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ABSTRACT

ey

In order to examine relationships between 10n transport and
adenosine triphosphate (ATP) synthe§1s, it was necessary i’ isolate

b

large amounts of mitochondria that were in as good a condition and as
pure as possible. For this purpose a method was developed for zonal
ultracentrifugation of a cell homofenate fr%? etiolated pea cotyledons.

density gradient centrifugdtion in a\" -XIV zonal refor was

/ used to obtain a large amount of mito ¥a in a short time. Electron

+ microscopy and enzymatic analysis indicated high purity in the
mitochondrial fractioﬁ_“

Methodology for the measurement of K+ transport in the isolated
mitochondria was developed. The advantages of the ]iquid—membfane
electrode for measurement of K+vfar outweigh those of the glass K*‘
selective electrode. -Valinomycin was added to initiate K" upteke.
No _interference of the added va]inOmyein w{th the K electrode‘was

‘détected. - : :\7<

~

The -induced K+ uptake in mitochondria was found to be energy-

[

dependent and greatly influenced by conditions in the amb1ent solution,
The ‘extent of K" uptake and the rate were dependent en the presence i
of anions and resp1ratory substrate and occurred only with mitochondria
disp%ayjng good respiratory parameters.

VB; simultaneous monitoring of oxygen concentration, it was observed
that'when mitochondria dep]ete the so]ut1on of oxygen rapid eff]ux of K
occurred from the mitochondria into the surrounding medium. Addition of

202 caused rapid aeration of ‘the solution through the action of catalase

. After addltlon of HZOZ' K uptake agaln occurred at- the same rate and
. . LI
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extent as the initial K uptake.

Investigation of ATP synthesis during the k' uptake ,hQWee

competition for energy by the two processes . In the present& of _};

D

valinomycin and at low extramltochondr1a] K conCentrations ADP could

A7
be rapidly phosphorylated. This occurred wWith a decrea)e in-net

potassium ion uptake. At hlgher external K concentrations resplratory
energy was unavailable for ATP synthesis, and only a portion f ddded

2
ADP could be phosphorylated within a reasonable time. Furthe?”evidence

for the competitive nature of the two processes for respiratory energy

was from Mg effects and from' timing of va]inomycin addition.
&
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INTRODUCT ION
“e ‘; ' © ) B "
With the development of the chemiosmotic hypothesis, an intimate

V"
relationship between ion transport and ATP synthesis was seen possible. :
Although there is much research in these fields, the mechanisms of both

ATP synthesis and ion transport have not been completely establisﬁdl.
. . . \ R
Density gradient centrifugation offers a methgd'of obtaining .

mitochondria in a reasonable degree of purity and the use of a zonal

.., ’

rotor offers the advantage of capacity.

Mitochondria isolated from animal tissue.hqve been shown to take

+ . to g
up K- in an epnergy-dependent process. Furthermore K. is not as

st

suscept1b]e as divalent ions to form1ng complexes or caus1ng pH changes

A

during uptake processes. Potassium uptake can be: mon1tored by ion selec-
tive electrodes. The liquid membrane e]eétrode is a new type of electrode
. w1th distinct advantages over that of a g1ass K specific ion electrode.

Much research has been done on the valinoﬁyc1n 1nduced K" uptake

™ e
in’animal mitochondrig and on1y recently have such stud1es been

reported for p]ant\ﬁ:tochondr1a The re]at1onsh1p of the valiromycin-

induced K uptake and ATP synthesis (as measured directly) has not beeh

e

done. An investigation was done in this dissertation to examine the

s

cﬁgracter1st1cs of the two processes 1n pea, cotyledon m1tochondr1a,‘

c -

and to Iearn more of relationships between the two s

(.
! o
]
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LITERATURE REVIEW

L. Choice of Tissue for Preparation of Mitochondria
Since the present investigation was undertaken to examine certain
energy-requiring processes in intact plant mitochondria a suitable

"

tissue source of “intact mitochondria was important, Mitochondria which

are fully developed and intactfcan be isolated from cotyledons removed

from germinating seedlings. [Cotyledon tissue contains a food reserve

utilized by the seed duning Yermination, The moggiization of this food

{

- reserve is accompanied by a marﬁrd increase in cotyledon respiration
and energy conservation ability,

Isolated mitochondria from such
tissues show a close parallel in respiratory activity to that of the
hS]é ‘ntyiedon (6pik, 1965 and Solomos et al., 1972).

Respiratory activity of mitoehondria is measured by oxygen
utilization on a nanom01es (nmo1) oxygen utiiized per minute per
mil1igram protein bas1s wh11e intactness may be demonstrated by h]gh

respiratory LOntF01 ra§jos RCR) and an adenoslne diphosph a'e/oxygen

: “(AQP/O) ratio apprdach1ngutheoret1ca] RCR 1% the ratio of' oxygen

#
ut1]1zed per m1nute in state III resp1rat1on (oxygen, substrate phos~

phate and aden051ne d1phosphate (ADP) not 11m1t1ng) compared to state’

Iv (ADP ]im1t1ng) (Chance and W1111ams - 1955). The ADP/O ratio is the

P

rat1o of gram atoms of oxygen utilized by the system dur1ng state 111

resp1rat1on with the add1t1on of a given number of u moles of ADP

p

Mitochondria from animal tlssue have been much more extenﬁqvely

stud1ed than those from p]ant ttssue, However, Ikuma,and'Bonner (1967)

I

_compared m1toch‘ndr1aﬁfrom mung beaQ\t1ssue and rat ]1ver tlssue, and
e .

. 0

2 . >



showed much higher respiration rates in the plant mitochondria.
Mitochondria frOm various plant tissues show respiratory parameters
at least equal 1o, énd in some cases superior to animal mitochondria
(e.g. Ikuma and Bonner, 1967; Phi]]ips,.197l).

épik (1965) and Malhotra and Spegceﬁv(l970) isolated intact

mitochondria from bean (Phaseolus vulgaris L.) cotyledons and observed
changes in activity when isolated from different ages of cotyledons.

Young et al., (1960) and Phi11ibs (1971) showed that mitochondria from -

pea (Pisum sativum L,) cot&?edons reaéﬁ?d aghaxkfm] activity when
isolated from cotyledons fivefdays,after imb?b%iiOn. Bﬁocheéica? and
ultrastructural changes in mitochondri§ from pea cotyledons during
germination havé been documented (Soiomos et al., 1972).

The demonstration of high respiratory activity, the very high

)
-

‘to eice?lént RCR and ADP/O ratios, and the reproducibility in the
isolation of mitgchondria at a known stége,in:déve1opmen£ was instru-
mental in the ch%@sjng of pea cotyledonary tissue as & source of -
mitochondria for the presént 1nvesti§atidni In addition, the use of
etiolated tissue avoided contamination of the miiochondﬁia1 prepara-

tion with chloroplasts or chlorphyll.

I1. Isolation of Mi'tochondria from Pea Cotyledons

A. Medium for Tissue Grinding
The compenents of a good grinding medium usually consist of an
osmoticant, a buffer, and other various compounds to remove inhibitory

substances released during isolation or to prevent denaturation or
s ' L)

oxidation.

/o
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The frequently used osmoticants for mitochondrial isofﬁf{gb are
mannitol, sucrose, or a ;ombination of both. Sucrose has beendbgserved
to have a detrimeALal effect on mitochondrial integrity (Tedeski, 1965);
however, the reason is not c]ear; Bonner (1967 agd 1970) has outlined
somg of the conditions for isolaffon of intact mitochondria. Mapnitol
is of value as an osmoticant since it aids in the separation of starch
from mitochondria. Ethylenediaminetetracetate (EDTA) complexes
inhibitory heavy metals and Ca*+. Calcium ions activate phospholipase

which destroys mitochondrial membranes.” Ethyleneglycoltetracetate

(EGTA) can be employed instead of EDTA to avoid complexing MgH (an

ion which is féqﬁfred for maximum mitochondrial activity). Bonner
“also suggests using a medium pH near 8 to minimize phospholipase
activity although ﬁore frequently the pH is around 7.5. Bovine serum
albumin (BSA) is used to bind free fatty acids that may otherwise act
as uncauplers (Bonner, 1965). Also mitochondria remain in a contracted
state in the presence of BSA. #

B, Tissue Maceration /

Different laboratories have developed their own methods of
'd1sfupting tissue and freeing mitochondria fro& the confines -of the
cell. Some of the kinds of equipment used include: a Waring Blendor
run dt low speed, a commercial salad maker, a meat grinder, or a mortar
and pestle. Bonner's laboratory highly recommends a soup maker, called
Mixer 66, aQéi]ab]e'from Moulinex Company (Bonner, 1967). Storey and
Bahr (1969) have used a Po]ytron.‘(an attachment that fits a Waring

Blendor bése) with great schess. Previous workers in our laboratory

' fﬁund that a gently used mortar and pestle produced mitochondria of

b
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high integrity (Maltiotra et al., 1970; Phillips, 1971). It is

essential to workwéu§ck]y and at 0°-4°C to maintain intéct mitochondria.
C. Q:nt_r_ﬁyéil;ssp@gg on of Mitochondria
1) Céngﬁiﬁqga] Techniques: In any centrifugation, separation
of particles 1s“depé%d§ﬁt on two things: size of the particle (a), and
density of the wart1c1e (;) In differential centr1fugat10n partic]es
are separated basiCafly on the1r size difference. However, many sub-~
'ce1]u]ar partic]es caﬁ be of the same size -~ hence purity 6f thg,fracﬂ
tionated particle; is difficult to obtain. With the recognition'in the
1950s thaf density gradient centrifugation allowed particle separation
on the basfs of density as well as size, a much greater purity of sub-
cellular fractions became possible (Anderson, 1956 ; de Duve et al.,
1959). Thqg, dEnsity~gradient centrifugation beca&e the method of
choice for the separation éf b101og1ca1 particles. The majdr problem
with the method was that only a few milligrams of part1c1es could be
hand]edfjn a conventional "swing{ng bucket” rotor. Other:prob1ems‘§uch
. as Pdroé]et sedimentation effects” and "wall effects" arose Fhat : |
strongly limited the resolution of a zone of larger .particles, such ) y
as mitochondria (Anderson, 1966). . e
The deve]opment'of the zonal rotor for &se‘iﬁ density—gradientncentri
fugation (Anderson, 1966) provided a means for obtaining a large amount‘of
"~ material from a gradient. Inraddition, greater‘resolution is boésih}e‘
,because the "wall effect” is avoided by means of wedgeQShaped sectors
in the rotor. With the,uSe of zonal techniques fhe 1ysosome contamina-

tion of crude ﬁftochondrij]-prebarations,(de Duve, 1959) and the

‘peroxisomal contamination of mitochondrial pellets (Plesnicar et al.,



1967) could be minimized. Although peroxisgmss afe nearly the same
‘size and density as mitochondgia, the pefo;isome is freely permeab]e'to
sucrose 'while the mitochondrion is not. The bound water of the peroxi-
some exchanges.fo; sucrose; thus the pero;isome increases greatly in
specific density with time, and will ultimately move to a density of
v 1.25~1.26 in sucrose. Mitochondria, meanwhile, reiain their bound
water and move to a sucrose concentration similar to their origina]
specific density (1.201 as reported by Solomos et al., 1972). Thus
mitochondria and peroxisomes aré separated in sucrose density gradients
on the basis of differing osmotic properties of their membranes,v
2) Gradient Materials: Sucrqse has beén commonly used as

a gradient material for mitochondria, aith0ugh sorbitol affords better
preservation of structure (Avers et al., 1969).  QOther gradient material
includes dextrans (glucgse polymers) or Fic011; a sucrose polymer.

| Although solutions of these two;poTymers'are not very denhse, equilibrium

N . P ,
densityrgqﬁ;rs in correspanding less dense so]utions since membrane
organe11é§ do not lose water whep exposed to them. Also thg organelles
may be more séab]e during isb1ation (Laties‘andaTreffry, 1969). 'Ceéium
éh]oride {s sometimes emp]oyedrwhen a very high density is required, but
its cost for routine work is ogﬁérkise prohibitive. Lately some workers
. have uéed silicone oiilgrédients for isolatgon of intact mitochoﬁdria
(Harris and Van Dam,‘1968). For the presenf zonal work, sucrose ap-
~'peared to be the sat{;%actory\choige.

