of an
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operating respiratory chain, from breaskdown of membrane structure and
increased "leakiness®™ or pmtoh permeability.

{5) Pi-imdependent Catiom Uptake:~ Chappell et al (1963) reported
that a dmall quantity of Mm could be acoumulated by rat liver witochondris

in the absence of pbosphate in a respiration-dependent, DNP-sensitive and
oligomycin-insensitive mavner. This small amount of Mn exeeeded iha
endogenous Fi in the mitochendrion by 10-20 fold. The Pi-independeat Mn
uptake was inkibited and reversed by addition of DNP, whereas Mn accwmlated
in the presence of Pi was inhibited, but not reversed, by DiéP. If Pi was
added immediately after Mn wes accumulated from = Pi-free medium then ihe
mitochondria took up Pi by a res;:katicnoindmemat process.

Chappell ot al (1963} concluded from these reeults that the primary
respiration-dspendent process is the accumulation of divmlent catien, that
uptake of phesphate cecurs passively along the slectro-chemieal @adicnﬁ and
that phosphate precipitates with the cation inside the mitochendria.
Subsequently it has been demomstrated that Ca and Mg are accumulated by
mitochondria under suitable sonditions {(lew Ca concengration), ir the absence
of Pi (Rossi and Lebninger 196k, Chance 1965, Bricrley et al 196ka).

(6) Precipitatien of Ions:~ Eleotron wicrographs have demonstrated
¢lectron dense deposits in mitochondria ineubated under conditions allowing
massive divslert catior and phoaphate sccumulation. Mitoehondris incubated
vithout the divalenmt catiom, or mitockordria at 0°C. did not show thane
doposits (Brierley and Slauterback 1964, Peachey 1964, Lehninger ot al 1963,
Greenawalt and Carafoli 1966, Greemawalt et al 1964). Deposits have bemn
clearly demomstrated in mitochondris wnder conditions allowing massive Ca or



Sr and Pi accumulation, whexr_eas cojditions allowing Mg or Ma and Pi
accumilation did not yield visible electron dense depesits. This was
probably due to techmical difficulties associated with preserving and
~observing the low density and more soluble Mg and Mm phosphates (Brierley
et al 196k).

The clectrom dense depesits, micro~imcineration mlym on thense
deposits on shoumslation of divalent cations/with pmyﬁ::%m«zq et
al 1962, Chappell et al 1963) have suggested the precipitation of eation
phosphate salts within the mitochondria either as the Ks, (P0,), Mny (0,),
and Ca, (PO,), salts (Brierley ot al 1962, Chappell 1963, Thomss and Greenawalt
196k) or as (Cay (m,,)a)",,.ca (ON),. (Vasington and Murphy 1962, Rossi and
Lehninger 1963 a,b.).

On the basis of measurements of the snhancement of polar relaxation
rates, Chappell ot al (1963) suggested the existence of 3 stages in Mn uptake
by rat liver mitochondriai~ (a) surface binding to the mitochondria by a
rapid DlP-nnaitfn, Ca and Ng-competitive reaction, {b) respiration-
dependent aecumulation in the sbsemece of Pi which is both inhibited and
reversed by DRP and respiratory ishibitors, and {¢) presipitation of the
accusulated ¥a as Ma, (PO,), in the pressuce of phosphate, by passive entry
of the phosphate follewing active uptake of Ma''.

The produetion of K in the extersal medius during the aecumulation
of Mg snd Pi (Brierley et al 1962) and Mn amd Pi (Chappell et al 1963) was
considered to be a result of the precipitatism of M;(P0,), within the
mitochondria. The X'y ¥* ratio was apprex. 1:l., lowswer, E* was also
produced during the mptake of Mn in the absenes of phosphate in a ration

Ma't H* % 0.9 (Chappell et al 1963) suggesting that the movement of ' out
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of the mitochondria is cne of the primery considerations in catiom uptake
(¥itchell 1966, Ghance 1965).

(7) ZIen Competition:- The effects of various cations on the uptake
of one partieular eation were generally inhibitory to varying degrees.

EzCl and Tris were reported to inhibit g wptake (Brierley et al 1963d) at
relatively low concentrations, whereas high concentrations of memovalent
cations were recuired to imhibit Ca uptake (Vasimgtom and Murphy 1662,
Carafoll et al 1964). Caleium imhibited Mg uptske (Brierlsy et al 1962)
although Ca has been reported ic imduce Mg uptake when mo lg uptske occurred
in the absence of Ca (Carafoli et al 196k).. In mt cases Mg was reguired
for Ca im uptake, mitochondris (Vasington amd Murphy 165it, Brierley et al
and Carafoli et al 195i), whereas in submitochondrial particles Mg irhibited
Ca uptake (Carafoli et al 1964). Calcium inhibited the respiration-linked
accumulation of Sr by rat liver mitochondria (Carafoli 196Sa).

These effoots indicate a general compeiitiom between all cations for
an uptake mechanism although compeiition between divalent cations is moat
marked {Brierley et al 1962, Carafoli 1965e). Tas affinity of the available
binding sites in the mitochondrial membrane for different cations could
produce the apparsnt selectivity of the substrate-depemdent uptake mechanism
for different cations. In the presence of phosphate, different solubilities
of the cation phesphate salt could also affeet the apparent selectivity of
aahtrate-d.pcmt eation uptake.

(8) Hormone Effesis:- De Luca et al (1961, 1962), and Ssllis et al
(1963, 1965), have investigated the effeects of parathyrcid hermone amd vitamin
D on mitochondrial ien movements. Liver mitochondria from parathyroidectomizes
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rats were unable to accumulate Mg and P{ unless parathyroid hormone was
added (Sallis et al 1963). Parathyroid hormone may be involved im substrate-
dependent accumulation of My amd Pi by the mitochondria, whereas vitamin D
acts directly or indirectly by promoting release of accumulated Ca.
(9) Ion Effects on Respiration H' Production and Volume:-
Respiratory Stimulation:~ Chappell st al {1963) amd Chappell

and Greville {1963b) observed the effect of low concentrations of Mn on the
respiratory rate of lsolated rat liver mitochondria during substrate-dependent
uptaks of Mu. The oxidation rate ir the presemce of substrate and PLi but
without phosﬁhatc acceptor was increased markedly by the addition of low
concentrations of ¥Mn and this was followed by an irhibited oxidation rate,.
¥n accumulation was measured and the ln' 10 ratic was 5.4 with glutamate,
the M *1H" value was 1.1 with phosphate and 0.9 in the sbsence of phosphate,
and the Mn*:Pi ratio was 1.5 (Chappell ot al 1963).

" The effects of low concentrations of calcium cn the oxidation rates
of respiring mitochondria were observed in 1955 by Chamce, who found that the
reaction of low concentrations of calecium with yhosphm'ylaﬁng mitochondria
led to a short-term activation of respiration, followed by a restitution of
respiratory contrel, similar to the effect of ADP on the mitochomdria.
Calcium activation of respiration wes observed in 195% by Potter et al and
Siekevitz and Potter (1955) who reported a 3~fold stimmlation of respiration
on addition of S00uM calclum to rat liver mitochondria. These results were
confirmed by Lindberg and Ermster (195%). However, ths respiratory setivation

was not followed by a restitution of respiratory comtrol nd' oalcinm was

considered (Lehninger 1949, 1956) to uncouple respiratiom in DNP-like fashiom.
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Chance (1956, 1963}, however, found that the reaction of ealcium with mito-
chondria resembled that of ADP and phosphate in that a definite calcium:
oxygen stioichiometry was observed, and cyeles of oxidatiom-reduction changes
of pyridine nucleotide and other respiratory compomemis accompanied the
calcium-activated respiration. ZSubsequently the reactions of low concentrations
of calcium on the oxidation rates of animel mitochondria havo been investi-
gated by Chamee (196h, 1965), Rasmussen et al (1965), Rossi and Lehuninger
(1964), and Seris (1963) and by Hanson et al {1965} in eorm mitochondria.
Respiratory effeets of low concentrations of strontium have been ztudied by
Carafoli (1965b).

Calcium and mamganese accumulation has been shown to be indepsndent
of added phosphate (Chance 1963, Rossi amd Lehmingor 1964, Chappell et al 1963).
The reaction of calcium with mitochondria in the absence of phezphate leads to
a new steady state of the respiratory carriers in pigeon~heart and rat liver
mitochondria (highly oxidized) and this effect is reversed on addition of
phosphate (Chance 196k, 1965). Aeetate cam replace phosphate (Rasmussen
et al 1965); and arsenate can also replace phosphate in supporting cation up~
take (Brierley ot al 1963a, b, Chappell ot al 1963, 1966).

Eydrogen Ion Productions-  Am inerease in external H' concen-
tration has alee been reported on the addition of zalcium and mamganese to
respiring mitochondria and thie chsnge has been followed with a glass electrode
{Saris 1963, Chappell =t al 1963}, or with a glass elecirods associated with
a spectrophotometric indicator technique (based on bromethymol blus) (Chance
1965). The rapid H* inerease is closely synchronized with the imterval of
stimulated respiration produced by calcium or manganese addition (Chanee 1965).



The various stoichiometries reported by Chance {1965) for ealciums
oxygen uptake or: H' production were:s- Ca'': O,» 5 « 6 with succinate, in
the presence or absence of phoaphates ca™: app = 23 Ca™: B* = 1.0 in the
presence of phosphate and this ratio varied between 0.9 in the presence of
high potassium and 2.5 in the absence of potassium; Ca'':t B = 1.7 in the
absence of phosphate; and Ca*’: B = 2.3 in the presence of scetate. Rossi
and Lehninger (1964) found that Ca’’10 = & with suceinate, 8 with o ~keto-
gutargtc and 6 with s~hydroxybutyrate in the absence of phosphate although
these ratios were hased om the "extra” oxygen upiake produced by the ealecium
addition. Chance (1965) . however, salewlated Ca*': O ratica by the procedure
for calculation of ADF/0 ratios (Chance and Williams 1955). Saris (1963)
found that Ca''t B = 1.2 in the presemce of phosphate. Chappell et al (1963)
recorded Ma'*: B” = 1.1 vith phosphate, 0.9 without phosphate, and Ma'*: O =
5.4 with glutasate and phosphate, caleulated from “extra” oxygen uptake.
Carafoli (1965b) measured Sr'': O ratice of 3.8 with succinate and 5.5 with
pehydroxy~butyrate in the presence of phoaspbate and the caleulations were
based on "extra™ O uptake after strontius additiom. In the absence of phos~
phate, respiration continued at the siimulated rate indefinitely when
concentrations of strontium greater tham 400-500uM were used.

Measurements of ' produced during ution uptake in the presence of
phosphate (Brierley et al 1964b, Chappell et al 1963, Chance 1965) need not
be related to the primary role of H' produced during wptake in the aksence of
phosphate. With phosphate present precipitation of a catiom-phosphate salt
and concurrent release of E' would slter the M': B* ratios ﬂriorlﬁ et al

1964b, Chappell et al 1963). Changes in E' concentration dus to ATPase



by,

activity induced by calcium mustalso be considered (Brierley et al 196kb).

Yolume Chengeai~ In addition to the mitochondrial changes im
respiratory activity and x* production on addition of low concentrations of
divalent eatiom, ehanges in the light scattering properties of the mitochon-
dria have vbnn recorded {Chance 1965, Chappell et al 1955¢, 1966, Stomer and
Hanson 1965). These changss have been :htcrpum a8 volume changes in the
nitochondria on cation addition and uptake.

Swzlling and contractions cbserved ia mitochondria on the addition of
divalent oations with various anions has been éi:mad by Chappell and Crofts
{1966) amd the cffects of inhibiters and umcouplers vn both the accumulated
ions and the volume changes of the mitochondria were studied. In summary,
swelling was observed on accumulation of divalecat cations if the anion preseat
formed either, moluble or imsoluble complex withk the cation (Chappell and
Crofts 1966). The swelling chserved as a conssquence of calcium and acetate
accumulation differed markedly from colcium amd phosphate-induced selling.
The former oceurred immedistely on additiom of caleium and was reversed by
addition of saleiuwm and was veverded by additien of imhibitors or by
anaerobic conditions, whereas the latter occurred only sfter eubstantial
caleivm accumuiztion and was enhanced and not reversed by respiratory
inhibitors, unccuplers and amaerobic conditions (Chappell and Crofts 1965¢,
Crofts and Chappell 1965). Chappell and Crofts {1966) ohserved that 1 u
mole of caleium, when added to mitochondria suspendsd im the presence of
succinate and rotemome, produced a small burst of respiration followed by
a deoreased rate of oxidatiom (Chappell et al 1963, Chamee 1963, 1965), which
was, however, higher than the rate before caleium addition. Swelling did



not oceur at this stage but addition of acetate caused marked swelling and

a stimulated respiration rate, followed by a decline when less tham 10%
calcium was free outside the mitochomdrio. Parther sdditiem of caleium
increased the respiratiom ratc amd produesd more svellisg, but addition

of phosphate, while stimulsting respiratiom ratz, produced rapid mitochondrial
contraction. These results were interpreted (Chappell and Crofts 1966) as

" the replacement of the soluble calcium acetate szlt by the insoluble
hydroxyapatite (%‘P%)z)}}. Ca{CH), complex. Marked swelling of the
mitochondria was &then observed when the suspension hecame amaercbic, a
characteristic of caleium and phesphate-treated mitochondrig, Chappell and
Crofts {1966) suggested that im the case of caleiuwm acetate-induced swelling
‘the mitochondrial volume change occurred as a result of increased internal
csmotic pressure due to the soluble ealcium scetate salt. The swelling which
occurred when calcium and phosphate (er arsemste) was accumulated was
attributed to some property of the hydroxyapatite accumilated, which has
been shoon to act as an ion-exishange resin (Armstrong 1952 ), and net te
an effect of the caleium itself {Chappell 196€).

Caleium cam produce swelling in the absence of phosphate (Slater and
Cleland 1953, Tapley 1965), but this swelling is mos$ probably due to release
of mitochondrial fatty aeids snd damage to the mitochondrial membrame. This
aotion of ecalcium is prevenmted by addition of serwm albimun (Lehninger and
Remmert 1959, Wojtesak and Lehninger 1961) which does not affect calcium and
phosphate-induced swelling (Chappell and Crofis 1965¢).

The effects of calecium on the volume changes of corn mitochondria were
investigated by Hanson et al {1965) who found that calcium reduced the extent
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of spontaneous swelling in KC1 and enhanced the contraction produced by

addition of ATP and magnesium, or substrate, to swollen mitochondria. This

ealcium-induced contraction was particularly marked in the presence cf
vhosphate. These resulte agree with the suggestion of Chappell and Crofts

{1966) that formation of an insoluble calcium-phosphate complex cam cause

gontraction of swollen mitochondris. Flant mitochondria appears from studies

of spontancous swelling in KC1 to be more permeable to some ions than animal

mitochondria (Hanson et al 1965, Stomer and Hanson 1966).

Sumnarys= The effects of low concentrations of divalent cations
on respiring mitochondria can be summarized by the ohservations of Chance
(1985) in relation to the reaction of calcium or ADP with mitochondrial
suspensions. On the addition of theae substances to pheosphate-supplemented
mitochondria, four distinct phenomena cccurred simultaneously.

(1) the steady state of the respiratory oarriers increased to a new
and characteristic oxidation-reduction level (astate 4 to state 3
trangition), |

{11) electron transport was stimulated {state 3 oxidation rate om
ADP addition),

{111) light seattering changes oceurred,and

aw) in the eame of ADP phosphorylation to ATP H' accusmlation oecurred,
s n Ve S000 of Sadsien aevwndaiion B eutasion occurred.

The changes produced on addition of low concentrations of divalent
cations to plant mitochondria have not been extenmsively investigated, but
studies with corn mitochondria indieate that similar changes can ogcur inm

plant mitochondria in response to divalent cations but the changes from one
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state 0 apother are not as marked (Hansom et al 1965). This could result
from differences in membrans permeabilities between plant and animal
mitochondria.

(10) Mechanisms for Divalent Cation snd Phosphate Uptakes=

Classical Chemieal:~ Studies of divalent cation uptake by

isolated mitochondria have produced variocus mechanisms for the substrate-
dependent uptake of ions. Most have been based on the classical view of
oxidative phosphorylation and the high-ensrgy mon~phosphorylated or phos-
phorylated intersediates have been implicated as the energy source for
substrate~dependent ion uptake (Brierley et al 1962, 1963b, 196k, Chance
1965, Hansom et al 1965). (Fig.I8). The involvement of a high-energy
phosphorylated intermediate (Brierley et al 1962, Hanson et al 1965) appears
to be less likely than that of a nom-phosphoryiated imtermediate from results
obtained with arsenate and acetate in place of phosphate (Chappell et al 1963,
Brierley et al 1963b, Chance 1965, Raswussen ot al }7965, Chappell and Crofts
'1966), amd from the sctiem of oligomycin and DNP on substrate and ATP-
supported iom uptake. A mechanism for divalent cation uptake based on the
classical chemical hypothesis has been put forward by Chance {1965) and is
susmarized in Fig.I9. Memirane-bound calcium reacts with a compound
(8,(x~-1)), is transferred soross. the membrane and is bound by an energy-
dependent process. Pemetrating anions may cause precipitation and o ejection
{phosphate) or internal neutralization and swelling (acetate). This mechanism
produces the observed stoichiometries of calcium t\oxypn =2 (caleium t 2¢ =
2), and Ca**t B* = 1 at low concentrations of calcium in the dsence of phosphate

(Chance 1965). Step 5b (Fig.19) postulates the reaction in the presence of
acetate where the E' released in the previous step is neutralized and swelling
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occurs dus to the osmotic activity of calcium acetate, whereas in step 5a
precipitation of ealcium phosphate produces H' and swelling does mot occur
(Rasmussen et al 1965, Chance 1965).

Cheniosmotiet~ The chemiommotie hypothesis of oxidative
phosphorylation can account for divalent eatiom uptake in the presence or
absents of phosphate or seetate, and the cbserved stoichiomeiries, as dis-
cussed previously. Im swmuary (Fig.I10), the %am potential set wp by
the operation of the oxide-reduction pathway allow: the movement of cations
down and electro-chemical gradient imtc the mitechondria, Massive accumulation
of the cation zceurs im the presence of a permeshis aniom which may move into
the mitochondria eithar in association with the divalent catiom (2+) or in an
exchange reaction with OF" (Mitehell 1966, Chappell and Crofts 1966). This
mechanism of ion uptake provides the chserved stoichiometry of Ca''1i* = 1 in
the presence or absemce of phosphate, and Ca :.2!'*7525 or % 0, reduced) = 2.
Movement of the O in respomse to calcium mnd phosphate movement is also
possible. The presence of acetate as the permeable amior would provide the
observed result of littls or no external X' production either by exchange of
acetate for O (Mitchell 1966), or by pemetration of the unionimed acetate
and iomisation within the mitochondria {Chappell and Crofts 1966).

A mechanism proposed by Chappell (1966} and Chappell and Crofts (1966)
to account for ion uptake by mitochondris comprises a X' pump exchanging
protons for catioms in a similar mamner to the shemicsmetic scheme. However,
this mechaniss differs basically from the chemiocsmotic scheme in the origin
of the K which is comsidered to be produssd in some way from the X~ I or

€D (nom-phosphorylated high-energy intermediate) formed during eclassical
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oxidative phosphorylation (Chappell 1966). The chemiosmotic hypothesis
provides.H+ directly from the oxido=reduction reaction without involve-
ment of phosphorylation or related reactions (Mitchell 1966). The actual
mechanism for production of H' from CAD or X'VI was not postulated by
Chappell and Crofts (1966); but one v produced one H' ihereas Chance (1965)
postulated one v producing 2HY (Fig.I9).

Discussion:~ Both the classical and chemiosmotic hypotheses
can adequately explain the results obtained from ion uptake studies and the
stoichiometries measured. The chemiosmotic hypothesis has the advantage
of being a more straightforward exchange of H for cations, without the in-
volvement of an unknown compound (HZ(X“JI), Chance 1965). The production
of OH within the mitochondria by this hypothesis permits some freedom in
considering the exchange of anions, cations, H' and oH and the origin of
stoichiometries of cation: H*, cation: O and cation: anion measured.

The reversible stimulation of the oxidation rate in rat liver
mitochondria by low concentrations of calcium in the absence of phosphate,
and the simultanelous change in oxidation-reduction states of the respir-
atory components to highly oxidized states have been discussed by Chance
(1965) in terms of a chemical mechanism (Fig. I9). ''these data suggest
that oxidation-reduction states of the respiratory carriers unrelated to
the electron transfer activity can be obtained in the phosphate-depleted
systems The small burst of respiration observed on the addition of cal-
cium in the absence of added phosphate represents the utilization of an
endogenous material. The fact that a second, later addition of calcium
causes a second burst of respiration suggests that not all the material is

depleted by the first addition of calcium'.
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The endogenous substance refers to the available energy-dependent bind-
ing sites for calcium (Chance 1965, Fig.I9) or vX or X~ I (Rasmussen
et al 1965), Chance (1965) suggested that the stimulation of oxidation
‘and the return of cytochrome b and pyridine nucleotide to their initial
reduced states on phosphate addition was due to reliéf of the available
energy-dependent calcium binding sites (or X) by precipitation of the
calcium as a calcium phosphate complex (Fig.I9). These calcium=binding
sites could also be released by addition of acetate which neutralized the
H' produced but did not form an insoluble complex with calcium (Chance
1965), Rasmussen et al 1965).

Rossi and Lehninger (1964) observed transient stimulations in oxi-
dation by éddition of low concentrations of calcium to rat liver mito-
chondria in the absence of phosphate similar to those reported by Chance
(1965). Addition of higher than 80OuM calcium no longer stimulated oxi-
dation and it was suggested that the "respiratory chain is saturated with'
calcium”. Fhosphate did not change the Ca+f/0 ratio but prevented the
‘marked return to the inﬁpited state of oxidation shown in the absence of
phosphate. Increasing concentrations of phosphate reduced the point of
inflection and at concentrations of phosphate greater than 2mM stimulation
of oxidation continued indefinitely, but ATP or oligomycin prevented
this effect,

The ;xidized state of the respiratory carriers (Chance 1965) on the
addition of calcium to mitochondria in the absence of phosphate, andvsub-
sequent relief of the oxidized states and inﬁbited oxidation by phosphate
addition can be considered in terms of the chemiosmotic hypothesis,

Production of H' in the external medium by the oxido-reduction pathway
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leads, in the absence of phosphate acceptor, to FMF build up which ex-
erts a back pressure on the oxidation-reduction pathway producing a steady
state in the respiratory carriers (State h). Addition of calcium allows
breakdown of membrane potential by movement of caléium zlong the electro-
chemical gradient into the mitochondria and this producés stimulation of
oxidation and oxidation of respiratory carriers, followed by a return to
previous states and rate of oxidation on complete uptake of calcium.
Further addition of calcium (or an initial high concentration) after
initial breakdown of membrane potential with some uptake of calcium,
produced an increased pH differential-portion of the PMF which leads to
a highly alkaline mitochondrial interior, the inhibited oxidation rate
and the highly oxidized respiratory carriers. Introduction of a perm=
eable anion (phosphate or acetate) which can exchange with Oﬁ—, reduces
the pH differential and allows further oxido-reduction activity i.e.
stimulated oxidation and uptake of calcium (Chappell and Crofts 1966},
Mitchell 1966).

The action of calcium in releasing fatty acids and producing in-
creased mitochondrial permeability and swelling (Chappell and Crofts 1966)
could affect this view of divaleni cation and phosphate uptake. FPre=-
cipitation of a calcium phosphate complex occurs after and apart from the
initial cation uptake process but this could subsequently affect the
initial uptake process by production of . & precipitated calcium
phosphate complex could also eventually alter the vdume and permeability
of the mitochondria (Chappell and Crofts 1966). The continuous stimu-
lation of oxidation produced by high phosphate concentrations after cal-
cium binding by rat liver mitochondria (Rossi and Lehninger 1964) could

effect
be a result of permeability changes. ATP (or oligomycin) could prevenat this,



57

by stabilizing the precipitated calcium phosphate complex (Carafoli et
al 1965a) or membrane structure.

Summary of Ion Uptake Mechanisms:~ The three stages of ion:
uptake proposed by Chappell et al (1963) (see p.44), the 3 or 4 stages pro~
posed in the mechanism of Chance (1965) and Rassmussen et al (1965) for
calcium uptake (Fig.I9) and the 4 steps of ion uptake recognized by Rosei
and Lehninger (1964) are consistent with the chemiosmotic scheme (Mitchell
1966) .

Surface binding of the cations to the surface of the. mitochondria by
a passive process, as proposed by all mechanisme (Chance 1965, Chappell
1963, Rossi and Lehninger 1964), could be necessary for the entry of the
particular cation into the field of influence of the PMF produced by the
coupling membrane. In plant mitochondria in particular, which: are more
loosely "coupled" to phosphorylation and more: permeable to ions in general
than animal mitochondria, the cations would need to be adjacent to the site
of PMF production for their uptake.. Cation uptake does ocecur in plant mito-
chondria although cation uptake was not measured in the absence of phosphate
(Hodges and Hanson 1965, Hansom et al 1965, Hanson 1965). Initial passive
binding of cations to the mitochondrial membranes could play a major part
in determining the selectivity of {he substrate~dependent cation uptake
subsequently measured. The solubilities of divalent cation phosphate (or
other anion ) complexes formed could also produce apparently selective uptake
of a particular ions. These effects could account for the observed pref-
erence of mitochondria for calcium uptake over magnesium uptake (Carafoli

et al 1964, Brierley et al 1962, Hanson 1965, Hanson et al 1965)..
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The second stage of ion uptake proposed by Chappell et al (1963),
Chance (1965), Rasmussen et al (1965) and Rossi and Lehninger (1964) and
by the chemiosmotic hypothesis comprises the energy-dependent step with
production of H', The mechanisms based on the classical hypothesis. of
oxidative phosphorylation differ from the chemiosmotic view (Mitchell 1966)
in either the E' production mechanism alone (Chappell 1966), or in the
mechanism of " production and actual uptake process of the cations (Chance
1965, Rasmussen et al 1965).

The last steps of ion uptake:= the entry of anions and formation of
calcium complexes with precipitation in some cases, are basically the same
although the chemiosmotic mechanism also postulates exchange of OH for
anions.
be Movovalent Ion Uptake:= The uptake of monovalent ions into isolated
mitochondria has been studied in detail in recent years, particularly in
relation to the effects of the antibiotics valinomycin and gramicidin
(Fressman 1963, Chappell and Crofts 1966, 1965a). Robertson et al (1955)
measured accumulation of NaCl against a concentration gradient by beetroot
mitochondria, and potassium binding by mitochondria has been recorded by
Bartley and Davies (1954), Ulrick (1959), Gamble (1962), and Christie et al
(1961), Uptake of potassium by rat liver mitochondria has been demon-
strated from a sucrose medium containing succinate, ATF and KCl (Solomon
1964, Rottenberg and Solomon 1965)., This uptake was partly inhibited by
DNF and completely inhibited by the respiratory inhibitors, antimycin A
and cyanide which caused potassium leakage from the mitochondria. Oligom=

ycin had no effect, or stimulated potassium uptake, suggesting that the
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mechanism for this potassium uptake could be similar to that proposed
for divalent cation uptake.

(1) Valinomyecin and Gramicidin Effects:- The unusual effect of
valinomycin and gramicidin in stimulating movement of alkali metal ions
into or out of mitochondria, and the associated changes in H” concen~
tration and ligﬂ;scattering measurements, have been investigated by
Fressman (1963, 1965), Moore and Fressman (1964), Harris et al (1966) ,
Chappell and Crofts (1965a, 1966) and Neubert and Lehninger (1962).

Valinomycin was reported to uncouple oxidative phosphorylation
in 1959 (McMurray and Begg), but Pressman (1963) showed that its action
on mitochondria differed markedily from that of other uncoupling agents
such as DNF. His investigation into valinomycin-stimulated mitochondrial
ATFase showed that more hydrogen ions were produced in the external medium
than those liberated by ATFase actiom. Vhen "' production was measured
in an ATP-free medium containing KC1, B was expelled rapidly from the
mitochondria on addition of valinomycin, followed by a phase in which some
B* returned to the mitochondria, followed by a third phase during which
no further changes took place. DNF added at this point returned the
external pH to the original value.

Subsequent studies (Pressman 1965, Harris et al 1966, Chappell and
Crofts 1966), have indicated that valinomycin~induced H' production is
accompanied by potassium uptake and réspiratory stimulation. Rubidium
and caesium will substitute for potassium but sodium and sithium will not,
and phosphate or arsenate are required for valinomycin-stimulated respire

ation (Moore and Pressman 1964, Fressman 1965). Hydrogen ion ejection
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and potassium uptake does not require the presence of phosphate (Moore
and Pressman 1964), although phosphate and acetate increased the rate of
potassium uptake by mitochondria over that observed in chloride medium
(Harris et al 1966).

Low concentrations of KCl produced ejection of B and uptake of
potassium on addition of valinomycin and these changes were resersed by
DNF, antimycin 4 and anaerobiosis. Higher concentrations of KCl pro-
duced transient ion changes and the pH returned to the original after a
short time (Pressman 1963). The ratio of H':potassium was C.9 at lmM KCl.
These results were interpreted as indicating that valinomycin induced an
energy-dependent potassium uptake by the mitochondria, leading to the
ejection of an equivalent amognt of B* (Moore and Pressman 1964), and
that valinomycin increased the permeability of the mitochondrial membrane
to potassium (Harris et al 1966). Magnesium decreased the induced
potassium uptake slightly while calcium caused movement of potassium
out of the mitochondria (Harris et al 1966).

The action of gramicidin has been shown to be similar to that of
valinomycin (Chappell and Crofts 1965a, Pressman 1965), although
gramicidin acts with any alkali metal iom (K, Ii, Cs, Rb or Na) and
not specifically with K, Rb and Cs. Chappell and Crofts (1965a, 1966)
have confirmed the observatioms that valinomycin and gramicidin, in the
presence of an oxidizable substrate and an alkali metal ion, cause the
appearance of hydrogen ions in the suspending medium, uptake of the

alkali metal iom by the mitochondria and, when phosphate is also



present, stimulation of respiration and mitochondrial swelling.
Inhibitors (cyanide and antimycin A), uncoupling agents (DNF and CCP)
and anaerobiosis inhibited and reversed the pH changes, potassium
changes and mitochondrial swelling. These effects arg¢similar to those
described for manganese accumulation by rat liver mitochondria in the
absence of phosphate (Chappell et al 1963).

ATF can support ion accumulation induced by gramicidin and
valinomycin, and ATPase activity has been shown to be stimulated in
mitochondria by gramicidin (Lehninger et al 1959). ATP caused marked
mitochondrial swelling associated with potassium accumulation induced by
valinomycin and gramicidin in the presence of phosphate (Chappell and
Crofts 1966), Oligomycin caused potassium efflux and contraction of the
mitochondria. Swelling of mitochondria by valinomycin-induced potassium
uptake was dependent on the presence of phosphate, arsenate, carbon
dioxide (mot nco;) , or acetate (Chappell and Crofts 1965a, 1966).
Addition of Nﬁh+ to mitochondria which had undergone gramicidin-induced
ATP-dependent swelling in the presence of potassium and phosphate caused
a very rapid confraction of the gitochondria (Chappell and Crofts 1966),
parallel to the effect of Nﬂu+ on respiration-dependent swelling
(Chappell and Crofts 1965a).

Chappell and Crofts (1965a, 1966) have proposed a mechanism
for the action of gramicidin and valinomycin. They have suggested that
normally
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the mitochondrial membrane is relatively impermeable to potassium and
chloride ioms, but permeable to_NHh+, phosphate, acetate, arssenate and
carbon dioxide, thaéfgnsrgy-dependent (respiration or ATP-dependent) H'
pump éjects H' from the mitochondria, and that gramicidin and valinomycin
increase the permeability of the mitochondrial membrane to nonovalént
cations. The basic mechanism is shown in Fig. 111, and the postulated
action of NHk+ is shown in Fig. I.l2a. HHA+ can enter via the gramicidin
pore like the other alkali metal ions and then dissociate in the mito-
chondria to produce NH3 and H+, the H' exchanging for more NH4+.
Stimulation of respiration by NH4+ woulgvﬁi observed in the absence of
arsenate or phosphate. The NH#+ causgd contraction and potsssium efflgx
from potassium - phosphate - gramicidin -~ induced swollen mitochondria
and this mechanism is shown in Fig. I.12b.

Chappell and Crofts (1965a, 1966) suggest thaiﬁ%+ pump is energised
by X~~I Cor C~D), the H' being derived from inside the mitochondria
(Fig. 1.11). The exchange of H' for potassium which enters through a
valinomycin or gramicidin pore requires the maintenance of H' production
within the mitochondria for the stimulation of respiration and continued
entry of potassium. Potassium entry would thus be limited by this
mechanism unless water could continue to bregk dowm in the alkaline
interior of the mitochondria to produce further H' and OH . Phosphate
if present could, however, exchange for OH and stimulate respiration,
and further dissociation of phosphate could occur within the mitochondria,

providing more Bt for potassium uptake. Accumulation of potassium and
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phosphate leads to increase in mitochondria osmolarity and swelling.
Entry of unionized acetate and carbon dioxide could also produce ionized
forms within the mitochondrian, providing B for the pump and leading to
potaseium acetate accumulation and swelling (Chappell and Crofts 1966).

A similar mechanism based on the chemiosmotic scheme accounts for
the observed effeets of gramicidin and valinomycin on monovalent cation
uptake. The origin of the H would be the oxido-reduction pathway rather
than an X"~ I-energised ' pump. The monovalent cation would enter the
mitochondria along the electro-chemical gradient through a membrane made
permeable to these cations by valinoggjor gramicidin. 1In the absence of
a permeant anion stimulation of respiration would not be observed (althoﬁgh
a transient effect similar to that produced by calcium in the absence of
phosphate would be expected at low concentrations of potassium), and : ol
production and potassium uptake would reach a maximum due to build up of
OH  within the mitochondria. In the presence of phosphate, or other
permeant anion which could exchsnge for OH™, respiratory stimulation and
u* production would continue and potassium and phosphate would accumulate.
Acetate and arsenate could also exchenge for OH as ionized forms. The
production of H* by further ionization of phosphate and arsenate id not
essential for the maintenance of H' production by this scheme. However,
the dissociation of the unionized forms of acetate =znd carbon dioxide within
the mitochondria would result in effective neutralization of the CH . The
net result would be potessium and anion uptake by the mitochondria, increased

respiration and swelling. Measurement of stoichiometrles must consider
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the rates of both influx and efflux of potassium and other ions.
Valinomycin and gramicidin activity as membrane-potential collapsing
reagents has already been discussed (Gﬁgggér—i) in relation to the action
of uncouplers (DNP) ( Mitchell 1966).

The mechanism of NH," action by the chexiosmotic Lypothesis would
be similar to that proposed by Chappell and Crofts (1966) (Fig. 1.12),
although the origim and mechanism of H extrusion is different. Thus
valinomycin~induced Nﬂh+ uptake could, by internal dissociation to H+ and
NHB' completely collapse PMF and stimulate respiration in the absence of
a permeant: dnion. Nﬂh+ added to mitochondria swollen in the presence of
gramicidin, potassium and phosphate would lead to exchange of N,* for K,
extrusion of phosphate on dissociation of NH,:, neutralization of O and
shrinkage of the mitochondria. The action of ATP in producing H' by the
membrane-located ATPase system has been discussed in relation to divalent
cation uptake and the same mechanism applies to ATP-supported valinomycin-
induced monovalent cation uptake. The actiom of uncouplers, inhibitors,
angerobiosis, oligomycin and atractyloside on substrate and ATP-supported
divalent cation uptake also applies to their action on monovalent cation
uptake. Inhibitors{ by stopping ;o production) and uncouplers{ by allowing
rapid return of H+) would lead to removal of accumulated potassium and any
associated anion, contraction, and return to the origina; pH value., The
reversal of divalent cation uptake by DNP was observed by Chappell et al
(1963) when manganese was accumulated without phosphate.

Chappell and Crofts (1966) found that gramicidin and valinomycin had

similar effects on both artificisl and natural lipid membranes indicating
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that the specific ion-conducting property is resident in the polypeptide
molecule. Ogata and Rasmussen (1966) have observed that valinomycin permits
potassium to compete with calcium in rat liver mitochondria, and conclude
that valinomyein acts by meking the membraﬁe permeable to potassium lons.
Azzi and Azzonme (1966) arrived at a similar conclusion from swelling and
concentration studies of mitochondria. The mechanism by which valinomycin
and gramicidin increase the permeability of membranes to alkali metal ions
(Pressman 1965), or effectively produce monovalent cation ''pores" (Chappell

1966), is not known.

MITOCHONLRIAL STRUCTURE

Mitochondria have been shown to consist of an inner almost structure-
less matrix bordered by two membranes, the inner of which is periodically
invaginated to form infoldings or cristae (Palade 1953, Sjostrand 1953).

The space enclosed by these infoldings (intracristal space)‘is often seen
to communicafe with the spaces within the inner and outer membranes where
these membranes run parallel, and these connected spaces constitute the
external compartment (Whittaker 1966). The structure of mitochondria and
its relation to functiom has been reviewed by Green (1958, 1959b), Green and
Crane (1958), Crane (1961), and Lehninger (1964). The two membranes of the
mitochondrion have been considered to be "unit" membranes (Robertson et al
1963) where the membranes comsist of a lipid bilayer with outwardly directed
polar groups to which stabilizing layers of aproteins are fixed. Thus the

external compartment is banded by hydrophilic surfaces and is unlikely to

be filled with lipid. The infolding of the inner membrame presumably provides



65.

access to the respiratory enzymes and could also provide additional membrane
surface to accommodate these. The matrix of mitochondria from cells with
high oxygen uptake such as those of the flight muscles of insects is almost
entirely occupied by tightly~-packed highly-ordered cristae, and the cristae
also have invaginations (Smith 1963). Mitochondria of the almost anserobic
liver fluke have very few cristae (Bjorkman and Thorsell 1962). Electron
microscopy indicates that only one organelle exists within the matrix:-
the dark granules discussed by Peachey (1964) which may be sites for
precipitation of divalent metal salts (Greenawalt and Carafoli 1966).
Investigationsinto the structure of mitochondrial membranes have
revealed the presence of spherical knobs protruding from membranous material
released from the mitochondria by hypotonic treatment, sonication, or
exposure of the mitochondria te negative stain without prior fixation
(Fernandez-Moran 1962, Whittaker and H&EE 1962, Whittaker 1963, Stoekenius
1963, Greville et al 1965, Chance and Parsons 1963) . Theee spherical knobs
(90A°) are attached by stalks (40-504%) and are directed outwards on ribbons,
parallel membranes or vesicles, and are thus considered as inner membrane
sub-uﬁits. Whittaker (1966) considers that this material could be derived
from the pleating in of the cristal membranes. These particles have been
considered to be aggregates of respiratory enzymes (Fernandez-Moran et al
1964), while Lehninger (1964) has suggested that the respiratory assemblies
might be grranged in hexagonal arrays on the main mitochondrial surface to
account for the required particle weight of a complete respiratory assembly.

Chance et al (1964) and Stasny and Crane (1964), using somicated mitochondria,
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have stripped the particles from the smooth membranes and have found that
the latter still contains cytochromes a, b, ¢y and ¢, Particle~studded
membranes have been isolated which lack cytochromes a and s OT are low in
cytochrome ¢ (Chance and Parsoms 1963). It appears then that the particles
cannot be respiratory assemblies. The particles have been considered as
"F, coupling factor (cold-labile ATPase)" by Racker et al (1964) based on
the morphology of preparations of cold-labile ATPase. They have also been
considered as pre-existing structural components without cytochrome or
ATPase activity (Williams and Parsons 1964), or as structures produced as

a result of disruption (Bangham and Horme 1964).

The addition of lysolecithin to lecithin caused the laminated structure
to break up into particles of 70-80A° in diameter, closely resembling the
mitochondrial particles (Bangham and Horne 1964)., Sonication or disruption
of mitochondria in hypotonic media could be accompanied by formation of
lysolecithin from lecithin, producing micellization of part of the inner
mitochondrial membrane. There is, however, little evidence that the stalked
particles exist as such in intact mitochondria although granularity of imner
mitochondrial membrenes has been demonstrated by freeze etching in fractured,
unfixed mitochondria within frozen cells (Moor et al 1964), and in other

membranes (Horme and Whittaker 1962).

SUB-MITOCHONDRIAL PARTICLES

Sub-mitochondrial particles of mitochondria have recently been
isolated by various treatments and their reactions studied. Sonically

disrupted mitochondria catalyse oxidative phosphorylation (Racker 1961),
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energy-linked transhydrogenation (Lee and Frnster 1966), and other reversed-
electron transfer reactions (ng et &l 1963). Electron microscopy has shown
that sonic particles are vesicular and the stalked spherical bodies seen on
the inside of the cristse membranes of negatively stained mitochondria
(Fernandez-Moran et al 1964) appear to be present on the outside of the
vesicular sonic particles (StagBy and Crane 1964, Greville et al 1965). It
could thus be considered that the membranes of sonic particles are the
osmotically-functional coupling membranes of mitochondria and that these
membranes are inside out (Mitchell 1966). Mitchell and Moyle (196Sb} have
shown that sonic particles from beef heart mitochcndria do possess an
o_smotically functional membrane, and they hewe considered that the membrane

Was inside out from the direction of proton translocation during oxidation
of succinate or NADH and during hydroliysis of ATE,

Similar measurements from particles imolated by digitonin treatment
treatment (Wadkins and Lehninger 1963) have indicated that the polarity is
the same as that of intact mitochondria. Chance and Fugmann (1961) and
lee (1963), during studies on ATP-driven reversed electron and Hydrogen
transfer in particles from pigeon heert mitochondria found that digitonin
particles oxidised exdgemous cytochome c but reduced only éhogenous NAD,
whereas sonic particles reduced exogenous NAD but oxidised only endogenous
cytochrome c¢. The airactyloside-sensitive ATE and ADF transfer reaction is
absent in sonic particles (Lgv et al 1963) but is partially intact in
d.giionin particles (Vignais et ai 1962). Furthermore, Vasington (1963)

has shown that digitonin particles take up calcium by an energy-linked
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process as do intact mitochondria, whereas sonic particles do not take up
calcium. The inhibitory effects of hexyl guanidine on respiration in
intact mitochondria do not occur in sonic motochondrial particles (Guillory
and Slater 1965).

Electron micrographs show that the stalked particles similar in
appearance to those on inner mitochondrial membranes exist on the external
surface of the chloroplast grana (Farsons et al 1965). These results could
indicate the existence of "sides" in the mitochondrial inner” membrane and

chloreplast grans membrane,

THE PRESENT INVESTIGATION

Flant mitochondria isoclated from many tissues have been shown to
esterify inorganic phosphate with high efficiency during substrate oxidation
(Hackett 1959). The ADP or P, control over mitochondrial respiration is,
however, considered to be a more important criterion of mitochondrial
intactness (Chance and Williams 1956). Reports of plant mitochondria
showing respiratory control have only recently been submitted (Wiskich and
Bonner 1963, Wiskich et al 1964, Jones et al 1964). Wiskich et al (1960)
described the isolation of beetroot mitochondria and investigated their
oxidative and phosphorylative capacity. #n investigation was made into
the degree of ADF control over substrate oxidation in beetroot mitochondria
using the recently developed oxygen electrode (Chapter 3).

Isolated plant mitochondria have been shown to accumulate ions against
a concentration gradient (Robertson et al 1955), and Robertson (1951)
suggested that mitochondria could act as temporary sites of ion accumulation

in cells and serve as carriers of ions from the external medium to the
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vacucle. Recent studies have indicated that isolated mitochondria can
accumulate high concentrations of divalent cations and phosphate by an
energy-dependent process (Vasington and Murphy 19613, {Brierley et al 1962,
Chappell et al 1963, Hanson et al 1965). Monovalent cations and other anions
can also be taken up, and changes in ;0 concentration, oxidation rate and
volume are associated with ion movements into and out of mitochondria
(Fressman 1963, Chappell et al 1963, 1966, Chance 1965).

Following a preliminary study of substrate-dependent phosphate uptake
by beetroot mitochondria (Millard 1963), a detailed investigation was made
into the reactions of divalent and monovalent cations and phosphaté with
these mitochondria (Chapters 4 - 6). Competition between ions was recorded
and has been related to a gemeral substrate-dependent cation uptake mechanism
(Chapter 7). The efficiencies of various substrates in supporting magnesium
and phosphate uptake by beetroot mitochondria differed from those reported
for animal mitochondria end this aspect was studied in detail (Chapter 8).

Current hypothests of oxidative phosphorylation and related
mechanisms for ion uptake have been discussed in Chapter 1. The effects of
inhibitors and uncouplers of oxidative phosphorylation on substrate-dependent
magnesium and phosphate uptake by beetroot mitochondria will be compared
with results of similar investigations with animal mitochondria (Brierley
et al 1963, Chance 1965) and cerrelated with ion uptake hypotheses (Chapters
b - 6). ATP formation and ion uptake in beetroot mitochondria supported
by acid-base titratioms (Reid et al 1966) dre reported (Chapter 9).

Thus the work to be described consists of an investigation into the
control of oxidation by phosphorylation in beetroot mitochondria (Chapter 3)

and a detailed study of ion uptake by these mitochondria (Chapter & ~ 9),
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CHAFTER TVC

MATERIALS «ND METHODS

PREEARATION OF BibTRCOT MITCCHONDRIA.

The isolation of active mitochondria from red beetroot (Beta
vulgaris L.) tissue has been described by Wiskich et al (1960). This
tissue yields active mitochondria relatively easily in comparison
with other plant tissues (Hackett 1959) in which starch, fats, tannins
and chlorophylls often interfere with the isolation of biochemically
active mitochondria (Chapter 1). Wiskich et al (1960) added Tris to
peutralize the acid contents of the vacuole released during blending
in 200 ml of O.WM sucrose, and EDTA (Smii) was also included during
blending to remove Ga++ and other interfering cations by chelation
(Honda and Robertson 1956). The water-soluble red pigment was found
to be easily removed by washing the mitochondria at least once by re-
suspension in O.4M sucrose.