3) Isopycnic.SeParétions: For the 'first ten years after
the introduction of density gradients for subcellular isolations
(Anderson, 1956), ihvesfigators simply employed linear gradients.

)



However, linear gradients are optimal only for isopycnic centrifugation.
. . S

The use of step gradients, convex or concave gradients offers advantages

under certain circumstances. For example, capacity .is greatly in-

creased for isolation of plant-mitochondria when a step gradient s

IS

used. Solomos et al., (1972) prepared pea cotyledon mitochondria in

al

ok

a swinging bucket rotor by loading a crude prepa;ation of mitochondria
over 38% w/w, 44 8% w/w, 48% w/w and 60% w/w bands, and centrifuging {f
for 2%-3 hours at 149,000 g in a L2- ~658 Sb}ncq‘ultracgntr1fuge_ Al-
thOug? few workers have employed step gradientslfof 1solatf0n of
mitocﬁondria in zonal rotérs, this typé of gradient is preferred wﬁen :
a large amount of mitochondria is required because of the large |

'capacity of the gradient.

4

IIT. Oxidative Phosphorylation in Plant Mitochondria

A. H1s§orx i

The cofiplexity of oxidative phosphory1afion:and the difficulties
in attempts té explain its mechanism prompt a reiterance of ﬁacker‘s
rather memorable quote, “Anyone who is npot confused about. oxidative
phosphorylation just doesn't understand the &ﬁ%uation "

The bas1c concepts of oxidative phOSphorylat1on owe their or1g1n
to many of th1s century's early b1ochem1sts but it wasn t uhtil the
late 1930s that phosphorylation was linked to the resp1ratory chain.
The first papers of Ka]ackar Belitzer and Ochoa demonstratwng this
are translated and presented in Kalackar s recent book (Kalackar, 1969)
Ion transport was thought to be qulte separate from ox1dat1ve phosphoryla-
tion until the development of the chemiosmotic hypothesis showed an
intimafe relapionship was pbssib]e. Through all of this period three

<

(o~



basic hypotheses were deve]opea for oxidative phosphofy]ation - each
with its own proponents . ‘

It was through ‘the development of the chemiosmotic and conforma-
tional coupling hypotheses' tha’t many new lines of investigation were
opened. Today most workers in the field accept the ﬁypothesis that

|
the electron transportvchain is involved in & proton pump (Lehninger,
1972). ‘However, it is unclear whether this proton pumping is the direct
result of the arrangement of the electron transport chain components or
seconddry to the chemical or conformétionaﬁ coupling processes. Also,
‘1t remains to be shown whether the proton gradient is the direct
driving force for ATP synthesis. As a result, the most active field
of research 1in mitochondrial function during tﬂé last few years con-
cerns problems related to membrane conformation, compartméntation,mand

‘ion translocation.

B. Theories of Oxidative Phosphorylation

1) Chemica] Coupling: The historic31 aégects of kTP forma-~
tion in enzymatically cataTyzed react1ons immediately led to a suggestion
for an intermediate of a chemical nature to enable the coupling of
electron transport to ATP synthesis (Slater, 1958). By the beg1nn1ng
of the 1960s,-isolation of the high energy intermediate seemed imminent.
Nevertheless, the isolation of the chemical intermediate; and therefore °
proof of the chemical coupling theory, did not materialize.

2) Chemiosmotic'CoupTing:\ The first praﬁosal for a chemios- X

motic type of fiechanism Tinking electron trénsp'ort and ATP synthesis

iy

came in 1961 (Mitche11 1961). Later this was revised somewhat and

detailed to a greater extent (Mltchell 1966 and 1969). A1though



largely ignored by biochemists at first because of the biophysicai
nature of the hypothesis, the demonstration that a pM gradient could
drive ATP synthesis in chloroplasts (Jagendorf and Hind, 1963) gave
greét suppogt to the hypothesis. Mitchell rejects the chemical high
eneréyrintermediéte an?‘substitutes for it instead, a pH gradient
and/or a membrane potenti;] that are created by the separation of
protons and electrons during respiration.

Buring respiration the electron transfer chain is thought to

3é%e]op @ "proton motive" force across the membrane by depositing the:
prgfons (removed from the substrate) on the outer side of the membrane.
This fs tho&ght to occur by the following steps., The substrate is
copsidered to donate two hydrogens to the first hydrogen carrier of

the chain (See Fig. 1). The first acceptor reduces the second carr?er
of the electron transport chain, which requires only electrons for
reduction. The protons, which are not required for this reduction, are
separated from the electrons. As a result of the spatial arrangement
of the fir;i carrier in the chain, the protons are deposited on thé
outer side of fhe membraﬁe. As the next carrier is reduced its require-

ment for both protons and electrons is met by oxidation of the sécond

cdrrier and removal of protons from the inner phdse, With the require-

~ ment of the third carriéer for only electr(;mr_qs for reduction, sepérat{on

of H}'r and electrons again occurs with the protons deposited on thefﬁ
outer phase. ,This cycle repeats still one more time. In tota1'then,
6 H+‘are deposited on the oupqrfphase of the membrane as shown in the

scheme 4n FiQ: 1. The dr?vfhg force for ATP synthesis comes from the

lower contentration of H® thus produced in the inner phase, and the



Fig.

1.

,0f the nature and orientation of electron transport ckéin

Chemiosmotic hypothesis, The build-up of hydrdben ions on

the outer phase of the mitochondrial membrane (as a result

components) drives the production of the high energy
intermediate (X~Y). The intermediate in turn drives ATP
4+ . . .
synthesis with 24 deposited in the inner phase for every
*»

- moJecule of ATP formed.
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higher concentration of i on the outer phase of the membrane. The,
details of how this i accomplished presents the biggest problem. It
1s visualized that 2 H+ from the outer phase go to HZO through ]osé of
water when XH and YOH react to form XY + HZO‘ XY becomes the h%ggk
energy intermediate as 1t moves toward the inner phase of the membrane
and reacts with ADP and Pi to form ATP + YO© + 2H" + X" . The compouhas,
X and YO , return tq the outer side of the membrane, and again form
XH and YOH through the uptake of two more protons. TEQQ the original
pH gradient formedhduring electron transport is dissipated with one
ATP molecule formed forievery two protons that move back to the 1n6er
phase. Since 6 1" moved to the outer phase during electron transpért,
three ATP molecules can be formed for every two electrons transported,f,
Although the schéme is controvgisia1 it provides sound rationale’
for many of the observations of oxidative phosphory1ation and the
requirements of the coupling process. The strongest objections come
from lack of a consistent stoichiometry of ion transport data and from
exéhange reaction experiments. Nonetheless, the present state of
knowledge seems to point most favourably in the direction of the
chemiosmotic hypothesis.

3) Conformational Coupling: Althougf some investigators
tend to regard the confokmaiiona] coupling thebry as a special case of
the chémica] coyp]ing hypothesig, mqsf feel/it {s su%?itient]y differen;
to be regarded as a éeparaté hypbthe§i§. Raaflaub (1954) was one of the
originators of the conformation coupling hypothesis witﬁ his wdrk on
swelling and contraction changes in mitochondria induced by different

respiratory substrates, ATP, and Mg++. prer (1965) developed more
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detailed tonigpts of the hypothesis. Conformational coupling refers
to a mcchanﬁggrin which electron transfer to or from an electron
carrier pro%éin induces an energy-rich conformational state in the
protein, wﬁfch is somehow transmitted to the ATP-forming eéijme,
Presumably thé free energy for the formation of the high-energy
phospha?e.bond comes fromvthe brggking of several ﬁon—cova]ent bonds
of low eﬁergy. S researchers now feel that the final solution to
the mechanism of szdative phosphorylation will come from a compromise
proposal arising from the three coupling theories (Racker, 1970;
Lehninger, 1972).

Iv. Characteristics of Plant Mitochondria
F L

Al Oxfdation and Phosphorylation

7

Fb11owing isolation, mitochondria from pfant tissue can be shown
o oxidize NADH, m51ate, succinate, isocitrate, and aﬁoxo§1utarate
(Bonner, \1967), and often at a rate h1gher than those obtained with
animal mltochondr1a. The inclusion: of thiamine pyrophosphate, (TPP) is
necesséry, however, for oxidation of a-oxog]utaraté in mitoéhondria from
etiolated seedlings. v

fhe raté of these oxidations 1s‘great1y affected by the presence
v.of ADP. \when ADP is not limiting the resultant respiration is termed

k state 3, 0 as opposed to thegADP- Timited "state 4." As described
earlier, the respiratory control ratio (RCR), which is the §%§%§—%
ratio, 1nd1cates the extents of mitochondr1a1 1ntactness and coup11ng of

ox1datxon”to phosphory]at1on The RCR in 1ntact m1tochondr1a, (see

Ikuma and BonQer, 1967) for succinate as substrate is genera]ly 3-5,
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with malate (4-6), NADH (3-4) and much greater (8-15) with w-oxogylutarate
‘n ,

i

as substrate (sece Phillips, 1971).
The ADP/0 ratios for different substrates utilized by plant q‘:e-
chondria are similar to those of animal mitochondria (Ikuma and Bonner,
1967). The ratio should be very close to 2 for succinate, 3 for malate
or NADH and 4 for u-oxoglutarate. When the mitochond?ia are uncoupled
or loosely coupled, however, the ADP/0 ratio is greatﬂy reduced as a
result of a faster turn0ver“0f ATP (Racker, 1970)1

B. Other Energy-Linked Functions of Plant Mitochondria

- Besides the production of ATP in mitdéhondria, there are a n&mber
of other energy-linked functioné in mjtochondria - namely, ion transport,
réversedie1ectron transport, transhydrogenation and swelling and con-
: traction. Most of the research 1n:these areas has been carried out on
animal mitochondria. | L 4

As in any biological area, the attempt to relate structure to

function is always pa;amount; however, the biophysical nature of energy-
»11nked functions poses problems of structure—function,relationships:
that we are just now beginning to understand. )

. /
C, Mitochondrial Membranes '

1) $jmi4£rﬁty to Membrane Models:  Many synthetic membranes
" have beeh’?ﬁvestigatﬁﬁ with the objective of‘repkoducing the biological

“System (Huang et al.’, 1964; Mueller et al., 1964; and Henn, 1970).
Until quifeqreéent]y‘the membrane'mode{, advanced by‘DaVson and

Daniéili in:1935,‘hés been regarded as the best representation of how
biological membranes look. This modei,‘in essence,tis/based on a
bimolecular 1ame1]a‘of”phospho]ipi43; wfth hydrecarbon chains consti%uting

/
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the middle of the membrane, and the hydrophilic portion of the phospho-

Iipid bounded by protein,

Various researchers, such as Green and co-workers (1966) have come
tg?dispute this hypothesis. CGreen reasons that a subunit struéture must
exist in mitochondria. This would be necessary to accommodate his
obs:rvations that: wmitochondrial membrane proteins bind hydrophobically
to phospholipids in a precise stoichiometry, and two, membranes can be
fragmented by detergents into homogeneous lipoprotein comp]exe%. Both‘
Davson's and Danielli‘s, and Green's models have certain merits. With
recent experimentation on membrane models, Danielli‘s model has survived
surprisingly well. (Seé review by Thompson and Henn, 1970).