The initial preparations of beetroot mitochondria used in
experiments described in this thesis were isolated by the method of
Wiskich et al (1960). Sufficient 1M Tris was added to the blending
medium initially to maintain an alkaline brei of pH 7.2 or more during
disruption of the tissue. 4Acid conditions (pH 6.8) resulted in lower
oxidation rates and more important, in the abolition of respiratory
control. Similar deleterious effects of acidity have been reported by

Lieberman (1960) and Wiskich and Bonner (1963). Lieberman (1960) has



72.

suggested that a high pH prevents adsorption of extraneous protein which
inactivates the mitochondria. This may be associated with tannin forma-
tion (Hulme and Jones 1963). Increasing the pH of the brei above 7.8
during the isolation of beetroot mitochondria also reduced the oxidation
rates. The most active beetroot mitochondria with regard to oxidation
rates, respiratory control and ion accumulation were obtained when the
pH of the brei was between 7.2 and 7.6. Oxaloacetate is more stable at
a higher pH and may be associated with the 1ower succinate and malate
oxidation rates obtained when the pH was above 7.8.

The first centrifuging was at 2,000 x g for 10 minutes and the
second and subsequent centrifugings were at 10,000 x g for 15 minutes.
411 centrifuging was carried out at 0°C in a refrigerated centrifuge.
The mitochondria, after precipitation by high speed centrifuging, were
washed twice by resuspending in O.4M sucrose with a Teflon-based rFotter-
Elvehjem heond homogenizer and recentrifuging. The final mitochondrial
precipitate was resuspended with the =id of a hand homogenizer in 7-14ml
0.4M sucrose and kept at 0°C. Vhen a high speed centrifuge (sorvall
RC-2) became available it was possible to layer the mitochondria (sus-
pended in O.4M sucrose) over 1M sucrose during a final centrifuging at
18,000 x g for 20 minutes. This proved beneficial for ion uptake studies
but not necessarily for succinate oxidation, ADF/O ratios or respiratory
control ratios. Fig. II3 shows that the layering technique produced an
increase in Mg++ and F; accumulated /mg mitochondrial nitrogen(N). 4

purer preparation of intact mitochondria was obtained by layering as some



Table II. 1. Activity of Mitochondria Isolated with a Waring Blendor

or a Braun Julce Extractor.

Beetroot mitochondria were isolated using a Waring Blendor in Expt. 1,
and a Braun juice extractor im Expt. 2 as described in the text. Mito-
chondria were incubated at 25°C in the standard oxygen electrode cell
medium (9 aM potassium phosphate) with 4 uM cytochrome ¢, 8 mM Tris
succinate and 116 ug mitochondrialN/ml (Expt. 1) or 106 ug mitochon-
drial N/ml (Expt. 2). The state 3 oxidation rates were produced by
addition of 0.15 mM ADP and the state & rates were measured after phos-
phorylation of this ADP. Respiratory control ratios and ADP/0 ratios

were calculated by the procedure of Chance and Williams (1955).

Oxidation rates (mumoles Oz/nin) 1 2 3 i1]2 3

State 3 174 1 197 | 1891 195 | 365 | 380
State & 1131 119 129 } 140
Respiratory control ratio 1.5] 1.7 1.5} 2.6

ADP/O ratio 103 103 - 1.5 105




broken mitochondria and non-mitochondrial material did not precipitate
through the 1M sucrose and did not contribute to the total nitrogen
analysis. Better removal of the red pigment was also obtained.

The use of a "Braun blendor-mix" juice extractor instead of a
Waring blendor made it possible to extract the mitochondria from more
fresh beetroot tissue in a smaller volume of isolation medium, and
allowed the rapid separstion of beetroot juice from the cell debris.
Although a larger yield of mitochondria was obtained per isclation
procedure the mg mitochondrialTextractégiggesh weight of beetroot tissue
did not change. The mitochondria were, however, more "active" in oxi-
dizing succinate and malate in the presence of ADF and phosphate (Table
II 1). The second and third state 3 succinate oxidation rates increased
by approximately 50% and the iDF/O ratios also increased when the mito-
chondria were isolsted using the Braun juice extractor. Ion uptake/mg N
was also increased. This general increase in activity was probably due
to the rapid separation of the beetroot juice containing the mitochon-
dria from the cell debris and unbroken beet tissue. No preliminary
separation of juice from the debris by filtering through muslin or calico
was required with this juice extractor. Very little debris in the form
of cell walls or nuclei was precipitated during the low-speed centri-
fuging in contrast to the large precipitate formed when the Waring
blendor was used. The supernatant from this first centrifuging was,
however, passed through washed unbleached calico to separate the thin

layer of froth at the surface of the supernatant. Znough 1M Tris to
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Cross section of the apparatus used for polarographic

measurements of mitochondrialreactions.
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produce a final juice pH of approximately 7.4 was added (with EDTA) to
the empty juice receptacle. The initial high pH when the juice volume
was low did not appear to harm the mitochondria if the final pH, reached
within 2-3% minutes, was below 7.8. If Tris was added after juice
extraction, the short exposure (2-3 minutes) of the mitochondria to the
cell contents at pH 5-6 completely inactivated the isolated mitochondria.
The mitochondrial suspension was kept in an ice bath during the
course of the experiments =nd the experiment was completed within two

hours of isolation unless otherwise specified.

1. Oxidative Phosphorylation.

Oxidation of various Krebs cycle intermedistes by isolated beet-
root mitochondria wass studied. Oxygen upltake was measured polarograph-
ically in a sealed perspex vessel (with a circulating water bath at
25°C) of 3.3 ml volume enclosing a Clark oxygen electrode (Yellow Springs
Instrument Company, Cleveland, Ohio) connected to a lmv. recorder
(either Varian Gl4, Varian issociates, Fale ilto, California, or Honey-
well-Brown, Middlesex, England). Fig. II.1 shows the cross-section of
the oxygen electrode cell. The oxygen electrode tip was sealed with a
polyethylene membrane. .dditions were made by micropipettes through a
small pore in a perspex plunger at the top of the cell and mixing was
achieved by moving the plunger vertically. & virtual seal from atmos-
pheric oxygen was obtained by rlacing the small pore (1.5 mm diam. x

1 mm in length) of the plunger below the surface of the cell contents.
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Diffusion of oxygen through the pore into the cell liquid was negligible
during the usual time period of an experiment (2-5 minutes). The cell
contents werelstirred by a glass- or Teflon-covered iron flea, rotated
by a magnetic stirrer below the cell.

When oxygen uptake was messured with this apparatus 2.8 ml of

medium, prewarmed to 25°C, containing 250 mM sucrose, 6 mM MgCla, L
potassium or Tris-phosphate buffer (pH 7.2) and 10 mM Tris-HC1 buffer
(pH 7.2) was added and the recorder adjusted to 100%. The concentration
of oxygen in this air-saturated medium was 240 uM at 25°C calculated by
the procedure of Chappell (1964). Gemerally 0.5ml mitochondrial suspen-
sion was added, or a volume to provide between 200 - 500 ug mitochondrial
K. Wwhen the mitochondrial suspension at 0°C was added to the reaction
medium at 25°C, there was an abrupt deflection of the tracing (Fig.
III 1). This was caused by dilution of the oxygen in the reaction
medium by the anaerobic cold witochondria. Further small additions
(15 ul - 50 ul) were made through the pore in thé’plunger and the rate
of oxygen uptzke was calculated from the slope of the trace. The
recorder chart speed was 1 inch/minute. The linearity of the electrode
response over the range of oxygen concentrations from 250 uM to O uM
was tested by measuring the constant respiration rate of yeast. Less
than 10% variation from linearity was found over this range of oxygen
concentration (Chance and Williams 1955).

Substrate oxidation and coupled phosphorylztion by isolated

beetroot mitochondria were also determined by chemical and manometric
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techniques (Hunter 1955, Wiskich et al 1960), with air at the gas phase.
The manometer vessel contained C.25M sucrose, 10 m¥ Tris-HC1l buffer

(pE 7.2), 10 mM potassium or Tris-phosphate buffer (pH 7.2), 6 mi
MgCla, 20 mM glucose, excess hexokinase, C.5 mM AP, 8 mM Tris succinate,
3uM cytochrome ¢ and between 150 and 50C ug mitochondrial N in a total
volume of 3.5 ml. The centre well contained G.2 ml of 20% KCH and
oxygen uptake was measured at 25°C for 40-50 minutes. The reaction

was stopped with 3% HCth (final concentration) and the glucose-6-P04
formed enzymically was estimated spectrophotometrically after neutra-
lization of the perchloric acid with KOH, and removal of precipitated
potassium perchlorate and mitochondria by centrifuging (Kornberg 1950).
The reaction was started by glucose-6-PO4 dehydrogenase addition, snd
buffered with O.O4M glycyl-glycine buffer (pH 7.5). Reduction of NADP
was measured at 340 mu using a Shimadzu spectrophotometer or a Beckman

DB spectrophotometer connected to a Beckman recorder.

2a Ion Uptake.

Reaction mixtures for ion uptake studies were placed in 25 ml
conical flasks in a standard Warburg bath and shzken at 2500 during the
incubation period. The standard reaction medium contained C.25M sucrose,
10 m¥ Tris-HC1 buffer (pH 7.2), 3 mM potassium or Tris-phosphate buffer
(pH 7.2), 4 uM cytochrome ¢, 15 mM MgCl2 or 2 m¥ CaCla, 7 mi Tris
succinate or other substrate and between 10C ug and 200 ug mitochon-
drial N/ml. The total volume vzried between 3.5 and 6.5 ml. ihen
CaCl2 was present 2 mi MgCla wae also included.

Separation of the mitochondria from the incubation medium was

achieved by taking 1.0 ml samples and either (1) layering over 3 ml of



Table II. 2. Effect of centrifuging and filtering on Ion Uptake by

Mitochondria.

Beetroot mitochondria were incubated at 25°C in the standard ion uptake
medium (potassium phosphate) with 5 mM Pris succinate and 137 ug mito-
chondrial N/ml. 1In Expt. 2, 1 ug/ml oligomycin was also present.
Mitochondria were separated from the medium by sucking onto 1.2 u
Millipore filters, or by centrifuging at 0°C through 3 ml of 1 M
sucrose for 6 minutes at 25,000 x g+ The results have been corrected

for the uptake of ioms in the absence of substrate.

- Mg+ Pi
umoles/mg N | umoles/mg N
Minutes Filtered | Centrifuged Filtered | Centrifuged
Expt. 1
3 0.8 0.2 0.5 0.3
14 2.3 1.5 1.3 0.7
Expt. 2
3 243 0.8 1.1 0.9
14 3.1 1.9 1.9 1.3




1M sucrose and centrifuging at 25,000 x g for 5-7 minutes at 0°C in a
refrigerated International Centrifuge, or (2) pipetting onto Millipore
filters (1.2u mean pore size, Millipore Filter Corporation, Bedford,
Massachusetts) and separating the mitochondria by filtration under
suction for 15 seconds. The supermatant from (1) was removed by suction
and the centrifuge tube carefully rinsed with 3 ml of cold 1M sucrose.
The mitochondrial pellet in (1) and the Millipore filters from (2) were
suspended in 2-3 ml of 5.5% HC104 and the extract was analyzed.

Two conditions are essential for studying ion uptake by isolated
witochondria. TFirstly the mitochondria must be collected rapidly with-
out loss of internal contents and accumulated ioms. This could occur
during centrifuging through a sucrose layer and then washing the pellet
with 1M sucrose as described in method (1). Secondly the collected
mitochondria must be free from the reaction medium to avoid large
correction factors for the extra-mitochondrial ions. Table II2 com-
pares the earlier technique of centrifuging through 1i sucrose with the
later filtraztion method. substantial loss of accumulated ions occurred
during centrifuging through 1M sucrose at 0% for 5-7 mins. This was
also demonstrated by Brierley et al (1963b). Ion uptake in Table 1I2
was in each case corrected for the uptake of ions in the absence of
added substrate, thus correcting for any error caused by tne small
retention of magnesium zand phosphate within the Millipore filters (see
Chapter 4).

Initially, high blanks were recorded with the filtration tech~

rigue due to the retention of medium in the filter, particularly for



Fig. I1. 2.

Mg++ and Pi uptake by isolated beetroot mitochondria
incubated in a medium containing 250 sM sucrose, 1OmM
Tris-HC1 buffer pH 7.2, 3.38M Tris-phosphate buffer
pH 7.2, 5 uM cytochrome ¢, 13mM Mgll,, 1 ug/ml. oligo~
mycin and 78 ug mitochondrial !V’ul.

Mitochondria separated by filtratiom through l.2 u
Millipore filters:=

¢ — o, with 8sM Tris succinate as substrate.

0 == 0, without substrate.

Mitochondria separated by filtration with 2 ml cold
1 M sucrose through l.2 u Millipore filters:-

W - 8, with 8 mM Tris succinate as substrate.

0O — O, without substrate.
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Fis. II. 30

Mg++ and Pi uptake by isolated beetrocot mitochondria
incubated in a medium containing 250 mM sucrose,

10 M Tris~-HCl buffer pH 7.2, 5 uM cytochrome ¢,

3,2 mM Tris-phosphate buffer pH 7.2, 13 mM Mg(:la, 1l ug
oligomycin/ml and 153 ug mitochondria N/ml.
Mitochondria prepared by standard method described in
texti- .

¢ — o, with 10 mM Tris succinate as substrate.

0 -- 0, without substrate,

Mitochondria prepared by layering over 1M sucrose

for the last centrifuging step:-

B-u, with 10 sM Tris succinate as substrate.

0O- 0O, without substrate.
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magnesium which was rresent at a high concentration (15 m¥) in the
reaction medium., This correction factor was large in proportion to

the actual substrate-dependent magnesium uptake and reduced the
accuracy of measuring substrate-dependent ion uptake. To overcome this
problem 2 ml of cold 1M sucrose were placed on each filter and the 1 ml
samples were pipetted onto the suscrose and suction applied immediately.
This proved bereficial in twe ways. Firstly the larger liquid volume
allowed = more ever deposition of mitochondriaz on the filter resulting
in more rapid sepsration (2-% seconds compared with 5 seconds).
Secondly, lower and more consistent correction factors were reguired
and, unexpectedly, higher rates of uptake were recorded (Fig. II2).

The cold 1M sucrose would itself be beneficial in maintzining the
internal contents of the mitochondria while the fester separation would
prevent some loss of accumulated ions. In all experiments reported
where the mitochondria were separated from the medium by Millipore
filtration, 2 ml of cold 1M sucrose were present on the filters unless
otherwise indicated.

Both intzet and disrupted mitochondria could contribute to
oxidative studies but presumably only intzct beetroot mitcchondria can
meintain sccumulated ions. In the last step of the mitochondrial prep-
aration centrifuging through 1M sucrose was introduced in an effort to
eliminate nmitochondrial fragments from the final suspension (Section II
4)s The effectiveness of this procedure is demonstrated in Fig. 11.3,
where uptske of mognesium snd phosphate is shown on a toctal nitrogen

basis. Increase in ion uptake was due mainly to removal of non-
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contributing nitrogenous material but greater removal of soluble extran-
eous material (e.g. the red pigment) may have aided in preserving the
mitochondrial structure and contents during the experiment.

The mitochondrial pellet or the Millipore filter was treated with
5'5%'H0104' Three hours were sufficient to extract accumulated magnesium
and phospﬁata but the extraction was usually extended for 12 hours before
final anaiysis. Mitochondria extracted in H20 for 12 hours did not
release all accumulated magnesium and phosphate although all monovalent
ions were released during this HZO extraction.

Inorganic phosphate was determined from these HClOu samples gpec-
trophotometrically by the method of Marsh (1959).

Magnesium was estimated at first by a spectrophotometric method
(Vogel 1961a) and subsequently by atomic absorption spectrophotometry when
an Atomic Absorption Spectrophotometer (Techtron 443, Melbourne) became
available. The iatter method increased sensitivity of magnesium deter-
minations by approximately 50% over the range 0.02 u moles to 0.3 u moles
Mg. The standard Mg solution was MgClz, standardised against EDT4
(Vogel 1961b). Fhosphate did not interfere with Mg determination by
the atomic absorption technique (David 1958).

Calcium was determined by atomic absorption spectrophotometry
(Davia 1959), and interference by phosphate was masked by addition of 25
mM SrCl, (Willis 1960). The standard Ca solution was CaCl,, which was
standardised against EDTA (Vogel 1961b). CaH,+(P04)2.H20 and CaH.FC, were
also tested as suitable standards and in the presence of 25 mM SrCl2 gave

the same standard curves as CaCl2 plus 25 mM SrCla. Increasing the SrCl2



80.

concentration to 50 mM SrC12 reduced sensitivity by 10 - 20%.
Monovalent ion uptake was mea:zured from the standard ion uptake
reaction medium containing 20 mM NeCl or KCl, 2nd 1 mM.M3912 instead
of 15 mM MgCla. HZO extraction for 12 hours after separation of mito-~
chondria by Millipore filtration removed all accumulated monovalent
ions from the mitochondria, although 1% HCIOA was generélly used for
extraction. Sodium and potassium were estimated with an EEL flame
photometer (Evans Lilectroselenium Ltd. Essex, kngland). In some early
experiments when chloride movement was measured in association with

magnesium and phosphate uptake into isolated mitochondria, chloride was

estimated spectrophotometrically (Vogel 196lc). In later experiments

when chloride movement was measured in association with sodium or
potassium uptake into mitochondria, chloride was analysed by the method

of Furman and Low (1935).

3. ATFase Activity.

ATFase activity of isolated beetroot mitochondria was estimated
by measuring the release of inorgenic phosphate from added ATF by the
method of Marsh (1959). The reaction medium contained 0.25M sucrose,

10 mM Tris-HC1 buffer (pH 7.2), 3 uM cytochrome ¢, 3 mM NajATP, 6 mM
MgCl2 and 300-400 ug mitochondrial N in a total volume of 3.5 ml. These
reaction mixtures were shaken at 25°C in conical flasks in a conventional
Warburg apparatus and 1 ml samples were taken at intervals and pipetted
into 3% HCth at 0°C in an ice bath. Water and butanol were added and

the Pi released from ATP was meafured immediately.
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LZSTIMATION OF NITROGEN:

The total nitrogen content of the mitochondrial suspension was
determined by the method of McKenzie and Wallace (1954), by steam
distillation and titration after digestion in sulphuric acid using

mercury as catalyst.

MATERIALS AND CHEMICALS:

1. Beetroot Tissue.

Beetroot tissue was obtained at weekly intervals from one market
garden and freshly pulled beetroot was transferred to vermiculite in a
glasshouse and kept moist by regular watering. Seasonal variation in
the biochemical activity of isolated mitochondria and in the pH of the
cell contents was observed. Mitochondria isolated from beetroot tissue
obtained in January and February were relatively inactive, probably from
a combination of the very hot weather and insufficient watering at the
market garden for maintenance of biochemical activity. This phenomenon
was not studied in detail. Seasonal variations in mitochondria from
beetroot tissue was observed by Wiskich et al (1960) while similar
seasonal variations in mitochondria from silver beet have been reported

(Martin and Morton 1956a).

2. Chemicals.

Cytochrome ¢, HOGNO, hexokinase (type IV), glucose-6-phosphate
dehydrogenase, NAD, NADH and NADF were obtained from Sigma Chemical
Company, St. Louis. Antimycin A was obtained from Kyowa Hakko Kogyo

Company Ltd. Tokyo, Japan. ADFP, ATP and &MF were obtained from P.lL.



Fig. II &, Electron micrographs of beetroot mitochondria
Magnification x 12,100,
Yop, from the upper part of a freshly prepared
pellet.

Bottom, from the bottom of the pellet,
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Biochemicals, Wisconsin. Gifts of oligomycin (Professor Elizabeth McCoy,
University of Wisconsin, U.S5.4.) and CCF (Dr. Heytler, &.I. Du Font de
Nemours and Co. (Inc.) Delaware, U.5.4.) are gratefully acknowledged.
analytical-grade reagents were used wherever possible. Sodium pyruvate
was prepared from commercial pyruvic acid (Lardy ¥1959) and re-crystal-
lized from 80% ethyl alcohol.

AUF concentrations were determined after phosphorylation with
phospho-enol pyruvate and pyruvate kinase, by measuring the oxidation of
NADH on reduction of the pyruvate formed with lactic dehydrogenase.
Reagents for the assay of AlF were obtained from C.F. Boehringer and
Soehne, Mannheim, Germany, or the enzymes were purchased individually

from Sigma Chemical Company, St. Louis.

STRUCTURE OF BEETROOT MITOCHONDRIA:

The structure of isolated beetroot mitochondria was investigated
by electron microscopy, Freshly prepared mitochondrial pellet was fixed
for 45 minutes at 0°C in sodium veronal-sodium acetate buffer (pH 7.4)
containing 2% KMnO4. The fixed pellet was washed, dehydrated by passage
through an ethanol series and embedded in araldite. The araldite was
polymerised at 60°C for two days. Sections were cut with a "Si-ro-flex"
Ultramicrotome using glass knives and examined and photographed with a
Siemens, Elmiskop 1, electron microscope. Fig. II 4 shows that the beet-
root mitochondria prepared by the isolation technique described were in
most cases intact with a demse matrix and well defined cristae. Thare
was little contamination by non-mitochondrial matter. Some swollen mito-

chondria and broken mitochondria were present (mainly at the top of the
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pellet) but their proportion was small in comparison with the intact
mitochondria of general size lu x O.5u to 2u x lu.

Samples of mitochondria were also observed by electron micro-
scopy after incubation in a standard ion uptake reaction medium con-
taining 15mM Mg012 or 2 mM CaCl., 3 mM Pi and succinate at 25°C for
15-20 minutes. These mitochondria were compared by electron micro-
scopy with mitochondria incubated in the same medium but in the absence
of substrate. No deposits of electron dense material were observed in
mitochondria incubated with Mg and Pi or Ca and Pi in the presence of
substrate, although duplicate samples taken after the same incubation
period indicated that these mitochondria had taken up about 8 u moles
Ca or Mg /mg N. Beef heart mitochondria accumulated massive amounts
of Mg and Pi but electron dense deposits were not observed in these
mitochondria (Brierley and Slautterback 1964) due presumably to the
low electron density of Mg and the removal of precipitated phosphate by
the fixation proczdure in unbuffered osmium tetroxide. Deposits were
not expected in beetroot mitochondria after incubation in Mg and Ei.
Electron dense deposits were expected but not observed in beetroot
mitochondria after accumulation of Ca and Pi. Electron dense calcium
rhosphate deposits have been observed in animal mitochondria (Brierley
and Slautterback 1964, Greenawalt et al 1964, Peachey 1964). Modifica-
tion and refinement of the fixation technique could, however, reveal
electron dense deposits in beetroot mitochondria incubated with Ca and

Pi in the presence of substrate. The absence of these deposits in
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electron micrographs need not indicate that deposits of Ca or Mg phos-
phate complexes are not formed within the beetroot mitochondria after

massive uptake of these ions.
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CHAFTER THREE

SUBSTRATE OXIDATION AND ASSOCIATED PHOSPHORYLATION

INTRODUCTION.

Mitochondria isolated from a large number of plant species and
tissues have been shown to oxidize Krebs cycle intermedistes and to
couple this oxidation to esterification of inorganic phosphate (Hackett
1959). Reports have indicated that the phosphorylative efficiency of
plant mitochondria is as high as that of animal mitochondria and /0
ratios approaching the theoretical maxima have frequently been reported
(Hackett 1959, Lieberman and Baker 1965).

However, reports of isolated plant mitochondria exhibiting res-
piratory control have only recently been submitted where oxidation has
been measnred polarographically, and ADP/0 ratios and respiratory control
ratios (R.C.) have been calculated by the procedure of Chance and
Williams {1955, 1956). Mitochondria showing respiratory control have
been isolated from sweet and white potatoes (Wiskich and Bonner 1963,
Baker 1963), cauliflower bud (Bomner and Voss 1961), apple (Johes et al
1964), avocado (Wiskich et al 1964), pea root (Childress and Stein 1955),
and corn shoots (Hanson et al 1965). The substrate providing maximum
respiratory control varied between mitochondria from different sources
but ADP/O ratios approached the theoretical maxima for each substrate.

The propomed sites of action of the inhibitors and uncouplers
used in this study of oxidative and phosphoryiative abilities of beet~
root mitochondria have been discussed previously {Chapter 1). These and

other agents and their sites of action have recently been reviewed by
Ernster and Lee (1964).



Fig. III. 1.

The oxidation of Tris succinate by beetroot mito-
chondria measured polarographically at 25°C in a
medium containing 250 mM sucrose, 10 aM Tris-HCl
buffer, pH 7.2, 4 =M Tris-phosphate buffer pH
7.2y 5 WM Mgﬂz and 3 uM cytochrome c. 324 ug
mitochondrial N was added at Mw, Other additions
are ac shown.

Rates of oxygen uptake are expressed as mu moles
Oz/ninute. The washed mitochondria were iso=-

lated from a brei of pH 7.3
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Fig. 1I1. 2. Polarographic tracing of oxygen uptake by beetroot
mitochondria with Tris succinate as substrate. The
medium contained 250 mM sucrose, 10 mM Tris-HC1
buffer pR 7.2, 4 mM Tris~phosphate buffer pH 7.2,

6 mM MgCl,, and b wM cytochrome c. 272 ug
mitochondrial N was added at Mw. Other additions
are as shown. Rates of oxygen uptake are
expressed as mu moles Oz/ninnte. The washed
mitochondria were isolated from a brei of pH

7.8.
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This chapter will describe the oxidation of tricarboxylic acid
cycle intermediates by beetroot mitochondria and the control of ADP phos-
phorylation over this oxidation. Oxidative and phosphorylative capacities

will be compared with those reported for other plant mitochondria.

B. RESULTS.
1. Succinate.

Fig. 111 1 shows the oxidation of succinate by beetroot mitochon-
dria measured polarographically. The initial rate of oxidation was
stimulated by the addition of ADP and the rate of oxidation decreased
when the ADP was phosphorylated. Further additions of ADP stimulated the
oxidation rate. The ADP-gtimulated rate is referred to as state 3 in
accordance with Chance and Williams (1955a), and the subsequent &lower
rate of oxidation after the added ADP is phosphorylated, as state &

(Table 1, Fig. 1, Appendix). The ratio of state 3 / state 4 (the res-
piratory control ratio) as defined by Chance and Baltscheffsky (1958)
gives a measure of the degree of coupling of phosphorylation to oxidation,
and in this experiment the ratios were 1.6 and 2.5. The ADP/O ratios(l.4
and 1.7) calculated according to Chance and Williams (1955) were close to
the theoretical ADP/0O ratio of 2 for succinate.

In Fig. III 1 the initial rate of succinate oxidation was slower - —
than subsequent state 4 rates and the first addition of ADP did not
produce the maximum state 3 oxidation rate. However, the second and
third additions of ADP produced rapid maximum rates of oxidation. Fig.

III 2 shows a similar pattern of succinate oxidation but with a more



Fig. I1I. 3. Polarographic tracings of oxygen uptake by beetroot
mitochondria with Tris succinate as substrate.
The medium contained 250 mM sucrose, 10 =M Tris-
HC1 buffer pH 7.2, & mM Tris-phosphate buffer
pH 7.2, 6 aM MgCl,, and 4 uM cytochrome c. 492 ug
mitochondrial N was added at Mw. Other additions
are as shown. Rates of oxygen uptake are
expressed as mu moles 02/ni.nnte. The washed
mitochondria were isolated from a brei of pH
7.6.
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marked initial inhibition of oxidation. This trace was obtained using
mitochondria isolated from a more alkaline (pH 7.8) medium than normal
(pH 7.3 in Fig. III 1). A similar succinate oxidation pattern with
initial inhibition of oxidation has been observed with cauliflower
mitochondria (Bonner and Voss 1961) and sweet potato mitochondria
(Wiskich and Bonner 1963) and it was suggested that oxaloacetate was
inhibiting oxidatioh of succinate. It has been shown that oxaloacetate
inhibits succinate oxidation in plant mitochondria (Avron and Biale
1957), (Wiskich and Bonner 1963) and in snimal mitochondria (Azzone and
Ernster 1960, Pardee and Potter 1948). Wiskich et al (1964) reported
an iphibition of succinate oxidation by oxaloacetate which became pro-
gressively stronger as the pH of the isolation medium was increased from
7 to 8. These results may reflect the greater stability of oxaloacetate
under alkaline conditions.

Incubation of beetroot mitochondria with ATP prior to succinate
addition produced a rapid response to succinate and a meximum state 3
oxidation rate after the first addition of ADF (¥Fig. III 3). Mitochon-
dria pre-incubated for three minutes with ATP and oligomycin showed an
initial rapid response to succinate addition indiceting that ATPase
activity was not responsible for the increased initial succinate oxida~
tion rate with ATP. This ATP-effect has.been interpreted as relief of
oxaloacetate inhibition of succinate oxidation (Wiskich et al 1964).

The respiratory control ratios obtained with beetroot mitochondria
oxidizing succinate indicate the degree of coupling between phosphory-
lation and oxidation. State 4 rates indicate leakage of electrons along

the transfer chain without concomitant phosphorylation. However, the



Fig. 1II. 4. Folarographic tracing of oxygen uptaize by beetroot
mitochondria with Tris succinate as substrate.
The medium contained 250 mM sucrose, 10 mM Trias-
HC1 buffer pH 7.2, 4 mM Tris-phosphate buffer pH
7.2, 6 M MgCl, and 5 uM cytochrome c. 258 ug
mitochondrial N was added at Mw. Other additions
are as shown. Rates of oxygen comsumption are

expressed as mu moles Ozlminute.
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Figo III. 6.

The oxidation of « -ketoglutarate by beetroot
mitochondria asessyed in a medium of 3.3 ml con-
taining 250 =M sucrose, 9 mM Tris-HCl buffer .
pE 7.2, 3 uM Tris~phosphate buffer pH 7.2, 5 mM
MgCl. . 4 uM cytochrome ¢, 30 mM TFP, and 380 ug
mitochondrisl N. Mw indicates the additiom of
witochondria and other additions are shown as
final concentrations. Rates are expressed as

mm moles Oz/ninnte.
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state 4 rate of cxidation would not be a true measure of the non-
phosphorylating oxidation rate if 4ATPase activity allowed ADF to re-
cycle. In Fig. III 4 the additien ef oligomycin, which inhibits mito-
chondrial phosphorylation without uncoupling (Lardy et al 1958, Chappell
and Greville fggaiiTiigibited succinate oxidation in beetroot mitochon-
dria to a rate 1%% less than the previous state 4 oxidation rate. In
a normal succinate tracing (Fig. III 1) the variation between state 4
oxidation rates was usually between 5 and 20¥. Thus ATPase activity
contributed insignificantly to the state 4 oxidation rate. Fig. III &
indicates that oligomycin inhibited oxidation by inhibiting phosphory-
lation, an inhibition that was released by addition of the uncoupling

agent DNP.

Se %‘Ketozlutar ate.
Figs. III 5 and 6 show the oxidation pattern of x~ketoglutarate

by beetroot mitochondria. TPP was required and oc~ketoglutarate was
not oxidised until ADP was added whereas some oxidatiom of succinate
occurred in the absence of ADP. This effect, and the high respiratory
control ratios observed during oc-ketoglutarate oxidation can be atiri-
buted to strong coupling between oxidation and phosphorylation at the
substrate-level phosphorylation site (Wiskich et al 1964). An induction
period was required for maximal o ~ketoglutarate oxidation (Figs. III

5 and 6) as observed by Chance and Baltscheffsky (1958). Malonate was
included in Fig. ITI 5 to inhibit the oxidation of succinate formed

from o =ketoglutarate oxidation (Wiskich et al 1964).
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Figs. III 5 and 6 show that substrate-level phosphorylation was
rate limiting during state 4 oxidation. Fig. III 5b indicates that
oligomycin did not reduce the ADP-stimulated state 3 oxidation rate to
the level of the previous state 4 rate, although oxidation was inhibited.
Thus electron transfer chain phosphorylations, which are inhibited by
oligomycin (Lardy et al 1958), cannot be responsible for the very low
state 4 oxidation rate. Oligomycin does not inhibit substrate-level
phosphorylation (Chappell and Greville 1961). DNP recovered the
oligomycin~inhibited oxidation rate in Fig. III 5b when excess ADF was
present. The stimulation of the state 4 rate by DNF in Fig. III 5_a
suggests that DNP was making ADP available to the substrate-level site
of phosphorylation since DNP does not uncouple substrate-level phos-
phorylation (Chappell and Greville 1961, Wiskich et al 1964). Wiskich
et al (1964) showed that the stimulation by DNF of the state 4 rate of

x ~ketoglutarate oxidation in avocado mitochondria was due to a stim-
ulation of adenosine triphosphatase activity rather than to a more
favourable ATP/ADP ratio at the active site as suggested by Azzone and
Ernster (196la and b). Fig. III 6 repeats these effects with beetroot
mitochondria. Oligomycin, when added during the state 3 rate of

oL ~ketoglutarate oxidation, inhibited oxidation by 40% due to inhibi-
tion of electron transfer chain phosphorylations. When ADP became rate-
limiting the coupling of the substrate-level phosphorylation induced
the very low state 4 rate (Fig. II1 6). DNF did not stimulate this

state 4 oxidation rate in the presence of oligomycin, indicating that
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DNF stimulation of state 4 oxidation in Fig. III 5a was due to stimula-
tion of ATPase activity. Addition of oligomycin which would inhibit
both electron transfer chain phosphorylations and ATPase activity)in
Fig. III Sa inhibited the DNF-stimulated oxidation rate to the former
state 4 oxidation rate. The DNP-stimulated oxidation rate in Fig.
II1 5a was much greater than the previous state 3 oxidation rate due
to the induction period required for maximum o~ketoglutarate oxida-
tion.
Sodium arsenite at a concentration of 1 x 10™M inhibited

o ~ketoglutarate oxidation in the presence of malonate by 90%.
Arsenite is a fairly specific inhibitor of enzymes containing active
disulphydryl groups such as lipoic acid (Peters 1949, Lieberman and
Biale 1956b), indicating that such a substance was involved in

o -ketoglutarate oxidation by beetroot mitochondria.

3 Citrate.

The oxidation pattern of citrate by beetroot mitochondria is
shown in Fig. III 7. ADP/O ratios of 2.2 to 2.6 and respiratory control
ratios of 1.8 were obtained. Neither NAD nor NADP were required for
maximum citrate state 3 oxidation rates, respiratory control ratios, or

ADP/O ratios (Beaudreau and Remmert 1955).

I+ L] NADH.
NADH was oxidized very slowly by intact beetroot mitochondria
without respiratory control in comparison with results obtained with

sweet potato mitochondria (Wiskich and Bonmner 1963).  Addition of



Fig. III. 8.

Polarographic tracing showing the oxidstion of
sodium pyruvate by beetroot mitochondria. Assayed
in 2 3.3 ml medium containing 250 mM sucrose, 9 mM
Tris-HC1 buffer pH 7.2, 3 mM Tris-phosphate buffer
PH 7.2, 5 oM MgCl,, 0.3 u¥ Tris malate, 4 uM
cytochrome ¢, 3 ug/ml NAD, 30 mM TPP, 0.3 M
coenzyme A and 465 ug mitochomdrial N, Mw
indicates the addition of mitochondria and other
additions are shown as final concentrations.

Rates are expressed as mu moles Oz/ninnte.
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Table III. 1.

Effect of Cofactors on the Oxidation of Pyruvate and

Malate.

Beetroot mitochondris was incubated at 25°C in the standard oxygen
electrode cell medium (Tris phosphate) with 5 uM cytochrome ¢, 92
ug mitochondrial N/ml, 0.25 mM ADP, snd where indicated 3 ug NAD/ml,

30 mM TPP and 0.2 M coenzyme A.

Cofactors Sodium Pyruvate | Tris Malate |Oxidation Rate
- M (mumoles 6,/min).

NAD - 0.3 10

- 8.0 - 4]
TEP 8.0 - 10
TFP + CoA 8.0 - 20
TP + CoA + NAD 8.0 - 23
NAD 8.0 0.3 10
NAD + TPP 8.0 0.3 8h
TEP + CoA + NAD 8.0 0.3 120




Fig. III. 9.

The oxidation of a low concentration of Tris malate
by beetroot mitochondria. Assayed in Z.3 ml of
medium containing 250 sM sucrose, 9 aM Tris-HC1
buffer pH 7.2, 3mM Pris-phosphate buffer pi 724

5 mM MgCl,, L uM cytochrome ¢, 3 ug/m) NAD and

465 ug mitochondrisl N. Rates are expressed

as mu moles O /mimute.
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cytochrome ¢ greatly increased the rate of NADH oxidation while HOQNO
sdded at a concentration of 4 x 107 completely inhibited oxidation.
Mitochondria prepared under acid conditions (pH .of brei = 6.5 - 7.1)
oxidized NADH more rapidly than those prepared under normal or alkaline

conditions (pH of brei = 7.2 - 8.0).

Se Eyruvate.
Sodium pyruvate was oxidized by beetroot mitochondria in the

presence of a primer acid (0.3 mM Tris malate) (Fig. III 8). TFF,
coenzyme A, and NAD were required for maximum pyruvate oxidation rates
(Lieberman and Biale 1956, Walker and Beevers 1956). Addition of ADF
increased the oxidation rate and this state 3 rate was replaced by the
state 4 oxidation rate after the ADP was phosphorylated. Subsequent
additions of ADF gave further state 3 - state 4 transitions and the
ADP/O ratios calculated were 2.3 and 2.5. The respiratory control
ratios were 1.7 and 1.6.

In the absence of the low concentration of malate, pyruvate was
oxidized very slowly with no respiratory comtrol (Table III 1). Table
I1I 1 also shows the effects of various cofactors on pyruvate oxidation.

Fig. III 9 shows that the low concentration of Tris malate used
as a primer acid for pyruvate oxidation was oxidized very slowly with
no respiratory control in the absence of pyruvate. Glutamate, which
could remove accumulated oxaloacetate by transamination, increased the

malate state 3 oxidation rate and tramsition to state 4 rate occurred



Fig. III. 10. The effect of sodium arsenite and Tris glutamate
on the oxidation of sodium pyruvate by beetroot
mitochondria. Assayed in a 3.3 ml medium con-
taining 250 sM sucrose, 9 mM Trig-HCl buffer pH
7.2, 3 oM Tris-phosphate buffer pH 7.2, 5 mM
MgCl,, 4 uM cytochrome ¢, 0.3 M Tris malate,

3 ug/ml NAD, 30 mM TPP, 0.2 M coenzyme A and
430 ug mitochondrial N. Rates are expressed as

mn moles 02/ min.
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Fig.IIIO 11,

The effect of Tris glutamate and sodium arsenite
on the oxidation of sodium pyruvate by beetroot
mitochondria. Assayed in a 3.3 ml mediuw con-
taining 250 mM sucrose, 9 mM Tris-HCl buffer

pH 7.2, 3 o Tric-phosphate buifer pH 7.2, 5 mM
MgCla, L uM cytochrome ¢, 0.3 sM Tris malate,

3 ug/ml NAD, 30 mM TPP, 0.2 M coenzyme A and

465 mitochondrial N. Rates are expressed as

mu moles Oz/minute.
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on phosphorylation of the added ADP (Fig. III 9). The respiratory
sontrol ratios were very low and the ADP/O ratios of 1.8 and 1.7 were
also much lower than the theoretical ratio of 3 usually measured
during malate oxidation in the presence of glutamate (Fig, III 14).
Glutamate is not oxidized as such by beetroot mitochondrisa (Millard
1963).

Lipoic acid had no effect on the oxidation of pyruvate and malate
by sweef potato witochondria (Lieberman and Biale 1956b). Pyruvate plus
malate oxidation by beetroot mitochondria was also not affected by addi-
tion of lipoic acid. Arsenite inhibited by 83 the oxidation of pyruvate
plus mslate by beetroot mitochondria (Fig. III 10), indicating that a
lipoic acid-like substance was involved (Peters 1949, Iieberman and
Biale 1956b). The low residual oxidation rate in Fig. 1II 10 was prob-
ably due to direct oxidation of malate (Fig. III 9) which wes not
inhibited by arsenite. Addition of glutamate (Fig. III 10) after
inhibition of pyruvate oxidation by arsenite stimulated the rate of this
residual malate oxidation, probably by removal of oxaloacetate, but the
oxidation rate gradually decreased after the initial stimulation.

Addition of glutamate before arsenite in Fig. IIT 11 decreased
the state 3 pyruvate plus malate oxidation rate. This may have resulted
from competition between pyruvate and glutamate for oxaloasetate formed
from malate oxidation. Arsenite addition decreased the oxidation rate
still further after a lag phase (Fig. III 11). The residual oxidation

rate would be due entirely to malate oxidation.
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Fig. II1. 15. The effects of oligomycin and DNF on the oxidation
of Tris ascorbate by beetroot mitochondris.
Asseyed in a 3.3 ml medium containing 250 mM
sucrose, 10 mM Tris-HCl buffer pH 7.2, & oM
PTris-phosphate buffer pH 7.2, 6 mM Ngll,, 3 uM
cytochrome ¢, 2 uM HOQNO, 380 ul TED and 55 ug
mitochondrial N. BRates are expressed as m

moles Oz/minute.
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pable IIL. 2. Effect of THPD and Antimycin A oB Ascorbate Respiratory

Control and ADP/O Ratios.

Beetroot mitochondria were jneubated ip the oxygem electrode cell
mpedium (Tris phosphate) with 1.5 =M vris ascorbate and 20 ug mito-

enondrial .74 30 state 3 oxidation rates were proﬁuced by 0.07 mié

ADP.
TMPD antimycin A Respiratory Control ADP/O
uM (1 ug/md) Ratio Ratio
1 2 s 2
1
76 - 1.09 - 0.50 -
228 - 1,05 1.19 0.50 | 093
380 o 1012 1022 0.5} ‘ 0.51
380 1 1.10 - 0.52 | -
l 380 2 1.09 - 0.49 -
—




Table III. 3.

Respiratory Control and ADP/O ratios.

Effect of Cytochrome ¢ on Ascorbate Oxidation and

Beetroot mitochondria were incubated in the O electrode cell

medium (Tris phosphate) with 1.5 aM Tris ascorbate and 27 ug mito-
chondrial N/ml (Expt. 1), or 15 mM Tris ascorbate and 20 ug mito-
chondrial N/ml (Expt. 2).

2

Addition Oxidation Rate R.C, ADP/0O
(mumoles 02/uin) Ratio Ratio
Expt. 1, A
‘280 uM TMPD 172
0.61 mM ADP 236
206 state & 1.14 0.68
6 uM cytochrome ¢ 245
0e30 mM ADP 265
238 state & 1.13 0.75
Expt. 1, B
380 uM TMPD 196
6 uM cytochrome ¢ 230
0.61 mM ADP 29%
265 state & l.12 0.70
0.30 mM ADP 296
270 state &4 1.09 0.76
Expt. 2
3.8 mM TMPD 575
0.61 mM ADP 585
530 state & 1.10 0.53
6 wM cytochrome ¢ 615
0.30 mM ADP 650
570 state 4 1.14 0.51
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6. TMED-Ascorbate .

Beetroot mitochondria coupled the oxidation of Tris ascorbate,
in the presence of catalytic amcunts of TMFD, tc the phosphorylation of
ADP (Jacobs 1960). Fig. III 12 indicates that the respiratory contrcl
ratios were low (1.3 and 1.2) but the ADF/O ratios were 0.77 and C.99
in agreement with the theoretical ratio of 1.C and with results obtained
using rat liver mitochondria (Facker et al 1963, Packer and Jaccbs 1962)
and rat heart mitochondria (Tyler et al 1965, 1966). Oligomycin cdded
in the presence of excess ADF inkibited the ascorbate oxidation rate and
this inhibition was relieved by DNP (Fig. III 132) (Packer et al 1963).

The effect of increasing TMFD concentrations (80 wM to 280 uM)

on the respiratory control and ADP/0O ratios is shown in Table III 2.
HOQNO end antimycin A at concentrations which completely inhibited
succinate oxidation increased ascorbate oxidation rates by between 5 and
20% when the T™PD concentration was 380 uM, but had no effect on either
respiratory control ¢r ADF/O ratios (Table III 2). Addition of cytochrome
¢ produced a 10-30% stimulation in state 3 and state 4 ascorbate oxida-
tion rates independent of the TMPD concentration, but again the ADP/O

ratios and R.C. ratios were not affected (Table III 3).

7.  Malate.

The oxidation of malate by beetroot mitochondria has been demon-
strated manometrically (Wiskich et al 1950) and polarographically
(Millerd 1963), with P/O and ADP/O ratioe approaching the theoretical

maximum of 3. Fig. III 14 shows the oxidation of malate by beetroot



Fig; III. 1k. iclarographic tracing showing the oxidation of Trie
malate by beetroot mitochondria. Assayed in 3.3 ml
of medium containing 250 mM sucrose, 10 mM Tris-HCl
buffer pH 7.2, 4 mM Tris-phosphate buffer pi 7.2,

6 mM MgCl,, 3 uM cytochrome ¢, 15 mM Tris glutamate
and 310 ug mitochondrial N added at Mw. Hates of

oxygen uptake are expressed as mu moles Gz/'minute.
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wmitochondria messured polarographically in the presence of 15 mM gluta-
mate. AUP/O ratios of 2.5 = 2.7 and R.C. ratios of 4.9 = 5.3 were
recorded. Malate oxidation measured in the presence of glucose, hexo-
kinase and ADP has been found to progressively decrease with time
(Wiskich and Bommer 1963, Wiskich et al 1964) and this was interpreted
as oxaloacetate accumulation and inhibition of malate dehydrogenase.
Glutamate prevented the progressive decrease in malate oxidation pres-
umably by removing oxaloacetate by transamination (Krebs and Bellamy
1960, Wiskich et al 1964). The 15 mM glutawate included in Fig. III
14 did not entirely prevent the decremse of state 3 and state 4 malate
oxidation rates with time.