In comparing the physical é/gpcrt1es of a biological membrane and
an artificial lipid bilayer mode] striking siml]ar1t1es can be seen.
This adds suppert for the bilayer mede? for biological membranes
(Thompson and Henn, 1970). The greatest discfe;;ncy between the actﬁal,
and the model membranes occurs in measurements of electrical resistance.
The 1ipid bilayer model shows a res%stance of 3 to 5 orders of magﬁitude
larger than naturally occurring'biolodica] membranes. Also0, thexperme-
abilities for the alkali metals 1n bilayer models are all about tﬁq%?ame.
In contrast, in biological membranes, there are very marked differences
in peremeabilities to different cations. A most interesting phenomenon
vesults when the'electrica}’fesistance of these artificial membranes

| is lowered by the presence inuthe b{layér of methanol, a substancé with
a fé]atively high dielectric constant. Ion selectivity can resu]t.
(Miydmoto and Thompson, 1967}. An’ examination of dinitrophenol (DNP)

~ effects on model 1ipid bilayers shows that DNP can lTower the electrical -
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resistance of the structure by an amount that would be sufficient to
account for the uncoupling in mitochondria. (Bielawski, Thompson
and Lehninger, 1966). Other uncoup]ers have been found to have the

¢ n
same eff%ct on bilayers. Furthermore, the decrease in resistance

results exclusively from increased H+ and/or O™ conduction (Hopfer

T et a].}-19683. Miyamoto and ThOmpson (1967) observed that Fe H at

10 M lowers the electrical reslstance of a 1ec1thin tetradecane b11ayer
by a factor of 10'; Furthermore the bilayer showed anion selectivity,

Cationé such‘aSGCd*+, Mn++, an<¥l’(2u+v+ 1ncreaég the electrical resistance
of phosphatid}i‘gho1ine ﬁembranéﬁﬂ Resuﬁts for model membranes similar

. . . R e . . .
to the very high discrimination among cations by biological membranés
i - ) - : B

‘haye not yet been reported, éxcept,fbﬁ‘experiments employing a numbep

N

" of acrocyclic peptides .on bilayer membraﬁesh Mueller and Rudin (1567)

observed that 9a11nomyc1n a cyc11c polypeptide, produced a larger
increase in permeab1]1ty of K than Na in mode] ﬁémbranes Andreoli
et al. (1967) showed that there,is a drop in resistance of 5 orders of

magnitude in a model 11p1d membrane, and that the selectivity fqr K

~ was 200-300 X larger thay Na in the model, Also the order of permeabi?ity

of other alkali méta1§; as the same as that i‘!gjged in most bip?ogica?

membranes, i.e. - S

h ~i

5

‘,l

P Wt 7 PRb+ > PK+ > PC 4+ 7 PN PL§+

i /A SAE
- /,"ﬁ"

_Va]inbmyciﬂ, meanwhile, hasnbeenushﬁwﬁ to uncouple oxidative phosphoryla-

-tion and stimulate respiration ‘in animal mitochondria (Pressman, 1965).

Thesé effects are associated with an uptake f}K?fand extrusion of H'.

4

re arded. as an approximation

A

Although model membranes can onlgrbe



A

of biological membranes; their use in developing structure~function
relationships should not be underestimated.
7)  Structure of Mitochondrial Membranes: With the developme

of the electron microscope it became possible to study the structures o
mitochondrial membranes in great detafl. Unexpectedly scientists fand
that mitochondria containéd an inne% membrane in addition to the outer
bounding membrane .

Various research efforts have identified particular pathways and
enzymatic éctivities with different parts of the mitochondria,- Clearly

the components of the respiratory chain and oxidative phosphorylation

.are bound to the inner membrane and must be spatially arranged in

ordered arrays, —
The work of Racker and collaborators (See Review Racker, 1970)
have identif{ed a protein molecule with high adenosine triphosphatase
(ATPase) activity:and found it to be associated with the inner membrane,
The fine structure of mitochéndrial membranes 1s far from being
understood, The fact that nearly all the 1ipid canisbe extracted from
the 1irner membrane and yet the remaining protein maintains the "unit
membrane" structure is indiggti;é of theiimpcrtant role protein plays
in membrane structure (Flefscher et .al., 1967).

In order to accoufit for the observed prpperties of the mitochondria

{ N
~inner membrane the Danielli model has to be refined somewhat. Assuming

the 1ipid bilayer is the structural backbone and the general permeabilit
barrier, there must be local modificatians or special sites on the
membrane to account for observed permeabilities. Various proteins are

bound to both sides of the 1ipid surfaces in ordered arrays such that:
N V : I
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i

they can carry ougyr ghﬂy’ _‘a)1zed functions. - /
] gy + , ;«( i’

~

‘/ﬁhondrla can be shown to have very
.,’}.‘\-’
of the immer membrane in animal m]to~

T -l v,
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™ ;

chondria at'fé Sty [t stud1es have been done. The outer

“rf‘ 4 /,,. Ay

membrane 1is appareﬁtly permeable to substances both charged and un-
charged, with molecular weights up to 10,000. The innehAmembrane Qas
very restricted permeability except to small molecular weight uncharged.
molecules. (Klingenberg and Pfaff, 1966; Werkheiser and Bartley, 1957).P
The outer membrane bursts:dn hypotonic solutions rather’than'
unfolding as the inner membrane does, This principle has been employed
iin separating the two membranes (Parsons, et al., 196%3. The most
distinguishing\feature of the two membranes chemically lies in their
lipid compositjon. The outer mehbrane in animal mitochondria contains |
about 45% phospholipid by dry weight, or two to three times more phos~
pholipid than the inner membrane (Parsons and Yano, 1967) with the bal-
ance mainly protein. It is quite abparent that:the inner membrane,
in which resides most of the enzyme machinery for substrate oxidatibn,
respiratf@nrand eaergy conservation, is most important in the present

study.

V. Ion Transport

5

A.  Ion Transport Antibiotics

The fact that certain po]ypeﬁtides and otherfcompounds are capable
of changing the electrical resistance of biqlogica] membranés has
already been pointed out. Although the resultant cation selectivity of

the membrane is probably related somehow to decreased membrane fesistance

~
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for certain uncouplers, the mééhanism of action of iongbhofes* such as
valinomycin, nigericin and gramicidin is probably difﬁerént (hguger, 197

It has been suggested that the peptide ring of val?ﬁmnycin acts as
a hydrophobic cage for a particular ion, and thus permits it to .pass
through the hydrocarbon portion 6f the bilayer (Mueller and Rudin, 1967;
Lauger, 1972). In this, way valinomycin acts as an enzyme; that is, it
reduces the ,extremely high energy barrier that must be surmounted for
the transport of an alkali ion across the hydrophobic interior of a
1ipid membrane. Although the affinity of K+ for the central cavity of
valinomycin is rather low, valinomycin is an effective carrier because
of its high turnover number (Lauger, 1972). A single mo]eéu1e of

valinomycin is capab1e of ‘transporting 104 K+ ions per second.
7
(/

Although it is 1ntere>t1ng to speculate that actual biological ion
carriers may be of a chemical nature Si@i]ar to valinomycin and enable
passage of specific ions through the membrane; this still does not
explain the mechanism of active transporii The increase, in permeébi]ity
of a membrane to an ién'does not explain accumulation of that ion,

At least some of the other ionopho;és probably act in the same way as
va1in0mycin; Monactin and enniactin B share a common propérty with
‘valgnomypin; they are macrocyclic molecules in which one side of the
ring is hydrophilic, the other hydrophobic. A]sq, they‘are capable of

forming complexes with alkali ions to a high degree of specificity.

B.. Ion Transport as Viewed by the Chemiosmotic Hypothesis

Dufing electron transport, hydrogen ions are'tfansported to the

i

*Ionophore is a term introduced &y Pressman which refers to a
special class of antibiotics that fac (litate transport of specific ions
across membranes. ~ : .

&
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outer phase of the membrane so that a proton gradient is formed. The
membrane prevents the protons from moving back into the inner phase
except in stoichiometric exchange via garriers for a cation (termed
“antipgrt” transport), or accompanied by an anion (“symport"),
electrical neutrality thus being maintained. if these latter processes
were to occur very quickly the chemical gradient of the protons may be
nearly dissipated; but the total membrane potential as a result of the
gradients of other ions remains high; ypw if an anion is 1ntr9duced on
the negative side and a cation on the positive side of the membrane
and each moves to the opposite side (termed “uniport” transport) a
dissipation of the membrave potential results. With the loss of mem-
brane potential, more przrons can now be released through operation of
Fé]éCtTOﬂ transport. In such a case the H gradient tends to be:maxi~
mized; while the membrane potential component is minimized. Together,
the.proton gradient component and the membrane potential, provide the
"high energy intermediate" 'of ATP syntheFis. Mitchell suggests that
the high-energy intermediate of mitochondria is almost entirely 3%
electrical potential with the pH component being only minimal. Support
for this arises from work of Addanhi and Sotos (1969) and Lardy and:
Ferguson (1969), which indicates that there is é miniméﬁ pH gradfent
across the mitochondrial membrane although the system readi]y'phos—
phorylates ADP. Thus the original H* gradlent must be transformed to

electrical potent1a1 presumab]y by a rapid ant1port transport of Pi or

other anions (Pa]mieri et al , 1970, Papa g;_gl., 1969), or pbssibly'
_ ,_——-"I

|

by a I‘{a+/H+ symport exchaﬁge (Mitchell and Moyie, 1969);

As already discussed, if valinomycin is added ta a mitochbndria
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suspension in the presence of respiratory <ub5trate K* moves into the
m1tochondr1a via an electrically neutral complex. The amount of K
transported is very small, unlews one of the following applies:

an anion can move with K+, a cation moves out of the mitochgndrion, or
an opposite electrical potential is somehow applied.

Although some researchers (see Henderson, 1971) think that net
cation transport occurs only under these rules, Pressman (1970) feels
that valinomycin acts by increasipg the supply of K+ Lo an enerqgy-
linked K" pump. It is possible that operation of a K -ATPase can act

;
as such a pump.

¢
C. lon Transport in Mitochondria

I3

1) General lon Transport: WOrk;On ion transport in plant mitochondria
has been carried out ]arge%y by Hanson and co~workers (e.g. Truelove and
Hanson, 1966) and Yoshida et al. (1968, a, b). éeme of the more intensive
investigations on animal mitochondria were done by Chappell (e.qg. Chappell
and Haarhoff, 1967), Lehninger (e.g., 1970), and Pressman (e.g. Harris
et aTV, 1966). The relationship between ion transport and energy conserva-
: t1on appears to be an 1nt1m€te one, although the biophysical nature of it
makes it complex. : o *

Although various types of ion t#iilport in mitochondria were ex-
tensively investigated in the 1950s, ion transport by mitochondria was
regar&ed mostly as an integesting curidsity and was not thought to be
related to electron transport because of the-lack of a consistent
sto1chtometry Thén in 1961, Vasington and Murphy d1s£€}ereg catt

could be accumulated in large -amounts by resp1r1ng liver and kldney

A . ot
mitochondria. This was considered rather amazing since Ca ' had
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previously been shown to inhibi; phosphorylation (Lehninger, 1949).
With Mitchell's presentation of the chemiosmiotic hypothesis and with
the demonstration that protons could be ejected during the energized
uptake of Ca+*, Mg++, Mn++, and K+, (see review Pressman, 1970) it.
became apparent that ion transport might be intimaieiy related to
electron transport through the proton pump. Recent reviews on the
current status of ion transport include those of Henderson (1971),

"Lehninger et al. (1967), Harris, Judah and Ahmed (1972), and Moore '

'(1%71; also 1972). d

The inner membrane of the mitochondrion is be]ieved/to bevthe site
of specific translocators for various charged molecules that cannot
readily diffuse through this membrane. Among the anion translocators
described by Chappell (1968), are those for phosphate, malate, suc~
cinate, a-oxoglutarate, citrate, isocitrate, glutamate, and aspartate.
In addition, Klingenberg and Pfaff (1968) demonstrated an ét?actyiate
sensitive ATP-ADP carrierrsystem. The inner membrane is also the
binding site forarious divalent cations (Thomas and Greenawalt, 1968),
which are tranéported in an energy facilitated process. It is also the
site for different ionophores that facilitate transfef of univalent
cations (Lehninger, Carafoli, and Rossi, 1967).

2) Potassium Ion Transport: Potagsium is an element that is
required to a great extent by growing plants. An external éoncéntration
of potassium of the order of 10'5M is usually sufficient to support

~

normal growth, but only because the plant's roots have the ability to
‘ ‘ ¥

accumulate potassium in cbncentrations from 100 to 1,000 times those

in its énvironmen; (Price, 1970). Some thirty or so enzymes require



~
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activatjon by alkali ions. In most cases s the most powerful
activator. Pyruvate kinase for exampie attains maximum activity in the
presence of 50 mM Kf, which is approximately the internal cellular con-
centration of K (Evans and Sorger, 1966).
Pressman and Lardy (1952) were the first to report that animal

mitochondria contained a high concentration of K*. Later, Stanbury
égd Mudge (1953)-showed that mitochondria were able to accumulate K
ion in the preSence’of'oxygen and substrate. Furthermore the K uptake
could be abolished by lTow levels of DNP. After a period of stagnation,
work on ion transport became revitalized with Mitchell's proposal of
the chémiosmotic hypothesis.,

» Christie and co-workers (1965) showed that animal mitochondria

"~ depleted of K+ could accumuylate K+ against a concentration gradient in

thg presence of ATP and MgC]Z. The disco&ery of antibiotic-mediated
ion transport in mitochondria was made by Moore and Pressman (1964) .
Valinomycin was shown to induce an:energy dépendent uptake of K" in
isolated mitochondria. In subsequent work (Cockre1} et al., 1966;
Harris et al., 1966), the K' movements weré monitored by the use of
specific ion electrodes. Changésriﬁ sodium ion concentration, pH, O2
utilization and mitochondrial vo]umerwe;e monitored simu?taneouslyf ’

Potassium.ion uptake was detected in the presence’of reduced nicotinamide

adenine dinucleotide (NADH) but efflux occurred with the addition

of rotenone. When ATP was added in the Qresencg-of rotenone, K'-F uptake

‘was again sustained. Oligomypin could not b]oék the uptake of K+ when

NADH provided the energy, but did block the ATP-induced uptake. Thus it

appeared that ATP sustained Kt transport thro&gh an energy transfer to
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the high energy intermediate.

When K' is taken up by rat liver mitochondria gfescence data
indicates the mitochondria begin to swell (Harris et al., 1966).
Recently, Wilson et al. (1972) have examined the effects of addition
of valinomycin to plant mitochondria on respiration and swelling,
valinomycin facilitates the energy-dependent uptake of‘K+ with a con-
commitant increase in rate ofurespiration and swelling. When respira-
tion is terminated and the gradient lost, osmotic contraction follows,

The energy required for the influx pumping of K*, as induced by
valinomycin, has been determined by a number of workers (Pressman,

1965; Cockrell et al., 1966; Rossi and Azzone, 1969) in animal mito-
chondria and recently by Kirk and Hanson (1973) in plant mitochondria.
Values for the number of K+ tranéported'per high energy bond utilized (1)
have differed from 3.2 to 7.9 in animal mitochondria; and from .58 to |
.97 K+/N in corn mitochondria. This lack of cons;:?zhyy of stoichiometry
':qu;\ion transport arghés against the chemiosmotic hypothesis. However,
hanges in other energy-dependent reactions could affect the stoij-

chiometry as could the degree of coupling.

R \
D. ATPase and Mitochondrial Ion Transport

When mitochondrfa accumulate ions against a concéntraticn grédient,
an expenditure of energy is required. This energy could be supplied
either by‘ATP or directly through the electron transport chain. Lately,
various grodps have attempted to 1iﬁk ion transbort with ATPase activity
. (@ non-specific term that refers to an eﬁzyme that hydrolyzes ATP.)
Since cotyledonary tissue provides the nutrients for the activeiy

| . ) -
growing seedling, Lai and Thompson (1972) proposed the idea that energy
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for transport of these nutrients from the cotyledon would be obtained
by hydrolysis of ATP. They found that both basal and Na'-K'-stimulated
ATPase were present in bean cotyledon tissue and increased in activity
up to day two after imbibition followed by a gradual decrease to day
10. Phillips (1971) noted that ATPase activity in pea COéw]edon
mitochondria increased to a maximum five days after 1mbib2tion, the
same time that mitochondria show the hidhest respiratory activity,
These results are consistent with the expected role of cotyledon ATPase
in supplying energy for the transport of nutrients to other parts of
the seedling.

Lehninger (1972) suggests that membrane ATPases might have‘evolved
from cell membrane transport ATPases whose original function was to use~
ATP to transport nutrients or ions into the cell. Later the cell learned
how té reverse fhe'process as well - that is, how to pump ions to make
ATP, This idea might éxp1ain why the mitochondrion preferentially uses
enérgy,;o pick up Ca*+, rather than phosphorylating ADP when both are
" available (Rossi and Lehninger, 1964). -

Wenner and Hackney (1969) showed that an uptake of Na' and K in
mouse liver ﬁitochondria correlated with ATPase activity. The possibility:
is suggested that addition of an ionophore makes Na+)and k" available on
the membrane to activate the ATPase, which otherwise is protected from
the ionic environment by the membrane. Phillips (1971) also found a
stimulation of'mitochondriél ATPase with an ionophore, valinomycin.

It was shown %o stimulate the K'-ATPase and the;Na++ K+—ATPase but

not theng++-ATPase activity.
Cordes and workers (Jain et al., 1969) added ATP and a purified



Na <K' ATPase preparation (from synaptic vesicles of the rat brain)-
to a two compartment system separated by a black lipid membrane. An
active transport of Na* and/or K+ occurred across the membrane, in
propértion to the concentration of ATP. Furthermore ouabain, which
inhibits ATPase activity, decreased the Na' ‘and K' transport..

Cockrell and workers (196}), and Rossi ;nd Azzone (1970), have
shown that dissipation of a potassium gradient can be utilized to make
ATP; This might be through reversal of a K'-stimulated ATPase, although
later work indicates that an uptake of H+ occurs, and it is this that
drives ATP synthesis (Cockrell, 1972). Thus there is at least some

N

evidence éhat jon transport is.related to ATPase activity. In such a

case ion transport in mitochondria probably affects, or may even exert

some control, on respiratory activity.



MATERIALS AND METHODS

I.  Growth Conditions and Plant Material

-~
Yarious types of plant tissue have been used as a source of

mitochondria. It was decided to use etiolated catyledonary tissue of

pea (Pisum sativum L. var. Homesteader) as a source of mitochondria

for this work. It has had the advantages of being readily available,
reproducibly grown in a short time, and may be easily harvested at a
relatively uniform age. The structural development and physiological
activity of mitochondria from tﬁis:t{ssue is known from work of Solomos
et al., (1972) and Phi{]ips (1971).Z These workers were able to obtain
from etiolated pea cotyledons mitochondrial preparations with a longer
than normal in vitro life and showed no loss in respiratory chain
components .

A supply of the untreated seed was obtained from a local seedhouse
(Seed Centre Ltd., Edmonton) and was stored in a cold room prior to use
Sufficient seeds to yield 300 g fresh weight cotyledons were p]aced in
water and ai]owed to imbibe water. After soaking four hours, .the seeds
were planted in peat flags in horticultural grade vermiculite. Germina-
tion was at 26° in the dark. Daily watering was handled by the green-

house staff. The tissué was called one-day old 24 hoyrs after planting.

II. Isolation of Mitochopdria

Cotyledons were p1cked from five-day old tissue since they y1e1d
mitochqndr1a of maximum respiratory parameters (Phillips, 1971) and
werefﬁarvesfed Just prior to isolation of~m1tochondria; Seedcoats,

hypocotyls and epicotyls were removed and the cotyledons washed 1n,tap}ij

==
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water, rinsed with distilled water and kept cold Prior to maceration.

The grinding medium was of thg following composition: 0.5 M Mannitol,
2 mM EDTA, 0.5% w/v BSA (b grade),, and SO_mM N-tris(hydroxymethyl)-
methy1-2-aminoethanesulphonic acid (TES) with puffer pH adjusted to 7.4
at 0° with N-tris(hydroxymethy1)-aminomethane_ (Tris).

One hundred and fifty grams of cotyledons were ground in 300 mi
grind medium for each isolaiion. By use of an ice-cold mortar and
pestle and chilled "grind medium", temperature throughout the grinding
remained betwéen 0 -~ 3°C. Extreme care was taken dufing maceration to
prevent damaging of the mitochondria. Best results were obtained by
~allowing the pestie to gently fall from 1% - 2 inches above the battom
of the mortar at the rate of 120 strokes per minute. Grinding time
was eight minutes. The brei was strained through one layer of miracloth
previously rinsed with distilled water. '

The resulting filtrate (about 250 ml) was quickly édge—1oqded onto
a Ti-XIV zonal rotor spinning at 1500 rpm at 2° C in a Beckman Spinco
L2-65B centrifuge. A sucrose step gradient followed, with steps made
up of 50 ml of 20% w/w sucrose, 50 ml of 30% w/w sucrose, 50 ml 35%

w/w sucrose, 100 m1 of 37 5% w/w sucrose and sufflc1ent 41.5% w/w

sucrose to comp]etely load the rotor. In order to maintain high values

for resp1ratory parameters it was found necessary to 1nc1ude .1% BSA

in all the sucrose steps, as well as including suffic1ent TES (made to

pH 7.4 at 25° with Tris) to bring the pH of the sucrose solution to
7.2 - 7.4. ~" "

After the rotor was loaded at 1500 rpm the Ezuor was speeded up
‘to‘5000 rpm. capped and takgn to speed. - Centrifugatio.n was for one



hour at 37,000 rpm. After dece]erétion the rotor was .then edge-
unloaded at 1500 rpm by use of 50% w/w piston sucrose. An LKB Uvicord
(type 4701A), connected to a Beckman 10 mv potentiometric recorder, was
used to monitor protein péaks in the elutant. The protein peak cor-
responding to the fraction from the interface of the 37.5% and 41.5%
steps was saved for subsequent work. Electron microscoﬁ& and measure-
ment of enzymatic activities indicated this was the mitochondrial

fraction.

The fraction was diluted with cold distilled water and rapid
stirring to an approximate 20% sucrose concentration. The sample was
centrifuged at 20,000 x g for 10 minutes and the resulting pellet re-
suspended 1n suspend buffer., The suspend buffer was of the following
composition: 0.3 M mannitol, 1.0 mM EDTA, and 25 mM TES, wiéh the pH
adjusted to 7.2 at 25° with Tris. In order to give a cencentration of
10 mg mitochondrial protein per ml, 3 ml of:suspend buffer was used.
When comparisons of this zonal mitochondrial preparation with a crude
mitochondrial preparation weregmadel Phillips‘(1971) method of -
isolation of the crude preparation was used. Most of the chemicals -
used in the present work were of the highest burity obtainable and

‘were pufchased priméri]y from Fisher §c1entific. Special chemicals
that were purchased from Calbiochem included BSA, Antimycin a, and
valinpmycina Rotenone,\TES, Tris, oligbmycin, NADP aﬁd the hexokinase,
glucose 6-P dehydrogenasé eniyme mixture were pur;hased from gigma.

toA
3

TI11. Measurement of Mitochondrial Réspiratony Parameters

Mitochondria isalated by the above procedure were tested for the

.respiratory control ratio (RCR), ADP/O value and oxygen utilization.
M ' 4 q g ‘ ‘ . .
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Theée values were e s%red at 25° with a Model 53 Biological Oxygen
Monitor (Yellow Springsélnstfument Co., Yellow Springs, Ohio) equiéped
with a Clarke oxygen probe. The apparatus was cQnnected to a Beckman
100 mv potentiométric récorder with a chart speed of 0.5 in. per minute
to provide a continuous tracing, The assay was made in 3.2 ml of assay
mediumrwith the following concentrations: 073 M mannitol, 4 mM MgClZ,
5 mM KHZPOq. sufficient Tris to adjust the pH to.7.2 at 25°, In
addition one of the following substrates was included: 8 mM succinate,
8 WM a~oxoglutarate (with 5 mM malonate and 0,07 mMVthiaminé pyro-
phosphate (TPP), or 8 mM malic (with 0.07 mM TPP),

RCR values were determined from the rutio of the oxygen utilization
1n'state II1I over the oxygen ut1]1(at1on in state IV. ADP/O values

: .

were obtained by calculating the nanoatoms of 0 c%nﬁumed, sustained by
the addition of 256’pmo1e§ ADP. . The~concentration of oxygen in air-
saturated agsay:medium was assumed to be 225 uM at 25° fo]1owing!ga1cu1:
lations and testing reported by Stinson (1968) and Phi1lips (?971);

- The activity of catalase was assayed polarographically by use of
a slightly modified ;erﬁ1on of the method. of Breidenbach g;jng (1968) .
aTo 4 m of 0.1 M phééﬁﬁ?be buffer, pH 7.0 which had been prev1ous1y
freed of oxygen by bo1]1ng fo]]owed by qpo11ng under nltrogen 5 ymoles
of 9202 Yere added. To thlS m%xtmré 50 u1 of enzyme solution were added.
The ratg'Of oxygen evo]ut1qn (in umoles 02 formed per m1]11gram protein
per minuté) was calculated from the initial linear portion of the
recorder tracing. - ' R4 |

&



IV, Measurenent of lon Uptake
The early work of Pressman (1967) provided the basis for design

of equipent employing ion ;e]ective.c]ectrodeé\faQ\Tonitoring ion

activity measurements, A YSI Qater bath assembly wa;‘modﬁfied so that

a custom built glass vessel of 1.75 inches inside diameter would fit

snugly into the top of the bath (Fig. 2 ). The vessel was rdes igned

to include a shallow well for a circular magnetic stirrer and another

well to accommodate the lower part of the bulb of the pH eiectrode. A

p]ex%g1ass probe assembly was also custem built to hold the various

electrodes aéd when fully 1nsertea into the glass vessel, provided

space for an assay mixture volume of 10 ml1 + 2%. The probe assembly

provided for the simultaneous measurement of K*, Na*, pH and 02 con-
‘Céntfatian whe; thé:appfOPFTaté electrodes were used, The K+ movements .

were monitored with an Orion Model 92-19 liquid~membrane potassium elec-

trode connected to a Radiometer Model 26 Expanded Scale pH Meter,

Although ‘the electrode's principle of operation is based on valinomycin;

; s 7

no interaction between the valihoyycin of the electrode and that in the

test system occurred, Outpui of %hé pH mefer was recorded on a single

channel on é Texas éervo Riter dual pen recordér. Equipment electronics

necessitafed the incorporation into the circuitry of a 100 mv turnpot

(built by thg Technical Services Department of the Universfty). V(Seé:z
-» appendix re: - Calculation of K+ uptake.) Oxygen conééngration Qas

monitbred by a Clarke oxygen’probe connected to arYSI Biological Oxygen

Monitor, and recorded on the other channel of the dual pen recorder.