8. Action of Inmhibitors.

Potassium cyanide at & concentration of 0.9 x 10.#M inhibited
succinate and ascorbate plus TMPD oxidation by 98% in beetroct mitochon-
dria.

HOQNO inhibited NADH and succinate oxidation by 100% at a concen-
tration of 5 x 107%u.

Antimycin A inkibited succinate and malate oxidation by 100% at
a concentration of 0.7 ug/ml.

Sodium malonste at 4.5 mM inhibited succinate oxidation by 90%

but did not affect malate or NADH oxidation.

DISCUSSION:

1. Respiratory Control.

Beetroot mitochondria were shown to oxidize succinate, malate,



Fig. III. 15. A semilogarithmic plot showing the effect of DNF om
the rate of succinate oxidation by beetroot mito-
chondria. The mitochondria were incubated at 25°C
in an oxygen electrode cell in a medium containing
250 mi sucrose, 7 m¥ Tris-HCl buffer pH 7.2, 3 mM
Tris phosphate buffer pH 7.2, 5 mM }13012 3 ulM
cytochrome ¢, 8 mM Tris succinate and 184 ug
mitochondrial N/ml. State 3 oxidatioh rates were

produced by addition of O.14% =M ADF.

e -~ ¢, DNP rate expressed as a percentage of the
previous (second) state 3 oxidation rate (100%).

o -~ 0, DNP rate expressed as a percentage stimu-

lation of the state 4 rate (DNP rate - state 4 rate) x 100
state 4 rate
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o =ketoglutarate, citrate, pyruvate and ascorbate plus TMPD. Haximum
oxidation for each of these substrates did not occur unless =z suitable
phosphate scceptor and inorganic phosphate was present. On exhaustion
of the phosphate acceptor the oxidation rate decreased, indicating res-
piratory control with courling of oxidation to phosphorylation. &
stimulation of mitochondrial substrate oxidation following ADP addition
does not represent respiratory control unless it is established that ADP
is rate limiting. Abseice of respiratory control does not, however,
reflect the capacity o mitochondrial phosphorylation and may be due in
part to action of ATPase (Wiskich et al 1964%). ATPase activity can be
demonstrated with oligomycin which inhibits ATPase activity and oxidative
phosphorylation without uncoupling (Lardy et al 1958). The effectiveness
of oligomycin in inhibiting the ADP-stimulated succinate oxidation rate
of beetroot mitochondria was shown in Fig. III 4, The oligomycin~
inhibited oxidation rate was approximately 10% below the previous state
L oxidation rate indicating thet ATPase activity contributed insignifi-
cantly to the state 4 succinate oxidation rate (see Chapter 8).
Oligomycin at this concentration (1 ug/ml) inhibited ATP forﬁiggézgﬁge
80-90% (Chapter 4). However, oligomycin did not inhibit the substrate-

level phosphorylation associated with ot ~ketoglutarate oxidation (Fig.

ITI 5.)

e Action of DNP.

DNP stimulated state 4 or oligomycin-inhibited substrate oxida-

tion of beetroot mitochondria (Fig. III 4), Fig. III 15 summarises a
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series of experiments in which the DNP-stimulated oxidation rates were
measured at different DNF concentrations. Succinate was the substrote
and two AUF additions were made, providing two state 3 and two state 4
oxidation rates before DNP was added. The second state 4 oxidation
rzte was recorded for at least one minute before DN addition. DNP-
oxidation rates are expressed in Fig. III 15 both as the percentage of
the previcus (second) state 3 oxidation rate (100%) and as the percen-
tage stimulation of the previous (second) state 4 oxidation rate,

(DN rate - state 4 rete x 100)
( state & rate ).

In three separate experiments the optimum DNP concentration for
meximum stimulation of oxidation was between 50 and 80uM. At low con-
centrations of DNP, additions of ADP further increased the rate of
oxidation whereas at higher DNP concentrations, ADF additions had no
effect. Thus at low concentrations of DNF the stimulation of oxidation
was small due to incomplete coupling but at high concentrations the
inhibitory effects of DNF on oxidation becameevident. High levels of
DNP were necessary for complete uncoupling of oxidative phosphorylation.
A concentration of 100 uM DNP was required for minimal ATP formation by
beetroot mitochondria oxidizing succinate in the presence of glucose,
hexokinase and ADF. Thus DNF inhibits oxidation in beetroot mitochondria
at effective uncoupling concentrations (Wiskich and Bonner 1963). This
result could indicate why there have been few reports of DNF-stimulated
oxidation in plant mitochondria (Hackett 1959). DNP rates of oxidation

greater than state 3 oxidation rates cannot be expected unless phosphory-



lation of ADP is rate limiting, a condition which has not been demon~
strated in plant mitochondria (Wiskich and Bonner 1963).
OCP uncoupled phosphorylation asscciated with succinate oxida-

tion by beetroot mitochondria at a concentration of 1 uM.

3. Inhibition of Succinate and Malate Oxidation.

Beetroot mitochéndria oxidized succinate with an initial inhibi-
tion of the oxidation rate. This initial inhibition has been observed
previously in both plant (Wiskich and Bomner 1963, Bonner and Voss 1961),
and animal mitochondria (Azzone and Ernmster 1960, Chappell 1961, Pardee
and Potter 1948). The initial inhibition of succinate oxidation in
beetroot mitochondria was overcome by pre-incubation with AFTF. Wiskich
and Bomner (1963) and Chappell (1961) have suggested that succinate
inhibition in potato and rat liver mitochondria was due to exalocacetate
inhibition of succinate dehydrogenase. Oxaloacetate is a competitive
inhibvitor of succinate dehydrogenase (Pardee and Potter 1948). ATP may
either dissociate an oxaloacetate-succinate dehydrogenase complex, or
remove oxaloacetate completely by phosphoenol pyruvate carboxykinase
activity (Pardee and Fotter 1948, Chappell 1961). It has been shown
(Mazelis and Vennesland 1957) that phosphoenol pyruvate carboxykinase
is widely distributed in plant tissues and that the plant enzyme is
specific for AfP. \iskich and Bonmer (1963) found that only adenine
nucleotides were effective im overcoming oxaloacetate inhibition in
sweet potato mitochondria, but in rat liver mitochondris inosine tri-

phosphate wam as effective as ATP (Chappell 1961)., In rat liver
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homogenates oxaloacetate inhibition of succinate oxidation was removed
by incubation with glutamate (Krebs and Bellamy 1960). This was not
observed in beetroot mitochondria or in potato mitochondria (Wiskich
and Bonner 1963). The action of oxaloacetate in inhibiting succinate
oxidation has been recently discussed by Greville (1966) and Klingenberg
(1966) =nd argumenits against the action of oxaloacetate as a competitive
inhibitor of succinate dehydrogenase have been presented.

The progressive decrease in malate oxidation rate with time has
&lso been attributed to inhibition caused by 6xaloacetate accumulation
(Wiskich and Bonner 1963, Wiskich et &l 196l4), Glutamate largely prev-
ented this inhibition of malate oxidation in beetroct mitochondria
(Pig. ITI 14). Very little of the rscovered malate oxidation could have
been due to glutamate oxidation which was not oxidized as such by beet-
root mitcchondria (Millard 1963), and the prevention of inhibition must
have resulted from removal of oxaloacetate by transamination (Krebs and

Bellamy 1960, Wiskich and Bonner 1963).

4, o ~ketoglutarate Oxidation.

Substrate-level phosphorylation associated with o -ketoglutarate
oxidation by Leetroot mitochondria was shown to be rate-limiting during
oxidation in the absence of AlF. The effects of oligomycin and DNP on

o =ketoglutarste oxidation by avocado mitochondria were reported by
iiskich et al (1964) and similar experiments with beetroot mitochoncria
have been discussed. The DNP stimulation of o ~ketoglutarste state 4

oxidation rate was shown t0 be due to the stimulation of adenosine tri-
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phosphatase activity which could be inhibited by oligomycin.

5e NADH Oxidation.

NADE was oxidized slowly without respiratory control by beetroot
mitochondria prepared under standard conditions from a brei of pH 7.2 =
7.6. Mitochondria prepared under acid conditions (brei pH of less than
7.0) oxidized NADH more rapidly (no respiratory control) while oxidizing
succinate slowly with poor respiratory control. Intact animal mitochon-
dria are generally found to be impermeable to extermally-added NADH
(Kaplan 1960), end exposure of these mitochondris to conditions increas-
ing permeability allows entrance and oxidation of external NADH (Maley
1957). However, plant mitochondria can usually oxidize externally-
added NADH and high respiratory control ratios with NADH have been
reported for sweet and white potato mituchondria (Wiskich and Bonner

1963) and apple witochondria (Jones et al 1964).

6. Ascorbate plus T™PD Oxidation.

The coupled oxidation of ascorbate plus 50 uM TMPD yielded P/0
ratios significantly greater than 1.0 with rat liver mitochondria
(Howland 1963, Tyler et al 1966) and P/0O ratios of 1.0 or less with rat
heart mitochondria (Tyler et al 1966). Addition of antimyecin A, HOGNO,
rotenone, or an increase in T™MPD concentration to 300 uM was found to
reduce the ¥/0 ratios obtained with liver mitochondria oxidizing ascor-
bate to values close to 1.0, but had no significant effect on phe /0
ratios obtained with heart mitochondria (Tyler et al 1966). Tyler et al

(1966) concluded that the true value of the F/0O ratio supported by the



100,

ascorbate plus TVED substrate system was close to and no greater than
1.0, zna that F/0 ratios in excess of 1,0 observed during ascorbate
rlus 5C vk TMPD oxidation in liver witochondris by themselves and
Howland (1963) were due %o the simultansous coupled oxidation of NAD-
linked endogencus substrates.

The oxidation of ascorbate plus 50 uM TMPD by beetroot mitochon-
dria was coupled to rhosphorylation of ADP producing ADP/0 ratios of
Ce99 or less. Increasing the concentretion of TPD to 400 uM did not
affect these ratios. HOQNO and antimycin A did not reduce the ADP/0O
ratios obtained by oxidation of ascorbate plus 400 uM TMPD hy beetroot
mitochondria. Oxidation (Fig. III 3) and ion uptake (Chapter 4) studies
indicate that isolated beetroot mitochondria contain very little endo-

genous substrate.

7 ‘Eyruvate CUxidation.

Fyruvate was oxidized by beetroot mitochondria only in the
presence of a full complement of cefactors, irncluding coenzyme A, TFP,
and NAD, eand in the presence of a primer acid (malate). Liebermaen and
Biale (1956b) showed that sweet potato mitochondria required TEP, NAD,
AMP and a primer scid, but coenzyme 2 was not required for the low
oxidation rates obtained. Walker and Beevers (1956) using caetor bean
mitochondria dcamonstrated pyruyate oxidation in the presence of NAD,
ATP, coenzyme 4 and TFl with a number of different primer acids. Tke
priwer acid provides & condensing partner for acetyl-coenzyme A such

that the two~carbon moiety resulting from the oxidative dedarboxylation



of pyruvate can enter the Krebs cycle. Guines-pig heart sarcosomes
oxidized pyruvate very rapidly initially and the rate of oxidation
decreased with time in the absence of added cofactors =nd without added
primer acid (Davis 1965). Malate and o ~ketoglutarate prevented the
decline in pyruvate oxidation rate or restored the oxidation rate after
it had declined tc azlmost zero (Davis 1965). This effect was interpre-
ted as indicating an initial depletion of acetyl-coenzyme 4 zcceptor
and replacement of this zcceptor by addition of malste or some other
Erets cycle intermediste (Davis 1965).

Plant mitochondria (e.g. beetroot, castor bean, Walker and Beevers
1956, and sweet potato, Lieberman and Biale 1956b) required a full
complement of cofactors for pyruvate oxidetion. This reguirement may
be due to removael of cofactors by solubilization or extraction during
isclatior of the mitochondria without altering the total capacity for
ryruvate oxidation. In contrast animal mitochondria did not require

added cofactors for weximum pyruvate oxidation rates (Davis 1965).

8. Cytochrome ¢ Effect.

Cytochrome ¢ has been shown 1o be extracted during isolation of
beetroot mitochondria (Wiskish et al 1960). idditions of horse heart
cytochrome ¢ in final concentrations cof 2-5uM to beetroot mitochondria
sometimes incieased, but often had no effect on succinzste oxidation
rates although added cytochrome ¢ always increased ascorbate plus TMED
oxidaticn rates (Chapter ©). Cytochrome ¢ st this concentrsticn had no

effect on respiratory control ratios or ADP/O ratios with any substrate
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and cytochrome ¢ was routinely added in all experiments unless

specifically omitted.

CONCLUSIONS:

Isolated beetroot mitochondria oxidized o -ketoglutarate,
malate, citrate, pyruvate, NADH, succinate and ascorbate plus TMFD.
Respiratory control with coupling of oxidation to ADP phosphorylation
was demonstrated for all substrates except NADH. The ADP/O ratios
calculated for these substrates approached the theoretical maximeal
ratios (Chapter 1). Respiratory control ratios and state & oxidation
rates indicate the strength of coupling between phosphorylation and
oxidation. In beetroot mitochondria substrate-level phosphorylation
associated with oc-ketoglutarate oxidation was most strongly coupled
and the electron transfer chain site 1 phosphorylation (malate oxida-
tion) was also strongly coupled to oxidation. Fhosphorylation at site
3 (ascorbate or cytochrome ¢ oxidation) was very loosely coupled to
oxidation. The phosphorylation efficiency was high, however, and the

ADP/O ratios approached 1.0 with ascorbate.
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CHAFPTER FCOUR.

MAGNESTIUM  «ND THOSFHATE UFTAKE

INTRODUCTION,

Brierley et al (1962) studied the uptake of phosphate and
magnesium by beef heart mitochondria. Ion uptake depended either directly
or indirectly on oxidative phosphorylation, requiring substrate and
oxygen and being inhibited by inhibitors and uncouplers such as antimycin
A, cyanide, 2-4 dinitrophenol and dicouxmarol. However, oligomycin did not
inhibit ion uptake,y Conditions allowing oxidative phosphorylation to
proceed, (ADF, hexokinzse =nd glucose) inhibited uptake, but the addition
of oligomycin inhibited TP formation and allowed ion uptake to proceed.
ATE could not replace substrate in supporting ion uptake. Brierley et al
(1962) suggested that MEB(POQ)Z was precipitated within the mitochondria
and that : released during the precipitation of this salt accounted for
the H' increase in the external medium. They concluded that an intermediate
of oxidative phosphorylation was involved in the active uptake of both
phosphate and magnesium (Fig.l8.)

Further investigation (Brierley et al 1963, 1963b, Brierley 1963)
revealed that magnesium and phosphate accumulation in beef heart mito-
chondria could be supported by ATF in the presence of antimycin i or
cyanide. This ATF-supported ion uptake was inhibited by oligomycin.

Brierley et al (1964a) reported that small amounts of magnesium were bound



Table IV. 1. Effect of Centrifuging and Filtering on Substrate-

Independent Ion Uptake by Beetroot Mitochondria.

Mitochondria were incubated at 25°C in the standard ion uptake
medium (potassium phosphate) with 137 ug mitochondrial N/ml.
Mitochondria were collected by sucking onto 1.2 w Millipore
filters or by centrifuging at 0% through 3 ml of 1 M sucrose
for 6 minutes at 25,000 x g.

Mg T Pi _
(rumoles/mg N) (mumoles/mg K)
Minutes Filtered Centrifuged Filtered | Centrifuged

3 2,810 1,030 koo 110
9 3,250 1,020 h20 110
1 3,250 1,030 420 110

22 3,500 1,300 430 130
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by beef heart mitochondria by a substrate-dependent process in the absence
of added phosphate and that B was produced at the same time in the
external medium, Similar investigations into manganese and phosphate up-
take by rat liver mitochondria (Chappell et al 1963) have been discussed
in Chapter 1. Magnesium and phosphate uptake by beetroot mitochondria
will be described in this chapter and related to magnesium and phosphate

uptake by beef heart mitochondria (Brierley et al 1962, 1963, 1963b 1964).

RESULTS.
1. Endogenous lLevels and Substrate41ndeggndent Uptake of Mg and Pi:=-

Isolated beetroot mitochondria contained between 400 and 800 mu
moles Hgff/mg N and between 20 and 150 mu moles Pi/mg N. Very little of
this was removed by washing the mitochondria by centrifuging through 1M
sucrose as described in Chapter 2,

When beetroot mitochondria were suspended in a medium containing
MgCl, or Pi but no substrate the Mg'" or Pi content of the mitochondria
increased depending on the external condentration of the added iom (Figs
IV 1 and 2). Table IV 1 shows the magnesium and phosphate contents of
beetroot mitochondria after incubation in a medium confaining 15 mM MgCl>
and 3mM FPi in the absence of added substrate. The Hg+f‘and Pi contents
of mitochondria separated from the medium by Millipore filtration were
compared with the contents of mitochondria'separatéd by centrifuging -

through 1M sucrose. Some of the magnesium and phosphate which entered

passively was removed by washing the mitochondria but much magnesium and



Teble IV. 2.

Substrate-Independent Ion Uptake by Mitochondria Incuba=~

ted in O oM or 10 mM l'fig«‘ll‘2 or Potassium FPhosphate.

Beetroot mitochondria were incubated at 25°C in a medium containing
250 M sucrose, 9 mM Tris-HC1 buffer pH 7.2, 4 uM cytochrome ¢ and

345, 265 or 245 ug mitochondrial N/ml in Expts. 1, 2 and 3 respec-

tively. 10 mM potassium phosphate buffer (pH 7.2) or 10 mM MgCl,

were added where indicated.

Mitochondria were separated by

centrifuging.
Minutes (moiis(n N) (numo)g:[gg-b N |
+KPi -KPi +l‘lgCl2 -H3012

Expt.l 6 105 17 1,730 640

‘ 20 132 20 1,770 750
Expt. 2 5 286 89 1,650 605

| 15 250 89 1,500 550
Expt. 3 5 2ishy 108 2,000 n2

20 282 132 2,100 480
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a little phosphate remained bound to the mitochondria, The mitochondria
on the filters were washed with 2ml of cold IM sucrose (Chapter 2.) but
some medium was probably retained in the filter. Thus the differences be=
tween Mg++ and Pi contents of filtered and centrifuged mitochondria would
not be due to washing losses along. A more precise idea of the extent of
ion losses during washing was given in Table E 2 where the Mg++ and Pi
contents of mitochondria separated by filtering and centrifuging were com~
pared after incubation in the presence of substrate, 15mM MgCl2 and 3amM Pi.
The results were corrected for uptake in the absence of substrate thus
eliminating the error of medium contaminating the filtered mitochondria
and giving a more exact indication of ions lost by centrifuging, How
ever, the ion loss in Table IT 2. represents loss of ions taken up by a
substrate~dependent process and not of passively moved ions as shown in
Table IV 1,

. Table IV 1. indicates that the passive movement of these ioms into
the mitochondria reached equilibrium before 3 minutes. Other experiments
have shown that equilibrium was usually reached before 1 minute at this
(15aM) concentration of MgCl, (Chapter 7).

Passive uptake of magnesium and phosphate is also shown in Table
1V 2. The phosphate retained in washed mitochondria after incubation
with 10mM phosphate was 2-6 times the endogenous Pi content. lagunesium
levels also increased 2-5 times above the endogenous level when mitro-
chondria were incubated in 10mM Mgﬂla. However, the actual increase of
passively moved Pi (200 mu moles/mg N) was small in comparisonm with the
actual increase in magnesium content (1,500mu moles&mg ) although the
mitochondria were incubated in 10mM of each ion.



Table 1IV. 3. Mg++ and Fi uptake by Beetroot Mitochondria Incubated

with Phosphate but without Magnesium.

Mitochondria were incubated in a medium containing 250 sM sucrose, 9 mM
Tris-HC1 buffer pH 7.2, 3.2 mM Tris-phosphate buffer pH 7.2, 4 uM
cytochrome ¢, 440 and 109 ug mitochondrial N/ml in Expts. 1 and 2, and
where M§icated 9 mM Tris succinate. Mitochondria were collected by
centrifug:{nEg)iZthld by filtering in Expt. 2. HgH/Pi ratios were calcu-

lated after correcting for ion uptake in the absence of substrate.

(m’;g::/-g N) (nnnoiis/mg N) e
Minutes | + Substrate -Substrate | +Substrate -Substrate
Expt. 1
8 930 660 275 120 . 1.1
26 900 720 302 122 1.0
Expt. 2
7 651 550 632 522 0.91
16 720 500 715 k95 1.0
25 710 500 535 455 0.92
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Se Substrate-Dependent Fhosphate Uptzke in the Absence of Magnesiums: -

Fhosphate was taken up in a substrate~dependent manner by beet-
root mitochondria when no MgCl2 was added. Table IV 3 showe that this
phosphate uptake was extremely small and was accompanied by magnesium,
also taken up by a substrate~dependent process. The magnesium content
of the mitochondria in the absence of substrate was 500-700 mu moles/mg
N (the usual endogenous level), Additional magnesium taken up (or bound)
by the substrate-dependent process could have arisen from bound magnesium
released by swollen or broken mitochondria. The Mg+f/Pi ratios varied
between (.9 and 1.1 after substrate-dependent ion uptake was corrected
for uptake in the absence of substrate (Table IV 3.). These ratios
indicate that one molecule of magnesium was taken up for each molecule of
phosphate taken up in a substrate~dependent manmer., The results do not
indicate whether both ions were taken up simultanecusly or whether one
was moved in a substrate-dependent manner and the other ion fellowed
passively. However, substrate-dependent phosphate uptake did not proceed
beyond the point where the proportiom of phosphate to magnesium taken up
was approximately 1 : 1, although 3.2mM PL and no Mgccz was present in the
medium.

The substrate-in@ependent phosphate level in Experiment 2 of Table
1V 3 was much higher than that in Experiment 1 due to the different
techniques of separating the mitochondria. However, the endogenous
magnesium contents were approximately the same in both experiments in spite

of the mitochondrial wash in Experiment 1, indicating that endogenous



Table I¥. 4. Mg ' and Fi Uptake by Beetroot Mitochondria Incubated

with Magnesium but without Fhosphate.

Mitochondria were incubated in a medium containing 250 mM sucrose,

9 mM Tris-HC1 buffer pH 7.2, 4 Wi cytochrome ¢, 15 oM MgCla, 245,

255 and 355 ug mitochondrisl N/ml in Expts. 1, 2 and 3 respectively

and 11 oM Tris succinate where indicated.

Mitochondria were

collected by centrifuging and Mg+f/ki ratios were calculated after

correcting for ion uptake in the absence of substrate.

Mgt Fi Mgt pi
(mumoles/mg N) (mumoles/ug N)
Minutes | +Substrate ~Substrate | +Substrate -Substrate
Expt. 1
6 1,950 1,789 127 98 5.9
20 2,280 2,100 134 110 7.4
Expt. 2
6 2,120 1,880 122 89 7.3
20 2,k00 2,180 120 89 7.1
Expt. 3
6 2,090 1,250 55 17 22
20 1,810 1,030 63 20 18




HGQ IV. 10

The effect of HgClZ concentration on MgH' and Fi
uptake by beetroot mitochondria. 443 ug mito-
chondrial N/ml were incubated for 8 mimutes in a
medium containing 250 mM sucrose, 9 mM Tris-HCl
buffer pH 7.2, 3.2 mM potassium phosphate buffer
pH 7.2 and 4 uM cytochrome c¢. The mitochondria
were collected by centrifuginmg through 3 ml of

1 M sucrose for 6 mins at 25,00C x g at 0°C.
With 11 mM Tris succinatei-

O = 0 MgH' uptake

A — A Fi uptake

Without substrate:~

e - @ Hgﬂuptake

A — A Pi uptake.
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Fig. IVe 2o

The effect of MgClZ concentration on Mg++ and Fi
uptake by beetroot mitochondria in a medium
containing 250 mM sucrose, 9 wM Tris-HCl buffer pH 7.2,
3,1 mM Tris-phosphate buffer pH 7.2, 4 uM cyto-
chrome ¢ and 100 ug mitochondrial N/ml. The mito-
chondria were separated from the medium by suction
onto l.2 u Millipore filters.

#ith 7 mM Tris succinate as substrate;

0 ~ 0 Mg ' uptake

A— A Fi uptake

Without substrate:

L IR Mg++ uptake

A — A Pi uptake
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magnesium was present in a firmly bound form,

Ze Substrate-Dependent Magnesium Uptake in the ibsence of Phosphate:-

Magnesium was takem up by a substrate~-dependent process when no
ii was present in the medium. Table IV 4 indicates magnesium and phosphate
levels of washed mitochondria after incubation with 15mM MgCl2 but no
added plkosphate. The phosphate contents represent the usual endogenous
levels of washed beetroot mitochomdria. Very little phosphate,but a
larger quantity of magnesium was taken up in a substra£e-dependent manner
(Table IV 4). The Mg''/Pi ratios were calculated from corrected substrate-
dependent magnesium and phosphate uptake and ranged from 5.9 to 22. These
ratios indicate that magnesium taken up by a substrate-dependent prbgess
was not accompanied by phosphate in a 1 : 1 ratio unless phosphate was
being recycled by some mechanism. Magnesium was taken up independently or
accompanied by another anion (e.g. suecinate or chloride).
b, Substrate-Dependent Magnesium and Fhosphate Uptake:-

Massive uptake of magnesium and phosphate by beetroot mitochondria
was obtained only in the presence of an oxidizable substrate and with both
magnesium and phosphate in the incubation medium.

a. Effect of External Magnesium Concentration:~ Figs IV 1 and 2

show the effect of MgCl2 concentration on magnesium and phosphate uptake.
Magnesium uptake in the absence of substrate increased linearly with in-

creasing MgCla concentration in Fig IV 2. In figure IV 1 substrate-
in-
gdependent magnesium upteke increased greatly as extermal M3612 increased

fl

from O to 5mM but the uptake rate decreased as MgClZ was further increused.

The mitochondria were separated from the medium by Millipore filtratiom



Fig. IV. 3.

The effect of MgClZ concentration on substrate-
dependent Hg++ and Pl uptake hy beetroot mito-
chondria.

The mitochondria were incubated under the
conditions described in Figs. IV. 2 and 1, and
the Mg++ and ¥i uptake in the presence of Tris
succinate in these experiments has been corrected
for uptake in the absence of substrate.
Experiment 1, where the mitochondria were
separated by centrifuging through 3 ml of 1 M
sucrose at 25,000 g for 6 mins:-

W— B Mg uptake )

) using right axis
0O — 0O Pi uptake )

Experiment 2, where the mitochondria were separated
by suction onto 1.2 u Millipore filters.
o -~ o Mg'@ uptake )

)  using left axis.
o == 0 Pi uptake )
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in Fig IV 2, whereas in Fig IV 1 separation was achieved by layering

the mitochondria and medium over 1M sucrose and centrifuging for 7
minutes at C°C. Some magnesium would have been lost during centrifug-

ing (Table IV 1) but the linear increase in magnesium uptake with external
MgCl2 concentration in Fig.IV 2 was probably due to retention of medium
within the pores of the washed Millipore filter. Fig,IV 1 would represent
magnesium binding with increasing FigCla and most binding sites were
saturated at 5 mM MgClé. Further MgCla increase had little effect on
amount of bound magnesium.

The substrate-independent phosphate levels in Figs. IV 1 and 2
were low after incubation in 3 mM phosphate and these phosphate levels
were not affected by external HgCl2 concentration,

Massive uptake of both magnesium and yhosphate occured in the
presence of an oxidizable substrate (Figs. IV 1 and 2. Errors connected
with separating techniques,from retention of medium or removal of .
diffusable ions by washing were eliminated by subtracting substrate-
independent uptake from substrate-dependent uptake. This correction was
applied to Figse. IV 1 and 2 and the results are shown in Fig.IV 3,
Variation in the external M5012 produced similar effects on substrate-
dependent magnesium and phosphate uptake indepen@ent of the technique of
separating the mitochondria from the medium. Maximum magnesium uptazke
occurred at 15-25mM external MgClz and maximum phosphate uptake occurred
at 15 mM M3012 in Expt. 1 and at 20-30 mM MgCla in'Expt. 2 of Fige IV 34

In both experiments ion uptake was inhibited by high HgCla concentrations
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(greater than 20m¥). This inhibitory effect of high MgClz could have
been due to either the concentration of chloride ions competing with
phosphate, or the high magnesium concentrztion which has a deleterious
effect on oxidative phosphorylation and integrity of mitochondria
(rurvis and Slater 1959). These effects will be discussed later
(Chapters 6 and 7)e

b. Magnesium/Fhosphate Ratics:- The ratios of magnesium /
phosphate obtained from substrate-dependent uptake by beetroot mito-
chondria varied between l.1 and 1,6 and could indicate precipitation of
HSB(BOh)B or a similar salt within the mitochondria. The deposition of
a salt within the mitochondria after substrate~dependent uptake of
megnesium followed by passive entry of phosphate would reduce the concen-
tration of free or bound maguesiuw in the mitochondria. Thus substrate-
dependent uptake of magnesium need not imply uptake against an electrical
or concentration gradient.

¢. Substrate Requirement and kEffect of Incubation Time:- Massive
uptake of magnesium and phosphate by isolated beetroot mitochondria was
dependent on the presence of an oxidizable substrate (Figs. IV 1 and 2).
The substrate most commonly used was succinate, as either the sodium or
Tris salt, but other substrates which were cxidized with coupled ADF
phosphorylation by beetroot mitochondria were also tested for their
ability to support iom uptake (see Chapter 8). The level of endogenous
substrate in isolated beetroot mitochondria was usually low. In most

experiments the substrate~-independent levels of magnesium and phosphate



Fig. IV, k. Hgﬁ and Pi uptake by beetroot mitochondria in-
cubated in a medium containing 250 mM sucrose,
10 mM Tris~HCl buffer pH 7.2, 3.3 mM potassium
phosphate buffer pH 7.2, 15 mM MgClz, 5 uM
cytochrome ¢, 206 ug mitochondrial N/ml in
Experiment 1 and 186 ug mitochondrial N/ml in
Lxperiment 2. The mitochondria were separated
from the medium iu both experiments by centri-
fuging through 3 ml of 1 M sucrose at 25,000 x

g for 6 mins at 0°C, With 8mM Tris succinate:—

® -~ & Experiment 1
A — A Experiment 2
Without substrate:-
0 == 0 Experiment 1
A — A Experiment 2
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Table IV. 5. Effect of Uncouplers and Inhibitors on Mg++ and

Pi Uptake.

Beetroot mitochondria were incubated for 18 mins. in the standard

ion uptake medium (10 mM potassium phosphate) with 340 ug mito-

chondrial N/ml and 11 mM sodium succinate.

separated from the medium by centrifuging.

Mitochondria were

4+

Mg Fi
munoles/ % mumoles/ %
ng N Inhibition mg N Inhibition

‘Control 3,280 - 980 -
No Substrate 2,160 34 106 89
+ Antimycin 1,800 4y 92 91
A (ug/ml)
+ HOGRO 2,010 29 114 88
(21.5 uM)
+ CCP 2,010 39 107 89
(1.3 um)
+ DNE 1,910 42 97 9%
(1 x 10" M)




Table IV. 6. Effect of Cyanide on Mg'™ and Pi Uptake.

Beetroot mitochondria were incubated for 15 mins. in the ion uptake

medium (10 mM potassium phosphate) with 305 ug mitochondria N/ml

and 11 =M sodium succinate.

medium by centrifuging.

Mitochondria were separated from the

++

Mg Fi
mumoles/ % mumoles/ %
mg N Imhibition mg N Inhibition
Control 3,200 - 580 -
Minus substrate 2,200 31 70 88
Flus KCN 2,050 36 75 87

(1 x 107 M)
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were the same whether or not an inhibitor or uncoupler of oxidative
phosphorylation was included. However, in a few experiments (Table
IV 5) where the mitochondria were inefficiently washed during isolation
some endogenous substrate was present and inhibitors and uncouplers
reduced the magnesium and phosphate levels below the substrate-indepen-
dent levels.

Figure IV &4 shows the effect of a 40 min. incubation period on
ion uptake by two preparations of beetroot mitochondria. The mitochondria
were isolated 5 days apart and used within 1 hour of isolation. The
results emphasise the different magnitudes but similar overall effects
obtained by treating two different mitochondrial preparatioms identically.
Substrate-dependent ion uptake usually increased almost linearly for
15-20 minutes, after which the ion content changed very little for another
10-20 minutes. Longer periods of incubation usually resulted in a slow
loss of ions already taken up. Incubation periods were gemerally of ;
10-25 minutes duration.

Substrate-dependent ion uptake by beetroot mitochondria has been
shown to be inhibited by anserobic conditions (Millerd 1963).

d. Effect of Inhibitors and Uncouplers:- Substrate-dependent

magnesium and phosphate uptake was inhibited by uncouplers of oxidative
phoephorylation (DNP and CCP) and by inhibitors of electron transfer
(antimycin A, HOQNO and cyanide) (Tables IV 5 and 6). The concentrations
of these substances required_to inhibit ion uptake were approximately the

same as those required to inhibit substrate~oxidstion or uncouple



Table I¥. 7. Effect of Oligomycin on lon Uptake and Glucose-6-

Fhosphate Formation.

Expt. 1. Beetroot mitochondria were incubated in the ion uptake medium
(1C mM Tris phosphate) with 8 mM Tris succinate and 115 ug mitochondrial

N/ml. The results have been corrected for uptake of ioms in the absence

of substrate.

Expt. 2. As for Expt. 1 with 13 zM glucose, 0.66 mM ADP and excess

hexckinese.
Mg't Fi
xumoles/mg N mumoles/mg N
Expt. 1 6 min. 21 min. 6 min. 21 min.
Control 3.3 9.2 2.5 7.5
Plus oligomycin| 3.3 9.9 2.6 7.7
(1 ug/ml)
Glucose - 6 - Fhosphate
mumoles/mg N

Expt. 2 6 min. 24 min,

Control 10.4 21.h

Minus Substrate 3.8 5.3

Plus oligomycin 3.8 4.9

(1 ug/ml)




Table I¥. 8. Effect of Oligomycin on Mg'® and Pi Uptake by

Beetrcot Mitochondria.

Mitochondria were incubated in an ion uptake medium (10 mM potassium
phosphate) with 11 mM sodium succinate and 246 ug mitochondrial N/ml.
The results have been corrected for uptake of ioms in the absence

of succinate.

Mg = .~ Pi

mmoles/mg N
6 min, 20 min.

mumoles/mg N
6 min. 20 min.

Control

Flus Cligomycin
(1 ug/ml)

270 930
460 2000

210 910
4oo 1400




Fig. IV, 5.

Hg++ and Pi uptake and glucose-G-phosphate formation
by beetroot mitochondria incubated in a medium
containing 250 mM sucrose, 10 mM Tris-HCl buffer pH
7.2, 5 M potassium phosphate buffer pH 7.2, 15 mM
MgCla, 5 uM cytochrome ¢, 20 mM glucose and 173 ug
mitochondria N/ml. liitochondria were separated from
the medium by suction onto l.2 u Millipore filters

for ion uptake studies.

¥ith 6 mM Tris succinate;

* -~ @ Mg+ uptake

B — M Pi uptake

X == X glucoseG—POk formation.

With 6 mM Tris succinate plus 0.6 mM ADP and excese

hexckinase;

@ — 90 Hg++ uptake
@ — B Pi uptake
A— 4 glucose-é-PO“ formation

Without succinates
o == o Mg uptake
0 - 0 Pi uptake

A— A glucose-6—P0# formation,
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oxidative phosphorylation (Chapter 3). Substrate-independent ion uptake
was not corrected for in the calculations of percentage inhibition in
Tables IV 5 and 6. The inhibitors and uncouplers were more effective in
preventing magnesium uptake than the lack of oxidizable substrate in
Table IV 5. This suggests the presence of some endogenous substrate.

Massive uptake of magnesium and phosphate by beetroot mitochondria
was dependent on substrate and aserobic conditioms, and inhibited by |
electron transfer inhibitors. Thus uptake was directly or indirectly
dependent on the movement of reducing equivalents along the electron
transfer chain. The inhibitory action of uncouplers suggests that
oxidative phosphorylation is required for ion uptake.

e. Oligomycin Effect:-~ Oligomycin, a potent inhibitor of oxida-
tive phosphorylation (Lardy et al 195_8 ,Chapter 3) had no effect on, or
stimulated, magnesium and phosphate uptake by beetroot mitochondria.
Table 1V 7 shows that oligomycin had no effect on magnesium and phosphate
uptake while the same concentration completely inhibited: glucose-6-
phosphate formation. Since oligomycin prevents ATF (and glucose-6-phos-
phate) formation it appears that ATP as such is not directly involved in
the mechanism of magnesium and phosphate uptake. In many experiments
oligomycin stimulated magnesium and phosphate uptake by 20-100% (Table
IV 8). The reaction of ion uptake to oligomycin depended on the mito-
chondrial preparation.

f. Effects of Oxidative Phosphorylation:- Fig. IV 5 shows that
ADP in the presence of glucose and hexokinase allowed glucose-bephosphate



Table IV. 9. Effect of Oligomycin on Mg'® and Pi Uptake Under

Conditions for ATP formation.

Beetroot mitochondria were incubated at 25°C for 20 minutes in an ion
uptake medium (10 mM Tris phosphate) with 7 M Tris succinate, 38 ug
mitochondrial N/ml and where indicated 0.7 mM 4DP, 15 mM glucose,

14 ug dialysed hexokinase/ml. Oligomycin (1 ug/ml) was added in the

(+) treatments. The results have been corrected for ion uptake and

glucose-6-phosphate formation in the sbsence of substrate and ADP.

Mg't Pi Glucose-6-phosphate
umoles/mg N | umoles/mg N umoles/mg N
- -+ - + - +
Control 10. 5 10.‘& 8‘ 3 8.0 0 0
+ ADP, 0.7 11.6 | 0.5 8.8 53.4 11.5
Glucose,
Hexokinase




Table IV, 10. Effect of Arsenate on Mg++ and Pi Uptake by Beetroot

Mitochondria,

Mitochondria were incubated for 15 minutes in an ion uptake medium

(minus phosphate) with 7 mM Tris succinate and 52 ug mitochondrial

N/ml.

indicated.

the absence of substrate.

Tris phosphate and disodium adsenate were added where

The results have been corrected fur the uptake of ions in

Hg++ Pi + Arsenate
umoles/mg N umoles/mg N
% %
Treatment Uptake Inhibition | Uptake Inmhibition
+2.9 =M Fhosphate 6.94 - 5.40 -
+2.9 mM Phosphate
+##,9 mM Arsenate 1.90 73 1.66 €9
+2. FPhosphate .60 L8 2.8 i
+9®?n M;Cl b= : 5 7
+#+.9 i Arsenate 0 100 0.08 99.




Table IV. 11. Effects of Arsenate on Mg'' and Pi Uptske and Glucose-

6-thosphate Formation.

Beetroot mitochondria were incubated for 15 minutes in an ion uptake
medium (Tris phosphate) with 1k aM gluccse, 0.7 mM ADE, excess dialysed
hexokinase, 7 mM Tris succinate and 58 ug mitochondrial N/ml. Arsenate
(disodium) and 1 ug/ml oligomycin were added where indicated. The
results beve been corrected for ion uptake and glucose-b-phosphate

foruation in the absence of substrate.

ug't Pi Glucose-6-phosphate

Treatment umoles/mg N umoles/mg N umoles/mg N
Control | 0.30 | 0.23 3.93

+ Oligomycin 7.42 5.73 0.80

++.9 M Arsenate | 0.40 0.22 2.17

‘1"4-9 m Arsenate 2.20 2.00 0.60

+ Oligomyein

+9,7 oM Arsenate | 1.0 0.70 1.70
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formation to occur but completely iphibited magnesium and phosphate
uptake. These results suggest that magnesium and phosphate uptake com-
petes with ATF formation and that under conditioms allowing both to
occur, oxidative phosphorylation (ATP formation) is the favoured
process. Addition of oligomycin, under conditions suitable for bath
processes, inhibited ATP formation andallowed magnesium and phosphate

uptake te@ occur (Table IV 9).

5. Arsenate Effecis.

a. Jlon Uptake:- Arsenate was analysed by the same method as
phosphate (Marsh 1959) and thus arsemate uptake was not separable from
phosphate uptake. Table IV 10 shows that 4.9 mM disodium arsensate
inhibited magnesium and phosphate uptake by S70% and 9.8mM sodium chloride
inhibited ion uptake by 50%. Sodium inhibition of ion uptake will be
discussed in Chapter 7. The extra inhibition must have been due to
arsenate. Replacing phosphate by 4.9mM arsenate completely inhibited ion
uptake (Table IV 10).

b. Glucose-b-phosphate Formatiom:~ Table IV 11 shows the inhibi-
tion of ion uptake by conditions for ATP formation and the relief of ion
uptake by oligomycin. Arsenate (4.9mM) inhibited glucose-6-phosphate
formation by 45% but no ions were taken up. Oligomycin (with &.9mM
arsenate) relieved ion uptake to the arsenate-~70%-inhibited level (Tables
IV 10 and 11). Arsenate (9.7mM) inhibited glucose-6-phosphate formation
by 55% and relieved ion uptake slightly (Table IV 11).



Table IV. 12. Effect of ATP on Substrate~Independent Hg++ and Pi

Uptake by Beetroot Mitochondria.

Mitochondria were indubated for 10 minutes in an ion uptake medium
(Tris phosphate) with 66, 136 and 101 ug mitochoncrial N/ml in
Expts. 1, 2 and 3 respectively and 1 ug/ml oligomycin and 14 mM
Tris succinate where indicated. Disodium ATP (pE 6.8) was added in
Expt. 1 and Tris ATF (pH 7.0) in Expts. 2 and 3. The mitochondria

were collected by filtering.

Ms++ pi
umoles/mg N % Change | umoles/mg N % Change

Expt. 1
Control 3432 - 0.64 -
+ Succinate 7.45 +12h 3.77 +h90.
+ 2.9 m ATP 3-26 "2 1-27 +98
+ 507 mM ATP 2.95 =11 1-55 +l“"2
+ 5.7 eM ATP
+ Oligcmycin 2.90 "13 1.‘}8 "'131
ggt. 2
Control 2.60 - 0.55 -
+ Succinate 8.43 +22k 5.91 +970
+ 6.4 aM ATP 1.62 -38 .91 +6l

| ‘Eﬁ' Et. é
Control 2.50 - 0.45 -
+ Succinate 6.30 +152 2.35 +650
+ Co6 uM ATP 2.66 +6 0.71 +58




Table IV. 13. Effect of Tris ATP, Tris ADP and Tris HCl on Substrate-

Independent Mg @ and Pi Uptake.

Beetroot mitochondria were incubated for 13 minutes in an iom uptake
medium (Tris phosphote) with 87 ug mitochondrial N/ml,and 8 mM Tris

succinate and 1 ug/ml oligomycin were added where indicated. ATI and
#/DF were added as Tris salts (pH 7.0). The mitochondria were separa-

ted from the medium by filtering.

Mgﬂl Pi

umoles/ % umoles/ %

g N Change mg N Change
Control 3 ] 56 _— 0 [ ] 86 -
+ Succinate .65 +171 5.70 +560
+3,0 mM Tris-HC1 2.59 -27 0.81 -5
+2.7 mM ATP 2.70 -2k 1.15 +3h
+2.,7 M ATF +
Oligomyein 2.59 -27 1.20 +40
+300 M ADE 2.47 "'31 0086 (0]
+3.0 oM ADP +
01igomyein 259 -27 0.96 +12
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6. Adenine Nucelotide Effects on Ion Uptake.
a. Substrate Absent:- ATP did not support magnesium and phos-

pha&::ril;’e beetroot mitochondria although significant changes occurred in
the levels of mitochondrial magnesium and phosphate (Tables IV 12 and 13).
These ATP effects have been compared with sﬁbstrate-—supported magnesium
and phosphate uptake measured in the same experiments.

ATF markedly increased the phosphate contents of the mitochondria
depending on the external ATP concentration and the nature of the ATF
salt (Tables IV 12 and 13). Disodium ATP produced larger phosphate
increases than the same concentration of Trie ATP. The Aﬁ’-indu_ced phos-
phate levels were reached within 2 minutes and remained constant during
the incubation period (Table IV 13). This suggests diffusion or binding
(cf. Mg binding, Tables IV 1 and 2). ATP-supported phosphate uptake by
beetroot mitochondria was mot affected by oligomycin (Tables IV 12 and
13), in contrast to ATP-supported phosphate and magnesium uptake by beef
heart mitochondria (Brierley et al 1963). Tris ADF with or without
oligomycin did not affect substrate-independent phosphate levels in beet-
root mitochondria (Table IV 13).

ATP may have diffused into or been bound by the mitochondria, and
the terminal phosphate group may have been liberated om mitochondrial
extraction in 5.5% HC10, in the presence of magnesium. The ADP phosphate
group is less susceptible to acid attack. ilternatively ATF may have
increased mitochondrial affinity for phosphate, or reduced or prevented

phosphate leakage from the mitochondria by an oligomycin-insensitive



Fig. IV. 6 The effect of Tris ATP at a low concentration on Mgtt
and Pi uptake by beetroot mitochondrié incubated in a
medium containing 250 mM sucrose, 9 mM Tris-HC1
buffer pH 7.2, 3.1 sM Tris-phosphate buffer pH 7.2,
15.7 mM MgCl,, b uM cytochrome ¢ and 130 ug
mitochondrial N/ml.

0 -~ 0 no addition
® -~ o with 0,6 sM Tris ATP
O0—- 0O with 7 mM Tris succinate

B — W with 7 M Tris succinate plus 1 ug/ml
oligomycin

A — A with 7 sM Tris succinate and 0.6 mM Tris ATP

A — A with 7 mr Bris succinate, 0.6 mM Tris ATP
and 1 ug/ml oligemycin.
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process. Oligomycin-insensitive adenine nucleotide binding associatgd
with calcium and phosphate uptake has been reported for rat T:;.?ec:,? ?(gjarzl‘i-
foli et al 1965a, Carafoli and Lebninger 1964). Differences in the
binding properties of disodium and Tris ATP could account for different
effects on phosphate levels.