For numerods reasons as discussed later, the Na' movements were not

g

routinely monitored. Solution pH was routinely monitored with an |

¥
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Apparatus for measurement of potassium, sodium, pH and
oxygen. Closeup of probe assembly shows: a) K+ electrode;
b) combination pH electrode; c) Nat glass electrode;

d) Clarke oxygen 'probe; e)  glass reaction vessel and

f) modified YSI waterbath assembly,
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A. . Thomas L 15 4858 Combination pH Electrode connected to a
Radiometer Model 28 pH meter with pH changes recorded on a Beckman
10 mv potentiometric recorder. (See appendix re: Electrodes). The

reference element of the pH probe was used as the common reference for

,5\5'

the other-two electrodes,
The use of ion selective electrodes provided a rapid, sensitive,
and continuous monitoring of changes in ion activity.

»

V. Estimation of ATP
A f]uoromgfric assay for the estimation of ATP was carried out
after termination of mitochondrial reactions with perchloric acid.
This was followed by extraction and assay of ATP fluorometrically fol-
lowing the method of Estabrook gg_gl; (1967). The technique pennits;
multiple sampiiﬁg during a single experiment as wei] as mu]tip]e’assays
on each sample. |
Synthesis of ATP was studied in a reaction vessel at 25°C with
mitochondrial protein COﬁCéﬁtfﬁtiénS approximately 1 mg per ml, At
specified times, an a]iquoé of the reaction mixture (usually 1.0 ml)
was removed from the reaction vessel énd pipetted to 2 ml of 7% per-
chloric acid in a conical centrifuge tube. After a waiting period of
:10 minutes in ice, the samples were cenérifuged at 1200 x g for ten
minutes. An aliquot éf 2.0 ml was carefully removeq énd pipetted to
a small beaker. The samples were neutralized with cgnStant'srirring'
to a pH of 7.0-7.2 with a neutralizing buffer with the fo%]é&iﬁgafonf
centration;:' 0.5 M triethanolamine, (adjusted to pH .4 w%th HC1),
and 0.67 N KOH. Approximately 1.8 hl of buffer was required for

neutralization of sample. Following a 15 minute storage period'in:

g o
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ice, the samples were centrifuged to remove potassium perchlorate. The
clear supernatant was stored in the cold until used for the assay of

ATP.  An aliquot (usually 0.3 ml) was removed and added to a cuvette
containing 4 ml of buffer of the following composition: 50 mM triethanol-
amine, (adjusted to pH 7.4 with HC1), 10 mM KC1, 10 mM MgZC]Z, 100 umoles
NADP, 10 umoles D-glucose. The cuvette was placed in a Turner Model 111
Fluorometer, and the background fluorescence compensated for through

the instrumenﬁ circuitry. A small volume (representing 1 unit enzymatic
activity*) of a hexokinase, glucose 6-phosphate,dehydrogenase (2:1)
enzyme mixture was addéd to start the reaction. The increase in\f1u0r~
eséence was monitored on a Beckman 10 mv potentiometric recorder,Fnd
compafed to the fluorescence on addition of 5.0 nmoles of ATP from a

standard solution. The filters used transmitted at 366 myu and <420 m..

VlI. Determination of Protein

The Lowry method for the quantitative determination of prote;;,
(Lgary et al,, 1951) as modified by Phillips (1971), was used to
determine mitochondrial protein concentratioh. Mitochondrial protein
was first precjpitated in each sample by addition of 0.1 ml 20% TCA
per 0.1 m1 of the sample. After a 10 min storagé in tﬁe cold, the ¢
samp]és were centrifuged at 1200 x g for fi;e minutes. The supernatant
‘layer was discarded and the pe]]et'disso]ved in 0.5 m1 1 N NaOH. The
volume was made to 1.0 ml with distilled water. Five ml of a mixture

that was 0.02% CuSO4, 0.04% in potassium tarfarate and 4% Na2C03

*One unit will oxidize 1.0 umole of g]ucose-G-PO4 to 6-Phos-
phogluconate per min at pH 7.4, 25°C, in the presence of NADP. h

~

"y
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(in 0.1 N NaOH) was added, and the mixture incubated’for fifteen

minutes at 25°C. Subsequently 3.5 ml water and 0.5 ml of a 1.0 N phenol-
water mixture (1:1 v/v) was added to each tube. - Following a thirty
minute incubation at room temperature the optical density of the solution
was measured at 756 nm on a Beckman DU spectrophotometer. Human serum

5

albumin was used as the standard.



RESULTS

I. Preparation of Mitochondria by Zonal Ultracentrifugation Techniques
A Isolation of a Zonal Fraction

In the present investigations a relatively large amount of mito-
chondrial protein of high purity was required. Since zonal techniques
can be employed to saiisfy these criteria, an invéstigatiOn into the
most suitable conditions for a zonal isolation of mitochondria was
carried out. As it is important to work quickly when isolating
mitochondria the possibility of avoiding any time-consuming steps was
also investigated.

In preliminary investigations, use of a continuous gradient did
notferove satisfactory for isolation of a mitochondrial band with high
resolution*. Since a step grédient is the method of choice for isola-
tion of particles as Targe as mitochondria and chloroplasts, (M.
Griffith, personal communication), a step gradient wés employed.

A graph (Fig. 3) of transmittance versus volume of elutant showed
good resolution in a run where 100 m1 crude homogenate was center- |
1oaged on 50 m1 20%, 50 ml 30%, 50 m1 35% and 100 ml 37.5% followed
by 200 m1 41.5% and 100 m1 48% w/w sucrose bands. In oréervto isolate
" a greater quantity of mitochondrial protein, however, an increased size
in homogenate volume was investigated. It was found that a sample of
crude homogenate as large as 250 ml could be edge-loaded onto the rotor

followed by a step gradient with carefully selected volumes for each

i

*Resolution refers to the difference in distance between the centers
of two particle zones divided by the sum of the standard deviations. It.
is greatly dependent on the width of particle zones (Price, 1970).

35
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step such that good resolﬁtion of the mitochondrial fraction was

obtained. The sample was loaded onto the rotor in a matter of only

a few minutes by employing the centrifugal force of the rotor as a

pump. By edge-loading the sample, starch granules present in the

homogenate sedimented rather quickly onto the walls of the rotor,

Disruption of the gradient (that could have occurred when the sgmple

was center-loaded onto the rotor) was thus avoided. An overlay solution

was found unnecessary with the large sample. Centrifugation at 37,000

rpm for one hour provided a good separation of mitochondria from other

cellular debris. following centrifugation the rotor was unloaded

through the center line and the elutant monitored for peaks of low

transmittance. A photog;éphic reduction of a tracing of the vo?ﬁme

of elutant versus transmittance is shown in Fig. 4. A strong absorbance
\

peak showed in the region of the interface of the 37.5% and 41.5% w/w

sucrose bands. This was considered to be the mitochondrial band in view

of work of Solomos et al. (1972). |

i

B. Examination of the Zonal fraction

An electron micrograph of organelles present in this band is shown
in Fig. 5. Little contamination by sub—ce11u1ar organelles other than
miféchondria is present. Also most of the mitochondria show fu11y
developed membranes .

In furthér tests of this peak (Table I) the mitochondrial band
displayed good respiratory parameters in comparison to the values for
the high density fradtibn that emerged from the zonal ultracentrifuge

after the mitochondrial fraction, and the values for a crude mitochondrial



Fig.

Tracing of volume of elutant and transmittance. One hundred
ml of sample was center-loaded on a Ti-XIV zonal rotor with
50 m1 20%, 50 m1 30%, 50 m1 35%, 100 m1 37.5%, 200 ml 41.5%
and the balance 48% w/w sucrose, A 50 ml overlay solution
followed the sample. Centrifugation was at 37,000 g for 1 hr.
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Fig. 4,

Tracing of volume of elutant and % transmittance. A
sample of 250 ml of pea cotyledon homogenate was edge-
loaded into a Ti-XIV, zonal rotor followed by 50 m1 20%,
50 m1 30%, 50 ml 35%, 100 ml 37.5% and the balance, 2
4]1.5% w/w sucrose. Cehtrifugation was at 37,000 g

for 1 hr.
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Fig. 5. :Eiéctron micrograph of mi tochondrial fraction‘ isolated in
Ti-XIV zonal rotor. Mitochondria were fixed in 3% glutaralde-
hyde 3-4 hours and post-fixed, for 2 hours in% (_0504).

Thi-n secﬂons were stained in uranyl acetate folé@&d by lead

- c{trate. ‘”Results show mainly mitqchondr‘iaépresent, 2@0 X
magnification. Mitoghondrior‘\]‘ (m).; &

4

-
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preparation.
In addition the low activity of catalase (H 2 2" 2 2 oxidoreductase,
EC 1.11.1.6) present in the zonal mitochondrial band in comparison with

the other samples was further evidence for lack of peroxisomal contam-

ination.

. Study of Potassium lon Movements in Mitochondria

+A. - Characteristics of the System
1. Potassium lon Movements and Oxygen Concentration
The equipment and assembly used for the study of K transport in
pea cotyledonary mitochondria has been previously described (See
Mater\als and Methods Sebt\On) ‘ ' i‘%
Fo110w1ng equ1]1brat1on of the potassium electrode wifh/lo ml of
%assay buffer solution, usually 0.5 mM or 1.0 mM in KC1, mitochondria]
suspension was -added through a narrow port in thg probe assembly wall.
S1nce the electrode senses the extram1tochondr1a1* K concentration,
an 1ncrease in extram1toch0ndria1 K concentration would reflect a net
K eff1ux from the m1tochondr1a A1ternat1ve1y7 a decrease in extra-
m1tochondr1a1 K PEf]ECtS a net K uptake by the mitochondria,
However if the electrode 1nd1cated ‘a very rap1d chanqe in extramito-
chondrial. k" concentratlon (a matter of a few seconds 5? less),
was considered thatitranspOrt processes were not responslb]e for the
7ﬂ Concentfatfon change when a sample from a crude preparatlon of
‘ m1toch0ndr1a wWas added the electrode very quickly 1ndfcated an’ increase

in extramiboghondriaT K. «It was thus assumed that the k* concentra—

tion of the mitochondria] suspension was h;gher than that of the assay

Extram1tochondr1a] Yefers to the so]utlon that the mitochondr1a
are suspended in.
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buffer; thus causing an increase in extramitochondrial k*. when a
sample of a zonal mitochondrial preparation was used, no immediate
deflection of the electrode was apparent; hence the K+ concentration
in the suspension must hgve been very near, or less than, that of the
assay buffer. |

Following addjtion of mitochondria, (Mw) a small and gradual
change in extramito;hondrial K* was often observed. In some samples a
small increase in extramitochondrial K+ was detected, while in others
a small decrease in extramitochondrial K' occurred while on addition
of some preparations, no change in extramitochondrial K" ‘occurred.
This inconsistency was likely related to the internal concentration of
K'.in the mitochondria.