The ATP~induced increases in phosphate levels were accompanied
by decreases in magnesium levels (Tables IV 12 and 13). Tris ATP inhi-
bited substrate-independent magnesium levels to the same extent as Tris
ADP and to a grea;ter extent than disodium ATF (at the same concentrations).
Oligomycin had no effect on these inhibitions (Tables IV 12 amd 13).
Tris HC1 (3mM) inhibited the substrate-independent magnesium content of
beetroot mitochondria to the same extent as 3mM Tris ATP and 3mM Tris
AP (Table IV 13). The imhibitions could be due to Tris replacing or
displacing magneeium at the cation binding sites of the mitochondrial
mewbranes. Sodium did not compete successfully with magnesium for the
cation binding sites. Table VII (l)compares the effects of Tris -

HC1 and NaCl on subatrate-independent magnesium uptake by beetroot
mitochondria.

b. Substrate Fresent:~

(1) Low Concentrations of ADP and ATP:- Substrate-dependent
nagnésiul and phosphate uptakc was greatly stimulated by a low ATF con-
centration (0.6mM) and this increase was not affected by addition of
oligomycin (Fig, IV 6). The stimulation cannot be explained by ATP-
induced substrate-independent phosphate uptake (Fig. IV 6). This



Fig. IV. 7.

The effect of Tris ATP and Tris ADP in low concentra-
tions on HgH and Pi uptake by beetroot mitochondria
incubated in a medium containing 250 mM sucrose, 9 mM
Pris-HC1 buffer pH 7.2, 3.1 mM Tris-phosphate buffer
pH 7.2, 15.7 mM MgCl,,  uM cytochrose ¢ and 130 ug
mitochondrial N/ml.

x == X no addition
A — A with 7 mM Tris succinate

A — A with 7 mM Tris succinate and 1 ug/ml
oligomycin

0O — O with 7 @M Tris succinate and 0.6 mM Tris ATP

B — B with 7 wM Tris succinate, 0.6 mM Tris ATP
and 1 ug/ml oligomycin

o -= 0 with 7 #M Tris succinate and 0.6 mM Tris ADP

e ~ ® with 7 sM Tris succinate, 0.6 mM Tris ADP
and 1 ug/ml oligomycin
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concentration of Tris ATF could have stzbilized mitochondrial
structure and prevented leakage of ions after uptake, or stabilized a
magnesium and phosphate precipitated salt, or stimulated the actual ion
uptake rate. iny of these processes would produce the increased net icm
uptzke measured. 4n ATl-inducec structural change need not be related
to ATF-induced oligomycin-sensitive contraction of mitochondria
(Neubert and Lehninger 1962). ATF binding or oligomycin-insensitive
enzymic thosphorylation of a protein or lipid could induce a mitochondria
mewbrane structural change. Carafoli et al (1965a) pgggslggzéfiﬁier
investigating the oligomycin-insensitive AIT requirement for massive
substrate-dependent calcium and phosphate uptake byrat liver mitochondria.
At low concentrations of calciumf{when the mitochondrial mewbrane was
presumably intactl astractyloside inhibited uptake of both calcium and
ATP and Carafoli et al (1965a) suggested that calcium uptake was inhibited
because ATF uptake failed. Investigation into the effect of adtractylo-
side on the ATY stimulation of substrate-dependent wmagnesium and phosphate
uptake by beetroot mitochondria might indicate the site of this ATF
action (surface or interunal) although the site of action and mechanism of
actractyloside is not deiinitely known (Chapter l.). ATF was not requried
for massive substrate-dependent magnesium and phosphate uptake by beet-
root mitochondria in contrast to the situation with calcium and phosphate
uptake by rat liver mitochomdria (Carafoli et al 1965a).

Fig., IV 7 shows the effect of low concentratious of Tris Alb on

substrate~dependent magnesium and phosphate uptake by beetroot mito-



Fig. IV. 8. The effect of Tris ATP at different concentrations on
Hg++ and P31 uptake by beetroot mitochondria incubated
in a medium containing 250 s sucrose, 9 mM Tris-HC1
buffer pH 7.2, 3 sM Tris-phosphate buffer pH 7.2,

15,7 =M MgCl,, 4 uM cytochrome ¢ and 130 ug mitochon-
drial N/ml.

x -- X no addition

V -= ¥ with 6.4 mM Tris ATP

A — A with 7 M Tris succinate

A — A with 7 mM Tris succinate and 1 ug/ml oligomycin
0 — O with 7 mM Tris succinate and 0.6 mM Tris ATP

H — B with 7 mM Tris succinate, 0.6 M Tris ATP and
1 ug/ml oligomycin

0 == 0 with 7 mM Tris succinate and 6.4 =M Tris ATP

® -~ @ with 7 sM Tris succinate, 6.4 mM Tris ATP and
1 ug/ml oligomycin
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chondria. The inhibitory effect of ADP (with glucose and hexokinase)

on ion uptake has already been reported (Fig. IV 5, Table IV 9). The
succinate state 3 oxidation rate was measured polarographically (Chapter
3) and indicated that ATP formatiom would continue for approximately 3
minutes with the concentrations of ADP and mitochondria preigg%f\!lt‘lze f’irst
sempling time was at 6 minutes in Fig IV 7 and some ADP-inhibition of
magnesium and phosphate uptake was evident. Oligomycin, as expected

(Table IV 9), prevented this initial ADP-inhibition of ion uptake. The

rate of magnesium and phosphate uptake with ADP from 6 to 21 minutevéfsapprox-
imately the same as the ATP-stimulated rate of ion uptake (Fig. IV 7).
Although oligomycin prevented the initial ADP~inhibition of iom uptake, it
also prevented the subsequent ADP-stimulation of ion uptake (Fig IV 7).
Thia‘ suggests that the delayed ADP-stimulation of ion uptake was due to the
ATP produced by the initial phase of oxidative phosphorylation.

(2) High Concentrations of ADP and ATP (2-6 mM):- High

concentrations of ADP and ATP strongly inhibited substrate-dependent
magnesium and phosphate uptake by beetroot mitochondria. Fig. IV 8 shows
that 6mM Tris ATP inhibited ion uptake by 55% at 13.30 minutes while O.6mM
Tris ATP stimulated uptake by 50% at the same time. The inhibition in-
creased as ATP concentration increased. The ATP-inhibition of ion uptake
was not affected by oligomycin (Fig IV 8.).

Brierley et al (1963, 1963b) reported a similar ATP-inhibition
of magnesium and phosphate uptake by beef heart mitochondria. The in-

hibition was largely abolished by oligomycin and they concluded that the



Table IV. 14. Effect of Tris ATE, Tris ADP and Tris-HC1 om Mg

and Pi Uptake.

Beetroot mitochondria were incubated for 13 minutes in am iom uptake

medium (Tris Fhosphate) with 87 ug mitochondrial N/ml and 8 mM Tris

succinate. 1 ug/ml oligomycin was added where indicated. The

mitochondria were separated from the medium by filtering. Results were

corrected for substrate independent ion uptake.

++

+3mM Tris ATP

Mg Fi
umoles/mg N umoles/ng N
System | =O1ige +Cligo~ -0ligo +0Oligo
mycin mycin mycin mycin
$
Control 6.4 6.5 4,8 5.0
+3mM Tris-HC1 6.2 - L6 -
+3m Tris ATF 0.8 4.3 0.3 2.9
b6 4.6 3.1 2.0




Table IV. 15. Effect of Tris EDTA on Mg' ' and P1i Uptake.

Beetroot mitochondria were incubated in an lon uptake medium

(Tris phosphate) with 7.9 ug mitochondrial N/ml and where indicated

7 @ Tris succinate.

medium by filtering.

The mitochondria were separated from the

+ 3 mM Tris EDTA

Mgt Fi
umcles/mg N umoles/mg N
12 mins 19 nins 12 mins 19 mins
Control 3,70 3,64 0.82 0.70
+ 3 mM Tris EDTA 3.90 4,01 0.78 0.95
+ Tris Succinate | 10.9 1h.5 5.60 7.00
+ Tris Succinate k.85 5.0 1.50 177
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ATP-inhibition was aresult ATPase activity supplying ADP for the
favoured oxidative phosphorylation process (Brierley et al 1963b).
However, oligomycin did not completely abolish ATP-inhibition of ion
uptake (Brierley et al 1963b, Fig.6.) and UTE inhibited uptake by an
oligomycin-insensitive process. This suggests a more general nucleotide
effect on ion uptake by beefheart mitochondria and can be related to the
oligomycin-insensitive ATP~inhibition of substrate-dependent magnesium
and phosphate uptake by beetroot mitochondria.

Table IV 14 shows that a high concentration (ZaM) of Tris ADP
completely inhibited magnesium and phosphate uptaeke. 4TF formation would
continue for approximately 20 minutes at this concentration of ADP,
Cligomycin restored ion uptake to the inhibited leQel of uptake measured
in the presence of :mM ATF (Table IV 14), Tris-HC1l (3mM) inhibited
substrate-dependent ion uptake slightly (Table IV 14) but this did not
account for the large adenine nucleotide~inhibitiom. Ion uptake in Table
IV 14 was corrected for subétrate—independent uptake and the effects of
Tris on magnesium binding and ATP on phosphate levels (Table IV 13) were
thus remdved.

P EDTA Effects

Table IV 15 shows that ZmM Tris~-EDTA greatly inhibited (85%)
substrate-dependent magnesium and phosphate uptake but did not affect
substrate-independent ion levels., EDTA inhibition could be due to
chelation of magnesium making it unavailable for uptake, Tris-EDTA
(3mM) would remove one fifth of the added 15mM MéCla by forming a 1:1



Table IV. 16. Effect of Bovine Serum Albumin, Cytochrome ¢, ADP and
ATP on Mg'" and Pi Uptake.

Beetroot mitochondria were incubated for 10 minutes in an ion uptake
medium (Tris phosphate) with 7.2 sM Tris succinate, 130 ug mitochon-
drial N/ml and where indicated 5 uM cytochrome ¢, 0.01% or 0.0% Bsa,
0.7 mM Tris ADP and 0.6 mM Tris ATP. The results have been corrected

for the uptake of ions in the absence of substrate.

Mgt Pi
umoles/mg N | umoles/mg N

Control 5.3 L
+ Cytochrome ¢ 6.1 5.3
+ BSA (0.01%) 6.3 Sl
+ Bsa (0.04%). S.bt k.7
+ Cytochrome ¢ + BSA (0,01%) 6.7 5.7
+ Cytochrome ¢ + ADP | 7.6 6.6
+ Cytochrome ¢ + ADP + BSA (0.01%)] 7.5 6.4
+ Cytochrome ¢ + ATP 10.1 7.5
+ Cytochrome ¢ + ATP + BSA (0.01%)| 9.9 7.3
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chelation complex and could be expected to inhibit substrate~dependent
ion uptake by 20-30% (Fig.IV 3)., Chelation of ZDTA to membrane-bound
magnesium could also inhibit ion uptake by preventing uptake of this
magnesium into the mitochondria. Mitochondrial membrane permeability
could also be affected by EDTA. Brierley et al (1963b) reported that
phosphate uptake by beef heart mitochondria was inhibited 25% by lmM
EDTA and 95% by 1lOmM EDTA,

The inhibitory effects of high ATP and ADP (+ oligomycin) om
ion uptake can be related to the chelating properties of these compounds.
The 30¥ inhibition by 3mM Tris ATP (Table IV 14) can be related to the
20-30% inhibition of ion uptake by a one fifth reduction in externsal
MgCl, concentration (Fig. IV 3).

8. Effects of BSA, Cytochrome ¢ and Dialysed Hexokinase.

Bovine serum albumin has been added to media for.isclating plant
mitochondria to prevent uncoupling caused by fatty acids released during
homogenizing (Dalgarnc and Birt 1963) and it has also been used to
stabilize plant preparations (Creme 1957, Price and Thimann 1954,
Throneberry 1961, Wiskich and Bonner 1963)., Bovine serum albumin (0.1%)
was used by Chappell et al (1963) to stabilize the system whereby
manganese was taken up by rat liver mitochondria in the absence of added
phosphate. Table IV 16 shows the effect of low BSi concentrations on the
uptake of magnesium and phosphate by beetroot mitochondria,C.01% BSA
stimulated substrate~dependent ion uptake by 20% whereas 0.0L% BSA had

no effect on uptake.



Fig. IV. 9.

Effects of Bovine serum albumin, dialyeed hexokinase
and 0.5 mM ADF on Mg' @ eand Pi uptake by beetroot
mitochondria incubated in a medium containing 250 mM
sucrose, 5.6 mM Tris-HCl buffer pH 7.2, 3 uM
cytochrome ¢, 2.9 mM Tris-phosphate buffer pH 7.2,
12.6 mM MgCl, and 76 ug mitochondrial N/ml.
Mitochondria were separated from the medium by

Millipore filtration.

0 -~ 0 no addition
¢ — ¢ with 7 mM Tris succinate
A— A with 7 sM Tris succinate and 0.01% B.S.A.

A — A with 7 sM Tris succinate and 14 ug dialysed
hexckinase/ml in 0.01% B.S.a.

0 — T with 7 =M Tris succinate and 0.5 sM Sodium
ADP



5

minutes
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Cytochrome ¢ either slightly stimulated or had no effect om
succinate oxidation by beetrcoi mitochondria and had no effect on RC
ratios and ADP/O ratios (Chapter 3). Table IV 16 compares the effects
of cytochrome ¢, BSA, C.6mM ADP and O.6mM ATP geparately and together
on the uptake of magnesium and phosphate by beetroot mitochondria.
Dialysed hexokinase ccntaining C.03% glucose and G.Olﬂ BS54 stimulated
magnesium and phospbate uptake by beetroot mitochondria (Fig IV 9). The
effects of 0.01% BSA and O.5mM ADF on uptske are also shown. Although
BJA would have contributed to the stimulation produced by dialysed
hexokinase, the additional stimulation must have been due to the hexo=-
kinase itself or other proteins added with this preparation (Sigma Type
Iv).

The stimulation of ion uptake by low concentrations of BSA,
dialysed hexokinase and cytochrome ¢ could be due to stabilization of
mitochondrial membrane structure by protein. The occasional stimulation
of succinate oxidation by cytochrome ¢ (see Chapter 3)\ could be related
to its effect on ion uptake. However, cyiochrome ¢ - stimulation of |
succinate oxidation was not always obtained whereas cytochrome ¢ consis-
tently produced a small stimulation of ion uptake. This stimulation was
probably due to the addition of a stabilizing protein molecule rather
than to any lack of cytochrome ¢ as a constituent of the electron trans-
fer chain, BSA and dialysed hexckinase did not stimuate succinate

oxidation.
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DISCUSSION,
1. Summary of Magnesium and Phosphate Uptake.

The general characteristics of magnesium and phosphate uptake
by isolated beetroot mitochondria were.

(1) Magnesium was bound in the absence of substrate and most of
this bound magnesium was vretained during washing of the mitochondria.
Phosphate alsc entered the mitochondria passively but was almost
completely removed by washing.

(2) Substrate-dependent phosphate uptake sccurred in the absence
of added magnesium but this phosphate was taken up in a 1l:1 ratio with
contaminating magnesium.

(3) Substrate-dependent magnesium uptake occurred in the absence
of added phosphate and the ratio magnesium : phosphate was usually
between 5 and 10,

(4) Massive magnesium and phosphate uptake was dependent on
substrate oxidation.

(5) Massive magnesium and phosphate uptake required the presence
of both ions and maximum uptake was recorded with external MgCl2 and
phosphate concentrations of approximately 15mM and JaM respectively.

(6) High concentrations of MgCl, depresskd ion uptake.

{7) Magnesium and phosphate uptake was completely inhibited by
inhibitors of the electron transfer chain e.g. antimycin A, KCN, HOQNO,

(8) Magnesium and phosphate uptake was completely inhibited
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by uncouplers of oxidative phosphorylation e.g. DNP, CCF.
(9) Magnesium and phosphate uptake was not inhibited by
oligomycin and was often stimulated by 10 - 100%.

(10) Massive magnesium and phosphate uptake produced magnesium/
phosphate ratios of approximately l.5.

(11) Conditions allowing ATP formation by oxidative phosphoryl-
ation completely inhibited magnesium and phosphate uptake.

(12) Oligomycin inmhibited ATP formation and relieved the in-
hibition of magnesium and phosphate uptake.

(13) ATP did not support magnesium and phosphate uptake., Tris
ATY inhibited substrate~independent magnesium binding and both Tris and
disodium ATP increased substrate-independent phosphate levels. Tris
ATF repeated the inﬂpiition of magnesium content but did not stimulate
phosphate levels. Oligomycin did not alter these effects.

(1%) Low concentrations of ATP stimulated substrate-dependent
magnesium and phosphate uptake. Oligomycin did not affect this stimu=
lation.

(15) Low concentrations of ADF stimulated substrate-dependent
magnesium and phosphate uptake after an initial inhibition. Oligomycin
abolished both the initial inhibition and the subsequent stimulation of
uptake by ADP.

(16) High concentrations of ATP inhibited substrate-dependent
magnesium and phosphate uptake. Inhibition increased with increasing
ATF concentration and was not affected by oligomycin.

(17) High concentrations of ADP completely inhibited ion uptake

as established previously (11). Oligomycin partially relieved this ine

hibitioan.
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{18) Arsenate did not replace phosphate in supporting substrate=
dependent magnesium uptake and arsenate inhibited magnesium and phosphate
uptake,
2e Endogenocus lon Levels.

The endogenous magnesium content of isolated beetroot mitochondria
(500-700 mu moles/mg N) was higher than that reported for beef heart
mitochondria (250 mu moles/mg N, Brierley et al 196ka), These levels
could reflect the isolating procedures, the binding capacities of the
mitochondria or the amount of magnesium available in beetroot snd beef
heart cells. Indogenous magnesium was firmly bound to the beetroot mito-
chondria and was not removed by centrifuging through 1M sucrose for 6
minutes at 0°C and then rinsing several times with'cold 1M sucrose. The
endogenous magnesium of beef heart mitochondrias was also firmly bound and
not removed by repeated sucrose washings (Brierley et al 1964a).
Approximately 1,000 = 2,000 mu moles magnesium/mg N were retained in
washed beetroot mitochondria after incubation in 10-15mM MgCl2 whereas
washed beef heart mitochondria retained 60 mu moles magnesium/mg protein
(380 mu moles/mg N) after incubation in 15-17mM MgCl,. Again this could
reflect different magnesium binding abilities of the two mitochondrisal
typese
e Magnesium or Fhosphate Uptake,

Substrate-supported uptake of both magnesium and phosphate took
place when beetrcot mitochondria were incubated with phosphate but without

magnesium and the Mg/Pi ratios were close to 1. Substrate-supported
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magnesium uptake occurred in mitochondria incubated with magnesium but
without phosphate. Some phosphate was also taken up but the magnesium /
phosphate ratios were high (between 5 and 20)., These results indicate
that magnesium taken up in a substrate-dependent manner was not
accompanied by phosphate in a 1:1 ratio. Phosphate could have been
recycled or another anion (succinate or chloride) taken up with the
magnesium,

Brierley et al (196lc) reported that magnesium ias taken up by
a substrate~-dependent process by beef heart mitochondria incubated with
MgCl, but without phosphate. Chappell et al (1963) found that respiration-
dependent manganese uptske by rat liver mitochondria occurred in the
absence of phosphate and that respiration-independent uptake of phosphate
could be induced after manganese uptake. They concluded that cation up-
take was the firsteep in divalent cation and phosphate uptake. {Chappell
et al (1963) and Brierley et al (1964c) demonstrated H' production during
substrate-dependent uptake of manganese or magnesium in the dsence of
phosphate, Both H' production and cation uptake were inhibited by
antimycin A and DNF but were not affected by oligomycin., Manganese uptake
and pH changes were reversed by DNP in the absence of phosphate (Chappell
et al X1963). If cation uptake is the first step in ion uptake then H'
production must be either the cause or result of cation uptake.
b, Massive Magnesium and Phosphate Uptake,

Massive magnesium and phosphate uptake by beetroot mitochondria

required the presence of both ions and a substrate in the incubation
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medium. Anaerobic conditions and respiratory chain imhibitors (HOQNO,
KCN and antimycin A) inhibited ion uptake, indicating that passage of
electrons along the respiratory chain was essential for ion uptake.
Electron movement along the entire chain was not required and ascorbate
in the presence of TMPD supported massive magnesium and phosphate uptake
by beetroot mitochondria (see Chapter 8) and by beef heart mitochondria
(Brierley and Murer 1964),

Uncouplers ef oxidative phosphorylation (DNP and CCP) inhibited
ion uptake in beetroot and beef heart mitochondria and Brierley et al
(1962) suggested that an intermediate of oxidative phosphorylation
energised ion uptake (Fig.I 8). Oligomycin did not inhibit substrate-
supported ion uptake indicating that ATP as such was not involved in
the uptake process.

Eagnes.un and phosphate uptake in beetroot mitochondria was
completely inhibited under conditions allowing ATP formation (ADP +
glucose + hexokinase) and oligomycin inhibited oxidative phosphorylation
and permitted ion uptake to proceed. Brierley et al (1962, 1963b)
reported similar effects with beef heart mitochondria and suggested that
ATP formation and ion uptake competed for the same high-energy intermediate
of oxidative phosphorylation (Fige.I 8). ATP formation was the favoured
process under competitive conditions.

ATP could not replace substrate in supporting magnesium and phos-
phate uptake by beetroot mitochondria. Brierley et al (1963b) reported
that magnesium and phosphate uptake by beef heart mitochondria was
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supported by substrate or less effectively byATF. JSubstrate-supported
uptake was sensitive to antimycin A and cyanide and inseﬁsitive to
oligomycin while ATFesupported uptake was insensitive to antimycin A

and cyanide and sensitive to oligomycim. The failure of ATF to support
magnesium and phosphate uptake in beetrcot mitochondria could be due to a
labile or inefficient ATF-breakdown system which produces "energy" for
ion uptakee. ATF breakdown by beetroot mitochondria was very slow under
conditions for ion uptake (Chapter 6).

Se EEBLEQ#)z Frecipitation.

Brierley et al (1962) suggested that ng(Pq?2 was precipitated
within beef heart mitochondria during massive substrate-dependent
magneium and phosphate uptake. They measured magnesium/phosphate ratios
of 1.5 and reported production of H' in the external medium and rise in
alkalinity within the mitochondria., These results were comsistent with
M53£P04)2 precifitation. Magnesium/phosphate ratios of approximately
1.5 were wmeasured in beetroot mitochondria and could indicate precipite
ation of ng(PO“)a or a similar salt within the mitochondria following
massive ion uptake,

Electron wicrographs of animal mitochondria incubated with
calcium, strontium or barium and phosphate have shown electron dense
deposits within the mitochondria (Lehninger et al 1963, Brierley and
Slautterback 1964, Feachey 1964, Greenawalt and Carafoli 1966). These

deposits suggest precipitation of divalent cation-phosphate complexes
within the mitochondris.
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Tlectron dense deposits were not observed after massive uptake of
magnesium or manganese and phosphate (Brierley and Slautterback 1964)
Feachey 1964). Brierley and Slautterback (1964) calculated that 804
of accumulated magnesium and phosphate in beef heart mitochondria was
lost from the mitochondria during fixation and Peachey (1964) suggested
that magnesium and manganese were not dense enough to be distinguished
against the dirk background of the mitochondrial matrix and membranes,
Electron dense deposits were not observed in beetroot mitochondria
after massive uptake of phosphate with either calcium or magnesium
(Chapter 2).

6. Arsenate,

Arsenate could be expected to replace phosphate in supporting
divalent cation uwptake by both the classical and chemiosmotic mechanisms
(Chapter 1). Chappell et al (1963) showed that phosphate was taken up
passively after substrate-dependent manganese uptake into rat liver mito-
chondria. Arsenate could be expected to replace phosphate in passive
movement into the mitochondria or exchange for OH™ (Chappell and Crofts
1966) and in subsequent precipitation with the catiom. Chappell et al
(1963) reported that arsenate could replace phosphate in supporting
manganese uptake by rat liver mitochondria. However, arsenate produced
rapid swelling with calcium and no ion uptake eccurred (Chappell et al
1963). Arsenate could not replace phosphate in supporting magnesium
uptake by beef heart mitochondria (Brierley et al 1963b) or by beetroot
mitochondria. Furthermore,arsenate inhibited magnesium and phosphate

uptake by beef heart (Brierley et al 1963b) and beetroot mitochondria.
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These effects could be related to permeability, structural and volume
changes brought about by the action of arsenate on these mitochondria.
D, CCNCLUSICNS .

Magnesium and phosphate were taken up by beetroot mitochondria
by a substrate~dependent process closely associated with oxidative phos-
phorylation. This ion uptake was similar in magnitude and properties to
the massive magnesium and phosphate uptake by beef heart mitochondria
(Brierley et al 1962, 1963b). The characteristics of magnesium and
phosphate uptéke by beetroot mitochondria were consistent with ion up=-
take mechanisms based on the classical chemical and chemicsmetic hypotheses
of oxidative phosphorylation. (Brierley et al 1962, 1963, Chance 1965,
chappell 1966, Mitchell 1966). These mechanisms were discussed in detail

in Chapter l.
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CHAPTER  FIVE

CAICIUM AND PHOSPHATE UPTAKE.

INTRODUCTION.,
1. High Calcium Concentrationa.»

Most investigations into uptake of divalent cations and phosphate
by mitochondria have been concerned with calcium., De Luca et al (1961,
1962), Vasington and Murphy (1962), Lehninger et al (1963), Carafoli et
al (1964), and Brierley et al (1964b) have described the general re-
quirements for massive uptake of calcium and phosphate by isolated
animal mitochondria. The calcium concentrations (2-4sM) used in these
studies conpletely_uncoupled'qxidative phosphorylation and massive -
calcium uptake required substrate, ATP, phosphate and magnesium. ADP
could.replace ATP in part (Vasington and Murphy 1962), but Carafoli et
al (1964) reported that ATP in the presence of a hexokinase trap completely
inhibited calcium uptake. Calcium and phosphate uptake was inhibited
by cyanide, azide, DNP and EDTA, but not by oligomycin. In genéral,
high coﬁczntrations of monovalent cations had relatively little effect on
massive calcium and phosphate uptake (Vasington and Murphy 1962, Carafoli et
al 156k) in comtrast to their strong imhibition of magnesium and phosphate
uptane.

Lehninger et al (1963) reported that calcium and phosphate were
taken up in the absence of substrate when the A&P.concentration wag ine-
creased to 15sM, Oligomycin inhibited this ATP-supported uptake.
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Brierley et al (1963, 1964b) reported that calcium and phosphate up-
takeby fresh beef heart mitochondria was supported by ATP in an oligo-
mycin-sensitive process or by substrate plus ATP, Calcium was taken up
with substrate alone but was retained for very short periods in the
absence of ATP., Carafoli et al (1964) and Brierley et al (1964b)
reported that H wae released into the medivm during calcium and phos-
phate uptake and attributed this to precipitation of a complex within the
mitochondria and to ATPase activity.

The anion deficit measured during caleium and phosphate uptake by
rat liver mitochondria (Carafoli ét al 1964) was suggested by Carafoli
and Lehninger (1964) and Carafoli et al (196§>'to be a result of adenine
nucl;otide binding during iom uptake. Ad?nine nucleotide binding was
dependent on calcium uptake and was inhibited by DNP and CCP but not by
oligomyein. Carafoli et al (1965a) auggested that the ATP (or ADP)=
requirement of calcium and phosphate uptake was due to stabilization of
the precipitated calcium phosphate complex by bound adénine nucleotide.
Calcium causes enzymic formation of free fatty acids in mitochondria
during calcium~induced swelling, and ATF produces contraction of calcium-
swollen mitochondria and disappearance of free fatty acids (Wojtczak and
Lehninger 1961). Chappell et al (1963) suggested that the requirement
for ATP during respirationgdépendent calcium uptake was related to the
prevention of calcium-induced mitochondrial swelling by ATP chelation of
free calcium. However, other chelating nucleotides did not support

calcium uptake (Carafoli et al 196§b.
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Vasington (1963) has compared calcium uptake by rat liver mito-
chondria with uptake by digitonin fragments of these mitochondria. The
fragments (which were capable of carrying out oxidative phosphorjlation)
took up calcium by a substrate~-dependent, phosphate~requiring process
which was inhibited by magnesium, ATP and ADP, Inhibitors and un-
couplers inhibited , but oligomycin had no effect on calcium uptake.
Monavalent cations had greater imhibitory effects on calcium uptake by
fragments than on uptake by intact mitochondria. The calcium/oxygen
ratios were 1-2 in fragments and 4 in intact mifogi;:giiii%ﬁzgington and
Murphy 1962). The structure of digitonin fragmenmts appears to be vesicular
in electron micrographs (Siekevitz and Watson 1957). Phosphorylating
sonic particles of rat liver mitochondria did not accumulate calcium
(Vasington 1962).

During massive calcium and phosphate uptake by mitochondria the
ratios of calciun)rhosphate were approximately 1.6 (Brierley et al 1964b)
or 1.8 (Lehninger et al 1963, Carafoli et al 1964), These ratios were
consistent with precipitation within themitochondria of either Ca,(P0,),
or (CaBCPOk)Z)B.Ca(OH)Z. Electron microscopy has shown electron dense
particles in.mitochondria which have taken up calcium and phosphate
(Brierley and Slautterback 1964, Lehninger et al 1963, Greenawalt et al
1964, Peachey 1964)., These deposits may be associated with the cristae
membranes (Brierley and Slautterback 1964, Vasington and Greenawalt
1964), or with growth of granules already present in the mitochondrial

matrix (Peachy 1964). Deposits have been shown in the mitochondria of
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toad bladder cells in vitro after incubating in a high calcium and
phosphate medium (Peachy 1964). Incineration techniques (Weinbach

and Von Brand 1965, Thomas and Greenawalt 1964) have confirmed that

the electron dense particles are calcium precipitates and have in-
dicated that adenine nucleotides may be associated with the precipitated
calcium complex.

2e Low Calcium Concentrations.

Calcium and phosphate uptake was investigated using low calcium
concentrations which did not uncouple oxidative phosphorylation.€alcium
was taken up by mitochondria in the absmnce of adenine nucleotides and
phosphate (Rossi and Lehninger 1964, Chance 1965). Rossi and Lehninger
(1964), Saris (1963), Rasmussen et al (1965) and Chance (1965) have
investigated the effects of low calcium coneentrations on respirationm,
swelling, nr production and respiratory carrier states in animal mito-
chondria. These effects were discussed in Chapter 1.

}o Plant Mitochoggria.

Studies with corn mitochondria (Hodges and Hanson 1965, Hanson
1965) have indicated that plant mitochondria can take up calcium and
phosphate in a substrate or ATP-dependent manner from a medium containe
ing low calcium concentrations. In the presence of both substrate and
ATP a non additive stimulation of uptake occurréd. Fhosphate was required,
although ATPase activity produced phosphate sufficient for 30% of the
maximum uptake. Magnesium was required for ATP-supported uptake and high
ATPase activity but not for substrate-supported uptake. Oligomycin ine

hibited uptake by the former but not the latter process. DNP inhibited



Table V. 1. Effect of MgCl, and Incubation Time on the Ca'’ and Mg'' Contents of Beetroot
Mitochondria.

Mitochondria were incubated in a medium containing 250 mi: sucrose, 4 mM Tris-HC1l buffer pH 7.2,

4 uwM cytochrome ¢, 3 mM Tris~phosphate buffer pH 7.2, and 79, 108 and 80 ug mitochondrial N/wl

in Expts. A, B and C respectively. Mitochondria were separated from the medium by filtering.

External Conc. ca*t Mg’
M umoles/mg N umoles/mg N

Expt. | CaCl, MgCl, 5 mine 12 min. 18 min, 5 min. = %2 min. 18 min.

A 0 15 Ol 0.10 0 3,54 3,60 3,50
B 0 2.9 O.42 0.36 0.30 0.80 0.79 0.77
B 0.2 2.9 0.55 0.45 O. 4t 0.66 0.59 0.61
B 0.k 2.2 T 0.61 0.61 0.6k 0.65 0.59 0.58

C 2 0 301 3kt 3.b 0.48 0.48 0.48




Table V. 2. ffect of CaCl2 Concentration on Ca++ and Fi Contents of Beetroot Mitochondria.

Mitochondria were incubated for 11 minutes in a medium containing 250 md sucrose, 8.6 mM Tris-HC1
buffer pHl 7.2, 3 uM cytochrome ¢, 2.9 m¥ MgCl,, 88 and 74 ug mitochondrial N/ml in ixpts. 4 and B

and 2.9 mM Tris-phosphate buffer pH 7.2 in kxpt. Bs The mitochondria were collected by filtering.

ca’” Fi
umoles/mg N umoles/mg N
External + mito -~ mito Ca4+ + mito - mito Pi
Conc. CaCl2 mM chondria  chondria  bound chondria chondria content
Expte 4o 4 1.48 0,07
Expte B. 0 0.41 0.50 -0.10 0.81 0,60 0.24
0.4t 0.61 0.60 001 0.83 056 0e25

1 1420 0.53 0.67 0.89 0.55 0.34
2 345 2.03 1.42 1.72 1.40 032
> 6.40 k.90 1.50 365 .21 Oo ks
5 12.50 11.50 1.00 8.13 7.80 033
7 18.20 17.90 0.30 12,20 12,00 0.20
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substrate-supported uptake completely but only partially inhibited
ATP-supported uptake. The ratio calcium + magnesium/phosphate was
1.0 calculated from total phosphate content and not acid-extractable
phosphate. Massive calcium upiake occurred at 2.5u calcium when
oxidative phosphorylation was uncoupled.

In contrast to these results with corn mitochondria massive
calcium and phosphate uptake by soybean mitochondria was supported by
substrate but not by ATP, Furthermmore ATF inhibited substrate-

supported calcium uptake by soybean mitochondria (Hanson 1965).

RESULTS.
1. Substrate-Independent Uptake.

Isolated beetroot mitochondria contained between 300-450 mu moles
calcium/mgN. This calcium content decreased slowly during incubation
of the mitochondria in the absence of substrate and calcium. .High
magnesium concentrations increased ihe rate of calcium loss during
incubation (Table Y 1).

a. Effect of CaCl. Concentrations:~ The substrate-independent

-—_—-———-——%—-—-—-—-————.—-

calcium content of beetroot mitochondria increased as the external Ca612
concentration increased (Table V 2). Table V 2 indicates that calcium
was retained in the Millipore filters when mitochondria were omitted
from the medium. The difference in calcium contents between the treat-
ments with gnd without mitochondria would represent actual calcium

binding by the mitochondria at different CaCla concentrations (Table V

2)e Retention of calcium in the filter at high CaClZ concentrations



Table V. 3. The Effect of CaCl, Concentration on Mg'" Bound by

Beetroot Mitochondria.

The mitochondria and conditions were the same as in Experiment B,

Table V. 2.
Hg“’ umoles/mg li
- External T
Cone. CaCla mM + mito - mito Mg
chondria chondria Bound
0 0.87 0.45 0.42
0.4 0.70 0.45 0.25
1 0.68 C.43 0.25
2 0.70 0.h5 0.25
3 0.81 0.49 0.32
5 1.14 0.95 0.19
7 1.05 0.90 0.15




Table V. 4. Effect of MgCl, Concentration on Substrate-Independent
Ion Uptake.

Beetroot mitochondria were incubated for 19 minutes in a medium con-
taining 250 mM sucrose, 9 mM Tris-HCl buffer pH 7.2, 2.9 sM Tris
phosphate buffer pH 7.2, 3 uM cytochrome c, 2 mM C’«acl2 and 79 ug
mitochondrial N/ml. ‘fhe mitochondria were collected by filtering.

Pi - ca't Mgt
External rnaq: umoles/ | umoles/ % of umoles; % of
MgCl, mM Hkgh/ca Tl mgX mg N total | mg/N total
‘ Cations Cations

o 0 2.2k 3,40 88 0.h8 12
2 1l 1.97 2.72 70 1.16 30

5 2.5 1.57 1.87 51 1.77 49
10 5 1.22 1.36 3h 2.66 66
15 7.5 1.02 1.53 21 3,88 79
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was probably due to calcium phosphate precipitating in the medium.
This was indicated by the correspording high phosphate-retention in
the filter which increased as the CaCl2 concentration increased.
Precipitation did not occur when phosphate was omitted from the medium
(Table V 2). When mitochondria were omitted the ratios of calcium/
phosphate retained in the filter increased from 0.8 at O mM CaCl2 to
1.5 at 2-7 aM CaCla. This suggests formation of a salt of the compo-
sition CAB(POA)Z at the higher CaCl, concentrations. The decrease in
actual calcium binding at 5 and 7 uM CaCl, (Table V 2) could have been
due to removal of available calcium by precipitation or to changes in
the structural and binding properties of the mitochondria. No preci-
pitate wés.visible during these experiments. Medium pH was 7.0 - 7.2.

Table V 3 shows the changes in magnesium binding as external
Ca..Cl2 concentration was increased. Magnesium retention in the filter
was low at this MgCl, concentration (2.9 mM) in contrast to calcium
retention at 2.9 mM CaCla (Table V 2). Corrected magnesium binding
decreased as external CaCla increased. This decrease was probably due
to calcium replacing magnesium at membrane binding sites. At high CaCl,
concentrations magnesium retention by the filter increased (Table V 3).
This could be due to formation of an imsoluble magnesium-calcium-phos-
phate complex.

b. Effect of MgCl, Concentration:- Table V 4 shows the effect

of external MgClz concentration on substrate-independent calcium, mag-
nesium and phosphate uptake by beetroot mitochondria. Calcium uptake

decreased as chlz increased due to replacement of bound calcium by



Fig. V. 1, Effect of Ca012 concentration on CaH, Hgﬁ' and Fi
uptake by beetroot mitochondria incubated for 17
minutes in a medium containing 250 mM sucrose,

9 mM Tris-HC1l buffer pH 7.2, 2.9 mM Tris-phosphate
buffer pH 7.2, 3 uM cytochrome c, 2.9 mM MgCla and

108 ug mitochondrial N/ml,

X -~ X no addition.
A — A with 14 mM Tris. succinate
O — O with 1% mM Tris succinate, and O.4M sucrose

in place of mitochondria,



saow 1

mM CaCl,



Figo Ve 26

Effect of CaCl, concentration on Ca'*, Mg'" and Pi upe
take by beetroot mitochondria incubated for 17 minutes
in a medium containing 250 mM sucrose, 9 mM Tris-HC1
buffer pH 7.2, 2.9 mM Tris-phosphate buffer pH 72,

3 uM cytochrome ¢, 2.9 mM KgCl, and 74 ug mito-
chondrial N/ml.

X == x No addition
A — A with 14 mM Tris succinate
0 — O with 14 mM Tris succinate, and O.4 M sucrose

in place of mitochondria.
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magnesium and to reduced formation and filter retention of calcium
phosphate. FPhosphate uptake followed the calcium uptake response to
MgCl2 concentration. Magnesium content increased with HgCla concen~
tration from increased binding and filter retention.

2. Substrate-Dependent Uptake.

Massive calcium and phosphate uptake by beetroot mitochondria
was dependent on substrate oxidation. Both calcium and phosphate were
required for massive ion uptake and maximum uptake occurred in the
presence of 1-2 mM MgCl,. Inhibitors (cyanide, antimycin A) and uncoup-
lers (DNP) of oxidativelphosphorylation inhibited massive calecium and
phosphate uptake by beetroot mitochondria but cligomycin had no effect
on uptake (Fig., V &).

a. Effect of CaCl, Concentration:~ TFigs. V 1 and 2 show the

effect of increasing external CaCla on substrate-dependent caleium and
phosphate uptake., Filter retention of ions is sghown in the treatment
omitting mitochondria. Maximum substrate-dependent calcium and phosphate
uptake occurred when external Gaﬂla was 2-5 aM (Figs., V 1 and 2). Sub-
strate-dependent magnesium uptake was low at the ch12 concentration
present (2 mM, ¢f Figs. IV 1 and 2). The enhancement of substrate-
dependent magnesium uptake by low CaCl2 concentrations (0.2 - 1 mM) could
have been due to structural improvement (after mitochondrial isolation in
EDTA) or to formation of a calcium-magnesium~phosphate complex within

the mitochondria less soluble than the magnesium phosphate salt formed.
The decrease in substrate~dependent magnesium uptake at higher CaCl2

concentrations (Figs. V 1 and 2) could have resulted from calcium and



Table V. 5. Effect of ce.(:l2 Concentration on Cation/Phosphate
Ratios.

Beetroot mitochondria were incubated for 11 minutes in a wmedium
containing 250 mM sucrose, 8.6 mM Tris-HC1 buffer pH 7.2, 2.9 =M
MgClz, 2.9 mM Tris-phosphate buffer pH 7.2, 3 uM cytochrome ¢,
14 aM Tris succinate and 108 ug mitochondrial N/ml. Cation/
phosphate ratios were calculated after correcting for ion uptake

in the absence of substrate.

External Mg/ ca™*/ Mg’
((::MQ:;.Z Pi Pi + Catt/pi

0 1.5 - 1.5
0.2 0.69 0.90 1.59
005 0.48 1.02 1.5
1 _ 0.38 1.08 1.46
2 0.30 1.15 1.45
4 0.22 1.13 1.45




Table V. 6. Effect of CaCl

MgClZ.

Beetroot mitochondria were incubated for 19 minutes in a medium con-

> Concentration on Ion Uptake with 15 mM

taining 250 mM sucrose, 9 mM Tris-HCl buffer pH 7.2, 2.9 mM Tris-

phosphate buffer pH 7.2, 3 uM cytochrome c, 15 mM MgCl., 79 ug

mitoéhondrial N/ml, and 14 mM Tris succinate in B, where the results

have been corrected for uptake inm the absence of substrate (4).

++

++

External Fi Ca Mg
CaCl, ul Mg't/ca™t| umoles/| umoles/ % of | umoles/ % of
mg N mg N total | mgxXN total
?at- c.:at-
ions ions
A
) 0.68 o} 0 3.13 100
2 7.5 1.02 1.53 28 3,88 72
5 3 2.58 3.68 47 4,08 53
10 1.5 9.25 | 12.92 45 5.90 55
B.
0 6.26 0.34 3 10.4 97
2 7.5 12.10 k.9 3 1.2 69
5 3 14.92 | 10.8 51 10.5 Lo
10 1.5 11.10 | 12.4 72 4,8 28
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magnesium competition for uptake or for phosphate, or from calcium
damage to the mitochondria.

Figs. V 1 and 2 indicate that substrate-dependent calcium uptake
was 4-5 times greater than magnesium uptake at the same concentrations
of MgCl, and CaCl, (2.9 mM). This preferential calcium uptake could
have been due to a selective uptake process,to different magnesium and
calcium binding affinities or to different magnesium and calecium phos-
phate complex solubilities. Substrate-independent calcium binding
(corrected for filter retention) was 4-6 times greater than substrate-
independent magnesium binding when the HgCla and Ca012 concentrations
were both 2.9 mM (Tables V 1 and 2). Chappell et al (1963) and Chance
(1965) suggested that substrate~dependent uptake of bound divalent cation
was the first step in ion uptake. Cation and phosphate uptake would then
reflect the ratio of bound cations until the external concentration
limited membréggfgggths preferred cation.

Calcium/phospbate ratios of 0.9 - 1.2 were measured at different
CaCl, concentrations (Table V 5). However, calcium + magnesium/phosphate
ratios of 1.5 were obtained when the contribution of substrate-dependent
magnesium uptake was considered. As Ca012 concentration increased the
calcium/phosphate ratios increased and the wmagnesium/phosphate ratios
decreased but the total cation/phosphate ratios remained constant at 1.5-
1.6 (Table V 5). Thus any precipitated salt would probably have the form
of MB(PO#)Z'

Table V 6 shows the effect of increasing Ca012 concentration on



Table V. 7. Effect of HsCla Concentration on Yon Uptake.

Beetroot mitochondria were incubated for 19 minutes (n a medium con-
taining 250 mM sucrose, 9 mM Tris-HCl buffer pH 7.2, 2.9 mM Tris-
phosphate buffer pK 7.2, 3 uM cytochrome ¢, 2 mM CaCl,, 1 mM Cris
succinate and 79 ug mitochondrial K/ml. The results have been

corrected for ion uptake in the absence of substrate.

Pi ca*t Hg‘H'
External umoles/ | umoles/ % of | umoles/ % of
. S e

Mglz M5++/ ca™ _ ‘ ions ions
0 0 3.76 k.60 96 0.20 L
2 1 10.13 9.58 72 3.80 28
5 2.5 11.9 9.33 53 7.96 47
10 5 11.78 6.64 L) | 9.34 59
15 7.5 12.10 k.90 30 11.22 70
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ion uptake when the external MgCla concentration was 15 mM (cf Chapter 4).
The effects were similar to those observed when external HgCl2 was 2.9 mM
(Tables V 2 and 3, Figs. V 1 and 2). Substrate-dependent magnesium uptake
was again increased by low CaCl, concentrations (Table V 6, Fig. V 1).
The calcium + magnesium/phosphate ratios varied between 1.3 and 1.6.
The reduction in total ion uptake at 10 mM C:a(::!..2 may have been due to
mitochondria damage by calcium or to limited availability of phosphate.
Substrate~-dependent calcium uptake was greater than magnesium uptake
when the external magnesium/calcium ratio fell below 3 (Table V 6).

-b. Effect of MgCl. Concentration:~ Table V 7 shows the effect
of external MgCla concentration on substrate~dependent ion uptake. The
total cation uptake remained constant from 5-15 mM Hgﬁla although the
calcium and magnesium proportions of this uptake varied. Magnesium +
calcium/phosphate ratios were constant throughout at 1.3 - 1l.4. Substrate-
dependent calcium and phosphate uptake was low at O mM HgCl2 (Table V 7)
and magnesium could have been required for oxidative processes although
the endogenous magnesium content was 500 mu goles/mg N (Table V 4).
Maximum calcium uptake was measured at 2 mM HgClZ. At equel concentra-
tions of MgCl, and CaCl, (2 oM) calcium contributed to 72% of the total
substrate-dependent cation uptake. Magnesium uptaké became greater than
calcium uptake when the external magnesium/calcium ratio increased beyond
3.

3 Effects of ATP and ADP.

a. Substrate AJbsent:- Calcium and phosphate uptake by beetroot



Table V. 8. Effect of ATP on Substrate-Independent Iom Uptake.

Beetroot mitochondria were incubated in a medium containing 250 =M
sucrose, 9 mn Tris-HCl buffer pH 7.2, 3 uM cytochrome ¢ and 1 ug/ml
oligomycin where indicated. Expt. A contained 2.9 mM CaCl., 2.9 mM
MgCl,, 2.9 mM Tris-phosphate buffer pH 7.2 and 140 ug mitochondrial
¥/ml. Expt. B contained 2.0 aM Ca612, 2.0 mM 143012, 2.0 m¥ Tris-
phosphate buffer pH 7.2 and 100 ug mitochondrial N/ml. The

mitochondria were separated by filtering.

Fi Ca " - Mg
umoles/mg N umoles/mg N umoles/mg N

Expt. A.
Control 1.80 2.90 0.49
+ 3 mM ATP(Na) l.12 1.20 0.40
+ 3 oM ATP (Na)
+ Oligomycin i.10 .22 0.29
+ 6 mM ATP(Na) 0.83 0.85 0.29
Expt. B.
Control 0.59 1.24 0.45
+ 0.6 mM ATE(TS) 0.70 1.01 0.40
+ 2.6 mM ATH(Tri9) 0.79 0.71 0.35
+ 2.6 mM ATP(ris
+ Oligomyein 0.78 0.70 0.33




Fig. Vo 3.‘

Effect of Tris ATF at a low concentration on uptake of

Ca++, Mg++ and Fi by beetroot mitochondria incubated

in a medium containing 250 mM sucrose, 9 mM Tris-HCl

buffer pH 7.2, 2 =M MgCl,, 2 mh CaCl

phosphate buffer pH 7.2,3 uM cytochrome ¢ and 101 ug

mitochondrial N/ml,

*
]
L

m > O
I

©

m > » 0O °®

no addition

with 7 M Tris-succinate

with 7 =M Tris succinate and 1 ug/ml oligomycin
with O.64 mM Tris ATP

with 7 mM Tris succinate and O.64mM Tris ATP
with 7 mM Tris succinate, O.64 mM Tris ATF and

1 ug/ml oligomycin.
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Fige V &4, Effect of ATP at a high concentration on Ca'', Mg'"
and Fi uptake by beetroot mitochondria incubated in
a medium containing 250 mM sucrose, 9 mM Tris-HCl
buffer pH 7.2, 2.0 =M C'aalf.!].;2

Tris~-phosphate buffer pH 7.2, 3 uM cytochrome ¢ and

» 2.0 =M MgCl,, 2.0 nM

104 ug mitochondrial N/ml

X == X no addition

A-- A with 2,6 mM Tris ATP

A-- A with 2.6 mM Tris ATP and 1 ug/ml oligomycin

0 ~= 0 with 18 mM Tris succinate

® -~ ¢ with 18 mM Tris succinate and 1 ug/ml olBipmycin
O -- Owith 18 aM Tris succinate and 2.6 M Tris ATP

W - B with 18 mM Tris succinate, 2.6 mM Tris ATP and

1 ug/ml oligomycin.
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mitochondria was not supported by Tris or disodium ATP in the absence of
substrate (Table V 8). Tris ATP stimulated but disodium ATP inhibited
phosphate contents (Table V 8). Both Tris and disodium ATP stimulated
phosphate levels when calcium was not present in the medium (Table IV 12).
The inhibition of phosphate content could be related to the large inkibi-
tion of calcium levels by disodium ATP (Table V 8). Chelation of free
calcium by disojdum ATP would reduce retentiom of both calcium and phos-
phate in the filter. Tris ATP also inhibited calcium levels (Table V

8). Both disodium and Triis ATP inhibited magnesium substrate~independent
uptake by beetroot mitochondria (Table V 8). Tris could replace bound
magnesium (Chapter 4)and ATP could chelate much of the magnesium added
(2.0 or.2.9 mM). Oligomycin did not change these ATP e?tpeéaefn\:m
constant over the incubation periods suggesting rhysical adjustment rather
than adjustment by an energy-dependent process.

b. Substrate Present:- ATP was not required for massive subst’rafe-
dependent calciiim and phosphate uptake by beetroot mitochondria from a
medium containing high concentrations of Ca(.?l2 (2-7 mM) in contrast to
results reported for animal mitochondria (Brierley et al 1964b, Lehninger
et al 1963, Vasington and Murphy 1962).

(1) low ATP concemtrations:- A low concentration (0.6 mM) of
Tris ATP stimulated massive calcium and phosphate uptake by beetroot mito-
chondria (Fig. V 3). Oligomycin had no effect on this stimulation of ion
uptake (Fig. V 3).

(2) BHigh ATP and ADP Concentrations:- Fig. V 4 shows that

substrate-dependent calcium, phosphate and magnesium uptake was inhibited



Fig. V. 5.

The effect of NaCl and Na ATP on uptake of CaH, Pig“'
and Pi by beetroot mitochondria incubated in & medium
containing 250 mM sucrose, 9 w¥ Tris-HCl buffer pi
7.2, 2.9 =M Tris-phosphate buffer pH 7.2, 2.9 =M
HgClz, 2,9 mM Caclz, 3 uM cytochrome ¢ and 115 ug

mitochondrial N/ml.

X -= X 1o addition
o0 -= 0 with 1k mM Tris succinate
A —- A with 14 @il Tris succinate and 6 mM NaCl

0 -- O with 14 =M Tris succinate and 2.9 mM disodium
ATP
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by 2.6 nM Tris ATP and that oligomycin had no effect onm this inhibition.
Magnesium uptake was completely inhibited whereas calcium and phosphate
uptake were only partially inhibited.

Fig. V 5 shows the effect of disodium ATF and NaCl on calcium,
magnesium and phosphate uptake. NaCl inhibited ion uptake (see Chapter
7) but ATP containing the same concentration of sodium inhibited ion
uptake more severely. This was particularly apparent with magnesium
uptake which was inhibited 40% by NaCl but completely inhibited by ATE.
The high concentration of ATP (a chelator) present in comparison with
the total cation concentration would make availability of the cations
for uptake an important consideration.

ADP in high concentrations completely inhibited calcium, magnesium
and phosphate uptake. Oxidative phosphorylation was still operative at
the concentratioms of CaCl, (2-3 mM) used in these experiments (Chapter
6). Oligomycin restored the ADP-inhibited calcium, magnesium and phos-

phate uptake to the ATP~inhibited rate.

DISCUSSION.

1. Summary of Calcium and Fhosphate Uptake:-

The general characteristics of calcium and phosphate (and magnes-
ium) uptake by beetroot mitochondria were:-

(1) Endogenous calcium contents of beetroot mitochondria were
lower than endogenous magnesium contents. High MgCl2 concentrations
hastened the loss of endogenous calecium during incubation.

(2) Caleium was bound in the absence of substrate but high
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bigh magnesium concentrations reduced bound calcium. Calecium and
phosphate were retained in the Millipore filters.

(3) Massive calcium and phosphate uptake was dependent on
substrate oxidation.

(4) Calcium and phosphate uptake reached a maximum at L4-5 mM
CaCla. Higher 03012 concentrations depressed iom uptake.

(5) Calcium and phosphate uptake required magnesium (1-2 mM)
for maximum uptake. High MgCla concentrations decreased calcium
uptake.,

(6) Magnesium was taken up by a substrate-dependent process in
the presence of calcium and phosphate, but caleium uptake was 4-5 times
greater than magnesium uptaken when GaClé and MgCl2 concentrations were
equal. When the extermal Mg/Ca ratio increased above 3, magnesgium
uptake became greater than calcium uptake.

(7) Calcium (1 mM) was required for maximum substrate-dependent
magnesium uptake. High CaCl2 concentrations depressed magnesium uptake.

(8) Calcium/phosphate vatics of 1.2 - 1.4 were measured during
massive calcium and phosphate uptake in the absence of magnesium,

Total cation (magnesium + calcium)/phosphate ratios were between 1.3
and 1.6 when magnesium was included. .

(9) Calcium and phosphate (and maghesinn) uptake was inhibited
by inhibitors of the election transfer chain and by uncouplers of
oxidative phosphorylation, Uptake was not affected by oligomyein.

(10) Conditions allowing oxidative phosphorylation to proceed
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(phosphate acceptor present) completely inhibited calcium and phosphate
uptake. Oligomycin inhibited oxidative phosphorylation and promoted
ion uptake.

(11) ATP did not support calcium and phosphate uptake and inhi-
bited the mitochondrial binding of calcium and magnesium, Oligomycin
did not alter these effects.

(12) Low concentrations of ATP stimulated substrate-dependent
calcium, phosphate and magnesium uptake. Oligomycin did not affect
this stimulation.

(13) High concentrations of ATF inhibited substrate-dependent
calcium, phosphate and magnesium uptake. This inhibition was not affected
by oligomycin.

This summary of the general characteristics of calcium and phos-
phate uptake by beetroot mitochondria shows the similarity to massive

magnesium and phosphate uptake by these mitochondris.

2e Competition between Calcium and Magnesium:-

Substrate-dependent calcium and phosphate uptake by beetroot mito-
chondria proceeded most rapidly with a low (1-2 mM) MgCl2 concentration.
Magnesium was also taken up in a substrate-dependent manner, but to 20% -
25%% of calcium uptake. Magnesium could have been required for maximum
activity of oxidative processes (although ADP/O ratios were highest with-
out added magnesium, Chapter 6), or for maintenance of mitochondrial
structure. Brierley et al (1964b) found that calcium and phosphate

uptake by beef hesrt mitochondria was accompanied by uptake of magnesium
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but the amount of magnesium accumulated was less than 25% of the calcium
accumulated. Carafoli et al (1964) reported calcium and phosphate
uptake in rat liver mitochondria and this was accompanied by some uptake
of magnesium. However, this magnesium uptake was dependent on calcium
uptake and may have been due to association of magnesium with a precip-
itated calcium phosphate complex. Vasington and Murphy (1962) reported
that 10 mM HgClZ greatly enhanced calcium binding and suggested that
magnesium was necessary for oxidative phosphorylation.

Calcium (1 =mM) enhanced substrate-dependent magnesium uptake by
beetroot mitochondria. Calcium was not required for oxidative phosphor-
ylation (although calcium increased oxidation rates, Chapter 6). Calcium
could have affected membrane structure, binding or retention properties
of mitochondria isolated with EDTA, or formed a magnesium~-phosphate-
calcium complex less soluble than MEB(Poh)Z‘

In beetroot mitochondria calcium competed with magnesium for
substrate-tindependent binding sites and for substrate-dependent uptake
into the mitochondria. In both cases calcium was the favoured catiom
and 3-5 times more calcium was bound and taken up than magnesium when
both cations were at egual concentrations in the externsl medium.
Calcium was taken up with phosphate in preference to magnesium by animal
mitochondria (Carafoli et al 196k, Brierley et al 1964b). Tuis preference
could reflect either the ratio of bound cations or a selective uptake
mechanism. The presence of phosphate could also produce an apparently

selective uptake mechanism by formation of complexes with different
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solubilities. A selective substrate-dependent uptake mechanism favouring
one of a number of competing cations could thus be produced by physical

properties alone.

3. Precipitation.
The calcium/phosphate ratios measured in beetroot mitochondria

during massive substrate-dependent ion uptake in the absence of magnesium
were 1.2 - 1.4, and in the presence of magnesium the total cation/phosphate
ratios were 1.3 -~ 1.6. These ratios suggest that the form of any precipi-
tated cation phosphate complex within the mitochondria could be Hj(POQ)Z.
Brierley et al (1964b) suggested formation of a caleium phosphate salt

of this form in beef heart mitochondria while Lehninger et al (1963) and
Carafoli et al (1964) have suggested a formation of ‘Q(Caj(POL})a) 3.c:a(on)ai
in rat liver mitochondria. Electromn micrographs have shown electron

dense deposits in mitochondria incubated under conditions allowing massive
calcium and phosphate uptake in aniﬁal mitochondria (Brierley and Slautter-

back 1964, Lehninger et al 1963, Peachey 1964).

i, Effects of ATP.

Massive calcium and phosphate uptake by beetroot mitochondria
occurred in the presence of substrate from a medium containing from 2-7
M CaCla. ATP was not required for massive uptake. Massive calcium and
phosphate uptake by animal mitochondris from media containing high CaCl2
(1-4 mM) required substrate in the presence of ATP (Vasington and Murphy
1962, Lehninger et al 1963, Brierley et al 1964b). Calcium uptake

supported by substrate alone was reported by Brierley et al (1964b) but
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uptake was not maintained beyond 40 seconds. The oligomycin-insensitive
ATP-requirement for massive substrate-dependent calcium and phosphate
uptake has been related to chelating properties of ATP (Chappell et al
1963), or to stabilization of membrane structure or of calcium phosphate
precipitates by adenine mueleotide binding (Carafoli et al 1965).
Oxidative phosphorylation was uncoupled in animal mitochondria at the
calcium contentrations used for uptake studies (Vasington and Murphy
1962, Carafoli et al 1964). Oxidative phosphorylation was functional in
beetroot mitochondria at high calcium concentratégggfgié structure was
unaffected. ATP would thus not be required for stabilizatiom of structure
during massive calcium and phosphate uptake.

Brierley et al (1964b) and Hodges and Hanson (1965) reported that
either substrate or ATF could support massive calcium and phosphate by
beef heart and corn mitochondria using low CaClZ concentrations. At
higher Ca.cl2 concentrations ATP supported less calcium and phosphate
uptake than substrate + ATP (Brierley et al 1964). ATP (15 mM) supported
massive ealcium uptake in rat liver mitochondria in the absence of sub-
strate (Lebninger et al 1963).

ATP did not support calcium and phosphate uptake by beetroot mito-
chondria and ATP at high concentrations inhibited substrate-dependent
calcium and phosphate uptake. These results can be related to those
obtained with soybean mitochondria (Hanson 1965). Substrate-supported
calcium and phosphate uptake was greater in soybean mitochondria than in

corn mitochondria but ATP did not support uptake in soybean mitochondria.
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Substrate-supported calcium uptake by soybean mitochondria was inhibited
by ATP but in corn mitochondria was stimulated by ATP (Hodges and Hamson
1965, Hansom 1965). Digitonin fragments prepared from rat liver mito-
chondria (Vasington 1963) took up calcium and phosphate with substrate
but not 4TP, and ATP and ADP inhibited substrate-supported calcium and
phosphate uptake. These results were in contrast to those reported for
intact rat liver mitochondria. ATP-inhibition of substrate-supported
calcium and phosphate uptake by beetroot mitochondria was not affected
by oligomycin and could not have been due to ATPase activity providing
ADF for oxidative phosphorylation. The inhibition could be related to
the inhibitory effects of sodium and Tris on divalent cation and rhosphate
uptake (see Chapter 7) ané?the chelating properties of ATP. This latter
consideration may be of major importance in these ilon uptake studies by
beetroot mitochondria where the ATP concentration was equal to the calcium
or magnesium concentration in the medium.

The oligomycin-insensitive stimulation of massive substrate-depen-
dent calcium and phosphate uptake by beetroot mitochondria by low ATP
concentrations could be attgiguteé to structure stabilization by adenine

nucleotide binding (see Chapter 4).

5. Effect of ADP.

Oxidative phosphorylation occurred in beetroot mitochondria at
ca012 concentrations of up to 3 mM without reduction in P/0 ratios
(Chapter 6). The inhibitory effect of high ADP concentrations on calcium
and phosphate uptake by beetroot mitochondria can thus be related to the

competitive inhibition of ion uptake by oxidative phosphorylation.
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Oligomycin relieved uptake but only partially due to the imhibitory
chelating effects of adenine nucleotides. Carafoli et al (1964) reported
that ADP could partly replace ATP in maintaining substrate-supported
calcium and phosphate uptake but that ATP, hexokinase and glucose com-
pletely abolished uptake. This was probably due to removal of ATP
required for maintenance of massive calcium and phosphate uptake rather
than to inhibition by oxidative phosphorylation. The concentration of
calcium (4.0 mM) present was reported to completely uncouple oxidative
phosphorylation. Hodges and Hanson (1965) reported that conditions for
ATP formation inhibited substrate-dependent calcium and phosphate uptake
by corn mitochondria and they suggesied a competitive effect of oxidative
phosphorylation. Oligomycin partially recovered uptakejhehigh ADP com-
centration used or ions added with hexokinase (Chapter 7) could have

prevented complete recovery.

6. Mechanisms of Calcium and Phosphate Uptake.

The characteristics of massive calcium and phosphate uptake by
beetrcot mitochondria were similar to those of magnesium and phosphate
uptake. Calcium and phosphate uptake by isolated mitochondria can be
accounted for by the mechanisms of ionm uptake based on classical or
chemiosmotic hypotheses of oxidative phﬁsphorylétion (Qhapter 1). The
ATP-requirement for substrate-dependent calcium snd phosphate uptake by
animal mitochondria and the ability of calcium to uncouple oxidative
phosphorylation and affect structure, permeability and wvolume of mito-

chondria are additional considerations (Chappell et al 1963, 1966).
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Calcium phosphate precipitation also affects mitochondrial volume and
structure (Chappell and Crofts 1966).

The failure of ATF to support calcium and phosphate uptake by
beetroot mitochondria, soybean mitochondria (Hansom 1965) and digitonmin
fragments of rat liver mitochondria (Vasingtom 1963) may be due to a
more labile or damaged ATPase system. Damage to the phosphorylating
system during digitonin fragment formation from rat liver mitochondria
could prevent ATP-supported uptake but need not affect substrate-supported
uptake (Vasington 1963). The results can be explained on this basis
more readily by the chemiosmotic mechanism for ion uptake in which the
two systems for producing PMF are separate whereas the classical
mechanism supports ion uptake by a high-energy compound common to both
substrate oxidation and ATP breakdown. Chelation of calcium by ATP
would reduce cation binding and uptake by ATPase activity as substrate-
dependent ion uptake was reduced by high ATP concentrations.

High calcium concentrations (3mM) did not uncouple oxidative
phosphorylation in beetroot mitochondria (Chapter 6) and any energy
(intermediated or FMF) for ion uptake produced by slow ATPase activity
(Chapter 6) would be immediately used by the favoured ATP reformation
process. Thus ATP would only be expected to support iom uptake at
concentrations of 0&012 and ngla (Chapter 4) which uncoupled the

favoured oxidative phosphorylation process,
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CHAPTER SIX

MAGNESIUM AND CALCIUM EFFECTS ON MITOCHONDRIAL REACTIONS

INTRODUCTION

1. Low Divalent Cation Concentrationms.

The effects of low concentrations of divalent cations on res-
piring animal mitochondria have been discussed in Chapter 1, nggggen
F—gg;—GQ)). In summary, addition of a low concentration of divalent
cation to phosphate-supplemented mitochondria produced four distinct
phenosiena simultaneously.

(1) the steady state of the respiratory carriers increased to a
new and characteristic oxidation-reduction level,

(2) electron transport was stimulated,

(3) 1light scattering changes occurred, and

(4) hydrogen ions were extruded.

The divalent cation and phosphate were taken up by the mitochondria and
on complete uptake of the cation the steady state of the respiratory
carriers returned to their previous level, oxidation returned to the
basal rate and H' production stopped.

In the abzence of phosphate the same phenomena cccurred to a
limited extent and addition of the divalent cation above a certain con-
centration produced an imhibited respiration rate and new highly oxidized
respiratory carrier levels (state 6) (Chance 1965). FPhosphate addition

relieved the oxidized carrier levels, stimulated the oxidation rate and
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promoted divalent cation uptake.

Modifications must be made to this general summary according to
the cation and anion used, precipitation of a catiog—anion complex, and
the effects of external and accumulated ions on membrane permeability and
on volume changes (Chance 1965, Chappell and Crofts-1966, Rossi and

Lehninger 1964, Carafoli 1965b).

2. Calcium Effects on Corn Mitochondria.

The uptake of calcium by corn mitochondria from a medium containing
low concentrations of calcium (Hanson et al 1965) was accompanied by changes
in respiration rate amd swelling similar to those observed in animsl mito~
chondria (Chance 1965, Chappell and Crofts 1966). Hanson et al (1965)
measured respiratory comtrol in isolated corn mitochondria oxidizing
pyruvate and malate and stimulation of the state 4 oxidation rate by
calcium. This stimulation continued undiminished for at least 4 min.
Calcium did not interfere with subsequent state 3 - state 4 tramsitionms
on addition of ADP, and the ADF/Q and P/O ratios were reduced only
slightly by the calcium conceniration added. DNP produced a greater
stimulation of respiration than did calcium, and the calcium-stimulated
rate was only 42% of the subsequent state 3 rate.

In the absence of phosphate and ATP, a low calcium concentration
(0.4 mM) produced an increase in the respiratory rate and then a slow
decline, similar to results reported by Rossi and Lehninger (1964) and

Chance (1965), but with a less distinet transition between stimulated



Fig. VI. 1.

Effect of MgClz concentration on rate of succinate
oxidation and ADF/O and R.C. ratios. Beetroot
mitochondria were incubated in an oxygen electrode
cell at 25°C in a medium containing 250 mM sucrose,
3 mM Tris~BCl buffer pH 7.2, 7 mM potassium phos-
phate buffer pH 7.2, 4 uM cytochrome ¢, 8 mM Tris
succinate and 394 ug witochondrial N in a total
volume of 3 ml. The 1lst and 2nd state 3 oxidation
rates were produced by additions of 0.1l mM ADP,
and the DNF rate was produced by addition of

5x 10"'5 M DNP during the 2nd state 4 oxidatiom

rate.

& -~ 0 2nd state 3 rate
o -- 0 2nd state 4 rate
x == x DNP-induced oxidation rate
A -- A Respiratory control ratios

A —- A ADP/O ratios.
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and inhibited respiration rates. Addition of phosphate produced a slight
rise in oxidation rate which was not reversed. Lower concentrations of

calcium did not have any marked effect on oxidation rates and subsequent
phosphate addition did not increase the oxidation rate. The exposure of
the corn mitochondria to calecium prior to phosphate addition resulted in
loss of respiratory control and a weak response to ADP and DNP, although
these concentrations of calcium did not affect P/0 ratios (Hanson et al

1965).

RESULTS

1. Effect of Magnesium.

a. Oxidation, ADP/O Ratios and Respiratory Control Ratios:- The

effect of magnesium on various reactions of beetroot mitochondria was
investigated (ATPase activity, substrate oxidation rates and ADP/0
ratios), and these were related to magnesium and phosphate uptake by
beetroot mitochondria (Chapter 4).

Fig. VI 1 shows the effect of MgCl2 concentration on succinate
oxidation rates and ADP/O ratios. 4n oxygen electrode was used and
ADP/@ ratios were calculated by the procedure of Chance and Williams
(1955). The state 3 and state 4 rates of oxidation incressed with
external HgCl2 concentration to a maxigum at 2 - 7 mM. Further MgCl2
increase depressed the oxidation rate. Although the first succinate
state > rate was lower than the second (oxaloacetgte inhibition, Chapter
3), the response to a particular magnesium concentration was identical
for all state 3 rates. Fig. VI 1 shows second state 3 rates. The 4DP/O

ratios decreased from 1.6 at C mM KgCl, to 1.1 at 21 - 32 M MgCl,.



Fig. VI. 2.

Effect of HgCla concentration on rate of succinate
oxidation and P/0 ratios,measured manometrically.
Beetroot mitochondria were incubated at 25°C in a
manometer vessel in a pedium containing 250 sM
sucrose, 8 mM Tris-HCl puffer pH 7.2, 8 it
potassium phosphate puffer pH 7.2, 3 u cytochrome
¢, 10 m glucose, 0.5 mM ADP, excess hexokinase,

8 mM Tris succinate and 492 ug mitochondrial N in

a volume of 3.2 mnl.

o == 0  rate of succinate oxidation
@ -- 8 glucose-6-phosphate formation

x == X FP/O ratios
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Maximum ADP/O ratios were always obtained in the absence of added
¥gCl,. The R.C. ratios were 1.8 at 0-7 nM MgCl, and decreased as
MgCla increased further,

Fig. VI 1 shows that DNP (5 x 10™°M) added during the second
state 4 oxidation rate produced oxidation rates 80~100% of the second
4DF-stimulated state 3 rates, as expected (Fig. III 15). Uncoupling
of oxidation by DNP at high MgCla concentratié%gfggngot, however,
recover the oxidation rate to the state 3 oxidation rate in the pres-
ence of 2-7 mM MgCla. The DNF-rates of oxidation decreased as MgCla
increased (Fig. VI_l). Thus the oxidation mechanism was inhibited at
high MgCla concentrations and this inhibition was not relieved by the
unccupling action of DNP.

The effect of HgCl2 concentration on oxidation was also determined
menometrically, and P/0 ratios were calculated by measuring glucose~6-
phosphate formstion in the presence of ADP, glucose snd hexokinsse
(Chapter 2). Fig. VI 2 shows that the succinate oxidation rate increased
with MgClZ concentration to 2 maximum at 10-20 mM M3012 and decreased
slowly with further MgCl2 increase. Glucose-b6-phosphate formatiom
followed oxidation but the P/0O ratios were decreased from 1.4 at O mM
MgCl, to 0.8 at 31 mM MgCl,, indicating that glucose-6-phosphate forma-
tion was inhibited more by high Mgcla concentrations than oxidation
(Fig. VI 2). The same preparation of mitochondria provided the results
of Figs. VI 1 and 2.

The maximum state 3 succinate oxidation rate was measured at 3=



Table VI, 1. Effect of HgCla and DNP on ATPase Activity of Fresh

and Frogen Beetroot Mitochondria.

Mitochopdria were incubated at 25°C in a medium containing 250 aM
suci‘ose, 8 oM Tris-HCl buffer pH 7.2, 3 uM cytochrome ¢, 2 mM
disodium ATP and 75 ug mitochondrial N/ml. Mitochondria were used

fresh 1 hour after isolating or stored for 18 hours at 0°C.

‘ ATPase Activity
External (umoles Pi released/mg N/10 minutes)
Conc. =M Fresh Frozen
Expt. 4. MgCl,
0 0.97 0.30
5 1.00 0.62
9 0.95 0.59
14 0.97 0.50
23 1.00 0.59
30 0.95 0.61
Expt. B. DNP
5 x 107 0.86 0.3k
1 x 1072 0.75 0.34
5 x 1072 0.49 0.38
1x107t 0.38 0.40
5 x 1071 0.32 0.36
1 0.33 0.36
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mM HgCl2 with the oxygen electrode whereas the maximum rate measured
manometrically was at 15 mM MgCla. The inhibition of oxidation rate
by high MgCl2 concentrations was more marked in polarographic than in
manometric measurements. Similarly, the ADP/O ratios differed from
the P/O ratios although both responded in the same way to MgCl2 concen-
tfation, decreasing from a meximum value at O mM MgCla to & minimum at
the highest MgCl2 concentration. The maximum ABP/0 ratio measured was
1.6 whereas the maximum P/O ratio was l.4 using the same mitochondrial
preparation and concentration. The ADP/O ratios decreased to l.l1 at
21 - 32 mM H3012 whereas the P/O ratios decreased to 0.9 at 21 mM MgClz
and 0.8 at 31 mM MgCl,.

P/Q ratios lower than corresponding ADP/O ratios have been meas-
ured in other plant mitochondria by Wiskich et al (1964) and Stxickland
(1960) who implicated shaking mechanisms, penetration factors or the
presence of enzymes reducing the glucose-b6-phosphate yield. The differ-
ent magnesium concentrations for maximum oxidation rates (Figs. VI 1 and
2) could also result from the general differences in measurement tech-
niques.

b, AYP-ase Activity:~ Table VI 1 shows the effect of HgClz

concentration on the ATP-ase activity of beetroot mitochondria. Activity
was low under the experimental conditions used and 3 - 5 u moles phos~
phate/mg N/hour were released from 3 mM ATP at O mM MgCl,. This rate
can be compared with the 20 u moles phosphate/mg N/hour released from
S mM ATP by corn mitochondria in the presence of 0.2 M KCL (Hanson et

al 1965). Increasing the MgClz concentration from O mM te 30 mM bhad no
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The effects of Mg(:}.2 and potassium phosphate on
succinate oxidation by beetroot mitochondria,
measured with an oxygen electrode. Mitochondria
were incubated at 25°C in a medium containing
200 sM sucrose, 8 mM Tris-HCl buffer pH 7.2,

3 uM cytochrome ¢ and 360 ug mitochomdrial N in
2,1 ml total volume. Phosphate (K Fi) was added
as potassium phosphate buffer pH 7.2 and 8 mM
sodium succinate was added at S. Rates of

oxidation are expressed as mu moles Ozllinuteis.
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effect on the ATPase activity of beetroot mitochondria under the condi-
tions of these experiments. Freezing the mitochondria for 18 hours’
decreased the ATPase activity by 40% (Table VI 1), and again MgCl,
concentration had little effect. Activity at O uM MgCla was inhibited
more by freezing than activity at 5 - 28 mM ¥gCl,.

The ATFPase activity of beetroot mitochondris was inhibited at 80%
by oligomycin which inhibited glucose~6-phosphate formation by 80% at
the same concentration. Very small amounts of glucose-6~phosphate were
formed from endogenous sources of ADF (with succinate, glucose and hexo-
kinase), but the effect of oligomycin in inhibiting this formation by
70-80% could still be measured.

The effect of DNF conecentration on beetroot mitochondrial ATPase
activity is shown in Table VI 1. Increasing the DNP concentration from
5x 10'6M to 1 x 107K in the absence of lgll, decreased ATPase activity.
Freezing the mitochondria for 18 hours decreased the rate of ATPase
activity, and DNP concentration had no effect on activity after freezing.

c. Succinate Oxidation Rates:- The addition of low Mg612 con-

centrations to beetroot mitochondria oxidizing succinate stimulated
oxidation.

Fig. VI 3 compares the succinate oxidation rate in the absence of
rhosphate, M5012 and ADP (which increased slowly with time) with the
rate when 2 mM‘HgCl2 and 3 mM potassium phosphate were added. Magnesium
increased the oxidation rate by 45% and phosphate further stimulated

oxidation by 25% (Fig. VI 3b). Similarly (Fig. VI 3c), addition of



Fige VI. 4. The effects of Mg_ClZ on rates of succinate oxidation
by beetroot mitochondria incubated at 25°C in a 3.2
ml oxygen electrode cell containing 200 mM sucrose,
8 mM Tris-HC1 buffer pH 7.2, 3 mM potaseium phosphate
buffer pH 7.2, 3 uM cytochrome c and 585 ug mito-
chondrial N. 8 mM Tris succinate was added at S and
0.16 sM ADP at ADP. Rates of oxidation are expressed
as mu moles Oz/min. ADP/O ratios were (A) 1.60,

@) 1.6, (C) 1.5, (D) 1.6 and (E) 1.6.
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Fig. n. 50

The effects of DNF and MgClz on the oligomycin-induced
rate of succinate oxidation by beetroot mitochondria.
Mitochoudria were incubated at 25°C in a medium
containing 200 mM sucrose, 9 mM Tris-HC1l buffer pH 7.2,
3 wM cytochrome ¢ and 488 ug mitochondria N in a

total volume of 3.1 mle 7 mM Iris succinate was

added at S, C.70 mM ADF at ADP and the final
concentrations of oligomycin and DNP were 1 ug/ml

and 9 x 10™M. 3 mM potassium phosphate buffer pH

7.2 was present initially in (a) and (b) and 2 mM MgCl,
was present in (a). Rates of oxidation are expressed

as mu moles Oz/minute.
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phosphate first produced a 54% stimulation, and 2 mM MgCl2 produced &
further 22% stimulation. The increase in succinate oxidation rate during
7 minutes incubation in the absence of phosphate, MgCla and 4ADP was only
16% (Fig. VI 3a). Addition of MgCl, in low concentrations (1 -2 mM)
after stimulation of oxidation by one addition of 2 mM Mg012 did not
further stimulate oxidation. 4 second MgCl2 addition after phosphate-
stimulation alsoc had little further effect on oxidation.

MgCl,, (2 mM) added after state 3 to state 4 rate transition with
£DP and phosphate, stimulated the state 4 oxidation rate by 60% (Fig.

IV 4a and ¢), and subsequent state 3 ~ state 4 transitions were not
impaired by MgCl2 (Fig. VI 4b). These effects of MgCl, can be predicted
from Fig. VI 1.

Fig. VI 5a shows that 8 x 10™7M DNP stimulated the oligomycin~
inhibited succinate rate by 110% in the presence of 3 mM phosphate and
2 mM MgCl,. MgCl, (2 mM) produced a 55% stimulation in oligomycin-
inhibited rate (Fig. VI 5b) in the same experiment. Fig. VI 5c shows
the stimulation of succinate oxidation by DNP in the sbsence of phosphate
and magnesium. sAdditions of phosphate and magnesium had very little
effect on the DNP-stimulated rate of oxidation.

Decreasing the MgCl2 concentration added had little effect om the
stimulation of succinate oxidation. Return to the initial or inhibited
oxidation rate after a stimulation by MgCl2 was never ohserved as
reported for animal (Chance 1965, Rossi and Lehninger 1964, Chappell et

al 1963) and corn mitochondria (Hanson et al 1965). Fig. VI 6 shows the
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Effects of low concentrations of MgCla and Tris=-
phosphate on succinate oxidation by beetroot mito-
chondria incubated at 25°C in a medium containing
200 mM sucrose, 8 mM Tris-HCl buffer pH 7.2, 3 uM
cytochrome ¢, 0.3 mM Tris ATP, 1 ug/ml oligomycin
and 570ug mitochondria N in a total of 3.2 ml.

7 oM Tris succinate was added at 5. Rates are

expressed as mu moles Oa/minute.
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Table VI, 2. Mg /0 Ratios.

Beetroot mitochondria were incubated in an 02 electrode cell in an ion
upteke medium (Tris phosphate) with 63 ug mitochondrisl N/ml and where
indicated 8 mM Tris succinate, 15 mM Tris mslate (with 10 wM Tris glu-
tamate), 1 ug/ml §ligomycin and 0.90 mM ATF. Mg'' uptake and oxygen
uptake were corrected for uptake in the absence of substrate. "Extra
0" wax calculated by subtracting the rate of oxygen uptake in the

sbsence of MgCla from the rate of oxygen uptake in the presence of

MgCl,.

0 Mg " Mg /0 | Mgt/

ug atoms/ umolea/ "Extra O"
g Wy pin,| 28 W5 iy

Succinate 6.26 1.89 0.30 3.1
Succinate 6.78 1.69 0.25 2.7
Succinate + Cligomycin 5.6k 1.60 0.28 2.9
Succinate + Oligomyein 6.0 1.61 0.27 2.9
Succinate + ADP 6.68 0.06 0.009 -

Succinate + ADP 6.94 0.10 0,014 -
Halate 4.3k 0.2k 0.06 0.6

Kalate 4,30 0,30 0.07 0.7
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stimulation of succinate oxidation by 100 uM MgCl, (Fig. VI 6a), or 200
uM MgCl, (Fig, YI £k and e)=‘ ATP plue oligomycir were included to prev-
ent the initial inhibition of succinate oxidation and any change in
oxidation rate with time (Fig. III 3). Magnesium stimulated oxidation
but no subsequent inhibited oxidation rate was observed.

Addition of 130 uM or 250 uM Iris - Pi before or after MgClZ_,
stimulated succinate oxidation (Fig. VI 6) and the stimulated oxidation
rate continued until all oxygen was utilized. A second addition of 100
uM HgCl2 in the presence of 250 uM phosphate further stimulated succinate
oxidation (Fig. VI 64).

d. Mg++[0 ratios:- Substrate-dependent magnesium uptake by beet-
root mitochondria was shown to occur to a small extent in the absence of
phosphate and massively in the presence of phosphate (Chapter 4). The
stimulation of succinate oxidation by low concentrations of MgCl2 should
be accompanied by uptake of magnesium hut the oxidation rate did not return
to the slower rate and an Mg' /O ratio (similar to am ADP/O ratio) could
not be calculated. However, incubation mixtures were removed from the
oxygen electrode cell after 4-5 minutes incubation in the presence of sub-
strate, 13 mM MgCl2 and 3 mM phosphate and the mitochondria were collected
by Millipore filtration and magnesium and phosphate uptake was determined.
Mg++/0 ratios were calculated and Mg++/"extra 0" ratios were also estima-
ted by correcting the succinate oxidation rates after magnesium addition
for the rate before addition (Chappell et al 1963).

Table VI 2 shows the Hg++/0 ratios calculated after incubating



Figo Vi ° 7.

Effects of low concentrations of KCl, MgCl2 and Tris-
phosphate on succinate oxidation by beetroot mitochondria
incubated at 25°C in a medium containing 200 mM

sucrose, 8 mM Tris-HC1 buffer pH 7.2, 3 uM cytochrome

¢ and 450 ug mitochondrial N in a total volume of 3.0 ml.
7 M Tris succinate was added at S. Rates aie

expressed as mu moles Oa/minutea
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Effect of G&Cl2 concentration on malate oxidation,
ADP/0O and R.C. ratios of beetroot mitochondria in-
cubated in a medium containining 200 sM sucrose, 8 mM
Tris~HC1 buffer pH 7.2, 3 uM cytochrome ¢, 4 mM Tris-
phosphate buffer pH 7.2, 2 oM HgCla, 15 aM Tris
Malate, 10 mM Tris glutamate and 380 ug mitochondrial
N in a volume of 3.3 ml. The state 3 oxidation rate
was produced by addition of O.30 mM ADF and the DNP
rate was produced by sdition of 5 x 10~ DNP during

the 1st state 4 oxidation rate,

e -~ & 1lst state 3 rate of oxidation
© == 0 1lst state 4 rate

X == x DHNP-induced oxidation rate
A-- A Respiratory contreol ratios

A ww A ADP/O ratios,
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mitochondria with succinate or malate. The magnesium uptake was corrected
for uptake in the absence of substrate when no oxidation was measured.

The Mg++/0 ratios were low (0.25 - 0.3) with succinate and were approxi-
mately zero with malate or in the presence of ADF. The substrate-depen-
dent magnesium uptake rate recorded in Table VI 2 (1-2 u moles/mg N/ 5
min.) was the rate measured in normal ion uptake experiments (Chapter 4).
Mg++/"extra O" ratios of 0.6 - 3.0 were calculated (Table VI 2).

2. Effect of NaCl and KC1.

The stimulation of succinate oxidation by low chl2 concentrations
was repeated by low concentratioms of NaCl and KCl. Fig. VI 7 shows that
200 uM KCl1l stimulated succinate oxidation and MgCl2 anéﬁgiosphate in low
concentrations further stimulated oxidation. Initial addition of 8 mM
Tris - HC1 had no effect on the rate of succinate oxidation.

3e Effect of Calecium.

a. Oxidation, ADP/O Ratios and R.C. Ratios:~ The uptake of calcium

by beetroot mitochondria (Chapter 5) was related to the effects of calcium
on other mitochondrial reactions.

Fig. VI 8 shows the effect of CaCl, concentration on malate oxida-
tion rates and associated ADP/O and R.C. ratios. Calcium effect on
succinate oxidation and ADF phosphorylation was also investigated. The
state 3 malate oxidation rates increased as Ca012 cihncentration increased
from O mM to 8 oM and were depressed on further CaCl, increase (Fig. VI

2

8). The malate ADP/O ratios remained constant at 2.4 from 0-3 mM CaCl,

and then decreased as the CaCl, concentration increased (Fig. VI 8).

Suceinate ADP/Q ratios decreased from 1.6 at O mM Ca012 to 1.3 at



Figo VIQ 9.

Effects of low concentrations of Ca012 and Tris-
phosphate on succinate oxidation by beetroot
mitochondria incubated at 25°c in an oxygen
electrode cell of 3.2 ml in a medium containing
200 mM sucrose, 8 mM tris-HC1 buffer pH 7.2,
3 uM cytochrome ¢, and 570 ug mitochondrial

N. 7 =M Tris succinate was added at S.

Rates are expressed as mu moles O_/minute,
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3 mM CaCl2 and 1.1 at 30 mM CaCla. Thus the response of the phosphory-
lating system in beetroot mitochondria to ealcium concentration was
similar to the respomse to magnesium comcentration. Calcium did mot
reduce oxidative phosphorylation until relatively high concentrations
were present, in contrast to results reported with other mitochondria
(Vasington and Murphy 1962, Carafoli et al 196k, Hanson et al 1965).
At the CaCl, comcentration (2 -« 3 mM) used for ion uptske experiments
(Chapter 5), oxidative phosphorylation would mot be greatly affected.
State 4 malate oxidation rates followed the state 3 rates in re-
sponse to CaCl2 concentration but the respiratory control ratios decreased
as CaGl2 concentration increased (Fig. VI 8). DNP (5 x 10'5M},added
during state 4 uncoupled oxidation to 60% of the previous state 3 rate
at 0=-7 mM CaCl2 and to 40% at higher Ca012 concentrations. At high CaCl2
concentrations DNP did not stimulate the state 4 oxidation rate (Fig. VI
8). These experiments were carried out in the presence of 2 mM MgCl, and
the mitochondria were incubated with the different Ca.Cl2 concentrations
for 10 minutes before calculation of the iDP/0 ratios.

b. Succinate Oxidation Rates:- Fig. VI 9a and b show that 150 uM

Ca_Cl2 stimulated succinate oxidation in the absence of magnesium and phos-
phate. Addition of 250 uufgiosphate produced a further stimulation. When
3 mM MgCLa was initially present (with or without phosphate) addition of
150 wM or 3 mM CaCl2 or MgGl2 did not affect the succinate oxidation

rate. This can be predicted from Figs. VI 1 and 8. When 150 uM CaCl2
was present with 250 uM phosphate addition of 150 uM MgCl2 or CaCl2 stim-

ulated oxidation (Fig. VI 9¢c).
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The stimulation of oxidation by low concentrations of CaClE was
not followed by return to the original oxidation rate (with or without
phosphate), but continued undiminished until oxygen was depleted or
another addition was made. Succinate Ca'’/0 ratios were calculated by
the method described for measuring Hg+f/b ratios and were approximately
the same (0.2 - 0.3). Failure to retain calcium and magnesium taken up
without phosphate or to precipitate the cation with phosphate would
produce continually stimulated oxidation rates and low Mg++ or Ga++/b
ratios. Estimation of Mg++ and Ca++/0 ratios during normal ion uptake

experiments in the presence of phosphate confirmed the low ratios of

0.2 = O.4 calculated in these short-term experiments.

DISCUSSION

1. Effect of Magnesium on Cxidative Phosphorylation.

MgC12 stimulated state 3 and state 4 rates of succinate oxidation
by beetroot mitochondria, but ADP/0O and P/O ratios were highest in the
absence of added Mgﬁla. Thus endogenous magnesium (500 mu moles/mg N)
was sufficient for operation of oxidative phosphorylation af maximum
efficiency (cf. Purvis and Slater 1959, Baltscheffsky 1957). The effects
of MgC12 concentration from O to 2.5 mM on oxidation by beetroot mitochon-
dria were not investigated.

Succinate oxidation was inmhibited by very high MgCl2 concentrations
(20 - 30 mi) and DNP did not eempletely relieve this inhibition. Thus the
electron transfer system was inhibited by high MgC12 concentrations in
addition to the phosphorylation system. High MgCl2 concentrations have

been reported to inhibit oxidative phosphorylation in gdigitonin particles
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of animal mitochondria (Cooper and Lehninger 1957, Purvis and Slater
1959).

Ion uptake by beetroot mitochondria was investigated using suc-
cinate and 15 amM MgClz. At this concentration of MgCl2 the state 3 and
state 4 oxidation rates were stimulated although the Kk.C. ratios had
decreased from 1.8 at 0 mM MgCl, to 1.6 or 1.7. The ADP/O ratio was
1.1 compared with 1.6 at O mM MgCl,. These results were obtained from
polarographic measurements. The maximum succinate oxidation rate (with
4DP, hexokinase and glucose) was measured manometrically at 10 - 15 md
MgCl2 and the F/0 ratio was 1.0 at 15 mM MgCl2 compared with 1.35 at O
mM MgCla. Conditions for ion uptake experiments were similar to those
for manometry experiments with respect to length of experiment (15-40
minutes) and aeration mechanism (shaking). Folarographic experiments had
a short experimental period and the incubation mixtures were stirred by a

magnetically controlled bar (Chapter 2).

2. ATFase Activity.

The aTPase activity of fresh beetroot mitochondria was very low
in comparison with that reéorted for corn mitochondria in the absence of
bgCl, (3.5 u moles Fi/hour/mg N compared with 20 u moles Pi/hoiir/mg N),
Hanson et al t1965). 4TPase activity is defined as the amount of imor-
ganic phosphate released from ATF in a given time, and does not neces-
sarily imply the existence of a single or specific enzyme. The conditions
for measuring ATPase activity of beetroot mitochondria were the same as

those for measuring oxidative phosphorylation or ion uptake by these
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mitochondria. Thus the contribution of ATPase activity could be estimated
in these experiments., Oligomycin action on ATPase activity was also inves-
tigated in an effort to account for the massive stimulation of iom uptake
by oligomycin in some experiments (Table IV 8). The medium for measuring
ATPase activity in beetroot mitochondria contained 0.25 M sucrose and no
KClL whereas the 4TPase activity of corn mitochondria was measured in a
medium containing 0.2 M KC1 (Hanson et al 1965). The temperature and pH
were similar in both investigations (25°C and 7.4 for beetroot and 28°C
and 7.5 for corn mitochondria).