When the potassium electrode reached a stable potential in the
presence of mitochondria, valinomycin was added (0.5 ug per ml suspenQ
sion) to initiate the induced K" movements (see Fig. 6). Almost im-
mediately the electrode began to;showxa linear decrease in extra-
mitochondrial K+ (1ndicating ‘uptake) . 1The trace gradually tai1ed of f
unti]'a stable poténtiai was observed. The total time required for a
steady trébe was usually of 1% - 2 minutes after addition of v&]inomycin
(see Figure 6): (If no mitochondria were present, addition offvaTino*
mycin ﬁ?d not cause the electrode %0 respond hence interaction between
valinomycin in the electrode aéd added valinOm;:in did not occur,)'

‘The rate of oxygen utilization can also be seen to greatly increase
‘at the point of valihomycin addition. It was consis;en;]y found that
valinomycin caused approximately a do&b]ing in 6xygen;utilizatiqn when

the extramitochondrial K+ concentration was 0.5 or 1.0 mM. After a
- , L o



tig. 6.

Dual pen recorder tracing of potassium ion movements and
oxygen concentration. (—) represents potassium fon con-
centration and (--) shows respiration for a mitochondria{
preparation suspended in a buffer of the following ébmﬁosi~

tion; 0.3 M mannitol, 20 mM succinate, 10.0 mM sodium

‘acetate, 5.0 mM sodium phosphate and 1 mM KC1 with the

buffer pH adjusted to 7.2 at 25°C with Tris, Potassium
movements were initiated by the addition of 0.5ug
valinomycin/ml suspension. Mitochondrial protein con-
centration was 14 mg/10 m] buf%eri Solution was made

aerobic with addition of 5 umgles H292=



43

(WW) WAIG3W TV IIGNOHOOLINVHLX3

. S3LANIN W |
02 81 9f b 2l ol 8 9 b 2 i
i ! L L P [ & {
/, m. \ m J’,,, ‘_ ..,,, :
\ [ / [ [ { [\
Ol \ { 4 “ \ H. ,,, -
v i ,, { \ g \
/ " M m / ,_a ».
02} __ \ ﬁ \ | \ .
\ Voo Vo -S
Oﬂ - | O vA -.’ .~ .», m ﬁ; “ ——, IO,
2 S3oWTOe b ,oBmo ¢ m,_u?,_. 2 w_o@ _m,_o? wE
o Ob - / ~_~ 1 ! ﬁ ___ \ | g
§ ¥ _“ __ :
2 0s- ~ , ! ; , Tt o
o3t ‘. ﬁ I
D L. \
— , , 1
S 0L+ Nomr_ NONI m,ONI _z_o>$_oz_u<> {OMA
> . \ salowmQl FO'¢
08 - .@ r - //
o6 4 | . RARN -o'e
\ -
00! - .L - Sameeee +0't
| | | | | | | I | i

"N! NOILVHLN3ONOD M



44

number of minutes and at the point when the oxygen concentgﬁtion in
the solution approached 0%, an efflux of potassium was detected.

In the present work the efflux of K+4gave rise to an extramito-
chondrial K concentration equal to the K" concentration prior to
uptake, The number of nanoequivalents (nequiv) of K+ required for the
observed change in extramitochondrial K+ concentration was calculated
and the result expressed as the ‘total’ K+ taken up or effluxed as the
case may be. Since it was desireable to know if K" could again be
. taken up under aerobic conditions 1t was &ecided to employ the catalase
contamination of the mitochondrial preparation (see Table 1) to make
the so]utfon aerobic. Figure 6 demonstrates that when HZOZ was added,
rapid conversion to O2 appareht1y took place and the.suspension became
aerobic. At the same time the mitochondria began to take up K* to the
same extent, and at approximately the same rate, as that of the original
uptake, |

It can also be noted that the same thing is repeated throughout
a third cycle aﬁd also into a fourth, although the magnitude of the
mbvements began to decrease. One further observation from Fig. 6 is
that upon additéoﬁ of 30 umoles of KC1 the electrode responded very
rapidly with a steady trace after a few seconds. This demonstrated
that e]ectrgdeand instrument response is not a limiting factor in
tracing Kf movements- for the levels of KC1 used experimentally.

2. Reproducibility Among Cycles of the Same Sample

Even with zonal techniques, the amount of mitochondrial protein
obfained in a single run was a limiting fac&or in experiments on K+

vtfansport. The possibility was investigated)of using the cycles of
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(4

\
uptake and efflux as a tool whereby different compounds could be added

to test their effects on K* uptake in subsequent cycles.
The data in Table Il show that the total amount of k' taken up on

a nequiv per ng protein basis is the same for each of the first three
cycles but has decreased s1ightly by the fourth. Cycle 1 refers to
the original uptake ipduced by valinomycin while cycles 2, 3, and 4
refer to uptake in the transition from anaerobic to aerobic conditions
with each consecutive additioﬁ‘of HZOZ’ The rates are not entirely
reproducible; hovaer, this is probably caused by error in determina-
tion of initia]:rate from the small linear portion of the tracing of
each movement. ‘Total' efflux of K* was always very nearly equal to
that of the ‘total' uptake, as one might expect. ﬂowever, the rate
of efflux, which reflected the rate of;d1581pation,0f the gradient was
substantially less than the rate of uptake.

: Thus, the reproducibility of total uptake and efflux throughout
,7 ‘the first three cyc1eszis demonstrated. Because of experimental error,

only very large differences in rates were considered to be significant.

3. Concentration of Valinomycin and Induced Potassium Ion
“ Movements 7

The concentration of valinomycin necessary to initiate a maximum
uptake of k' was investigated. Vaﬁinom}cin presént at very low levels -
was able to sustain maximum ion uptake (Table I11). Although ‘total’
uptake of K+ reached a maximum at 0.25 ug valinomycin per ml mitochondrial-
suspension the rate’did not reach a maximum until the valinomycin con-
centration w§§'0.5’ﬁg/ml. In almost all subsequent work valinomycin 

was added to give a concentration of 0.5 ug/ml mitochondrial suspension.

S
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4. Reproducibility Among Samples from the Same and Different
Preparations

Table IV aompares rates and total movements of K' in duplicate
samples of the same preparation., The data indicate that fairly re-
producible values are obtained for 'totai uptake' between samples.
Similar results were found in other preparations. It was noted
however that fairly large differences could occur for ‘total’ uptake

and rates among samples from different runs.

B. Respiratory Parameters and Potassium Ion Movemgpgg

Since a g}eater pe;meabi]ity could be inferred to cause a lower
net uptake an investigation of intactness of mitochondria and their
ability to take up K+ was done. Since the'possipi1ity exists that
potassium ions may simg1yrabsorb onto the mitochondrial membranes with
valinomycin treatment, i1t was desirable to determine if the observéd
| K* uptake could take place in a suspension of mitochondria that had
Tost their iptactness and were thus highly permeable to K*i The
' potassium uptake ability was thus investigated in a suspension of

P
uncoupled mitochondria and a 'suspension of tighfﬁ§?$ ipled mitochondria.

Table V shows that when mitochondria of poor reSpir;%b(y parameters
were*igolated. they ]acked ability to accumulate K" to any $easureable
extent. Such mitochondria were isolated simply by emp]o;tp Ja harsh
tissue grinding technique during-the initial steps of preparafian.
However, when a mild grinding technique was used, mi tochondria dem- h
onstraiing good respiratory parameters were isolated and exhibited an

ability to accumulate K" to a measureable extent. Thus it would appear
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that mitochondria with a high degree of intactness are necessary for

+ .
K accumulation.

Although values for the RCR 1n intact mitochondria should be of
the order of 3°- 5 when succinate is used as substrate (Bonner, 1970),
mitochondria were used in experiments on K" transport only 1f they
exhibited a RCR of 2.5 or better in the second cycle of ADP addition.

Only slight differences in K' transport can be seen for mitochondria

with a RCR of 2.5 as compared with 3.0 or higher.

C. Sodium Ion and Hydrogen Ion Changes During Potassium M

As described in a previous section (Materials and Methods), a
O2 probe, a glass pH é]ectrode for pH measurements and a glass electrode
for measurement of Na' were all incorporated into the design of the

A

probe assembly so that attendant changes in these variables could be
monitored. The dependency of K+ uptake on the presence of O2 has
already been discussed. However under Fhe experimental conditions
employed no chaéges in pH or sodium jon concentration were observed.
The sédium ion electrode was highly erratic and slow in résponse. In
faddjtion sodium salts of acetate and phosphate were used in the assay
buffer hence the extramitochondrial sodium concentration was }03 high
téldetect any changes iﬁlconcentration of Na+ of the"erder of magni-
tude of the K" changes. ‘Although no pH changes as a result of K
movements wére evident, the bH was routinely monitored'throughout mos t.

of the runs since changes in H' could affect the response of the K’

electrode, albeit to a limited extent.



D. Effects of Different Respiratory Substrates on Potassium lon

Movements

The requirement for a respiratory substrate (Table VI)'as well as
oxygen was further proof that the K+ upfake was energy dependent.
When no substrate was present, no observable K+ uptake occurred.
Succinate has been observed by previous workers ih our laboratory
(see Phillips, 1971) to facilitate a faster oz’utmzau‘on than
either malate or a-oxoglutarate in respiring mitochondria under
State III conditions. This observation was also appare:t in the
results reported here and is opposite to thpt reported ?{ Wiskich

, - : o
and’ Bonner (1963) in sweet potato mitochondria. Ip-addjtion to the

-

higher 02 utilization, succinate also sustained somewhat larger ‘total’

A ' . . . . .
uptake of K and the fastest rate. Since succinate sustained the best
+ - . - YO :
K movements and fastest 02 utiljzat10n under conditions reported here,
it was decided to routinely employ succinate as substrate in further

: s +
investigations of K transport.

E. Requirement of Anions for Potassium Ton Uptake

Harris et al. (1966) have reporééd that “inorganic phosphdte is
necessary to achieve high,ratés of K+ uptake'fh:mitochondria from rat’
liver tissue. | 7

A K+ concentration of 0.5 mM was employed in the present work
(Table VII) to obse(ye/ihe effects of anions on K* uptake since greaté?
accuracy in.measurement of small chapges in K concentration'cou]d be
achieved than at higher extramitochoﬁdr1a1'K+, even though'19weﬁ ‘total’

upfake and slower rates are .apparent for the former. Chloride supplied
W [l 7 i .

d L3
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:F{g. 7.

tffects of anions on potassium ion movements. Mitochondria
were isolated from etiolated cotyledons five days after
imbibition. Assay was done in a buffer w?tﬁ the same
composition as in Table VII. Potassium movements were
initiated by addition of 0.5 ug valinomycin/ml suspension,
Protein concentration was 6.9 mg/10 ml buffer, Respiratory
parameters indicated that the mitochondria were intact.
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as the sodium salt had no measureable effect on K* uptake, while sodium
acetate also had little effect. There appeared to be.an essential
requirement for phosphate to attain sizeab]e K)r uptake. Maximum uptake
occurred wﬁen 5 mM sodium phosphate was prééent with 10 mM sodium
acetate.

ng. 7 further demonstrates the enhancement of Kg&uptake by
addition of acetate and phosphate, In addition it was observed that
phosphate and acetate were both required at an extramitochondria) .con-

i

. 4+
centration of K+ of 1.0 mM in order to attain maximum K uptake.