Reid et al (1964) reported that potassium and magnesium stimulated,
calcium inhibited and sodium did not affect ATPase activity of cauliflower
mitochondria. MNgCl, (1 mM) stimulated the ATPase activity of corn mito-
chondria by 100% (Hanson et al 1965). The ATFase activity of beetroot
mitochondria was not affected by Mg012 concentrations between O and 30 mM.
ATPase activity of cauliflower mitochondria was greatly increased in a
medium of low sucrose tonicity and the increased activity was inhibited
by DNP, while that of suspensions incubated in 0.45 M sucrose was not
affected by DNP (Reid et al 196k). DNP increased ATPase activity of pea
mitochondria in proportion to DNP concentration between 6 x 10.5M and
3x 10™7M (Forti et al 1964). iTPase activity of beetroot mitochondria
was inhibited by increasing DNF concentrations from 5 x 10—6M to 1 x 10~°M.
Aging of cauliflower mitochondria (Reid et al 196k4) for 30 minutes in ice
cold O.45 M sucrose inhibited ATPase activity. Freezing beetroot mito-
chondria for 18 hours inhibited ATFase activity. The ATPase activities

of different plant mitochondria can not, however, be compared unless the
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mitochondria have been tested under the same conditions. ATPase activity
of one mitochondrial type varied greatly under different conditions and
inherent differences in activity between mitochondrial types could only
be estimated under identical conditions for both isolation of mitochondria
and measurement of activity.

Oligomyein (1 ug/ml) inhibited ATPase activity of beetroot mito-
chondria by 80%. Very little glucose~6-phosphate was formed in beetroot
mitochondria from endogenous ADP but the 80% inhibition by oligomycin was
measurable. The stimulation of ion uptake by oligomycin in some experi-
ments (Table IV 8) cannot, however, be accounted for on the basis of
inhibition of endogemous ATP formation or ATPase activity. Oligomycin
could stabilise membrane structure or a precipitated cation phosPhafe com-
plex. Rossi and Lehninger (1964) reported that oligomycin and ATP allowed
the calcium-stimulated oxidation rate in rat liver mitochondria to return
to the inhibited oxidation rate after uncoupling by phosphate. ATP action
was suggested to be a result of bound adenine nucleotide stabilising mem-

brane structure or a precipitated complex (Carafoli et al 1965}.

3. Effect of Calcium on Oxidative Phosphorylation.

The effects of calcium on oxidative phosphorylation in beetroot
mitochondria were similar to the effects of magnesium. In animal mito-
chondria (Vasington and Murphy 1962, Brierley et al 1964b) 2-3 mM Ga012
was reported to completely uncouple oxidative phosphorylation. In cora
mitochondria (Hanson et al 1965) 2 mM CaCl, reduced P/O ratios with
pyruvate and malate by approximately 60%. In beetroot mitochondria

calcium stimulated state 3 and 4 oxidation rates and the ADP/O ratios
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of 2.4 (malate and glutamate) at 0-3 mM CaCl2 decreased to 1.7 at 30 mM
CaCla. Similarly ADP/O ratios with succinate decreased from 1.6 at O mM
CaCl2 to 1.1 at 30 oM CaCla. Thus high CaCl2 concentrations did not dras-
tically reduce oxidative phosphorylation in beetroot mitochondria and had
almost the same effect as MgClZ over the same concentration range. it
the Ca012 concentrations used for ion uptake experiments (2-3 mM) the
succinate oxidation rate was stimulated anJTEDP/O ratio was reduced by
only 19%. The failure of calcium to uncouple oxidative phosphorylation
more than magnesium in beetroot mitochondria could be related to the iso-
lating procedure (with EDTA) or to membrane structure and calcium binding
capacity. Calcium and magnesium effects on different mitochondria cannot
be compared unless the mitochondria have been isclated and tested under
identical conditions. Isclating procedures and experimental conditions

could affect a membrane structure and cation binding capacity and the

stability of the oxidative phosphorylation process.

k., Ion Effects on Oxidation.

Low concentrations of MgCl2 and GaClZ stimulated succinate oxida-
tion (with or without phosphate) but oxidation did not return to the
original slower rate. Low concentrations of calcium, strontium ormanganese
added to animal mitochondria stimulated oxidation,followed by a return to
the original rate (Chance 1965, Rossi and Lehninger 196#, Chappell et al
1963). 1In corn mitochondria (Hanson et al 1965) calcium stimmlation of
oxidation was followed by a return to a slower rate, but phosphate irrever-
sibly stimulated oxidation. This phosphate effect was alp reported by

Rosei and Lehninger (1964) and may be related to swelling or loss of
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integrity of mitochondria on formation of a calcium phosphate complex
(Chappell and Crofts 1966). ATP or oligomycin prevented this phosphate
effect. |

The failure of calcium and magnesium-stimulated succinate oxida-
tion rates to return to the original oxidation rate may be related to
the permeability of beetroot mitochondria. Flant mitochondria appear
to be more permeable to ioms (Stoner and Hanson 1966) than animal mito-
chondria (Chappell and Crofts 1966). Delay in cation-phosphate complex
formation and continuous leakage of cations taken up back into the medium
could produce continually stimulated oxidation in the presence or absence
of phosphate. The ability of low concentrations of NaCl g:g}EEJISZFKH)
produce similar stimulations in oxidation suggests a generalfg%nié effect
or uptake process.

Phosphatgrggded before or after divalent cation addition produced
further stimulation of oxidation in beetroot mitochondria. More rapid
spontaneous breakdown of D~ P than C~D (classical), or exchange of phos-
phate for OH  and partial relief of PMF (chemiosmotic) could produce this
phosphate effect.

Hg+f/0 and Ca'"/0 ratios of 0.2 - O.4 were calculated by measuring
magnesium or calcium uptake by beetroot mitochondria oxidizing succinate.
These ratios were much lower than the ratio of 4 calculated in animal
mitochondria for this substrate (Chance 1965) which agrees with the

mechanisme of ion uptake based on either the classical or chemiosmotic

hypotheses of oxidative phosphorylation (Chapter 1). The low cation/0
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ratios measured in beetroot mitochondria could result from poor precipi-
tation of cation-phosphate complex and leakage of the accumulated ions

out of the mitochondria.

CONCLUSIONS

Low concentrations of HgCl2 and Ca012 irreversibly stimulated

substrate oxidation by beetroot mitochondria in contrast to the situation

with animal and corn mitochondria (Chance 1965, Hanson et al 1965). The

Mg /0 and Ca’"/0 succinate ratios of 0.2 - O.4 in beetroot mitochondria
were much lower than those of 4 calculated in animal mitochondria kChance
1965). These differences could be due to greater permeability of beet-
root mitochondrisl membranes to ions than animal mitochondrial membranes,
poor precipitation of cation-phosphate complex in beetroot mitochondria
and continuous recycling of magnesium and calcium taken up producing the
stimulated oxidation and low cation/oxygen ratios in these mitochondria.
ADP/O and P/O ratios were highest in beetroot mitochondria in the
absence of added MgCla or CaCl . Both substrate oxidation and ADP-

2
phosphorylation were inhibited by high M3012 and CaCl. concentrations and

2
phogphorylation was inhibited more than oxidation. However, at the con-
centrations of HgCla and CaClz used for ion uptake studies substrate oxi-
dation was stimulated and ADP/O and P/O ratios were reduced by only 20%
compared with the oxidation and ADP/O ratios when no MgClz and0a012 were
present., Calcium did not uncouple oxidative phosphorylafion in beetroot
mitochondria more than magnesium in contrast to results with animal and

corn mitochondria (Vasington and Murphy 1962, Hanson et al 1965). This

could be related to the different isolating and experimental techniques
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stability or in
producing changes in oxidative phosphorylati&LAmembfane structure and

binding capacity.

The ATPase activity of beetroot mitochondria was low under the
conditions for ion uptake or oxidative phosphorylation studies. Activity
could not be compared with that of other mitochondria due to different
isolating and test conditions. Different experimentsl conditions pro-

duced very large changes in ATPase activity of one mitochondrial type.
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CHAPTER SEVEN

MONOVALENT IONS - UPTAKE AND EFFECT ON DIVALENT ION UPTAKE

INTRODUCTION.

1. Monovalent Ion Uptake.
The ability of isolated plant mitochondria to accumulate monova-

lent ions against a concentration gradient has been demonstrated
(Robertson et al 1955, Jackson et al 1962). Monovalent cation uptake

by animal mitochondria has been reported (Bartley and Davies 1952, 1954,
Gamble 1962, 1965, Ulrich 1959). Solomon (1964) and Rottenberg and
Solomon (1965) showed that rat liver mitochondria could accumulate
potassium by a respiration-dependent oligomycin~insensitive process.
Gamble (1965, 1962) reported that potassium was taken up by mitochondria
and held in association with accumulated substrate anions (citrate or
malate). Accumulation of citrate and malate wﬁs associated with the
release of nearly equal amounts of phosphate. Respiration was not
required (cyanide had little effect) but DNP inhibited citrate and malate
accunulation (Gamble 1962). Bartley and Davies (1952, 1954) demonstrated
that phosphate and organic acid anions could be concentrated by mitochon-
dria.

2. Valinomycin and Gramicidin-Induced Ion Movement.

Recent investigations have shown that movement of potassium and
other alkali metal ions into and out of mitochondria can be induced by

valinomycin and gramicidin (Pressman 1963, Moore and Pressman 1964,
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Chappell and Crofts 1965, 1966). Induced potassium uptake required sub-
strate or ATP and was accompanied by H* production and by respiratory
stimulation with swelling of the mitochondria if a permeable anion (e.g.
phosphate, arsenate or acetate) was included (Moore and Pressman 1964,
Chappell and Crofts 1965, 1966). These effects and a mechanism to
account for them (Chappell and Crofts 1966) have been discussed in Chap-

ter 1.

3. Competitive Ion Effects.

Substrate-dependent diialent cation uptake by mitochondria has
been demonstrated in the absence of phosphate and it has been suggested
that divalent cation uptake is the first step in massive cation and phos-
phate uptake (Chappell et al 1963, Brierley et al 1963a, Chance 1965).
Unless a specific ion carrier (permeases,(Chappell and Crofts 1965a) or
coupled cation and phosphate uptake (Brierley et al 1962, Hanson et al
1965) is proposed then all cations in the medium should be available for
the energy~dependent cation uptake mechanism. There is little evidence to
support the proposals that cation and phosphate enter simultaneously or
that phosphate is accumulated first by energy-dependent involvement in
oxidative phosphorylation (Hanson et al 1965). Phosphate may be replaced
by acetate or arsenate (Chappell and Crofts 1965¢, 1966) or may be
omitted during cation uptake (Chappell et al 1963, Chance 1965). A
specific ion "permease" (Chappell et al 1963, Chance 1965) appears unlikely
from evidence of strong competition between divalent cations for uptake

(Brierley et al 1962, Vasington and Murphy 1962).
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Energy-dependent uptake of one cation in the presence of others
would depend on the rate and strength of passive binding to mitochon-
drial membranes. Binding may be considered as the first step br as a
prerequisite for the uptake mechanism. Concentrations of cations in
the medium would affect binding. Fermeability of the cation must be
considered unless a specific carrier or binding site is postulated
(Chance 1965, Chappell and Crofts 1965a). Presence of a penetrating
anion (e.g. phosphate or acetate) would also affect cation uptake.
Phosphate entry could result in precipitation of one cation (magnesinm)
but not of another (potassium). The competition between divalent cations
and the effects of monovalent ions on divalent cation and phosphate
uptake have been discussed in Chapter 1.

Magnesium uptake was inhibited by lower concentrations of mono-
valent ions (Brierley et al 1963b) than was calecium uptake (Vasington
and Murphy 1962). This could reflect & strength of binding to the mito-
chondrial membranes or the solubility of the cation-phosphate complex
formed within the mitochondria. W®hile sodigggpotassium inhibited magnes-~
ium and phosphate uptake in beef heart mitochondria to the same extent
(Brierley et al 1963b), more calcium and phosphate was accumulated by
rat liver mitochondris in a sodium medium than in a potassium medium
(Carafoli et al 196k). Stimulation of calcium and phosphate uptake by
sodium, potassium and lithium in rat kidney mitochondria may reflect
membrane permeability or binding capacity changes produced by these

monovalent cations (Vasington and Murphy 1962).
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b, Permeability.
Investigations were made by Chappell and Crofts (1966) into vol-

ume changes of rat liver mitochondria (estimated by light scattering
measurements) in KCl, potassium phosphate, N@Fl, ammonium phosphate and
ammonium acetate with rotemone and EGTA present (Chéppell ﬁnd Greville
1963a). Swelling in such a system would occur only when both anion and
cation penetrated the mitochondrion,and occurred only when NH“+ was
present with phosphate or acetate. Chappell and Crofts (1966) concluded
from these studies that the rat liver mitochondria were impermeable to
potassium and chloride and permeable to phosphate, acetate and NH4+.

The phosphate was considered to enter the mitochondria by an exchange
diffusion carrier in exchange for OH or another anion.

Amoore and Bartley (1958) and amoore (1960) demonstrated that K45
exchanged very poorly with potassium of liver mitochondria and McFarlane
and Spencer (1953) suggested that the mitochondrial membranes had = low
permeability to momovalent cations. Robertson et al (1955) followed
chloride movement in beetroot and carrot mitochondria, and a diffusion
coefficient was calculated which was typical for membranes of oriented
lipoids stzbilised by proteins (Davson and Danielli 1942). Anions of
higher valency (Bartley and Enser 1964) have been shown to penetrate the
membranes of mitochondria slowly.

Light-scattering changes were followed after suspending corn mito-
chondria in various media and these changes ﬁggg:been related to volume
changes (Stoner and Hamsen 1965). Corn mitochondria did not swell

appreciably in sucrose but did swell spontaneously in iso-osmolar KC1l.



Table VIl1. 1. Effect of Tris-HC1l and NaCl on Substrate-~Independent

Mg't and Pi Uptake.

Beetroot mitochondria were indubated at 25°C in &n ion uptake medium
(Tris phosphate) with 200 ug mitochondrial N/ml. Mitochondria were

separated from the medium by centrifuging.

Mg Fi
umoles/mg N umoles/mg N
5 min. 14 min. 5 min. 14 min.
Control 1.67 1.70 0.14 0.13
+ 10 mM Tris-HCl 1.35 1.37 0.1% 0.12
+ 10 m¥ NaCl 1.65 1.69 0.13 0.1k
+ 10 mM KC1 1.67 1.69 0.14 0.1k
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Lyons et al (1964) recorded similar results with a variety of plant
mitochondria, Stoner and Hamsen (1965) assumed that swelling was
accompanied by penetration of the suspending solute (KCl) and suggested
that corn mitochondria were more permeable to ioms than most animal
mitochondria., Accurate statements concerning membrane permmeabilities
can not be made, however,until diffusion coefficients for different ions
across mitochondris membranes have been calculated. Only relative
permeabilities can be determined by light scattering changes (Chappell
and Crofts 1966) if these changes are related to solute entry. Membrane
permeability to ions would vary between different preparations of the
same mitochondrial type.

B. RESULTS.

1. Effects of Manovalent Ions on Divalent Cation and Phosphate Uptake.
8. Substrate - Independent Uptake:~ The effects of 10mM Tris-

HC1l, KC1 and NaCl on the magnesium and phosphate levels of beetroot

mitochondria incubated in the absence of substrate are shown in Tqble VII
1. NaCl and KC1 (10mM) had no effect on magnesium content but 10mM Tris-
HC1 reduced the magnesium level by 20% during incubation peried. NaCl,
KCl and Tris~HC1l had no effect on the substrate-independent phosphate
levels. The inhibition of bound magnesium content by Tris has already
been discussed (Table IV 13),

b. Substrate - Dependent Uptake:- The effect of sodium and

potassium on magnesium and phosphate uptake by beetroot mitochondria was

shown by substituting Tris-succinate for sodium succinate and by.varying



Fige VIIs 1o The effect of sodium and potassium phosphate
concentration on Mg'H and Pi uptake by beet=
root mitochondria incubated at 25°C in a
medium containing 250 mM sucrose, 9 amM Tris-
HC1 buffer pH 7.2, &4 uM cytochrome ¢, 15 mM
MgCla and 330 ug mitochondrialN/ml. The
results have been corrected for the uptake of

ions in the absence of substrate,

X == x with 11 =M Tris succinate and 3.2 mM
potassium phosphate buffer pH 7.2,

0 == 0 with 11 =M Tris succinate and 10 mM
potassium phosphate.

A<= A with 11 =M sodium succinate and 3.2 M
potassium phosphate,

O== 1 with 11 aM sodium succinate and 10 mM

potassium phosphate,
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Fig. Vii. 2.

Effects of sodium, potassium and Tris chlorides
and of potassium and Tris phosphates on the up-
take of Mg++ and Fi by beetroot mitockondria
incubated in a medium containing 250 M sucrose,
15 =t Mgll,, 5 uM cytochrome c, 186 ug mito-
chondrial N/mi, 3.3 sM Tris-phosphate buffer pH
7.2 and 8§ mM Tris succinate.

A == A minus substrate

® -~ & no addition

B -~ B with 3.3 mM potassium phosphate buffer
pH 7.2 in place of the 3.3 mM Tris -
phosphate buffer.

O == 0 plus 10 mM Tris-HCl buffer pH 7.2.

O == O plus 10 mM NaCl

x == x plus 10 =M KC1
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Table VII. 2. Effect of NaCl and KC1 on Ca'’ and Pi Uptake by

Beetroot Mitochondria.

HMitochondria were incubated for 19 minutes in a medium containing
250 m¥. sucrose, 9 s Tris-HC1l buffer pH 7.2, 3 uM cytochrome c,
2.9 mM Mgclz, 3 mM CaCla, > wM Tris-phosphate buffer pH 7.2, & mM
Tris succinate and 115 ug mitochondrial N/ml. The results were

corrected for the ion uptake in the absence of substrate.

catt Fi
Addition umoles/mg N % Inhib- | umoles/mg N % Inhib-
' ition ition

Control 7.9 - 6.6 —
+ 3 sM KC1 R 32 4,7 29
+ 6 oM NaCl k2 274 3.4 b9
+ 6 mM KC1 k2 Ly 3.5 k7
+ 3 mM NaCl +

3 mM KC1 4,0 49 LR 4y
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the concentiration of potassium included as phosphate buffer (KZHPOM/
KH,PO, , pH 7+2) Fige VII 1. shows that 1llmM Tris-succinate was more
favourable to magnesium and phosphate uptake than 11mM sodium succinate
and that 3.2eM potassium phosphate buffer was more favourable than 10mM
potassium phosphate buffer. The inmhibitory effects of sodium and
potassium were approximately additive. These results could indicate a
competition between the sodium,potassium and magnesium for uptake.

Fig.VII 2 shows that replacement of potassium phosphate buffer by
Iris-phosphate buffer stimulated substrate-dependent uptake of magnesium
and phosphate. Fig.VII 2 also shows that 10mM NaCl or KCl severléy in-
hibited whereas 10mM Tris~HC1 buffer (pH 7.2) slightly inhibited ion up-
take. The small inhibition observed with Tris-HC1l could have been due
to either the Tris or the chloride, but the strong inhibition produced
by NaCl and EC1 (containing the same concentration of chloride as the
Tris-HC1l) must have been due to sodium and potassium. Thé data of Figs.
VII 1 and 2 suggest. that isolated beetroot mitéchoﬁdria did not dis-
criminate between sodium and potassium but did diseriminate between
these cations and Tris. Although Tris inhibited passive magnesium bind-
ing (Table.VII 1) substrate-dependent magnesium and phosphate uptake was
not greatly affected by the slowly pemetrating Tris. The more permeable
cations sodium and potassium offered more competition to substrate-
dependent magnesium and phosphate uptake.

‘The effect of NaCl and KCl on substrate-dependent calcium and

phosphate uptake by beetroot gitochondria is shown in Table.VII 2.



Fig. Vi, 3.

The effects of Tris-HCl buffer on the retention

of Mg'" and Pi taken up by beetroot mitochondria

incubated in a medium containing 250 mM sucrose,

i yM cytochrome ¢, 3.2 mM potassium phosphate

buffer pH 7.2, 14 =M MgClz and 170 ug mito-

chondrial N/ml., Mitochondria were separated

from the wmedium by centrifuging at 25,000 x g

for 6 minutes through 3 ml of 1 M sucrose at

o°c.

A ==

O ==

no addition

with 8 mM Tris succinate

with 8 wM Tris succinate and 10 mM Tris-
BC1 buffer pH 7.2.
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Table VII. 3. Effects of Anion/Fhosphate and Catien/ﬁg++ Ratios on

¥g™ and Fi Uptake.

Beetroot mitochondria were incubated for 20 minutes in a medium con-
taining 250 mM sucrose, 8§ mM Tris succinate, 8.6 mM Tris-HCl buffer
PE 7.2, 5 uM cytochrome ¢, 105 ug mitochondrial N/ml aud unless
otherwise indicated 15 mM MgCl2 and 3.1 M Tris-phosphate buffer pH
7.2. % inhibitions were calculated after correcting for ion uptake

in the absence of substrate.

% Inhibition
MgCl,  Tris-Pi Mgt Fi
mM M C1 /Pi Uptake Uptake
15.7 7.1 5.6 0 0
314 7.1 10 2 0
15.7 3.1 12.9 3 10
31,k 3.1 23 61 52
% Inhibition
NaCl or KC1 Na'or K+/a ++ | Mg™* ‘ 121
mM € Uptake Uptake
10 | Na*ug*t = 0.7] 61 65
10 gt = 0.7| 65 66

3.3 K'mg't = 0.2 85 k9
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KCl and NaCl (3mM) inhibited ion uptake by 20 - 30% while 6mM KC1,
6mM NaCl or 3mM KC1 + 3mM NaCl inhibited uptake by 40 - 50%.

Tris-HC1 buffer (pH 7.2) reduced the leakage rate of accumulated
magnesium and phosphate from beetroot mitochondria over a long in-
cubation period. Fig VII 3 shows that in the absence of Tris-HC1
buffer (pH 7.2) magnesium and phosphate were taken up by a substrate-
dependent process for 20 minutes and then uptake stopped and the ions
were slowly lost from the mitochondria. In the presence of 10mM Tris-
HC1l buffer (pH 7.2) the initial uptake of magnesium and phosphate was
reduced but the ions were retained in the mitochondria for a longer
period. The inerease in buffering capacity with 1OmM Tris-HC1l buffer
(pH 7.2) or an increase in membrane-bound Tris could have stabilised
the mitochondria structure and prevented leakage of accumulated ions.

Ce Catiog[§5++ And Anion/Phosphate Ratios:- Substrate-dependent
cation uptake was considered to be the first step in the uptake of
divalent cations and phosphate (Chappell et al 1963, Chance 1965), In=
hibition of substrate~-dependent magnesium and phosphate uptake by cations
should thus be more severe than inphibition by anions. Table.VII 3 in-
dicates that low ratios of Na' or K gt severely inhibited magnesium
and phosphate uptake but extremely high C1™/Pi ratios were required for
substantial inhibition of ion uptake. When Na' or K+/Mg++ = 0.7, ion
uptake was inhibited 60%, but a C1™/Pi ratioc of 10 had no effect on up-
take, Only when Cl /Pi = 23 did strong iphibition of ion uptake occur.

Inhibition was dependent on the ratio of Cl-/Pi and not on the absolute



Table VII. 4. Effect of (NHL})ZSO“ on Hgﬁ and Pi Uptake by Beetroot

Mitochondria,

Mitochondria were incubated for 20 minutes in an ion uptske medium

(10 mM Tris phosphate) with 7.2 mM Tris succinate, 36 ug mitochondrial

N/ul and where indicated 0.7 mM ADP, 13.7 mM glucose, 14 ug hexokinase/

ml, 1 ug oligomycin/ml and 2 ug bovine serum albumin/ml.

The results

were corrected for ion uptake and glucose-6-phosphate formatiom in the

absence of substrate and ADk. Hexokinase (with O.OM¥) BSA)was dialysed

where indicated against 1% glucose for 2 hours at 0°C.

M g+*
umoles/mg N

r1
umoles/mg N

Glucose~0-phosphate
umoles/mg N

-Oligo +0ligo

-0ligo +0ligo

~Oligo +0Oligo

System mycin myein | myecin mycin mycin mycin
Control 10.5 10.4 8.3 8.0 ¢ 0
+Hexokinase 4.9 5.2 L4 k.3 o 0
+Dialysed | »

Hexokinase 17.2 14.9 11.6 9.9 0.1 0
+ADP+Glucose

+Hexokinase 0 5:5 = 4.3 56.7 12.1
+ADP+ilucose -

+Dialysed 0.7 11.6 0.5 8.8 53.4 11.5
Hexokinase

+Glucose+BSA 4.2 - 10.3 - 0 -




Fig. VII. 4. Mg' ', Pi and CL™ uptake by beetroot mitochondria
incubated at 2500 in a medium containing 250 =M
sucrose, 9 mM Tris-HC1l buffer pH 7.2, 5 uM cyto-
chrome ¢ and 560 ug mitochondrial N/ml.

The mitochondria were separated from the medium
by centrifuging at 25,000 x g for 5 minutes

through 3 ml of 1 M sucrose at 0%.

A-- A plus 10 mM sodium succinate and 10 mM
potassium phosphate buffer pH 7.2.

O == O plus 10 mM sodium succinate and 52 mM
MgCl,.

® -- @ plus 10 mM sodium succinate, 52 M Mg()il.2
and 10 mM potassium phosphate buffer pH
720

O--0 plus 52 =M MgCl, and 10 mM potassium

phosphate buffer pH 7.2.
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concentrations of either (Table.VII 3),

de. Hexokinase Effects:~ The inhibition of magnesium and phosphate

uptake by monovalent ions could obscure other results. Magnesium and
phosphate uptake was completely inhibited by conditions allowing
continuous ATP formation with either hexokinase (in (an)asou suspension)
or dialysed bexokinase (Table.VII &). Glucose-6~phospha§e formation was
the same in both cases and oligomycin inhibited formatiom by 80%. However,
oligomycin completely recovered ion uptake when dialysed hexckinase was
present but only partially recovered uptake with undialysed hexokinase.
Table.VII 4 shows that undialysed hexokinase (without ADP and glucose)
inhibited magnesium and phosphate uptake whereas dialysed hexokinase
stimulated ion uptake. The stimulation can be related to the stimulation
by BSA (Table.VII 4) and has been discussed in Chapter 4. The imhibition
of ion uptake by the (NH#)Zsoh included with the undialysed hexckinase
masked the recovery effect of ocligomycin.

2o Monovalent Ion Uptake,.

Competition between divalent cations and monovalent cations for
uptake has been indicated by the inhibition of divalent cation and phos=
phate uptake by NaCl and KC1 in beetroot mitochondria but this does not
demonstrate actual monavalent cation uptake.

a. Chloride Movements:- The movement of chloride was followed in

early investigations into magnesium and phosphate uptake by beetroot mito-
chondria. Fig.VII 4 shows chloride, magnesium and phosphate uptake bj
beetroot mitochondria over 20 minutes. Magnesium and phosphate were taken

up by a substrate-dependent process but substrate did not alter the chloride



Fig. ViI. 5. Mg++ and C1~ uptake by beetroot mitochondria
incubated in a medium containing 250 mM sucrose,
10 sM Tris-HC1 buffer pH 7.2, 4 uM cytochrome c
and 371 ug mitochondria N/ml., The mitochondria
were separated from the medium by centrifuging
at 25,000 x go for 5 minutes through 3 ml of 1 M

o
sucrose at 0 C,

A=-- A plus 10 mM sodium succinate and 10 =M
potassium phosphate buffer pH 7.2,

0 == 0 plus 10 mM sodium succinate and 18 mM
MgCl,.

® -- ¢ plus 10 mM sodium succinate, 18 mM MgCl,
and 10 mM potassium phosphate buffer pH
724

] ==0 plus 18 =M Mg()'l‘.2 and 10 mM potassium
phosphate buffer pH 7.2.
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content of the mitochondria. The endogenous magnesium content (700 mu
moles / mg N) was the level usually found in isolated beetroot mito-
chondria (Chapter 4). Incubation in 52mM MgCl, increased substrate-
independent magnesium uptake to a constant level after 3 minutes. This
would be a result of magnesium binding (see Fig.IV 1). When phosphate
was omitted magnesium was bound to the same extent but a very small
amount was taken up by a substrate-dependent process (Fig.VII &),

The endogenous phosphate content of 180 mm moles / mg N remained
constant throughout the incubation pericd (Fig.VII 4), The substrate-
independent phosphate level was higher with 10mM phosphate present and
increased slowly during the incubation period. This may have been due
to diffusion or to some endogenous substrate or magnesium.

Fig.Vil & indicates that chloride movement was not dependent on
the presence of substirate or phosphate. The endogenous chloride content
of the washed mitochondria (300 mu moles / mg N) decreased slowly during
the incubation period. When 52 mM !‘lgC].2 wag present the chloride level
reached equilibrium in 5 to 12 minutes. This chloride movement can be
interpreted as diffusion into the mitochondria.

FigeVII 5 shows that magnesium was taken up by a substrate-and
phosphate~dependent process, while chloride movement was independent of
substrate and phosphate. The constant substrate-independent magnesium
level (Fig.ViI 5, 18uM HgClZ)ja:'eached within 2 minutes and was only 16%
less than the level with 52 mM MgCl, (FigeViI 4). The equilibration
level of chloride was more than 40% lower with 18mM MgCl, (Fig.VI1 5)

than with 52mM (Fig.VII 4), indicating that chloride moved into the



Fige VII. 6e K* and Pi uptake by beetroot mitochondria in-
cubated for 4 minutes in a medium containing
250 mM sucrose, 9 mM Tris~HC1 buffer pH 7.2,
3 uM cytochrome ¢, 0«9 aM MgClZ, 2¢9 mM Trig-
phosphate buffer pH 7.2, 94 ug mitochocndria N/ml
apd different concentrations of KCl, Mitochondria
were separated from the medium by Millipore

filtration.

o == 0 no addition

¢ — o with 7 mM Tris succinate.
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mitochondria by diffusion along a concentration gradient. The equilibra-
tion time for chloride was again 8 - 10 minutes (Fig.VII 5).

Robertson et al (1955) measured chloride efflux from beetroot
mitochondria after accumulation of chloride. The half time of chloride
efflux was approx. 5 winutes in comparison with the 3 - 6 minute half
time of chloride uptake in Figs.VII 4 & 5. The experiments described
here were carried out with early preparations of beetroot mitochondria
and were not reﬁeated after modifications were made to the isolation
procedure which produced-mifochondria with higher respiratory comtrol,
less endogenous.substraté, a greater potential for iom uptake and
possibly a lower permeability to ions (Chapter 2).

be Sodium, Potassium and Chloride Uptake:~ Monovalent cation
(sodium and potassium) and chloride uptake was investigated in beetroot
mitochondria isolated by the modified method using the Braun juice ex-
tractor (Chapter 2). The Millipore filtration technique did not allow the
measurements of chloride and ecation uptake to be used for calculating
permeability céef_icients due to errors introduced by ion retentioa in
the filter.

Fig.VII 6 shows the uptake of potassium and phosphate by beetroot
mitdchohdria ag the external KCl concentration was incressed from O - 50mM,
Fig.,VII 7 indicates the changes in substrate-dependent potassium and
phosphate uptake with incubation time in the same experiment, As KCl
concentration increased the substrate-independent potassium level in-

creased linearly (FigiVII 6). This would be due to increase in potassium



Teble VII. 5. Substrate-Dependent Na' and c1” Uptzke by Beetroot

}itochondria.

Mitochondria wes incubated in a medium containing 250 mM sucrose,
9 wM Tris-HCl buffer pH 7.2, 3 uM cytochrome ¢, 0.9 mM MgClE, 2.9
m¥ Iris-phosphate buffer pH 7.2, 7 mM Tris succinate and 76 ug

mitochondrial N/ml. The ion contents in the absence of substrate

were subtracted from the contents in the presence of substrate.

NaCl Na* G
mM umoles/mg N umcles/mg N
¢ 0.24 =0, 34
5 0.50 ~0.62
10 0.99 «~0.42
15 l.b2 -0, 50
25 1.62 -0.32
50 3.5 1.1
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diffusion and retention by the filter. The endogenous potassium level
was 400 - 450 mu moles / mg N. Potassium was taken up in a substrate-
dependent manner and was greatest at 10-50mM KCl. (Fig.VII 6). Substrate-
dependent potassium uptake decreased after 4 minutes at KCl concentrations
of 0-20mM (FigoVII 7). Only at 25aM and 50mM KC1 did substrate-dependent
potassium uptake increase with time.

Mgcl2 (O.9mM) was included in these experiments and phosphate was
taken up in a substrate-dependent manner (Fig.VII 6). Substrate-in-
dependent and dependent phospbate uptake decreased as the external KC1
concentration increased (Fig.VII 6). Substrate-dependent phosphate uptake
increased with time when KCl was omitted (probably in association with
magnesium uptake) but decreased when KCl at any concentration was present
(Fig.ViI 7).

Thus substrate-~dependent potassium uptake occurred at all KC1
concentrations but the potassium was scon lost at the lower concentrations.
Fhosphate uptake was greatest in the absence -of KCl. KC1 inhibited
magnesium and phosphate uptake and magnesium and phosphate taken up was
mobilised and lost after ashort time. Some phosphate was retained at
S50mM KC1 probably in association with potassium. Substrate-dependent
potassium uptake does not necessarily mean uptake dependent on substrate
oxidation, and may be a result of succinate uptake and accumulation.

Table.VII 5 indicates that sodium was taken up by a substrate-
dependent process and uptake increased with external NaCl conccntrat.ion.

Table.VII 5 shows that chloride content was higher in the presence of



Table VII. 6. Effects of Substrate, DN, KCN and Oligomycin on K* and

C1~ Uptake by Beetroot Mitochondria.

Mitochondria were incubated at 25°C in a medium containing 250 mM sucrose,
9 mM Tris-HC1 buffer pH 7.2, 3 uM cytochrome ¢, 20 mM KCl, 2 mM Tris-
phosphate buffer pH 7.2, 0.9 mM MgClP_.End where indicatedlf nM Tris
succinate, 1 ug/ml oligomycin, 1 x 107 M DNP and 1 x 10" ' M KCN.

Expt. A contained 79 ug mitochondrial N/ml and Expt. B contained 0.01%
BSA, 0.5 mM Tris ATF and 138 ug mitochondrial N/ml. The mitochondria
were separated from the medium by filtering.

K+
umoles/mg N
Treatment 3 min. 8 min,
Control 2.0k 2.10
+ Succinate 2.52 2.79
+ Succinate + Oligomycin 2.46 2.85
+ Suceinate + DNP 2.16 2.07
+ Succinate + KCN 2.51 3.06
+ Succinate -~ TPi 2.25 2.58
K c1”
umoles/mug N umoles/mg N
2 min. 6 min. 2 min. 6 min.
Expt. B.
Control 1.80 1.85 2.60 2.35
+ Suceinate 2.23 2.55 2.64 2.72
+ Succinate + DNP 1.90 1.84 2.25 2.20
+ Suceinate + KON 2.47 2.84 - =




Table VII. 7. Uptske of Na' and Endogenous Levels of Na' and K™ in

Beetroot Mitochondria.

Mitochondria were incubated in a medium conmtaining 250 mM sucrose, 8.6
pM Tris-HC1 buffer pH 7.2, 3 ulM cytochrome ¢, 2.9 mM Tris-phosphate
buffer pH 7.2, 1.5 mM HgClZ and where indicated 10 wH Tris succinate,

4

0.9 x 10" M DNF and 140 ug mitochondrial N/ml. Fart 4 also contained

20 mM NaCl. HMitochondria were collected by filtering.

+
~ Ra
umoles/mg N
Treatment 3 min. 7 min. 11 min.
A
Control 5.83 4,80 4,68
+ Succinate 6.20 6.48 7.70
+ Succinate + DNF 5.80 4,90 4,75
Na*t K
umoles/mg N umoles/mg N
2 min. 11 min. 2 min. 11 min.
B.
Control + 20 mM KC1 1.95 3.30 2.67 2.85
Control + 20 mM NaCl 5.83 4,68 0+29 0.26
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substrate at 50mM NaCl but at lower NaCl concentrations the chloride
content was higher in the absence of substrate. Succinate (7mM) may
have been takenm up with sodium at the lower NaCl concentrations.

d. Action of Inhibitors and Uncouplers:- Table.Vii 6 shows
that substrate-omission and DNP decreased,but KCN did not affect,the
potassium and chloride levels in the presence of substrate. Phosphate
omission partially reduced,and oligomycin did not affect,substrate-
dependent potassium levels.

Table.VII 7 shows the uptake of sodium by beetroot mitochondria
from a medium containing 20mM NaCl. Tris-succinate increased the sodium
level above that in the absence of substrate or in the presence of
substrate plus DNP., Table.VII 7 also shows that with 20mM KC1l but no
NaCl or substrate in the medium,the sodium content was as high as the
pot;ssinn content. When 20mM NaCl was added to the medium without KC1
the sodium content was very high while the potassium content was very
low. These results were corrected for the sodium present in the
extraction liquid (less tham 0.3 u moles / mg N). No potassium was present
in the extraction medium. Thus the endogenocus level of sodium in the
mitochondria was much higher than the potassium level, Higher endogemous
sodium levels than potassium were also observed by Robertson et al (1955)
in beetroot mitochondria.

DISCUSSION.
1.  Sumsary,

Sodium, potassium and chloride reactions with beetroot mitochondria

can be summarised as followsi-
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(1) Sodium and potassium strongly inhibited subatrate-dependent
magnesium or calcium and phosphate uptake by beetroot mitochondria,
whereas Tris had little inhibitory effect,

(2) The monovalent cations sodium and potassium, inhibited
divalent cation and phosphate uptake more strongly than the monovalent
anion, chloride, when the ratios Na' or K* / Mg'* and C1™ /Pi were equal.
High C1~ /Pi ratios were required before divalent cation and phosphate
uptake was jnhibited.

(3) Chloride penetrated the mitochondrial membrane and reached
equilibrium with a half time of 4 -~ 5 minutes.

(k) Sodium and potassium were taken up by beetroot mitochondria
in a substrate-dependent manners Substrate-dependent chloride uptake
was also recorded during potassium uptake. Substrate-dependent mono-
valent cation uptake was:=-

(a) inhibited by DNP.

(b) partially inhibited by omission of phosphate,
(¢) not affected by oligomycin,

(d) not affected,or stimulated by KCN.

(5) The endogenous level of sodium in beetroot mitochondria was
much higher than the level of potassium.

2e Monovalent Ion Inhibition of Divalent Cation and Phosphate Uptake.

NaCl and KCl inhibited magnesium and phosphate uptake by beetroot
mitochondria with no distinction between the two salts. Magnesium and

phosphate uptake by beef heart mitochondria was inhibited to the same
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extent by NaCl and KCl. Magnesium and phosphate uptake by beef heart
mitochondria was inhibited 45% by 33mM NaCl or KC1 whereas 10mM NaCl or
KCl inhibited jon uptake by 60% in beetroot mitochondria. These in~
hibition differences could reflect differences in permeability of the
mitochondrial membranes. Magnesium and Pi uptake was not observed in
some investigations with animal mitochondria and this could have been due
to the high concentration of monovalent ioms in the incubation media
(Carafoli et al 1964), Sodium and potassium did not inhibit calcium and
phosphate uptake as severely as magnesium and phosphate uptake by
animal mitochondria (Carafoli et al 1964, Vasington and Murphy 1962,
Vasington 1963, Drahota and Lehninger 1965, Brierley et al 1963b). Very
high concentr:tions of monovalent ions were required to inhibit calcium
and phosphate uptakey (Carafoli et al 1964, Vasington 1963). Sodium and
potassium had different effects on calcium and phosphate retention by
rat liver mitochondria (Drahota and Lehninger 1965). Calcium and phos-
phate uptake by beetroot mitochondria was inhibited to the same extent
by NaCl and KCl., Increase in mitochondrial membrane permeability to all
ions in beetroot mitochondria could mask any differences in penetration
of various monaéient ions. Ammonium sulphate included with hexokinase
could have inhibited divalent cation and phosphate uptake in beef heart
and corn mitochondria and produced the incomplete recovery of ion uptake
by oligomycin under conditions for ATP formation (Brierley et al 1963b,
Hanson et al 1965).

Monovalent ion inhibition of divalent cation and phosphate uptake

suggests that the various ions compete for the upiake process. The
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atrong. inhibition of uptake by momovalent cations in contrast to the
small inhibition by momovalent anions supports the suggestion that cation
uptake is the primary subétrate-dependent act in divalent cation and
phosphate uptake (Chappell et al 1963). Inhibition does not, however,

demonstrate actual uptake of monovalent cations by the mitochondrisa.

3 M¥novalent Ion Uptake.
Sodium and potassium were taken up by beetroot mitochondria by

a substrate-dependent process. Substrate-dependent uptake of chloride
also occurred when 20 mM KC1 or 50 mM NaCl were added to the medium.
Substrate~dependent scdium and potassium uptake was inhibited by DNP,
partly inhibited by omission of phosphate and was not affected by KCN

or oligomycin. Fhosphate omission would prevent precipitation of
(Hg)»}(PO,*)E within the mitochondria and allow continuous recycling of
magnesium and competition with potassium for uptake, Substrate-dependent
potassium and sodium uptake did not depend on substrate oxidation.

KCN did not affect potassium uptake by beetroot mitochondria
whereas this concentration of KCN (10"’!!) completely inhibited substrate~
dependent magnesium and phosphate uptake and succinate oxidation.
Potassium could be tuken up as 2 result of succinate movement into the
mitochondria.

Gamble (1965) reported that uptake of citrate and malate by rabbit
liver mitochondria did not require respiration (cyanide did not affect
citrate incorporation), but DNF inhibited accumulation. Gamble (1962a,b)
showed that potassium and phosphate were released together from aging

mitochondria anrd he suggested that citrate and malate entered a potassiume
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containing compartment in the mitochondria and caused displacement of
phosphate (Gamble 1965), Inward movement and increase in retention

of potassium was recorded in rabbit kidney mitochomndria incubated with
succinate (Gamble 1962). In rabbit liver mitochondria (Gamble 1965)
this result was obtained after incubation with citrate. Citrate
accumulation was shown to cccur in a potassium~-free medium (Gamble 1965).
The mechanism of citrate, succinate and malate uptake was not determined
but an exchange diffusion mechanism between substrate anions and anious
within the mitochondria has been suggested (Gamble 1965, Chappell and
Crofts 1965a, Chappell 1964, Mitchell 1966).

Succinate-dependent potassium uptake by beetroot mitochondria
could depend on an exchange diffusion process between succinate and some
mitochondrial anion in the presence of KCN. DNP adéition should mot
prevent succinate exchange for mitochondrial anions but could prevent
potassium upteke by inducing preferential Bt uptake. Citrate and malate
uptake was severely inhibited by DNF (Gamble 1965) and DNP may affect
membrane structure and the exchange diffusion mechanism and thus prevent
both substrate anion and potassium uptake. Succinate oxidation could
support potassium uptake by association of the cation with fumarate or
malate. Substrate oxidation would also provide high-energy intermediates
or FMF for monovalent cation uptake by the mechanisms for divalent catiom
uptake (Chapter 1).

Sucéinate-supported potassium uptake by beetroot mitochondria was
often higher in the presence of KCN (Table VII 6). The products of

succinate oxidation (fumarate and malate) couild move out of the mito-
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chondria and some potassium would also be lost. Fotassium uptake

energised by substrate oxidation would rapidly decrease (depending on
membrane permeability) unless the cation was associated with an anion
retained in the mitochondria. Oligomycin would have no effect on pot~

assium taken up by succinate accumulation or by succinate oxidation.

a

CONCLUSIONS

Divalent cation and phosphate uptake by beetroot mitochondris
was inhibited by NaCl and KC1 (but not by Tris-HCl) suggesting compe-
tition between monovalent and divalent cations for a common uptake
process. Monovalent cations severely inhibited)but monovalent aa%ionn
had little effect on,divalent cation and phosphate uptake, supporting
the proposal that cation uptake is the primary'aubstrate-dependent act
in ion uptake (Chappell et al 1963, Chance 1965).

Sodium and potassium were taken up by beetroot mitochondria in
a succinate~-dependént manner but succinate oxidation was not required.
Uptake was inhibited by DNF. Monovalent cation uptake may have been
associated with the uptake and accumultation of succinate by exchenge
diffusion with some mitochondrial anion or by some other process. DNP
may have inhibited the exchange diffusion mechanism and thus prevented
succinate uptake,or affected membrane structure promoting preferential
n* uptake and thus inhibited monovalent cation uptake. Substrate oxi-
dation (by production of high-energy intermediate or FMF) could alse
support monovalent cation uptake by the mechanisms for divalent cation
uptake but with no precipitation of cation~phosphate complex the mono-

valent cations would rapidly leak out of the mitochondria.
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CEAPTER _EIGHT,

SUBSTRATE _SUPPORT OF ION UPTAKE,

INTRCDUCTION,

1. Divalent Cation and Phosphate Uptake.
Brierley et al (196ka) reported that substrate-dependent

magnesium uptake by beef heart mitochondria in the absence of phosphate
was more efficient with pyruvate plus malate than with succinate.
Calcium (10'5M) stimulated succinate~supported magnesium uptake to the
level of pyruvate plus malate-supported uptake. Chappell et al (1963)
reported that malate plus glutamate supported manganese uptake in the
presence and absence of phosphate in rat liver mitochondria.

Massive magnesium and phosphate uptake by beef heart mitochondria
was supported by succinate, pyruvate plus malate, B-hydroxy butyrate
and artificial electron donors (reduced silicomolybdate) (Brierley et al
1962), With pyruvalte plus malate some of the accumulated ions were
lost after 10 minutes incubation and with other substrates accumulation
decreased'after 30 minutes (Brierley et al 1963b)., Pyruvate plus malate
in low concentrations was,however, the most efficien£ phosphate
accumulator per oxygen utilized. Massive uptake of magnesium and phosphate
by beef heart mitochomdria was also supported by ascorbate plus TMED
in the presence of antimycin A (Brierley and Murer 1964),

The substrates most effective in supporting massive calcium and
phosphate accumulation by rat kidney mitochondria were isocitrate,
citrate and succinate (Vasington and Murphy 1962). Digitonin fragments

of rat liver mitochondria accumulated calcium and phosphate in the



183

presence of PB-hydroxy~butyrate and succinate but other substrates

did not support calcium uptake (Vasington 1963). Cooper and Lehninger
(1956) reported that digitonin fraguents oxidized only B-hydroxy-
butyrate and succinate effectively. Succinate, isocitrate and citrate
supported calcium and phosphate uptake by intact rﬁt iiver mito-
chondria butshydroxy~butyrate was not an efficient substrate (Vasington
1963). Calcium and phosphate uptake by animal mitochondria was also
supported by ascorbate plus TMPD (Chappell and Crofts 1963¢, Rossi and
Lehninger 1963),.

Calcium and phosphate uptake by corn mitochondria was supported
by succinate, pyruvate plus oxaloacetate, pyruvate plus succinate or
to a small extent by o ~ketoglutarate (Hodgee and Hansom 1965),
Calcium uptake was not obtained with citrate and this was attributed to
chelation of the calcium ion (Hodges and Hanson 1965, Vasington and
Murphy 1962). Calcium and phbsphéte uptake usually continued in corn
mitochondria for 10 minutes and then decreased with some loss of
accumulated ions (Hodges and Hanson 1965).

Strontium and phosphate accumulation bymt liver mitochondria was
supported most effectively by succinate ané?%-hydroxy«butyratq,aaketo-
glutarate, pyruvate, malate and fumarate. (Carafoli et al 1965).
2e Substrate Oxidation.

The effectiveness of different substrates in supporting uptake
of various divalent cations has been related to the rates of oxidation

of these substrates (Carafoli et al 1965, Vasington 1963, Hodges and
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Hanson 1965, Brierley et al 1963b). Substrate oxidation rates
recorded during magnesium and phosphate uptake by beef heart mito-
chondria (Brierley et al 1962, 1963b) were low and corresponded to
state 4 oxidation rates rather thanm to state 3 rates (Appendix Table
1). Uptake of calcium and phosphate was usually investigated with ATP
in the medium and under these conditions when ATPase activity was high
the substrate oxidation rate was also rapid (Brierley et al 1964b).

Low concentrations éf divalent cations produced reversible
stimulations of oxidation when succinate, x-ketoglutarate, B~hydroxy-
butyrate and malate plus glutamate were used as substrates (Rossi and
Lehninger 1964, Chappell 1963, Carafoli 1965b, Chance 1965). The ratios
of divalent cation taken up: oxygen utilized during uptake wereapprox-
imately 8 with o~ketoglutarate, 4 with succinate and 6 with B-hydroxy-
butyrate and related substances (Rossl and Lehninmger 1964, Carafoli
1965, ané Chance 1965,and Chappell 1963),indicating that 2 divalent cat-
ions were takem up as a pair of electrons traversed each of the three
energy-coupling sites of the respiratory chaim. Chance (1965) measured
calcius/ADP ratios of approximately 2 with succinate and glutamate as
substrates and related these to the efficiency of calcium accumulation

by mitochondria (Chance et al 1964),

RESULTS.
1. ion Uptake.
uptake
The majority of investigations into magnesium and phosphate,by
beetroot mitochondria were carried out using succinate as substrate

(Chapter 4), Other compounds oxidized by beetroot mitochondria with



Table VIII. 1. Mg = and ©i Uptake Supported by Different Substrates.

Mitochondria were incubated at 25°C in an ion uptake medium (Tris phos~
phate) and where indicated 10 mM Tris suecinate, 20 mM Tris malate, and
1 ug oligomycin/ml. With malate as substrate 10 mM Tris glutsmate, 3
uM NAD and 5 mM Tris malonate were included. OC.3 mM TMFD and 1 mM Tris
ascorbate were present in Expt. 1 initially but 3 sM TMED and 20 mM
Tris ascorbate were added after 7 minutes. In Expt. 2, 3.6 mM TMPD and
14 m¥ Tris ascorbate (1) or 0.36 mM TMPD and l.4 mM Tris ascorbate (2)
were present. The concentration of Tris ascorbate (2) was maintained
by further additions at 5 min. intervals. 53 and 72 ug mitochondrial
N/ml were present in Expts. 1 and 2. The results were corrected for
ion uptake in the absence of added substrate.

Mgt Pi

(umoles/mg K) "~ (umoles/mg N)
Expt. 1 6 min, 25 min. 6 min. 25 min.
Succinate 3028 1104 2.5 9.“
Succinate + Oligomycin 3.16 11.2 2.5 8.9
m&t’ 0-30 2.8*” 003“" 1.02
Malate + Oligomycin 1.02 5.9  0.79 3.28
Ascorbate 10.6 2h.5 8.4 18.4
Ascorbate + Oligomycin| 12.6 25.0 10.1 18.5
Expt. 2 5 min. 12 min. 5 min. 12 min. |
Succinate 3.21 8.8 1.93 5.27
Ascorbate (1) 5.03 20.8 2.61 12.57
Ascorbate (2) 13.3 36.8 8.49 25.7




Table VIII. 2. ADP/O and Respiratory Control Ratios.

Beetroot mitochondris were incubated in an OXygen electrode cell under
the conditione for Table VIIT 1, but with 5 mM HgClZ. Expts. 1 and 2
correspond to Expts. 1 and 2 in Table VIII 1. 3.6 mM TMPD and 15mM
Tris ascorbate were present in Expt. 2 and O.4% mM TVPD and 1.5 ol

Tris ascorbate in Expt. 3. Suceinste and malste state 3 oxidation
rates were produced by 0.17 mM ADP and ascorbate state 3 rates by 0.05
mM ADP. Where indicated 1 ug/ml oligomycin was added during the second
state 3 rate and the cligomycin R.C. ratio was calculated by dividing
the second state 3 rate by the oligomyein-induced oxidation rate.

The concentrations of mitochondria (ug N/ml) were; Expt. 1, bo; Expt.
2, 54 (succinate), 11 (ascorbate); Expt. 3, 98 (succinate) 20(ascor-
bate).

( ADP/O R.C.

1 2 3 1 2 3
Expt. 1.
Succina.te 1.5 lol“ 105 ‘ 107 2.5 2-7
Succinate 1.5 - 1.7 2.8 (+01igomycin)
Malate 2.3 2.5 2.5 bh 4,6 k.6
Malate 2.3 - k.5 7.7 (+01igomycin)
Expt. 2
Suecinate 1.3 1.4 1.6 2.2
Ascorbate C.34 1.2
Expt. 3.
Succinate 1. 6 lo? 1.6 205
Ascorbate C.77 0.95% 1.3 1.3
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coupled AUP-phosphorylation were tested for their ability to support
ion uptake.

Tablel.VIII 1. demonstrates the dfectiveness of Tris succinate, Tris
malate plus Tris glutamate, and Tris ascorbate plus TMPD in supporting
magnesium and phosphate uptake by beetroot mitochondria. Succinate
supported massive uptake which was not affected by oligomycin. Malate
plus glutamate supported very little ion uptake tut uptake was greatly
stimulated by oligomycin. Ascorbate plus TMFD supported even more
massive ion uptake than succinate and oligomycin did not affect uptake.

Table VIII 2 shows the respiratory control and ADP/C ratios
obtained with the mitochondria used in Table VIII 1, ADF/O ratios
approached 3 with malate, 2 with succinate and 1 with ascorbate. Malate
and succinate No. 1 state 3 rates were approximately the same but
subsequent malate state 3 rates decreased slowly due to incomplete
removal of oxaloacetate by glutamate whereas the second succinate state
3 rate was g:eatly increased by ATP-removal of inhibiting exaloacetate
(Chapter 3). Ascorbate state 3 rates were higher than succinate rates
when the TMPD concentration was greater than 0.2 - O,3mM, State &4
oxidation rates also increased from a very slow rate with malate, to a
faster rate with succinate and to an extremely rapid rate with ascorbate.
State 4 rates with one substrate did not change significantly during a
series of ADP additions and variation from the mean state 4 rate was
between O - 15% (Chapter 3) and Table VIII 3} Thus respiratory control

ratios with malate did not vary greatly from No 1 to No 3 whereas

succinate R.C, ratios increased sigrnificantly from No 1 to No 2 (Table



Table VIII. 3. Effect of Oligomycin on State 4 Oxidation Rates.

Beetroot mitochondria were incubated in an oxygen electrode cell under
conditions for Table VIII 1 with 5 mM MgClz, 15 mM glucose,and 0,36 mM
TMPD and 1.4 mM Tris ascorbate where indicated. Nos. 1 and 2 state 3
oxidation rates were produced by 0.17 mM ADP (succinate and malate) or
0.05 mM ADP (ascorbate) or by excess hexokinase (15 ug/ml) (No. 2 rates).
No. 2 state 4 rates were produced by 1 ug/ml oligomycin with the excep-
tion of those marked (*) which were produced?%DP conversion to ATP.

The concentrations of mitochondria (ug N/ml) were 66 in Expt. 1, 71 in
Expt. 2, 27 in Expt. 3 and 17 in Expt. 4.

State 4 Oxidation
t No. 2 State 3 Rate

- E;g *| Oxidation Rate| mumoles O./min. | % Inhibition
EECRECES : Produced by

No. 1 No. 2
Succinate 1 ADP 145 139* 4
Succinate 1l ADP 151 132 13
Suecinate 2 ADP 157 130 17
Suceinate 1 Hexokinase 151 107 29
Succinate 2 Hexokinase 150 g3 38
Malate 1 ADP 85 8o* 6
Malate 1l ADP 88 51 L2
Malate 1 Hexokinase 95 bz 59
Ascorbate 3 ADP 278 275* 1
Ascorbate 3 ADP 276 2k6é 11
Ascorbate 4 ADP 170 147 14
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VIII 2). Ascorbate R.C.ratios were very low amd constant.
2e Oligomycin Effect on Substrate Oxidationm.

Table VIII 2 shows the malate and succinate respiratory control
ratios calculated by dividing the second state 3 oxidation rate (excess
ADP) by the oxidation rate induced by oligomycin., The oligomycin-R.C.
ratio for succinate was not much higher than the expected R.C.ratio
but the oligomycin ratio for malate was far greater than that expected
(Table VIII 2), Table VIII 3 shows that oligomycin did not greatly
reduce succinate state 4 oxidation rates when the No 2 state 3 rate was
produced by ADP., However, oligomycin reduced malate state 4 rates by
approximately 40%,producing the increased malate-oligomycin-R.C.ratio in
Table VIII 2. Ascorbate state 4 rates were not greatly affected by oligo-
mycine Oligomycin inhibited ATP formation and ATFase activity by 80-90%
(Chapter 4 and 6). Thus ATPase activity contributed to a large pro-
portion of the state 4 malate oxidation rate.

Table VIII 3 also indicates experiments where the No 2 state 3
oxidationlrates were produced by addition of hexokinase (+ glucose). The
concentration of hexckinase was sufficient to remove any ATP formed as
glucose-b=-phosphate before it could produce ADP by ATPase or adenylate
kinase activity (Purvis and Slater 1959). Oligomycin would inhibit the
hexokinase rate by inhibitioﬁ of ATP formation and this oligomycin-rate
would not include contributions from oligomycin~insensitive ATPase or
adenylate kinsse activity., Oligomycin inhibited the succinate state 4

rate by 30-40% when hexokinase produced the No 2 state 5 oxidation rate

and malate state 4 rate was inhibited by 60% (Table VIII 3)., These



Table VIIL 4. Mg''/0 Ratios with Succinate, Malate and Ascorbate.

Beetroot mitochondria were incubated urder tke conditions for Table
VIII 1 with 1.4 oM, 14 oM and 28 sM Tris ascorbate and 0.36 mM, 3.6
mM and 7.2 mM TMPD in Expt. 2 (1), (2) and (3) respectively. 63 and
53 ug mitochondrial N/ml were bresent in Expts. 1 and 2. Semples in -
Expt. 1 were taken after 5~10 mins. incubaticn in an 02 electrode cell
and Mg++ and Pi uptake measured. In Expt. 2 Hgﬁ uptake was measured
over a period of 15 mins. while parallel experiments measured 0,
uptake polarographicalij. MgH and O uptake is expressed as umoles
and ug atoms/mg N/initial 5 mins. of incubation after correcting for

uptake in the absence of substrate.

o Mgt ng"/0 |ug*ty
"y 4
ug atoms/ umoles/ Extra 0',
mg N/5 min. | mg N/5 min,

Expt. 1

Succinate 6.26 1.89 0.30 3.1
Succinate 6078 1.69 0025 2.7
Sucecinate + Oligomycin 5.64 1.50 0.27 2.9
Succinate + Oligomycin 6.0 1.61 0.27 2.9
Malate 1*03"' 002“‘ 0006 0.67
Malate 4.56 0.30 0.07 | 0.71
Expt. 2

Suecinate S.1 2.7 0.53
Succinate + Oligomyein k.9 2.7 0.55
Malate 2.7 0.25 C.09
Malate + Oligomycin 2.0 0.87 0.43
Ascorbate Elg 25.6 8.95 0.35
Ascorbate (1) +

Oligonyeis 25.1 10,5 0.42
Ascorbate (2) 50 1007
Ascorbate (3) 70 1.7 0-02
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results indicate that ATPase activity contributdd to a large part (% -
2/3) of the very slow malate state 4 oxidation rate but to a smaller
proportion (1/4 - 1/3) of the more rapid succinate state 4 rate.
Succinate and ascorbate state 4 oxidation must have consisted mainly
of uncoupled or non-phosphorylative oxidation.
S Mg'HZO ratios.

Mg++/0 ratios were calculated for different substrates by measuring
ion uptake after oxygen uptake was mcorded polarographically (Table VIII
4), Mg’ fextra O" ratios were also calculated as described in Chapter
6. Mg++ and Fi uptake and axygen uptake were also méasured in parallel
experiments and Mg' /0 ratios calculated indirectly (Table VIII 4),

Although malate oxidation rates were lower than succinate rates,
the MgH/O ratios calculated directly or indirectly were much lower with
malate then with succinate (Table VIII4), Oligomycin did not affect
succinate state 4 rates (Table VIII3), ion uptake (Table VIII1) ox Mg '/
O ratios (Table VIII4), Oligomycin reduced state 4 malate oxidation
(Tables VIII 3), increased ion uptake (Table VIII 1) and inereased Mg++/0
ratios (Table VIII4), The Mg® /0 ratios obtained using low ascorbate
and TMFD concentration\;irglose to those obtained with succinate.
Oligomycin increased the ascorbate Mg' /0 ratio in Table VITI 4. Ascorbate
oxidation rates increased 150% on ten fold increase of ascorbate and
TMPD concentration and Mg‘H and Fi uptake was inhibited, thus reducing
the calculated Hg++/0 ratioc. A further two fold concentration increase

did not affect oxidation but further inhibited ion uptake and the Mg++/0



Table VIII. 5. Effect of ™PD and Ascorbate Concentrations on
Ascorbate Oxidation.

Beetroot mitochondria were incubated at 25°C in a medium containing

250 mM sucrose, 9 mM Tris-HC1l buffer pH 7.2, 5 mM MgCl,, 3 mM Tris-

phosphate buffer pH 7.2, 4 uM cytochrome ¢ and 18 and 20 ug mito-

chondrial N/ml in Expts. 1 and 2, In Expt. 2 the state 3 oxidation

rate was produced by 0.07 mM ADP and the state 4 oxidation rate was

measured after phosphorylation of this ADP.

Oxidation Rate (umoles 0,/min)

Iris Ascorbate| TMPD | Expt. 1 Expt. 2

M - State 3 State 4  ADP/O
1.5 o} 12

1.5 0.08 56 by 3h 0.52
1.5 0.15 | 95
3.0 0.15 95 ,
3.0 0.23 | 125 72 60 0.51
3.0 0.30 | 152

3.0 0.38 | 170 121 100 0.50
3.0 3.82 | 390

15.0 3.82 4oo




Table VIII. 6. Glucose-6-Fhosphate Formation and Oxygen Uptake.

Beetroot mitochondria were incubated at 25°C in an ion uptake medium
(8 mM Tris phosphate) with 15 mM glucose, 0.7 mM ADP, excess hexokin-
ase (1% ug/ml) and when indicated 7 mM Tris succinate, 20 mM Tris
malate, 14 mM Tris ascorbate with 3.6 mM TMPD in Expt. 1 and l.4 mM
Tris ascorbate with 0,36 mM T™MFD in Expt. 2. 15 oM Tris glutamate,
3 mM Tris malonate and 4 uM NAD were included with malate. In Expts.
1 and 2 the concentrations of mitochondria were 127 and 8# ?N/ml.
Oxygen uptake was measured polarographically in parallel experiments.
Glucose~6-phosphate formation and oxygen uptake were corrected for
formation and uptake in the absence of substrate. The ADP/0 ratios
were measured with the same preparations and concentrstions of mito-
chondria and with 15 mM MgCla.

Glucose-6~phosphate Oxygen Uptake P/0 ADF/0
(umoles/mg N) (ug at o/

Expt. 1 6 min. 15 min. 6 min.” 15 min.| 6 min, 15 min.
Succinate 606 16-9 305 22 0978 0-77 1.1
Malate 10.7 25.1 7.7 17 1.4 1.5 2.1
Ascorbate 3.5 7.4 k2,7 105 0.08 0.07
Expt. 2 7 min. 14 min. 7 min. 14 min) 7 min. 14 mind
Succinate | 16.0 33.7 16.3 24 0.98 0.99 1.3
Ascorbate | 20.4 k2,6 33 67 0.62 0.63 0.75
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ratio (Table VIIL &),

Table VIII5 shows the effects of ascorbate and TMPD concentrations
on oxidaticn. Tris ascorbate was oxidized very slowly in the absence
of TMFD and as TMFD increased the ascorbate oxidation rate also in-
creased, Beyond 4 - 8uM TVMPD the oxidation rate did not increase further.
The maximum rate of ascorbate oxidation and the TMPD concentration for
this rate varied from one mitochondria| preparation to another. A low
ascorbate concentration produced a maximum rate of oxidation providing
that this low concentration was continually replenished.

b, Glucose~6-phosphate Formation.

Glucose-6-phosphate formed with various substrates was measured
under the conditions for ion uptake (15mM MgCl,). Oxidation of succinate,
malate and ascorbate was measured polarographically im parallel experi-
ments and P/O ratios were calculated indirectly (Table VIII 6), ADP/O
ratios were also calculated directly from polarographic measurements with
15mM MgCl2 in the medium. ADP/O ratios.were reduced by high concentrations
of MgCl, (Chapter €) and the low ADP/O ratios of Table VIII6 were expected
under these conditions. The indirectly calculated P/0 ratios were lower
than ADP/O ratios. This result was reported and discussed in Chapter 6
and was probably a result of shaking, length of experiment or presence of
phosphatages,

Table VIIL 6 indicates that with high ascorbate and TMFD concentrat-
ions (14mM and 3.50M) very little glucose~6-phosphate was formed oxidation

was rapid and thus the P/O ratios were extremely low. With lower
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ascorbate and TMPD concentrations (l.4mM and C.35mM) the P/O ratios
increased and corresponded to the ADP/O ratios measured polarographically.

Mg' /P ratios calculated from the Mg''/0 and P/O ratios (Tables
VIILL4 and 6) gave values of 0.6 for succinate,0,07 for malate and C.8 for
low concentrations of ascorbate. Chance (1965) calculated Ca+f/AHF
ratios from ADP/O and Ca''/O ratios measured directly by stimulation of
oxidation by low concentrations of ADP or CaCla. These Ca+f/ADP ratios
approached 2 for all substrates. Indirectly calculated Mg+f/P ratios
should still indicate approximatel;rgbility of substrates to take up ioms
related to ADF-phosphorylation.

Oligomycin greatly increased malate-supported ién uptake but had
little effect on succinate and ascorbate~supported uptake (Tables VI 1
and 4), Oﬂgiomycin inhibited glucose-6-phosphate formation by 80-90%
but a hypothetical malate Mg' /P ratiod Ce3 was calculated from the
oligomycin Mg++/b ratio.
5.  Ascorbate and TMED Effects,

ae Oxidation:- Increasing IMFD concentrations increased the
state 3 and state I rates of ascorbate oxidation (Table VIII 5). TMPD
from 80uM to 4OOuM did not affect ascorbate ALF/O ratios or R.C.ratios
(Tables VIII5) and respiratory control was recorded at 4mM TMPD (Table VIII
2). The L-ascorbic acid used to prepare Tris ascorbaée, and the TMFD
used in these experiments were laboratory grade reagents. The effects of
these compounds on ion uptake, glucose-b6=-phosphate formation and oxidatiom

could be partly or wholly due to impurities present.



Table VIII. 7. Effect of TMPD and Ascorbate Concentrations on Glucose-~

6~phosphate Formation.

Beetroot mitochondria were incubatJéTg@'25°c in a modium.containing
250 o¥ sucrose, 9 mM Tris-HCl buffer pH 7.2, 13 mM.HgClz, 10 oM Tris-
phosphate buffer pH 7.2, 17 mM glucose, 0.7 mM ADP, excess hexokinase,
4 uM cytochrome c, 89 ug mitochondrial N/ml and where indicated 14 mM
Tris succinate. The results were corrected for glucose~6-phosphate
formation in the absence of added substrate. The concentration of
ascorbate in (1) and (2) was maintained by additions of 1.4 mM Tris
ascorbate in (1) and 0.35 sM TMED plus 1.4 mM Tris ascorbate in (2)

at 4 min. intervals.

Glucose~6-phosphate
‘ (umoles/mg N)
+ ¢ytochrome ¢ ~ cytochrome ¢
Succinate 26.4 25.3
TMFD (aM) Tris Ascorbate (mM)
(1) 0.36 1.4 k2.6 39.7
(2) 0.36 1.h4 43,6 k2.0
0.36 1k 43,8 .1
3.6 1k 1.7 .2
0.36 28 bl 7 .6

7.2 28 k1.1 39.2




Fig, VIII.l.

The effect of TMPD and ascorbate concentrations on

Mg++ and Pi uptake by beetroot mitochondria, in-

cubated in a medium containizig 250 mM sucrose, 9 mM

Tris-HCl buffer pH 7.2, 3 mM Tris-phosphate buffer

pH 7.2, 16 mM MgCla, 4 uM cytochrome ¢ and 120 ug

mitochondrial N/ml.

O == O

A == A

X == X

0 --0O

V=V

no addition

with 0.36 T™PD and l.4 md Tris ascorbate.
This concentration of ascorbate was main-
tained by additions of 1.4 mM Tris ascorbate
at 3 min. intervsls.

0e36 wM TMPD and 1.4 mM Tris ascorbate., This
concentration of ascorbate was maintained

by additions of 0.36 mM TMPD plus l.4 mM Tris
ascorb‘ate at 3 min intervals.

with C.36 mM TMPD and 14.3 mM Tris ascorbate.
;lith 036 mM TMPD and 28.6 mM Tris ascorbate.
with 3.6 mM TMPD and 14.3 mM Tris ascorbate.

with 7.2 mM TMPD and 28,6 Tris ascorbate.
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be Glucose~6~phosphate formatioms- Table VIII 7 shows that

increasing ascorbate and TMPD concentrations had no effect on glucose=b=
phosphate formation (with 13ZmM HsC].z). The inerease in P/0 ratios (Table
VIII6) on reduction of ascorbate and TMPD concentrations was probably a
result of lower ascorbate oxidation rates although the different mito-
chondrial preparations could have contributed to the change in ratios,
Increase in ascorbate oxidation as IMPD concentration increased (Table
VIII 5) must have resulted from an increase in uncoupled or non-phos-
phorylative oxidation not linked to ATP formation.

¢. Ion uptake:~ Fig VIII1 shows the effect of ascorbate and TMPD
concentrations on magnesium and phosphate uptake by beetroot mitochondria.
A rapid linear rate of uptake was recorded for 20 minutes when low ‘
-ascorbate and THPD concentrations (1.4mM and 0,36sM) were initially added.
Fnrther additions of either 1l.4mM ascorbate, or l.4mM ascorbate plus 0..356aM
TMFD were made at 3-4 minutes intervals to maintain a continuous supply
of ascorbate. l.4mM ascorbate was oxidized in 5-6 minutes by this
concantration of mitochondria. Inecreasing the initial ascorbate
concentration from 1.9sM to 1hmM inhibited ;I.on uptake (Fig VIII 1) when
the TMFD concentration remained at 0.36mM, This inhibition decreased with
time. Only a small proportion of the inhibitionm could have been due to
Tris added with the lhmM ascorbate because 10mM Tris-HCl inhibited
substrate~dependent ion uptake by less than 10% (Chapter 7.) Ion uptake

was _bhibited further by 28.6mM Tris ascorbate and the inhibition again

decreased with time (Fig VIII 1)s Ascorbate concentrations did not
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affect oxidation rate (Table VIII 5) or glucose-6-phosphate formation
(Table VIII 7). The recovery in ion uptake with time would be produced
if the reduced form of ascorbate inhibited ion uptake but the oxidized
form did not. Approximately 70% of 1limM Tris ascorbate and 35% of
28.6mM ascorbate would have been oxidized within 23 minutes,

Increasing TMPD concentration from O.36mM to 3.6mM with 1hmM
Tris ascorbate iﬁhibited isn uptake (Fig VIII 1). The recovery of ion
uptake associated with this ascorbate concentration was observed.
Further TMFD concentration increased (7.2mM with 28.6sM ascorbate)
almost completely inhibited ion uptake (Fig VIII 1) and again ion up-
take recovered with time.

Thus high concentrations of both TMPD and ascorbate inhibited
ion uptake and the inhibitions were approximately additive. The combined
effects of inhibited ion uptake and stimulated oxidation at high TMPD
concentrations produced the low Hg++/b ratios recorded in Table VIII &4,
%6mM and 7.2myT£g%ibited ion uptake by approx. the same amount above any
inhibition by ascorbate (Fig VIII 1). This could be related to the
TMPD concentration effect on ascorbate oxidation when increase from
O.Eggﬁizgggulated oxidation by 150% but 7.2mM TMPD had little further
effect on oxidation (Table VIII 4), Contaminating substances could
account for some or all of these effects of ascorbate and TMPD,

6. Cvtochrome ¢ Effect.

a. Oxidation:~ Cytochrome ¢ (3-5uM) stimulated succinate oxid=

ation occasionally but had no effect on AFD/O or R.C. ratios (Chapter 3)



Table VIII. 8. Effect of Cytochrome ¢ and Bovine Serum Albumin

on Ascorbate - Supported Ion Uptake.

Beetroot mitochondria were incubated at 25°C in a medium containing

250 mM sucrose, 9 mM Tris-HCl buffer pH 7.2, 3 md Tris-phosphate

buffer pH 7.2, 15 aM MgClz, 0.36 mM TMPD, 1.3 mM Tris aseorbate and

77 ug mitochondrial N/ml.

at 4 min. intervals. The results have been corrected for the uptake

of ions in the absence of added substrate.

Additions of 1.3 mM ascorbate were made

+ BSA (0.01%)

ngtt B
(umoles/mg N) (umoles/mg N)
10 min. 15 min, | 10 min. 15 min.
Control 20.9 29.3 15.2 20.9
+ Cytochrome ¢ (4 uM) 28.0 37.9 19.4 26,6
+ Bsa (0.01%) 29.1 9.1 20.1 27.8
+ Cytochrome ¢ (h ul) 314 41,8 22,7 29.6




Fig. VIII. 2, The effect of cytochrome ¢ and of T™PD and zscorbate

concentrations on Mg++ and Pi uptake by beetroot

mitochondria incubated in a medium containing 250 mM

sucrose, 9 mM Tris-HCl buffer pH 742, 3 mM Tris-

phosphate buffer pH 7.2, 16 mM MgCla and 72 ug

mitochondrial N/ml.
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at 4 min. intervals,

with 0.36 mM TMPD and l.4 mM Tris ascorbate
pilus 5 uM cytochrome ¢. Additions of l.4 mM
Tris ascorbate were made at 4 min intervals.
with 0.36 mM TMPD and 14 mM Tris ascorbate.
with C.36 mM TMPD and 1% mM Tris ascorbate.
plus 5 uM cytochrome c.

with 3.6 mM TMPD and 1% mM Tris ascorbate,
with 3.6 aM TMPD and 14 mM Tris ascorbate

plus 5 uM cytochrome ¢,



minutes



Table VIII. 9. Effect of Antimycin A on Ascorbate Oxidation.

Beetroot mitochondria were incubated at 25°C in a medium containing
250 M sucrose, 9 mM Tris-HC1l buffer pH 7.2, 5 mM MgCl,, 3 oM Tris-
phosphate buffer pH 7.2, 4 uM cytochrome c, 0.36 mM TMPD, 1.4 aM
Tris ascorbate, 11 ug mitochondrial N/ml in Expts. 1 and 2 and 27

ug mitochondrial N/ml in Expts. 3 and 4.

Treatment Oxidation rate (mumoles Oz/nin)

Expt. 1 | Expt. 2 | Bxpt. 3 | Expt. &

Control 105 400 197 260
+ 1 ug/ml Antimyecin 4 120 270 282
+ 2 ug/ml Antimycin A 165 530 300

+ 5 ug/ml Antimycin A 618




Pable VIII. 10. Effect of Antimycin A on Glucose-6-Phosphate Formation.

Beetroot mitochondria were incubated at 25°C in a medium containing 250
oM sucrose, 9 mM Tris-HC1l buffer pH 7.2, 13 mM Tris-phosphate buffer pH
7.2, 3 uM cytochrome c, 12 mM HgClz, 16 M glucose, 0.5 mM ADP, excess
hexokinese, 87 ug mitochondrial N/ml and where indicated 11 mM Tris
succinate, 0.3 w¥ TMPD and 1.1 mM Tris ascorbate. Additions of 1.1 mM
Tris ascorbate were made at 4 minute intervals. The results have been

corrected for the formation of glucose-6-phosphate in the absence of

substrate.
Substrate Antimycin A Glucose~6~phosphate
(ug/ml) (umoles/mg N)

1) min. 23 min.
Succinate - 14,6 29.0
Suecinate 0.8 0.7 0.5
Ascorbate - 18.9 37.4
Ascorbate 0.8 20.0 309.1
Ascortate 1.6 20.9 ‘ 4.9
Ascorbate 3.1 19.4 384
Ascorbate 4.7 19.8 37.6
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Ascorbate oxidation was always stimulated 10-30% by cytochrome ¢

(Table III 3) independent of the initial rate of TMPD-induced

ascorbate oxidation. The response to cytochrome ¢ varied from one
mitochondria preparation to another. BSA01%) had no effect on ascorbate oxidation,

b. Glucose-6-phosphate formation:- Table VIII 7 shows that huM
cytochrome ¢ did not a.ﬁecﬁ glucose-6- phosphate formation with succinate
or ascorbate.

c. Ion Uptake:~ Table VIII 8 shows thatascorbate-supported ion
uptake was stimulated by cytochrome ¢ (4uM) and by B.S.A. (0.01%) and
cytochrome ¢ plus B.S.A. further stimulated ion uptake but not additively.
The effects of cytochrome ¢ and B.S.A, on succinate-supported ion up-
take were discussed in Chapter &4,

Fig. VIII 2 also shows that cytochrome ¢ stimulated ascorbate-
supported ion uptake, When ascorbate was l.hmM and TMPD 0.36mM cyto-
chrome ¢ stimulated ion uptake by approx. 10% but with higher ascorbate
and TMPD concentrations cytochrome ¢ stimulated lon uptake significantly
(Fig VIII 2).
7e Antimycin A Effect.

a. Oxidation:~ Table VIII 9 shows that antimycin A stimulated
ascorbate oxidation by 20-40% at a concentration which completely
inhibited succinate oxidation (lug/ml). Higher antimycin A concentrations
further stimulated ascorbate oxidation (Teble VIII 9), Antimycin A did
not affect ascorbate ADP/Q ratios or respiratory control ratios (Table
IIT 3). HOQNO stimulated ascorbate oxidation slightly (10%).

be Glucose-6-phosphate Formatiom:- Table VIII 10 shows that O.8ug/m1



Fig. V1I1. 3¢ The effect of antimyein A on Mg++ and Fi uptake by
peetroot mitochondria jncubated in a medium containing
250 mM sucrose, 9 M Tris-HCl buffer pH 7.7, 3 mM
Tris-phosphate buffer pH 7.2, 13 =M Mgll,, b oM
cytochrome ¢ and 112 ug mitochondrial N/ml. Ascorbate
concentration was paintained by additons of Lolt mM

Tris ascorbate at % mine intervalse

% -= ¥ no addition.

o — o with 14 =M Tris-succinate plus 1 ug/ml
antimycin Ae

y -- v with 14 mM Tris succinate.

g -~ B with C.36 mM TMPD and 1.4 =M Tris ascorbate.

A == A With 036 mM TMPD and 1.4 mM Tris ascorbate.
plus 1 ug/ml antimyein Ae

o —— ¢ with 0.36 mM TMPD and 1.4 sM Tris ascorbate.
plus 2 ug/ml apntimycin Ae

‘0 ~= [ with 0.36 =M TMPD end l.4 sM Tris ascorbate

plus 3 ug/ml antimycin Ae
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Table VIII. 11. Effect of Antimycin A and Cytochromwe c on Mg' @ and

Beetroot mitochondria were incubsated at 25°C for 19 minutes in a wedium
containing 250 mM sucrose, 9 sM Tris-HCl buffer pH 7.2, 3 mM Tris-phos-
phate buffer pH 7.2, 12 M MgCl., 63 ug mitochondrial N/ml and where
indicated 11 oM Tris succinate, 0.3 mM TMPD plus l.1 aM Tris ascorbate
and 3 uM cytoéhrome ¢. Addition of 1.1 mM Tris ascorbate were made at

4 min. intervala.

absence of substrate.

The results were corrected for ion uptake in the

++ i
. Mg Pl
(umoles/mg N (umoles/mg N)
Substrate | Antimycin|{ + cyto % -cyto % [+cyto % -cyto %
A c Inhidb ¢ Inhidb ¢ Inhib ¢ Inhib
(ug/ml) ition itdo ition ition
Succinate - 6.5 = 5.9 L,7 4,2
Succinate 0.8 0 100 - 0.2 96 -
Aﬂcorbate - 22 S 2 G 1"" . 5 = 18 . 1 - 12 . l" -
Ascorbate 0¢8 17.1.' 22 1106 20 13-9 23 9."’ 2"
Ascorbate 1.6 12.8 2 7.4 k9| 9.8 e 6.2 50
Ascorbate 301 5.2 ?7 306 75 3.? 80 2-5 80
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antimycin A completely inhibited glucose-6-phosphate formation with
succinate but had no effect on formation with ascorbate. Increasing
the antimycin A concehtration to 7.2ug/ml did not affect glucose-6-
phosphate formation with ascorbate. Cytochrome ¢ did not affect
ascorbate-supported glucose-b6-phosphate formation in the presence or
absence of antimycin A (Table VIII 10,) HOQNO had no effect onm

ascorbate-supported glucose-6-phosphate formation at a concentration

(2uM) which completely inhibited formation with succinate. These

results were expected from the postulated action sites of these in~
hibitors (between cytochromes b and ¢) (Chapter 1) snd from the site
of electrons entering the oxido-re@uction chain from ascorbate via
TMPD (cytocﬁrbme ¢ or ¢1)(Tyler et al 1966, Howland 1963b, Packer et
al 1963).

‘¢, Ion Uptake:= Fig. VIII 3 shows the effect of antimycin A
concentration on ascorbate~supported magnesiuﬁ and phosphate uptaké.
Ion uptake supported by succinate was completely inhibited by lug/ml
antimycin A. and ascorbate-supported ion uptake was progressively in-
hibited as antimycin A concentration increased. Table VIII 11 shows
that cytochrome ¢ stimulated ascorbate-supported ion uptake but did
not . affect thc‘Qb inhibiti&ns of ion uptake by different concentrations

of antimycin i.

DISCUSSION,

1. Substrate Efficiency.

The state 4 oxidation rates of malate plus glutamate, succinate,
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and ascorbate plus TMID were very different, increasing from an
extremely low rate with malate to a very fast rate with ascorbate, State
3 oxidation rates also increased from malate to ascorbate. The state &
oxidation rate is produced when ADP-phosphorylation has cezsed and one

of the phosphorylation sites in the electron transfer chain is controlling
the oxidation rate. The R.C. ratios give a measure of phosphorylation
control of oxidstion and they decreased from malate (5) to succinate
(2~3) to ascorbate (1). Thus the first phosphorylation site associated
with malate oxidation was most tightly coupled to oxidation, the second
site (succinate) less so and the last site associated with cytochrome ¢
(ascorbate) oxidation was very poorly coupled (Chapter 3).

The effect of oligomycin on the oxidation rates of malate, succinate
and ascorbate indicated that differenées in state 4 rates were not
produced by different ATPase activity. The ATPase activity was approx-
imately the same for each substrate, contributing to more than half of
the very slow state L malate oxidation rate, but to only 30% of the
succinate state 4 rate énd to a smaller proportion of the ascorbate
rate,

State 3 oxidation rates are limited by the rate of electron move~
ment along the respiratory chain (Chance and Williams 1955) and reduced
electron flow in the region of malate would produce a slower oxidation
rate. Electron flow should not be limited by chain components during
state 4 oxidation (ADP limiting, XChance and Williams 1955) but would

depend on spontaneous high-energy intermediate breakdown by the c¢lassical
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hypothesis of oxidative phosphorylation. The different state 4 rates
of malate, succinate and ascorbate oxidation would be pioduced by
different breakdown rates of the intermediates produced at the 3 phos-
phorylation sites. The rapid ascorbate oxidation compared with malate
would thus be due to faster breakdown of the site 3 intermediate (un-
coupled oxidation) than the site 1 intermediate,or to oxidation through
a non-phosphorylating pathway. However, ascorbate used the site 3
high-energy intermediates to form ATP (when ADP was added) as efficiently
as malate and the ascorbate state 3 - state 4 transition must involve

a change from non-phosphorylating or uncoupled oxidation to coupled oxi-
dation with complete use of intermediates for ATP formation.

The problem of such a change~over during state 4 - state 3
transition arises from the direct chemical link between oxidation and
phosphorylation in the classical scheme for oxidative phosphorylation.
The chemiosmotic hypothesis postulates no chemical intermediate between
the oxido-reduction system and the ATP formation system (Mitchell 1966,
Chapter 1.) State 3 oxidation rates would be limited by electron move-
ment along the oxido~reduction chain but state 4 rates would depend on
the amount of PMF required to in}iibit electron flow and ;0 and e
separatigg andﬂggntrol respiration. The PMF required to prevent protein
and electron separation in the NAD-non-heme iron couple could be less
thagﬁggquired in the CoQ-cytochrome Ci8,35 couple (Fig I 6A). The redox
potential of NADH is more negative than that of cytochrome ¢ and state
3 - state 4 transitions with g~hydroxybutyrate produced from 50%~->100%

reduction of NADH but from only 5->15% reduction of cytochrome ¢
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(Chance and Willdams 1955). PMF built up in the sbsence of phosphate
acceptor could be partially relieved by ;0 leakage (or cation uptake)
back across the mesbrane, This leakage would be greater under the
influence of the high FMF maintained during ascorbate acceptorless
oxidation than under the influence of malate state 4 PMF, The rapid
ascorbate state 4 oxidation would thus result from high PMF build up
and more 0 leakage. The PMF built up during acceptorless succinate
oxidation would be intermediate between malate and ascorbate from the
intermediate redox potential, Addition of ADP would produce very fast
and complete collapse of all FMF through the reversible ATPase system.
Thus the state 3 oxidation rates and phosphorylation efficiency would be
independent of the state 4 PMF build up and any H' leakage under the
influence of this PMF i.e. of the state 4 oxidation rate. The use of
ascorbate PMF would be as efficient as use of malate PMF for ATP=-
formation which would provide less resistance to PMF collapse than i
leakages

More glucose-6=phosphate was formed with malate tham with
succingte or ascorbate over the same incubation period. The F/0 and
ADP/O ratios approached the theoretical values of 3,2 and 1 for malate,
succinate and ascorbate. Thus, although the absolute phosphorylation
efficiency per atom of oxygen consumed decreased from malate (3) to
ascorbate (1), one phosphorylation site was as efficient as any other
in producing the required amount of ATP. The use of the high-energj

intermediates produced during ascorbate oxidation for ATP formation was
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as efficient as the use of intermediates produced during malate
oxidation (classical hypothesis of oxidative phosphorylation) or the
collapse of FMF produced by ascorbate oxidation by cperation of the
reversed ATPase system was as efficient as collapse of FMF produced by
malate oxidation (ef the chemiosmotic hypothesis),

Ion uptake by beetroot mitochondria was high with ascorbate lower
with succinate and extremely low with mslate plus glutamate. The Mg*+/0
ratios calculated indirectly were C.4 (ascorbate) 0.5 (succinate) and
C.l (malate) while the Mg''/P ratios derived from Mg /0 and /O ratios
were Co.8, 0.6 and 0.1 respectively. Oligomycin increased malate-supported
ion uptake and increased the Mg' '/0 ratio to O3 - O.% but had little '
effect on succinate-and ascorbate~supported ion uptake and Mg++70 rafios.
Thus, although more ATP was formed during malate oxidation than during
ascorbate oxidation, and F/O ratios were higher with malate than with
succinate or ascorbate, magnesium and phosphate uptake was much lowet
and less efficient with malate than with succinate and ascorbate., Malate
oxidation by beetroot mitochondria was not efficiently coupled to ion
uptake (although it was efficiently coupled to ATP formation), wliereas
succinate and in particular ascorbate oxidation supported massive
magnesium and phosphate uptake. Ion uptake was directly related to state
b (and state 3) rates of substrate oxidation and indirectly related to

and P/O
respiratory control,ratios,

The chemical hypothesis of oxidative phosphorylation (Chapter 1)

energises ion uptazke by a high-energy intermediate (Chance 1965,
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Rasmussen et al 1965). The resulis obtained with beetroot mitochondria
suggest that ion uptake was not correlated with the amount of high-
energy intermediates formed. Malate produced high-energy intermediates
which were used efficiently for ATP formation but in beetroot mitow
chondria these were not used efficiently or could not be used for iom
uptakes It has been proposed that the 3 high-energy intermediates pro-
duced during malate oxidation (one at each phosphorylation site) are
different (Slater 1966). Intermediates with different abilities to move
ions (by structure or position) could account for the small ion uptake
and the low Mg' /O ratio with malate compared with ascorbate uptake and
ion/@ efficiency in beetroot mitochondria.

The chemiosmotic hypothesis produces PMF by the oxidation-
reduction chain which can be used for ATP production or ion uptake. The
PMF produced in the absence of phosphate accepter by malate oxidation
could be too small to promote ion uptake. Succinate and ascorbate, by
maintaining higher FMF during acceptorless oxidation (ard producing higher
state 4 rates) could support massive ion uptake more efficiently.
Phosphorylation through the reversed ATPase system would not be affected
by ion uptake if the former process provided less resistance to FMF
collapse. Ion uptake would provide less resistance to PMF collapse than
i leakage across the membrane,

Investigations with animal mitochondria have indicated that malate
and related substrates can support ion uptake as efficiently as other

substrates connected with the second and third phosphorylation sites
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(Chance 1963, 1965, Chappell et al 1963, Rossi and Lehninger 196k),

Ma*t or Ca'"/0 ratios of 6 with substrates related to malate, & with
succinate and 2 with ascorbate have beem recorded in animal mitochondria
and cation/ADP ratios of 1.8 - 2.0 have been calculated (Chance 1965,
Rossi and Lehninger 1964)., These ratios are the theoretical values
expected by both the classical mechanism (Chance 1965) and the
chemiosmotic mechanism for ion uptake (Mitchell 1966) for tightly coupled
or nonpermeable mitochondria (Chapter 1). The higher permeability of
plant mitochondrial membranes to ions could account for lower ion uptake/
oxygen ratios recorded for all substrates in beetroot mitochondria while
ADP/O ratios were as high as in animal mitochondria.

2e Ascorbate, TMPD, Antimycin A and Cytochrome ¢ Effects.

Ion uptake was inhibited when ascorbate concentration was increased

above l.4mM but oxidation and glucose-6-phosphate formation were not
affected, The inhibition of ion uptake decreased with time and did not
occur when ascorbate was aéded in low concentrations at short intervals
throughout the experiment. Reduced ascorbate appeared to inhibit ion up~
take whereas the oxidized form had little effect. Impurities added with
the ascorbate could also have affected ion uptake.

Ascorbate oxidation was stimulated as TMPD concentration was in-
creased above O.hmM, glucose-6-phosphate formation and ADF/O ratios
were not affected and iom uptake was inhibited. These effects of TMPD
cannot be easily accounted for by the classicsl mechanism in which a

non~phosphorylated high-energy intermediate energises both ATP formation
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and ion uptake and in which oxidation stimulation is produced by an
increase in coupled or uncoupled oxidation or by operation of a none
phosphorylating oxidation pathway. If TMPD promoted coupled oxidation
by acting as an electron carrier between ascorbate and cytochrome ¢
then ATP formation amnd ion uptake would be stimulated acd ADP/O ratios
would remain constant. If uncoupled or non-phosphorylating oxidation
was stimulated by TMPD then ADP/O ratios should decrease and ATP
formation and ion uptake would remzin constant or decrezse. TMPD could
affect the stability or structure of the high-energy intermediate and
prevent tinis intermediate supporting iom uptsle but not affect support
of ATP formation.