F. Effects qfﬁﬁ?eptronfTransgort Inhibitors and ATP Addition on

Potassium fon Uptake

To further explore whether respiratory energy was being used to
sustain, induced K*’uptake in mitochondria from pea coty]édons, different
reﬁpiréponx,inhibitors were used (Table VIII), Tﬁe concentrations of
inhigiizfs used were those known to be efféctive with pTantrmitochoﬁdfia
(Wilson and Hanson, 1969). |
' The results (Table VIII) were obtained from the same mitochondnial
preparation by adding inhibitors and ATP in the second or third cycle
7 of uptake. Succinate or succinate plus rotenone sustaiped.norma'HK+
uptake. Rotenone inhibits the first phosphorylation site and'hehce
did not affect Succfngte utf1fzdtion. IAntimycin‘A. however, blocks the
second site of phosphorylation, hence succinate utilization. As
éxpected, it caused rapid efflux of Kf into the extramitéchondria1
solution (Fig,-8) and prevented any furthér Kt uptake when Hzozlwas,
added (Table VIII). | o,

"The presence Qf ATP (1.2 mM) did not sustain any k" uptake when .

o

s,
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Fig, 8.

Effect of electron transport inhibitors on potassium ion
movements. Mitochondria were isolated from etiolated pea
cotyledons five days after imbibition. Mitochondria

(7.3 mg) were added to 10 ml of a buffer of the following
composition: 0.3 M mannitol, 20 mMnsuccinate, 10 mM‘
sodium acetate and 5 mM sodium phosphate. The pH was
adjusted to 7.2 at 25°C with Tris. Reaction was at 25°C.
Respiratory parameters indicated that the mi tochondria were
intact. Potassium ion movements were initiated with

addition of 0.5 ug valinomycin/nil suspension,



58

v

S3LONIN

9 1%
| I

——

[OXM
sa|owm™Q |

NONI

NIDANILNY

v INON3LOY

OIXONV

|

NIODAWONITTVA

| OA
‘S3|owr’g

|
O
¥

JIOHOOLINVYLX3

(Ww) WNId3W TVIY

-4

NI NOLLVYLN3ONOD A

~



59

ATP was added to mitochondria in the anoxic state or antimycin-treated
mitochondria. As will be reported in section 111-D, extramitochondrial
ATP was reutilized only very slightly by valinomycin-treated mitochondria

in anoxic conditions.

G. Effects of Divalent Cations on Potassium lon Uptake

As MgH has been shown to be necessary in stimulation of a Mg++~
dependent ATPa::Qin mitochondria from pea cotyledons (Phillips, 1971)
.an investigatidn~of possible effects of Mg** on energy~dependentiK+
uptake was carried out. Calcium ions have been shown to inhibit
phosphorylation in animal mitochondria (Lehninger, 1949) and to be
accumulated with phosphate in plant mitochondria (Trug}ove and
Hanson, 1966). An ' effTuxvhas been associated with the energy-
dependent uptake of both cations (see review Pressman, 1970). In
the present work, both catioﬁ§ were shown to have an inh}b%tory effect
on the ‘valinomycin~induced K* uptake (Table IX). Results were obtained
from the same preparation of mitochondria by measuring uptake in -
consecutive cycles with increasing MgC]2 concentrations,

At a 5 mM concentration, CaCl, showed greater inhibition than
MgC12 on the ‘total’ uptake and rafe of uptéke of K", As MgC125was
of ﬁore ic}erest than*CaC]2 in the present work, (in view of the
effects'o¥ MgH on an ATPase), only very limited study was done on
ca't. With incfeasing concentration of MgC]z greater inhibition of
the rate énd‘extentrof k* uptake was noted. A similar inhibition was
observed in a different preparation when the extramitochondrial k'

concentration was 1.0 mM.
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M. Effects of pi on Potassium lon Uptake

The effects of pH on K* uptake were studied on the same preparation
by measuring K uptake in consecutive cycles wherein the pH had been
Aadjusted by addition of HC1 or unneutralized Tris. Table X indicates
that maximum rates of, and 'total"’, K4 uptake occur at a pH of 7.2
when extramitochondrial K+ is 0.5 or 1.0 oM. A pH of 7.2 is 'the
optimum pH for succinate utilization by mitochondria of pea cotyledons
(S. S. Malhotra, unpublished resQ]ts), It was also noted th;t thezK*
uptake dropped to almost ni]rby the third cycle of uptake for a
mitochondria1rpreparation in the presence of a buffer of pH 7.8. In
addition it was observed tﬁat when the buffer pH was adjusted to 7.2
from a pH of E,Z or 7.8 neither the rate nor.the 'total’ K uptake

increased as expected,

I, Uptake of Potassium Ions by Mitochondria in Differing Extré-

mitochondrial KC1 Concentrations

With increéses in extramitochondrial KC1 concentrations, (up to

2.0 mM) higher 'total' uptake of K+ occurred, and at a fastef;rate
(Table XI). As the concentration was increased it became increasingly
diffiéu]t to accurately determine 'total', and rates of uptake of k',
hence the va1ues%reported for a 4.0 mM concentration are less accurate
than ‘those ;eported for lesser KC1 concentrations.’ In each run the KC1
concentration was increased in stepwise increments to the KC1 concen-,
ration indicated and a)lowed to complete one cycle for each concentra-

|

tion. A duplicdte was run for the first preparation and values

"

repdrted are an averagé of the duplicates which were in close agreement.
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1

: K' Uptake

Extramitochondrial ‘Total’ Rate
KC1 Concentration pH nequiv/mg protein nequiv/mg protein/min

1.0 mM 6.2 150 . 100

6.6 150 410

7.2 230 690.."

/-8 160 430

0.5 mM 6.2 70 150

7.2 115 210

7.8 40 . : 80

Results are reported for mitochondria i§01a£ed from etiolated pea
cotyledons five days after imbibition. Assay was done at 25°C in a
reaction buffer consisting of 0.3 M mannitoi, 20- mM succinate,

10 mM sodium acetate and 5 mM sodium phosphate. pH was adjusted
from 7.2 to the pH~indicated with Tris or HC1, Potassium movements
were initiated by addition of 0.5 ug valinomycin/ml suspensi
Mitochondrial protein was 7.8 mg/10 ml buffer. Respiratory
measured at pH 7.2 indicated that the mitcchondria were 1intact,
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Fig. 9.

@

Potassium ion uptake in mitochondria suspended in differing,
KC1 c0ncehtrations, Assay conditions are as in Table XI.
Results are for the same sample of mitochondria isolated
from etiolated pea cotyledons five gays after imbition.

The traces were obtained byrecord?gb cycles of uptake and
efflux through periods of aerobic and éhoxic cdgditions as
the KC1 concentration was increased stepwise. Mitochondrial
protein was 14.3 mg/10 ml buffer:; Reaction was at 25°C.
Potassium movements were initiatediby addition of 0.5 ug’

7 va]inomyc}n (VAL)/m1 suspension for the cycle and HZOZ for

subsequent cycles. 7 ‘ ‘%ﬁ
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When witochondrial protein is increased to 14.3 mg (approximately
double that of most runs) very enhanced movements of K" is noted
(Fig. 9). The advantage of using such a large amount of mitochondrial
protein 1s self-evident, but the capacity of the iso%ation procedure
used did not permit routine use of such a large sample. The figure
demons trates K uptake and subsequent efflux from the same sample at
four different concenjrations of KC1. ©

. ; Lt - . . .
Since the electrofe measures change in K activity in a logarithmic

' . + . . y .
mode, the changes in K concentration in the 4.0 mM KC1 solution gives

much higher rates and 'total’ uptake than those for the lowest KCI
concentrations, even though the actual potential change is lower at-

4.0 mM KCT,

Jf Rvsplrat10n Rates of Mltochondrja in_the Presence of _Valinomycin

dnd leferent KC1 Concentrations

A direct investigation was cafried out on the effect of'vaiiﬂomygig

on the respiration rates of mitochondria suspended in bﬁ*fers with

different concentrations’ of KC1 (Table XII). The mitochondria isolated

in .both preparatlons showed an RCR of close to 2. 8 1n the absence of

'va11nomyc1n With no adg;d extram1tpch0ndr1a1 KC1," inhibition of

~trat1on was Increased resplratiOn ﬁncreased.gnt11 it approached that

ooy

resplrat1on resu]ted when vallnomy01n\yas added As the KC1 concen- :
A ¥ i

of state IT1 resp1rat1on when the KC1 concentrat1on was 1.0 mM.
Resplratory contro] was ev1dent when ADP was added, to mitochondria yith

resplratlon rates 1ess ‘than that’ of the state III rate (extram1tochondr1a]

ar
il

KC1 concentratlon usua]ly 1.0 mM or Tower).
. p ,

A

&



TABLE XII. Respiration Rates of Mitochondria in the Presence of

Valinomycirr and Different KC1 Concentrations

T

Conditions for measurement nmol O2 utilized/mq protein/min
M{tochondrial M{tochondrial
Preparation #1 Preparation #2
State 1V respiration*‘ 54 35
State. 111 respiration 150 96
Valinomycin and no added KCI A2 31
valinomycin + 0.5 mM KC1 101 , 72
Valinonycin + 1.0 mM KC1 135 2 86 /
"~ Valinomycin + 2 mM KCI 147 88
Valinomycin +ﬁ§ mM KC1 147 ; 90

Results are reported for mitochondria isolated from etiolated pea
cotyledons five days after imbibition. Assay buffer was of the
following: 0.3 M mannitol, 20 mM sucginate, 10 wM sodium acetate and
5 mM sodium phosphate. The buffé; was adjusteﬂ to pH 7.2 at 26°C
with Tris. Valinomycin was ﬁrésent at a concentration of 0.5 ug
valipomycin per ml buffer, Mitochondrial protein was 0.43 mg/m} buffer
for the,first preparation and '0.34 mg/mfffoﬁ the second, Addition of
250 nmol ADE was used to éheckﬁsfate IIT respiration. Reéaction was
at. 25°C. '



K. Etffects of ADP-Addition on Potassium Ion Movements

fig. 10 shows the apparent competition for respiratory energy
between K' ion trans;ort and ATP synthesis. In the absence of
valinomycin and with the firstﬁaddition of ADP there was apparently
a slight efflux of K+, The validity of the observation was not
investigatea further because of the small Kf change that occurred.
After addition of va]inomycin‘a sizeable uptake of K+ occurred, and
the respiration rates approximately doubled. Addition of ADP

- A
underpthese conditions caused-a still further increase in respira-
tion rate. Respirator} control was thus observable. At the same
time, the K" electrode indicated a marked increase in extrami tochon-
dria} K+, Furthermore 1t was observed in other runs that additioﬁ
of ADP to mitochondria in the anoxic state did not cause any change
in, elecfrode response. Also if ADP was’added at the same time as
HZOZ’ uptake of Kf would aécur to a certain point, maintain that
1éve7 and then réghme gpﬁaké*whén ADP had heen phosphorylated,
ez,

Also when the extramitochondrial KC1 concentration was increased,’

, 8
addifibn of ADP caused less change in the K" tracing (Fig, 10).
Later work indicated that ADP was phosphorylated very stowly in

the presence of valinomycin aﬁd high KC1 concentrations (see

' Section II1-B).

67



Fig.

10.

[ffects of ADP addition on potassium ion movements at
different concentrations of extramitochondrial K . Results
are for mitochondria isolated from etiolated pea cotyledons
(~~-) represents % 0, saturation while (-) is,the tracing
of X' concentration changes. Assay buffer was of the
following composition: 0.3 M mannitol, 20 mM succinate,

10 mM sodium acetate and 5 mM sodium phosphate. The
buffer was adjusted to pH 7. 2 at 25°C with Tris. Mitoﬁ
chondrial prote1n was 9.1 mg/lO m]ﬂbuffer Aden051ne~
5'~diphosphate (250 n mol) was added at each of the times

indicated. Reaction was at 25°C, :
) 'y
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IIT. ATP Synthesis in Isolated Mitochondria from Pea Cotyledons
‘A Characteristics of ATP Synthesis

. Localization of ATP following phosphorylation of ADP

The data (Table XI&I) indicate that ADP was phosphorylated com-
pletely to ATP under the conditions used. It appeared that as ADP was
phosphorylated 1t was deposited on the outer phase of the mitochondria.
Very little ATP could be detected in a pellet of mitochondria that had
béen removed from the reaction mixture by centr?fugation.