The chemiosmotic mechanism suggests that ATP formation provides
a pathway with less resistance to collapse of substrate-induced FMF
than ion uptake. ATP formation was the favoured process in competition
with ion uptake. ﬂTMPD would stimulate oxidation by promoting electron
transfer between ascorbate and cytochrome ¢ but eoﬁld also affect
membrane permeability to HE'. TED could thus produce a pathway for
PMF collapse with more resistance than the ATP-formation pathway but
with less resistance than ion uptake. This would account for TMPD
stimulating oxidation, not affecting ATP formation and ADP/C ratios,
and inhibiting ion uptake. State 4 ascorbate oxidation would be ine
creased by TMPD according to this scheme and R.C. ratios should decrease.
R.Co ratios (1.1 = 1.3) were not affected by TMFD from 70 - 400uM but

controlled respiration was not recorded when TMFD was higher than 4mM,
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Antimycin A stimulated ascorbate oxidation by 20 - 40% and
inhibited ion uptake but had no effect on glucose-6-phosphate formation
or ADP/C ratios. Antimycin A does not act as an electronm carrier tggke
TMPD) and ascorbate oxidation was only slightly stimulated by antimycinm
A. If antimycin A increased the permeability of the mitochondrial
membranes to H' in the same way as TMPD, then oxidation would be
stimulated slightly, ion uptake would be inhibited,but ATP formation
and ADP/O ratios would not be affected. It is difficult to account for
the antimycin A effects in beetroot mitochondria by the classical scheme
for oxidative phosphorylation and ion uptake although antimycin A could
also reduce the ability of the high-energy intermediate to support ion-
uptake but not the ability to support ATF formatiom.

The small stimulation in ascorbate-supported ion uptakéi cree
heart cytochrome ¢ can be related to a stabilising protein effect
(Chapter 4),or to the stimulation of ascorbate oxidation by cytochrome
¢s This latter effect was always recorded (succinate oxidation was not
always increased by cytochrome ¢,Chapter 4) and could have been due to
the low cytochrome ¢ level of washed beetroot mitochondria limiting
ascorbate oxidation. Glucose-b6-phosphate formation and ADP/O ratios
with ascorbate were not affected by cytochrome ¢. The marked stimulation
of ion uptake by cytochrome ¢ at high TMPD and ascorbate concentgg; QQEAZ)
could have been due to decrease in the concentration of the inhibitory
reduced form of ascorbate by reduction of excess cytochrome ¢. Cytochrome

¢ could also stabilise membrane structure and prevent or reduce any

TMPD effecte on membrane permeability (or high-energy intermediate
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stability) and the associated decrease in ion uptake,

CONCLUSIONS,

Beetroot mitochondria oxidized malate, succinate and ascorbate
and coupled oxidation to phosphorylation of abF. The ADP/O amd B/O
ratios approached the theoretical values of 3, 2 and 1 for these sube
strates indicating that each of the 3 respiratory chain phosphorylation
sites used the high-energy intermediates (classical) or PMF (Chemios-
motic) produced efficiently to form ATF. ascorbate supported massive
magnesium and phosphate uptake whereas malate supported very little ion
uptake. Mg /O ratios did not increase like the ADE/O ratios from
ascorbate to malate indiﬁating that malate did not use the energy of
oxidation efficiently for ion uptake. Substrate support of ion upfake
was directly related to the state 4 ( and state 3) rates of oxidation
and indirectiy related to the respiratory control and ADP/O ratios.
These results were discussed in relation to the classical mechanisus
(different abilities of the 3 intermediates to move ions) and the
Chemiosmotic mechahisms‘(different FMF build up to produce respiratory
control) for oxidative phosphorylation and ion uptake.

The Mg' /O ratios in beetroot mitochondria were 0.5, G and 0.1
for ascorbate, succinate and malate whereas the ion/0 ratios in animal
mitochondria were 2.0, 4.0 and 6.0 for related substrates. The ratios
in apimal mitochondria agree with the stoichiometry of iom uptake
mechanisms based on both hypotheses for oxidative phosphorylation. The

low Mg#4/b ratios for beetroot mitochondria (and the low Mg' '/ADP ratios)
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would be produced if the mitochondria membranes were more permeable
to ions than those of animal mitochondria.

The effects of Tﬁ?p, antimycin A and cytochrome ¢ on ascorbate
oxidation, ATF formation and ion uptake were discussed in relation to
both hypotheses for oxidative phosphorylation.TMFD and antimycin A
could react with high-energy intermediates preventing support of ion
uptzke but not ATP formation (classical), or increase membrane
permeability to ;4 providing a pathway with niore resist:nce to FPMF
collapse than ATF formation but with less resistance than ion uptake

(chemiosmotic)e
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CHAPTER NINE

BASE @ ACID _TREATMENT,

Ao INTRODUCTION.

The chemiosmotic hypothesis proposed by Mitchell (1966) couples
the hydro-dehydration or ATPase system of mitochondria and chloroplasts
to the oxido-reduction or respiratory chain system by means of proton
current and membrane potential, No chemical link exists between these
two systems as postulated for the classical hypothesis of oxidative
phosphorylation. If a proton-motive force corresponding to 200 to 250mV
or =3 to -4 units (for the ATPase II system, Chapter 1) were artificially
imposed across the coupling membrane for a short time then there dould
theoretically be some synthesis of ATF, This artificial FMF could be
supplied by equilibrating a suspension of mitochondria in a high pH
and then lowering the pH in the presence of ADP and phosphate or vice
versa for a chloroplast suspension.

Hind and Jagendorf (1965) reported that when the pH of the first
energy-or light-accepting stage of photosynthetic phosphorylation was
4,6 and the pH of the second dark stage (containing ADP and phosphate)
was 8,0, controls which had not been illuminated in the first stage
synthesized a considerable amount of ATP in the second stage. Jagendorf
and Uribe (1966) found that the amount of ATP synthesized by the chloroe
plasts was more dependent on the range over which the pH was changed
than upon the absolute initial and final pH values implying that the pH

differential was of major importance. Anionic buffers increased the
amount of TP synthesized.
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The chemical hypothesis of oxidative phosphorylation could
postulate pH-dependent breakdown of an H2~containing high-energy
intermediate (Chance 1965, Chance and Mé%gs. However, pH differential
was more important than absolute pH values and Jagendorf and Uribe (1966)
calculated that the amount of ATP synthesized was equivalent to 100ATP
molecules per cytochrome molecule making the synthesis of a pH~dependent
high-energy intermediate unlikelj.

Movement of protons through the mitochondrisl ATPase II system in
response to a pH differential would synthesize ATP but would also build
up an opposing membrane potential if there was no compensating flow of
ions through the coupling membrane, This membrane is presumed to be
relatively impermeable to ion movement (Mitchell 1966, Chappell and
Crofts 1966)s Mitchell (1966) summarised the requirements for ATP-
production as follows:-

(1) the driving force of ATP synthesis is the P.M.F. and not
the pH differential.

(2) A PJM.F, of some 210nV (equivalent to ~ 3.5pH units with no
membrane potential) should be required to drive ATP synthesis via ATPase
II (see Fig.1 5) in the presence of 10gM phosphate.

(3) the amount of ATP synthesized via ATPase II should be given
by the total pumber of protons passing across the coupling membrane'at
this P.M.F, multiplied by the proportion of the total proton flux which
passes specifically through the ATPase system.

(4) The synthesis of ATP by a pH differential may be stimulated by

specific reagents such as gra@pidin or valinomycin that can collapse the



Table IX. 1. ATP Formation by Base-iAcid Treatment of Beetroot

Mitochondria.

mu moles ATP/mg N

(a) pH Change 1010 - 6.5 | 2) 9.5 - 7.1 | 3) 10.0 - 7.1
Control e 290 Lio
+ Oligomycin

2 ug/ll . 267 b 380
+ Ethanol - 310 409
+ DNPF (1 x 10‘1*14) 2hd - Shiy
pH Change
7-2 had 7.0 2?2 189 -
(b) pH Change 4] 9.8 « 6.3 50 9.5 - 6.5
Control 1150 1050
+ Oligomycin

2og/ml 875 913
+ DNP (1 x 10 M) 900 870
pH 7.2 - 7287
PH 9.5 - 890

HMitochondria were shaken with 0.2 M Tris for 1 min. (a), or 2 min. with

2 ug/ml Antimycin A (b) and then tramsferred to 2 medium containing 10

oM Tris-phosphate buffer (pH 7.2), 3 mM chlz, 15 =M glucose, 0.01% BSA,
excess hexokinsse, O.3 mM ADP and 2.5 mM AMP. 0.1 K BCl was added
immediately (a) or after 15 secs. (b), and after 1 min. shaking the reaction
was stopped by boiling (a) or by 2.5% HC104 (b). Oligomycin and DNP were
added to the alkaline phase (b) or to the reaction medium (a). Mitochon-
dria were shaken where indicated (pH 7.2) with 0.2 M Tris-HCL buffer (pH
7.2) instead of Tris, and Tris-HCL was added in place of HCl. Where in-
dicated (pH 9.5) mitochondria were shaken with 0.2 M Tris and tranaferred
to the medium but HCl was not added. The concentrations of mitochondria
in the acid phase were (1) 520; (2) 595; (3) 390; (4) 9505 (S5) 965 ug N/ml.



B

206,

membrane potential without collapsing the pH differential. (Chapter 1).
Uncoupling agents e.g. DNP, by collapsing pH differential (but not
membrane potential) would prevent ATP synthesis by this system (Chapter
1). This was demonstrated by Jagendorf and Uribe (1966) with the
fragmented spinach chloroplast syster.

Reid et al (1966) reported synthesis of ATP by base-acid treat-
ment of rat liver mitochondria. ATP formation was measured by P32 up=
take from a medium. The mitochondria were pre-incubated in rotenone and
antimycin A (to inhibit endogenous substrate oxidation), EDTA (to inmhibit
adenylate kinase, Chappell 196l#) and valinomycin (with KC1 in the alkaline
phase to collayse membrane potentinl)s The alkaline phase pH (KOH) was
8e8 ~ 9.6 and addition of HCl produced a drop to pH 4,2 -~ 4.3 and then
further fall to zero pHe 500-600 mu moles ATP/g protein were produced by
the 4.6pH span when the acid phase was of 1-2 se¢. duration and extended
acid incubation (5-10 sec.) or a 5.6 pH span reduced ATP formation to
zero. Oligomycin or uncoupling agents added during the pre-incubation
phase reduced ATP production to 23% at 1 sec. or zero st 2 sec. i&?&cid
rhase., The transient ATE synthesis was attribufed in part to vigorous

ATPase ackivity.

RESULTS .

1e ATP Formation during Base-Acid Treatment,
Table IX 1 (a) shows that ATP was formed on base-acid treatment of

beetroot mitochondria. Oligomycin, DNP and constant pH treatment at
either 7.2 or 9.5 reduced the amount of ATP formed by 10% - 40% in



Table IX. 2. The effect of AMF on ATF formation by Adenylate Kinage.
AMP/ADP A OD/Min. % Inhibition
0 0.165 0
1.8 0.074 36
3.6 0.046 60
73 0.024 8o
9.1 0.023 81

Adenylate Kinase was assayed in 3.0 ml of medium containing 0.2 M
sucrose, § mM Tris-HCl buffer (pH 7.2), 4 mM HgClz, 3 sM Tris~-phosphate
buffer (pH 7.2), excess hexokinase, 17 wM glucose, 500 ug NADE, 0.01%

BSA, 0.3 mM ADP, glucose-6-phosphate dehydrogenase and 7% ug mitochon-

drial N.




Table IX. 3. Mg'' and Pi Uptake During Base-Acid Treatment of

Beetroot Mitochondria.

mu moles/mg N

(515) 142

Mg*t = Mg™  pi Mg™ Pi omg™ s
pE Che.nge ])905 ~ 7.0 %05 - 7.0 3%05 - D5 4%'5 - 3.7
Control Sh? 256 840 220| 289 187 | 377 233
+ Oligomycin | 550 250 855 218 | 302 201
+ DNP 512 22k 779 190 | 231 142 | 311 185
Pl 7.2 513  22h 730 167

Mitochondria were shaken for 1 mim. with 0.2 M Tris and 2 ug/ml Antimycin
A and then transferred to a medium containing 3 wM Tris-phosphzte buffer
(pE 7.2), 10 aM HgCla, 0.01% BSA and where indicated 2 ug/ml oligomycin

and 1 x 10"*11))&’. 0.1 K HCL was added immediately and after 1% min.

shaking the mitochondria were collected by filtering onto 1.2 u Millipore

filters.

where indicated (pH 7.2).

phase were (1) 4003 (2) 244; (3) 300; (4) 280 ug N/ml.

0.2 M Tris-HC1 buffer (pH 7.2) wags used in place of 0.2 M Tris
The mitochondrial concentrations in the acid
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different experiments. The large amount of ATP formed during the constant
pll treatments was probably due to adenylate Kinase. AMP was included

in the acid phase reaction medium in the ratio 8 AMP/1 ADP which in-
hibited adenylate kinase by 80% (Table IX 2). Antimycin A (2ug/ml) was
included in Table IX 1(b) to imhibit oxidation of any endogenocus sube
strate,

Ce Ton Uptake during Base~Acid Treatment.

Table IX 3 shows that some magnesium and phosphate was taken up
during base-acid treatment of beetroot mitochondria. DNP and treatment
throughout at pH 7.2 reduced magnesium and phosphate contents but
oligomycin had no effect. The difference between pH change~induced
magnesium level and DNF-treated level was small (10 - 28%) and ;as
smaller than substrate-induced magnesium uptake from a medium containing
phosphate but no magnesium (Table IV 3). The high concentration (0.2M)
of Tris transferred from the alkaline to the acid phase would have in-
hibited magnesium binding (Table VII 1) to the very low levels in Table
IX 3. The 1% minute incubation in the acid phase should have allowed
equilibration of bound magnesium. Vhen the acid phase was at a pH lower
than 5.5 = 6.0 bound magnesium was reduced (Table IX 3(3)) probably as a
result of replacement of magnesium by B at cation binding sites. The
pH differential~induced phnspha?e uptake was approximately the same as
the substrate-induced phosphate uptake from a medium containing magnesium
but no added phosphate (Table IV 4), The ratios of pH change~induced

magnesium/phosphate uptake were between 1 and 2.



Table IX. 4. Ion Uptake by a Range of pH Differentials.

mumoles/mg K
Mg "Tpi Mg™ P Mgt pi
pH Ghange 9.5 - 7.3 9.5 = 6.0 9.5 = 5.5
Control kol 145 640 300 204  1h2
+ DNP k24 100 h2g9 134 203 139

Mitochondria were shaken for 1 min. with 0.2 M Tris and then transferred
to a medium containing 3 aM Tris-phosphate buffer (pH 7.2), 10 mM MgCl.,

J‘H DNP. 0.1 N HC1 was added

0.01% BSA and where indicated 1 x 10
immediately and after 1% min. shaking the mitochondria were collected
by filtering. 420 ug mitochondrial N/ml was present in the acid

Phaﬁe .
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Table IX 4 shows the effect of pH differential on ion uptake by
one preparation of beetroot mitochondria. A pH change of 3.5 supported
more ion uptake than pH changes of 2,2 or 4,0. Magnesium content was
again reduced when the pH of the acid phase was 5.5. The mitochondria
precipitated when the pH of the acid phase was reduced below 4 - 5
although the pH at which flocculation occurred varied greatly from one

mitochondrial preparationtc another,

DISCUSSION,

ATF formation by pH change across beetrcot mitochondrial membranes
was 20 = 70 times TEE than 4TP formed by rat liver mitochondria (Reid et
al 1766). A pH change of 3.5 in the absence of any membrane potential
should be required to synthesize ATP according to the chemiosmotiec
hypothesis (Mitchell 1966), ATP formation was induced by a pH differential
as low as 2.5 in beetroot mitochondria but membrane potential could
have supported this pH differential. Reid et al (1966) included valinomycin
with KCl in the alkaline phase to breakdown opposing membrane potential
set up by H' movement. The more permeable beetroot mitochcndria would not
require this artificial means of inducing ion movement across the membrane.
The ATP formatiorn supported by pH differential in beetroot mitochondria
could possibly be increased by using KOR in place of'Tris'in the alkaline
phase and preventing binding or structural changes by this molecule.

Significant amounts of ATP were formed in beetroot mitochondria on
base-acid treatment and these were reduced by oligomycin, DNP and

incubation at @ constant pH of 7.5 or 9.5, However, the changes above the
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adenylate kinase-induced ATP formation were very small and the results
could possibly be accounted for by changes in acenylate kinase activity
under the different conditions. If the results are due to base-acid
treatment then they support those of Reid et al (1966) and Jagendorf

and Uribe (1966) in suggesting that oxidative and prhotosynthetic phos=
phorylation are associated with pH differential and membrane potential set
up across the whole or a part of the mitochondrisa or chloroplast+«membrane.
These results support the chemiosmotic hypothesis of oxidative and
photosynthetic phosphorylation although the oxido-reduction pathway and
ATF-forming system need not be set up and act pPrecisely as proposed by
Mitchell (1966). The classical hypothesis of oxidative phosphorylation
postulates the existence of an H - containing high;energy intermediate
involved in ion uptake (Chance 1965, Chance and Mela 1966) and ATP
formation. ATF formation induced by pH differential could probably be
accounted for by reactions of this (or a related) compound in spite of

the discrepancies between molecules of ATP formed and number of cytochrome
molecules (Jagendorf and Uribe (1966).

Magnesium and phosphate uptake by beetroot mitochondria was
supported by pH differentials of 2.5 - 5.3. DNF or a constant pH (7,2)
reduced the ion levels but oligomycin had no effect,  These results
support the chemiosmotic scheme for ionm uptake which can be supported by
EMF (pH differential and membrane potential) produced by substrate
oxidation or ATP breakdown. ATP breakdown did not, hovever, support ion

uptake by beetroot mitochondria (Chapter 4), Ion uptake by beetroot
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mitochondria supported by base-acid treatment could possibly be in=-
creased if the alkaline phase were produced by KCH rather than Tris,
Tris greatly reduced magnesium binding and probably reduced pH change-

supported magnesium uptake as a result of this.

CONCLUSIONS.

Base~acid treatment of beetroot mitochondria supported ATF
formation and ion uptake. The action of oligomycin and DNP on ATP
formation and ion uptake induced by pH differential supported the

chemiosmotic scheme for oxidative phosphorylatiom and ion uptake,
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CHAPTER TEN

10K UPTAKE BY BEETROOT MITOCHONDRIA

Magnesium and phosphate were taken up by beetroot mitochondria
by a process dependent on the oxidation of substrate. Substrate-
dependent ion uptake was inhibited by inhibitors of electron transfer
chain, e.g. cyanide, antimycin A, HOQNO and by uncouplers of oxidative
phosphorylation, e.g. DNP, CCP. However, oligomyein, wkich is a power-
ful inhibitor of oxidative phesphorylation, did not affect iom uptake.
These results were similar to those obtained with animal and other plant
tissue mitochondria and indicated that movement of electrons along the
respiratory chain was necessary for ion uptake and that this process
was closely associated with oxidative phosphorylation but ATP as such
was not required. A mechanism to account for these results based on
the classical hypothesis of oxidative phosphorylation uses the high-
energy intermediates formed during this process for ion uptake. The
chemiosmotio hypothesis uses the PMF set up by the oxido-reduction
chain for promoting iom uptake. These mechaniems would account for
the action of inhibitors, uncouplers and oligomycin on ion uptake.

Conditions allowing both ion uptake and contimuous ATP formation
produced only ATP formation and no iom uptake, suggesting a competition
between these two processes,favouring ATP formation. Oligomycin
inhibited ATP formation and allowed ion uptake to proceed. The common
intermediates of the classical mechanism would account for competition,

and breakdown of these more rapidly by AT formation than ionm uptake
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would produce favoured oxidative phosphorylation. Oligomyecin by
blocking ATP formation would promote ion uptake energised by these
intermediates. The FMF set up across the coupling membrane in the
chemicamotic hypothesis would support ATP formation and ion uptake,
but if resistance to IMF collapse via the reversible ATPase system
was less than via ion uptake, oxidative phosphorylatiom would be
favoured. Oligomycin would block the ATPase system and allow support
of ion uptake by the FMF,

ATP did not support magnesium and phosphate uptake by beetroot
mitochondria in contrast to resulte with animal and corn mitochondria.
ATP could be expected to support ion uptske by either production of
high-energy intermediates or PMF. The ATPase activity of beetroot
mitochondria was very low under the conditioms for ion uptake and did
not produce sufficient "energy" for support;' of ion uptake in competition
with the favoured process of reformation of ATP. Low concentrations of
ATP did, however, stimulate substrate-dependent iom uptake and digomycin
did not affect this stimulation. BSA and cytochrome ¢ also stimulated
ion uptake and these effects were attributed to stabilisation of the
membrane structure or of a precipitated cation-phosphate complex.

High concentrations of ATP inhibited substrate~dependent magnesium and
phosphate uptake and cligomycin did not relieve inhibition. This was
related to the chelating properties of ATP and to the effects of cations
(Na or Tris) added with the ATF. EDTA also severely inhibited ion

uptak‘ .
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Calcium and phosphate uptake by beetroot mitochondria occurred
under the same conditions as msgnesium and rhosphate uptake. Calcium
competed with magnesium for binding sites and for substrate-dependent
uptake with phosphate. Calcium was the favoured cation in both processes
and 4-5 times as much calcium was bound and taken up as magnesium,

The apparently selective substrate-dependent process could be proéuced
by membranc cation binding capacity, cation permesbility and solubility
of any divalent cation-phosphate complex, formed within the mitochondria.
The ratio of divalent cation/phosphate taken up approached 1.5 and could
indicate formation of MB(PO‘*)Q but electron micrographs did not show any
deposits within beetroot mitochondria.

ATP was not required for calcium and phosphate uptake by beetroot
witochondria. Massive calcium and phosphate uptake by animel mitochon-
dria required ATP and it was suggested that bound adenine nucleotide
stabilised membrane structure or the calcium phosphate complex. Oxida-
tive phosphorylation was uncoupled in animal mitochondria by 2-4 mM
calcium whereas high concentrations of calcium and magnesium had little
effect on oxidative phosphorylation in beetroot mitochondria. Magnesium
and calcium stimulated substrate oxidation at low concentrations and
inhibited at high concentrationswhile ADF/O and P/0O ratios were highest
in the absence of added magnesium or cé.lcium. At the calcium and
magnesium concentrations used for ion uptake studies ADP/0 ratios were
redaéed by less than 20% in beetroot mitochondria.

Substrate oxidation stimulated by low concentrations of calcium

and magnesium did not return to an inhibited oxidation rate in the
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presence or absence of phosphate in contrast to results reported for
animel and corn mitochondria. This result and the low Mg+f/b ratios
caloulated for beetroot mitochomdria could be due to greater permea-
bility of beetroot mitochondrial membrames to ioms or to delay in

precipitation of cation-phosphate complexes within the mitochondria.

After incubation with magnesium but without phosphate Mg''/p;
ratios were approx. 5~10 indicating that magnesium was taken up without
phosphate. Investigations with animsl mitochondris have suggested that
cation uptake is the primary substrate-dependent act in divalent cation
and phosphate uptake. Monovalent cations inhibited magnesium and phos-
phate uptake by beetroot mitochondria more than monovalent anions
suggesting that the cations competed for a commen substrate~dependent
uptake process. Apparent selectivity of the uptake process for par-
ticular ions would depend on cation binding, permeability and on
formation of insoluble cation-snion complexes within the mitochondria.

Monovalent cétions were taken up in a substrate-dependent manner
by beetroot mitochondris and upteke was inhibited by DNF but not affected
by oligomycin or KCR, indicating that substrate oxidation was not required.
Substrate anion uptake and accumnlation has been reported in enimal mito-
chondria and monovalent cation uptake could be associated with upteke
and retention of succinate in beetrcot mitochondria.

Ascorbate supported more magnesium and rhosphate uptake in
beetroot mitochondria than succinate, and melate supported very little
ion uptake. This capacity for ion uptake was proportional to the state
4 (and state 3) rates of oxidation amd indirectly proportional to the
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ADP/0 ratios and respiratory control ratios. 'Hgﬁ*yb ratios fox these
substrates were O.4, 0.5 and 0.1 in contrast to those of 2.0, 4,0 and
6.0 calculated for animal mitochondria. State 4 oxidation was depen-
dent on the comtrol of phosphorylation over oxidation. Site 1 (malate)
phosphorylation was thus most tightly coupled to oxidatioﬁ while ‘s.tte
3 was very loosely coupled. Each site, however, phoaphorylated’AnP as
efficiently as any other and the theoretical ADP/O ratios of 3, 2 and 1
were obtained for malate, succinate and ascorbate respsctively. The
classical hypothesis of oxidative phosphorylation can account for the
different state 4 oxidation rates by different breakdown rates of the
high-energy intermediates at each site. This uncoupled oxidation was
high for ascorbate but on ADP addition switched completely to coupled
oxidation. The chemiosmotic hypothesis can account for the state &
rates by different PMF's built up before reapiratiqn wés controlled and
leakage of H under the influence of these PMF*s. The ATP formation
pathway on addition of ADP would provide most rapid collapse of EMF.
The ion uptake supported by different substrates in beetroot mitochom-
dria can be accounted for by similar mechanisms. The interm@diates
would have different ion moving capacities (classical) or ions would
only be taken up under the influence of the high PMF built up with
succinate and ascorbate (chemiosmotic).

The effects of antimycin A and T™PFD on ascorbate-supported iom
uptake were accounted for by effects on the reaction of intermediates
with ions but not with ADP by the classical hypothesis. The chsips-

motic mechanism could peostulate that these substan_ces increase membrane
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permeability to : Thus the resistance to FPMF collapse would decrease
from H' leakage to ion uptake to TMPD-pathway to ATP formation and
could account for the stimulation in oxidatiom, inhibition of iom uptake
and lack of effect on ATP formation by TMFD and antimycin A.

ATF was formed and magnesium and phosphate takem up by beetroot
mitochondria subjected to a pH differential by base-acid treatment.
These results indicate the importance of pH differential in oxidative
phosphorylation and ion uptake mechanisms. They do not conclusively
show that H' is produced before ATP formation and ion uptake rather

than after these processes.
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APPENDIX




Table A.1. States of Respiratory Figments in Mitochondria (from
Chance and Williams 1955 phl3).
State 1 | State 2 [State 3 State 4 [State 5
Characteristics Aerobic | Aerobic |Aerobic Jr‘erobic iinaerobic
| aDP Level Low High |Hign Low High
Substrate Level Low endo-| Approach | High High High
genous ing O
Respiration Rate Slow Slow Fast Slow 0
Rate-limiting Fhosphate| Substx_'atﬁ Respira- | Phosphate| Oxygen
component . Acceptor tory chaip acceptor
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Hypothetical polarographic tracing of mitochondria
oxidizing substrate in a standard medium containing
phosphate. Oxidation states (1L - 5) are shown

and Williams
according to the definitions of Chance,(1955)
(Table A.l.). Respiratory control (RC) ratios =

state 3 rate / state 4 rate.



,Mitochondria

_1 T
(1 (2) - Substrate [02]=240uM

A
ADP

RC.ratio= (3)/(1.)
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ION UPTAKE BY PLANT MITOCHONDRIA

By DianE L. Mirragrp, J. T. Wiskicy, AND R. N. RoBERTSON
DEPARTMENT OF BOTANY, UNIVERSITY OF ADELAIDE, SOUTH AUSTRALIA

Communicated June 30, 1964

Various reports have indicated that plant mitochondria are the sites of ion
accumulation. 2 The ability of isolated plant mitochondria to accumulate ions
against a concentration gradient has been demonstrated.? However, recent re-
ports have shown that divalent metal ions can be accumulated by a respiration-
dependent process in mitochondria isolated from both animal®—% and plant tissues.”
This accumulation of divalent metal jons is accompanied by phosphate uptake.b: 11

This paper has two objects: (a) to present evidence for the accumulation of ions,
particularly Mg++ and P;, by mitochondria isolated from red beet (Beta vulgaris 1..),
and (b) to discuss hypotheses of the mechanism of ion accumulation in mitochondria,

Methods—The mitochondria were isolated as previously described.® The
experimental conditions are specified in the legends to the figures and tables.
Constant temperature (25°C) and shaking were maintained by a conventional
Warburg apparatus. Aliquots (1.0 ml) were layered over cold 1.0 M sucrose and
centrifuged at 25,000 X ¢ for 57 min. The supernatant was removed by suction,
and the tubes were carefully rinsed with 1.0 M sucrose. The mitochondrialpellet was
analyzed for the relevant ions.® Oxygen uptake was studied with a Clark oxygen
electrode connected to a 1-mv recorder (Varian Associates).

Results.—The oxidative capacity of the isolated mitochondria is shown in Figure
1. Respiratory control was evident and the calculated ADP/O ratios were 1.7 and
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Fra. 1.—Polarographic tracing of oxygen
uptake by  beet  mitochondria—the
medium contained 250 mM sucrose, 10 mM
Tris-HCl buffer pH 7.2, 10 mM P; buffer
(pH 7.2), 6 mM MgCl; and 250 pg mito-
chondrial nitrogen. ADP (0.16 mM) was
added at A.
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Fig. 2—P; accumulation by beet mito-
chondria incubated in a medium containing
250 mM sucrose, 12 mM Tris-HC1 buffer
pH 7.2, 3.3 mM P; (K:HPO,/KH,PQ, buffer

pH 7.2), 5 uM cytochrome ¢, 16 mM MgCl,
with 6 mM sodium succinate (x—x), and
without succinate (06— 0).

1.6; the respiratory control ratios were 1.7 and 2.0. Figure 2 shows that the accu-
mulation of P; was completely dependent on substrate (succinate).

Table 1 shows that the uncouplers 2,4-dinitrophenol (DNP) and carbonyl cy-
anide m-chlorophenyl hydrazone (CCP), as well as the inhibitors of electron trans-
port, antimycin A, 2-heptyl-4-hydroxyquinoline N-oxide (HOQNO), inhibited the
accumulation of both P; and Mg*+. Cyanide (10—¢ M) has also been shown to
inhibit ion uptake. The percentage inhibition of Mg++ uptake was not as great
as for P; uptake. It should be noticed that (a) there was a substantial uptake of
Mg*+ in the absence of substrate, and that (b) the inhibitors and uncouplers were
more effective in preventing Mg*+ uptake than was the lack of oxidizable substrate.
It can be concluded that uptake of these ions was dependent upon the oxidation
and coupled phosphorylations of the electron transport chain. The respiration-
independent uptake can be considered as a diffusion equilibrium, and thus in all
of our studies a correction for the uptake in the absence of substrate has been applied.

Oligomycin, a potent inhibitor of oxidative phosphorylation,® stimulated
the accumulation of both P; and Mg*+ (Table 2). Independent ob-
servations in this laboratory have shown that oligomyecin will inhibit the state 3
oxidation!! of isolated beet mitochondria and that the inhibited oxidation can be
recovered by uncoupling agents. Since oligomycin prevents ATP formation, it ap-
pears that ATP is not directly involved in the uptake of these ions.

TABLE 1
Errect oF UNcoUuPLERS AND INHIBITORS ON Mg+t anp P; UrTaRE
1\'/‘rg++
Mt v Inhitdtion by " Inhitdtion

Control 3,280 — 330 —
No substrate 2,260 31 86 74
Plus antimycin A (1 pg/ml) 1,800 45 92 72
Plus HOQNO (21.5 M) 2,010 39 124 62
Plus CCP (1.3 M) 2,010 39 67 80
Plus DNP (1 X 10~ M) 1,910 42 117 65

Mitochondria incubated in medium containing 250 mM sucrose, 9 mM Tris-HCI buffer pH 7.2, 10 mM Pi
(K2HPO:/KH:PO« bufler pH 7.2), 4 uM eytochrome ¢, 15 mM MgCl, and 11 mM Na succinate for 18 min.
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Fra. 4—The inhibitory effect of ATP
formation on P; uptake. Mitochondria in-
cubated in a medium containing 250
mM sucrose, 12 mM Tris-HCI buffer pH 7.2,
33 mM P; (K.HPO,/KH,PQ, buffer pH
7.2), 51 ul\/é[ocy%(&chrlome ¢, 13 mM Mlglé)lz,
x—x control; ©—o minus MgCh, x—X plus 20 mM glucose and excess hexo-
A—A plus 1 mM ADP, 20 mM glucose, kinase, 1 mM ADP was added at the
and excess hexokinase. arrow. ©—o plus 1 mM ADP, 20 mM
glucose, and excess hexokinase. Oligomycin
(2 pg/ml) was added at the arrow.

Fra. 3.—P; accumulation by beet
mitochondria incubated in a medium
containing 250 mM sucrose, 12 mM
Tris-HCl buffer pH 7.2, 3.3 mM P;
(K.HPO,/KH,PO, buffer pH 7.2), 5
sM  cytochrome ¢, 16 mM MgCl,

Under conditions which allowed the continuous formation of ATP (glucose,
hexokinase, and ADP present), the accumulation of P; was completely suppressed
(Fig. 3). Similar results have been obtained for the uptake of Mg++, These
results are in agreement with the suggestion? that P; and Mg*+ accumulation com-
pete with ATP formation for the energy-rich intermediates of oxidative phosphoryl-
ation. The competition favors ATP formation.

The presence of glucose and hexokinase did not interfere with the accumulation
of Py (Fig. 4). However, when ADP was added to this reaction mixture, P;
accumulation ceased, and the P; content of the mitochondria began to decrease.
A decrease of P; content has also been observed on applying anaerobic conditions.
This loss of P; differs from the result of Brierley,'2 and suggests that the accumulated
P; can be mobilized. However, the result observed in such an experiment is prob-
ably strongly dependent on the morphological intactness of the mitochondria.
Figure 4 also shows that, when the formation of ATP prevented P; accumulation,
the addition of oligomycin permitted P; uptake to proceed.

TABLE 2
THE OxmATIVE EFFIcCIENCY OF Ma** aND P; UpTakE
- “or mp%v Mg +l+ Pil

AR el o Gy Mero TR pyo ADP/O
Control } 1 324 40 0.12 51 0.16 —
(Na succinate) 2 286 105 0.37 64 0.22 —
Plus ADP 1 316 0 0 23 0.07 1.34
(0.5 mM) 2 324 0 0 32 0.10 1.25
Plus oligomyein } 1 306 130 0.43 158 0.51 —
(1 pg/ml) 2 296 165 0.56 167 0.57  —

Mitochondria incub:
KyHPOs/KH:PO4 bu

ated in a medium containing 250 mM sucrose,
fier pH 7.2), 5 uM cytochrome ¢, and 8 mM sodiu
or the uptake of ions in the absence of substrate.

10 mM Tris-HCI buffer pH 7.2, 10 mM P;
m succinate. The results have been corrected
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F1g. 5.—The effect of MgCl; concentration
on P; and Mg** accumulation by beet mito-
chondria. Incubated for 8 min in a medium
containing 250 mM sucrose, 9 mM Tris-HCl
buffer pH 7.2, 3.2 mM P; (K:HPO,/KH:PO,
buffer pH 7.2), and 4 uM cytochrome c.
With 11 mM Tris-succinate; o—o Mg*+
uptake A—aA P;uptake. Without substrate;
o—e Mg++uptake A—a Piuptake.

Fre. 6.—The inhibitory effect of sodium
and high P; (KHPOQ./KH,PO, buffer)
concentration on P; and Mg*+ accumulation
by beet mitochondria. The medium con-
tained 250 mM sucrose, 9 mM Tris-HCL
x—x with 11 mM Tris-succinate and 3.2
mM P;; o0—o with 11 mM Tris-succinate
and 10 mM P;; A—aA with 11 mM sodium
succinate and 3.2 mM P;; @—nm with 11
mM sodium succinate and 10 mM Pi. The
results have been corrected for the uptake of
ions in the absence of substrate.

The competition between ion uptake and oxidative phosphorylation suggests
that common intermediates are involved, but not necessarily the phosphorylated
intermediate of oxidative phosphorylation.? The results of P; uptake : 1/20,, and
Mg *+ uptake:1/50; ratios are shown in Table 2.

These ratios, although lower than the ADP/O ratios obtained in the same ex-
periment, are suggestive of an equality between the two processes, i.e., ion accumu-
lation and oxidative phosphorylation. As will be discussed later (Fig. 6), these
ratios were not obtained under optimal conditions. Optimal conditions would tend
to make the ratios approximate to that reported by Chappell et al.,® although no
respiratory stimulation of the type reported by Chappell et al. has been observed.
Thus it would appear the ion/O ratios are greater than the expected P/O ratios.

Figure 3 shows that P; accumulation was dependent on added Mg*+. The
small amount of P; accumulated in the absence of added Mg++ could have been
due to the Mg*+ present in the mitochondrial suspension. The effect of Mg*+
concentration on both Mg*+ and P; uptake is shown in Figure 5. In this experi-
ment the concentration of P; was 3.2 mM, and Tris-succinate was used as substrate.
The optimum Mg*++ concentration for ion uptake was 15 mM but P; uptake
appeared to suffer more from a higher Mg*+ concentration than did Mg*+ uptake.
The effect of other salts in the medium was also investigated.

Figure 6 shows that with a Mg*+ concentration of 15 mM, 3.2 mM P; was more
favorable than 10 mM P; for the uptake of both P; and Mg+*+. It is also shown
in Figure 6 that Tris-succinate was more favorable to Mg*+ and P; uptake than
sodium succinate. These results are identical with those of Brierley et al.* The
‘beneficial effect of Tris and of the lower P; concentration is additive. Thus, it can
be concluded that both sodium and high phosphate concentrations interfere with
the accumulation of Mg+*+ and P;. Inhibitions by other salts have been re-
ported.*

Discussion.—It has been established that isolated plant mitochondria can accu-
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mulate Mg*+* and P; ions by a respiration-dependent process. It should be re-
emphasized® that current evidence provides no proof of active uptake, but only of
respiration-dependent uptake. N evertheless, the mechanism of this uptake may
prove to be of fundamental physiological importance.

The results presented here and elsewhere®—*: 12 show that P; and Mg++ (or some
other divalent metal cation) can be aceumulated by isolated mitochondria, in a
manner dependent on oxidizable substrate and sensitive to respiratory-chain in-
hibitors or uncouplers of oxidative phosphorylation. Furthermore, ion uptake,
which is insensitive to oligomyecin, competes unsuccessfully with ATP formation.,
Thus an intermediate of oxidative phosphorylation is essential in ion uptake, either
directly for P; uptake? or indirectly for energy.

Brierley ef al.? have suggested that Mg;(POy). precipitates within the mitochon-
dria. The evidence is: (a) the Mg++:P; ratio found within the mitochondria ap-
proximates 1.5; (b) alkalinity which would precipitate magnesium phosphate in-
creases within the mitochondria; and (¢) electron micrographs® show deposits of
what are presumably metal phosphates.

The ratios of accumulated Mg *+:accumulated P; observed in this work approxi-
mated to 1.5 and are in accord with the ideas of Mgs(PO,); precipitation within
the mitochondria. However, the precipitation allows the detection of the aceumu-
lated ions, and the ratio of 1.5 reflects only the composition of the precipitated
compound and in no way reflects the rate of uptake of each ion species. Thus, an
ion which is being transported into the mitochondrion bug not precipitated may have
a rate of efflux such that a build-up of concentration would not, be detected.

Unless there is a specific divalent-metal-ion and P; mechanism, the other ions
present must be considered, and thus the results of Figure 6 might be understood.
The presence of Tris-succinate instead of sodium succinate might stimulate the
uptake of Mg++ by markedly reducing the Na+ concentration which thus offérs less
competition to the Mg++; this in turn is reflected in P, uptake. Similarly increas-
ing the P; concentration from 3.2 mM to 10 mM, which increases the K+ concentra-
tion, might reduce Mg*+ uptake by competition. Thus, the optimal Mg++ concen-
tration would be that which overcame the effects of other cations without having
too deleterious an effect on oxidative phosphorylation and the integrity of the
mitochondria.’® Similar deductions cannot be made about H+, as it appears® ¢
that there is an exclusion of H+ from the mitochondria.

The mechanism of ion uptake: In an active transport process it is sufficient to
transfer only one of an ion pair.’: 14 If the cation is transferred by a coupled-
respiration process the anion will follow passively. Any anions could participate
in this passive movement, but if precipitation of one occurs (as with P; inside the
mitochondria), a concentration gradient favoring that anion would be established.
The precipitation of the cation (whose movement is not passive) would not favor its
accumulation as the competition with other cations is on the outside.

It is therefore necessary to consider the ion movements due to (1) the respiration-
dependent transport, and (2) the effects of precipitation.

Chappell et al.’ have shown that Mn++ can be accumulated by rat liver mito-
chondria in the absence of P;. This result alone suggests that cation uptake pre-
cedes the P; uptake in the respiration-dependent process, but, further, Chappell
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et al.8 claim that respiration-independent P; uptake can be induced after Mn r+
uptake. P; uptake is therefore secondary to cation uptake and may be of limited
value in determining the primary mechanism of respiration-dependent transport.
Other evidence supporting cation uptake as the primary act of mitochondrial ion
transport is (1) the marked competitive effect of other cations on Mg*+* uptake as
reported here (Fig. 6) and elsewhere,* and (2) the secretion of H* ions.

Chappell et al.® and Brierley et al.? explained the H+ release in terms of P; pre-
cipitation but did not consider the H+ release in the absence of P;.¢ Pressman
has shown that the addition of valinomyein to mitochondria (in the absence of Pj)
initiated a rapid hydrogen ion release which was substrate-dependent and sensitive
to inhibitors and uncouplers. More recently, Moore and Pressman'® have shown
that H+ release is equivalent to KX+ uptake (when K+ is the predominant cation in
the medium), and under conditions (absence of P;) where there is no increment of
oxygen uptake. They have also shown that addition of P; is necessary to increase
the rate of oxygen uptake. A similar effect was observed by Chance!® who showed
a stimulation of oxygen uptake by Ca*+* only in the presence of P:.

The uptake of cations in the absence of phosphate is therefore by exchange for
the H+ released. The necessity of substrate for H+ release, and the necessity of
P; for O; uptake raises the possibility that the substrate is the source of H+. The
release of H* could then be the consequence of charge separation in the electron
transport system, the H* moving out of the mitochondrion leaving a corresponding
negative center available to balance the entering cation. Such charge separation
would be expected to reach an upper limit which might be the explanation of the
transience of the effect observed by Moore and Pressman.®

Ton uptake in the absence of phosphate would be a consequence of this charge
separation. However, since the electron transport system of mitochondria seems
to operate as a one-electron transfer system, the movement of a divalent cation
would be accompanied by the movement of a monovalent anion, e.g., C1~. The H+
released would accumulate outside the mitochondria resulting in a decrease of pH.
The ratio H+/cation would be unity for both mono- and divalent cations. How-
ever, the mitochondrial resistance to separated charges would not be infinite so
that some negative charges would be released. Under these conditions oxygen
would be reduced to H;O and some H+ ions would no longer contribute to the de-
creasein pH. Also, the pools of separated charges would be maintained by a steady-
state flow of “reducing power’’ and would not be an equilibrium condition, so that
some oxygen uptake would occur, making the system sensitive to inhibitors and
uncouplers but not to oligomyein.

Ton uptake by mitochondria, in the presence of phosphate, would occur by the

TABLE 3
INITIAL PHASE OF IoN UPTAKE BY MITOCHONDRIA
System Components Released X Entered Ion balance H+/Ion
A K Cl 12H* — 12K+ 12K+ 12e~ 1.0
B M Cl 12H* — 12M++12C1- 12M++12 %; 1.0
12 C1-
C MP 12H* — 12 M+*+4 P~ 12M*+12e- 1.0
4P= 4P~ 4P

X, Mitochondrial membrane. M, Mg. P, Phosphate radical. e~, Negative center.
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Mg+ to maintain electrostatic neutrality on exchange for an H+. The discussion
for system A applies to system B.

The initial phases of uptake of divalent cations in the presence of phosphate are
shown in system C (Table 3). The existence of two species of phosphate ion com-
plicates the exchange ratios. The further phases of uptake under these conditions
are shown in Table 4. In Table 4 the sequential steps are shown as 1-5, and the
reactions of each step as occurring in the mitochondria are shown as from left to
right. It should be realized that all the reactions shown occur simultaneously
and not separately as suggested by Table 4. The precipitation of Mgy(POy),
yields H+ which can continue to exchange and so increase the internal Mg++ con-
tent. This process can be repeated a limited number of times.

This hypothesis explains most results reported to date. (1) The H+/ion ratio
in the absence of phosphate will be unity irrespective of the cation. (2) Little
oxygen uptake occurs in the absence of phosphate. (3) Little cation uptake$: 1
occurs in the absence of phosphate because the system is creating a ‘“battery.”
(4) In the presence of phosphate, oxygen uptake can occur’® * as the negative
centers are released. (5) The Mg*+/O can approximate 6, ° in the presence of
phosphate. (6) The H+/Mg™+ ratio in the presence of phosphate is approximately
0.9, as reported by Chappell et al.,® because none of the substrate-derived H+ is
available for a pH change. The competitive effects of other cations, will not be as
marked since precipitation of Mgs(PO,), leads to a deficiency of Mg+t in the
mitochondria, and Mg++ is unavailable for exchange. A similar argument holds
for the effects of competing anions. It has been assumed that any ion can compete
with the measured ion but some selectivity'® is likely.

An important feature of this hypothesis is that it establishes the charge separation,
with loss of H+ to the medium, as the essential act in the ion transport system.
The reducing energy of the system is sufficient to expel H+ ions so that the pH of
the external medium decreases,* ¢ ¥ while the pH of the mitochondria increases.*
However, the electrons of the electron-transport chain cannot reduce oxygen unless
phosphate is present; in the presence of phosphate (ADP absent or ADP and oligo-
myecin present), the H+ and the electrons are combined to form water, and the phos-
phate is simultaneously transported into the mitochondrion. If ADP is present,
ATP is formed and the phosphate is not transported. The initial separation of
H+ and e~ thus becomes the basis, as suggested earlier by Mitchell* and by
Robertson,!® of both phosphorylation and active transport; an active transport act
is an alternative to an oxidative phosphorylation. It is possible that the active
transport of all ions depends initially on (1) the H+/cation exchange and (2) the
phosphate transport. Once a small quantity of a soluble phosphate has been ac-
cumulated by this process, exchange of phosphate ions for other anions could oceur.
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