K

2. Reproducibility of ATP measurements

Table XIV demonstrates the reproducibility of ATP meésurements
detétm}néd fluorometrically, It was noted that there was much greater
reproducibility in'samples when MgC]Z was present as compared to its
aBSence, hence .results are rEported'for reactions done‘in the presence

of MgC12, When .sampjes from th same mltochondr1a] preparation were

used, apnalysis gave very s}mTTar resuits The ADP was ph05phorylated
‘very rapidly in the fTrSt[thirty seconds and then the react1on sTowed
down. Time course studies of the rate of synthéﬁis are pfeﬁenféd in 7
*Séction%ITT B. In comparisons of samples from différent mitochondria}

preparatibns sdmewhat:greater7variation‘is 1ndicated;vhowever, the values
" reported are still reasonably close, (S}ight vériqtions in timing of

pipetting could be responsible for some differences.)

i

B. fime.Counse of ADP Phosphorylation in Presence and Absence of

Valinomyéin P

- It has already been demonstrated that addition of ADP can 1ﬂterfere
N f‘ *
, with the vallnomycin—lnduced K uptake (Fig. 10). 1In aqdition.

N

)

H

-

v,
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valinomycin leads to loss of respiratory control dependinq on the
extramitochondrial concentration of KC1 (Table XI1). The results of
a study of the time course of ATP synthesis in 1solated mitochondria
in the presence and absence of valinomycin is shown in fiqg. 11. The
rate of ATP synthesis was much s]qyer in the presence of valinomycin
than'in the absence. 'In the absence of va]inomycin, the ATP concen-
tration reached 90% of the amount of ADP added after 4 min and was
96% of the ADP added when sampled at 9 min. In the presence of
valinomycin the concentﬁziion of ATP was only 35% of the amcunc of
ADP nine minutes after the ADP addition. Lt wasrca1Cu1ated that the
net rate of ATP s}nthesiﬁ in - the absence of valinomycin wa% 180 |

n mol/mg pcoteinémic which is much slower than the rates indicated 1n
Table XIV when MqH was alsé present. The initial rate of ATP

72

synthesis in the presence of vaiinéhycin and 2.5 mM, KC1 was-only 79‘ /

n mol ADP phosphorylated/mg protein/min. S

;
P
S

c./ hosphoryIatl on of ADP 1in the ?féﬁénééiﬁfZYéjjﬁCWXSJﬁﬁhﬂqgi

Differing KC1 Concentrations

The -effects of different extram\tochonera] KC1 concentrations o
fir
the 1eve1 of ATP syntheslzed yﬁ thé P ESenee‘éf valinomycin, 15 shown
in Fig. 12. At ]ow concentrafions ofékC] (1\0 mM and lower) there

were only - sTlght effects on' the rate an&\{eveW of AtP synthesized .

compared to the control wlthout valinomytin. As the externa] KC1

concentratTOn was increased greater effects on the phoqphdry]at1on

of ADP became apparent. It was noted that some vaﬁ\atxon occurred

in the finaT ]eve1$ of ATP at each KC1 concentration in different run

i
[

mitochondria.. - e ' PR

n

S.

“ This was 11ke1y a result of sllght variations in the 1ntactness of the



Fig.

11.

Time'coursé of ADP phosphorylation in the presence (--)
and absence (-) of valinomycin at an extramitochosdrial
KC1 concentration of 2.5 mM, Mitochondria were isolated
from etiolated pea cotyledons five days after imbibition,
Mitochondria (2.6 mg) were added to 11 ml of a puffer of
the f0ﬁ1owing composition; 0,3 M mannito}, 20 mM succi?ate,
10 mM sodium acetate and 5 mM sodium phosphate, The pH
of the buffer-fas adjusted to 7.2 at 25°C with Tris.
Samples of 1.ml were removed at the times 1nd1§ated
Waﬂ1n0myc1n at a c0ncentrat1on of 0.5 ug/ml of assay
buffer was gdded 1 min prior to add1t1d<:0f ADP (2,000
nmol). Reaction was at 25°C,

\
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Fig.

12.

Phosphorylation of ADP in the p’res‘ence of vatdnomycin

l different?levels of KC1, Mitochondria were-%solated
from etiolated pea cotyledons five days after imbibition.
The mitochondrial suspension (2.2 mg) was added tua

5 ml of regction buffer of the same compomtlon as -in
Fig. 11. é\

indicated. Adenosine diphosphate (750 ampl) was added
to the assay buffer one minute after addition of

otassium chloride comentratmmwas as

valinomycin., Reaction was at 25°C. . .

' Control (0—0 ) no valjnomycin with 2.5 mM K’C?; valinomy-

cin with 0,5 aM KC1 (o-0 ); valinomycin + 1.0 mM KC1
(a—a )5 valinomycin + 2.5 mM KC1 (o—© ); vahnomy%*]n +
5 mM KC1 (w—a ). { '
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D.  Phosphorylation of ADP and‘Beuti1Qzation in_Anoxic Conditions

It was observed in previous work (Table VIII) that ATP could hot
substitute for FESpirathy energy in sustaining Kt uptake under con-
ditions where respiratory.energy was enavai1ab]eA Thus it was de-
siteable to determine whdtkchanges in ATP occur under these conditions.

Fig. 13 shows the formation of ATP throughout an aerobic phase
&ﬁen ADP was*preseht and changes that occurred in ATP Tevels during
an anpxic phase. In the absence of valinomycin ATP levels dropped
rather qaicR]y 1qit1a?1y and then began to level out. When valinomycin

was greseng, however, the reutilization of ATP occurred to only a very
L ’

moderate extent. Reports in the literature for animal mitochondria™

“indicate tﬁat added ATP can substitute for respiratory energy in sus-

taining K*'tranSport when re§giratory energy is not available (Harris’
. ,

et al., 1966). " The present ebservations do not agree with this

report, The ATP concentrat1on for m1tochondr1a entering the anoxic

state in the absence of va11n0myc1n was 184 puM while the concentrat1on

of ATP was 74 uM for mitochondria entering the anoxic state in the

- N
* présence of valinomycin,

E. Effect of Presence of Mg _on ATP Synthesis

The presence of MgCl, has been shown to have an inhibitory effect

on K' ion'uptake.zvinvestigations of the effect of MgC]Z'on,the rate

of ATP synthesis (TPable XV). show a much enhanced rate of synthesis in
the presence of Mgc12 partice)ar1x %n the assay 30 seconds after ADP
addition. /As the Mgc:;\ébgeentration'is increased to 25 mM and higher,
the rate of syntheéis is slowed down. In the presence of va]inomycin.

MgCl2 has a st1mu1atory effect on ATP synthesis a$ well.



B
f1g. 13. Phosphorylation of ADP in aerobic conditions a::\:és W

utilization fn anoxic conditions in presence (--) and
absence (~) of valinomycin. Mitochondria were )
isolated from etiolated pea cotyledons five days
after imbibition. A suspension of mitochondria (2.7 mg
rotein) was added to 10 ml of a buffer of the same
Eomposifion as Fig. 11. Extramitochondrial KC1
concentration was 2.5 mM. Add\}ion of 2,000 nmol ADP
was made two minutes after addition of mitochondria. .
Va1iﬁomycin (0.5 ug/ml suspension) was added, where
indicated, one minute- after mitochgndrial addition.

Reaction was at 25°C. !

@
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« TABLE XV. Effect of Presence of MgCl,_on ADP Phosphorylation in.

Presence and Absence of Valinomycin

v ® cace ATp

Absence of Valinomycin ATP as % Added ADP Synthesized/min/mg prote

30 sec 1% min 3 min

28 73 98 . 290
55 87 103 570
51 84 107 530
46 69 98 475

Presence of Valinomycin~ ATP as % Added ADP | Rate ATP’ ,
KC1 M9C12§5 mM) 30 sec 3 min anthesizéd[g@g[g;;pfotei

1.5 mM + 31 89 332

- 26 65 . 278 .

. 2.5mM + 14 39 150 l

- 8 16 86
5.0 aM + 16 © 21 121

- 9 12 9%

¢

Mitochondria were isolated from etiolated pea cotyledons five days"
after imbibition. Mitochondrial protein (1.4 mg protein) was added to °
> ml of a buffer of the following composition: 0.3 M mannitol, 20 mM
succinate, 10 mM sodium acetate, 5 mM sodium phosphate and MgCl, and "
KC1 concentrations indicated. The buffer was ‘adjusted to pH 7.2 at 25°C
with Tris. Valinomycin was added where indicated in the concentration
of 0.5 mg/ml suspension. Adenosine diphosphate was added in the amount
of 750 nmol, . Reaction was at 25°C. - . ' o

: n ‘ ~

.



A

P
e

of Valinonycin Addition on ATP Syntheis

A fu}ther 1nvestigétion into the c0mpetitive:aspects of ATP synthésis
and K+ ion uptake was dQne to show that rates of ATP syn?hesized when 7
the K grédieni had aiready formed (i.e. valinomycin wasﬁadded one ﬁi o
mlnute prior tb ADP add1t1on) This was compared with Ede rates of‘ATP
synthesis when valinomycin was added at the samé time asADP was added
In the latter é;se the K grad1ent wou1d not be preformed and phos- ',
phorylation of ADP would compete with the formation of the K" gradient
for resplratory energy. Table XVI shows that ADP was phosphory]ated
.at the same rate regﬂrd]ess of the presence or absence of vallnomyc1n

at an extramitochondrial KCI concentration of 0.5 mM or 1.0 mM.

1 ' X . , . ~
When the extramitochondrial concentratiop of KC1 was incpeased to 2.5

.

N
- mM, §?ming of addition of ADP following valinomycin had a very pronounced*

R
e fﬁ
effect. ;

When ADP was added 1 minute after valinomycin addition when the K+
gradient had already formed, ATP ‘was synthe51zed much faster than when
ADP ¥fiﬂgdded simultaneously with va11nomyc1n Pposphory]at1on of ADP

was slow at-first but the total phosphorylation after three minutes was

;approaching the level of ATP in the ear]y valinomycin addition.



TABLE XVI. . Effect of Timing of Valimomycin Additionvgh;ATP,$zngﬁ§Si

,

Kt - . 4 ADP Converted to AT

—_—— e A

by

30 sec = 1% min

. 98%

0.5 mM No valinomycin o 282 73%

Valinomycin added 1 min
prior to ADP addition 30%" 72% 92%
) ‘ A

4

Va]indmycin added simultaneou$ly e ’
with ADP ‘ . T 28% 70% 947%

1:0 mM No valinomycin o 33% T5%" 98%
.. Valinomycin added 1 min \ : T
C prior to ADP addition 32a . A4% 74%
\'Va1in0myéin added simultaneously. - { '
’ with ADP . . 33% 47% 72% "
2.5 mM No valinomycin . 35% - 76% 100%
Valinomycin added } min o o
prior to ADP addition . 16% 28% 32%
* Valinomycih added 51mu1taneously S
with ADP . .. 7% 124 2%

A

5

Mitochondria were iso1ated‘from etio]ated pea cofy?edond five
days after 1mb1b1t10n MltOChOndrla] protelh (1.5 mg "protein) was
added to 5 ml of a buffer of the fo]lowing cdmpos%t10n 0.3 M
mannitol, 20 mM succinate, IO\mM sodium acetate, 5 mM sod1um phosphate
and KC1 concentration as indicatkd. ' The buffer wis- adJusted 'to pH

7.2 ZE’ZSFC with Tris. -Valinomycin (0.5 ug/ml suspens1on) was added
) wher indicated one min after m\tochondr1al add1t1on Reaction was

’

at 25 C.



DISCUSSTON

¥
s

N/ . . ’ .
I. Preparation-of Mltochondria by Zona] Techniques

Dens1ty gradlent techn1ques are of immense va]ue fn obtaining a

. mltochondrial preparatlon that is relatlve]y free from contamination
by Othe* sub- ce]]ular organel]es In the present work the/{xéhanue
was worked out for preparation of a pur1f1ed mitochondrial fraction
v1n a Tl XIV zonal rotor with a sample volume of a homogenate of pea '
coty]edons as 1ar9e as 250 ml The procedure used was time-saving
ln .8 number of ways no pre11m1nar¥ centrifugation of the sample
for separation of a crude ﬁ%tochondfia] frpction was ‘necessary, the
sample was edge-loaded into the rotor in a matter of only a few
minute§, and the Iaege capagiiy of the rotor enabled the isolation of’
a pfebaration w;th 26-30 mg mitochondria? protein.

Subsequent exam1nat1on oﬁ this fract1on 1nd1cated a high degree -
o# purity in the mitochondria] fraction. Electron micrographs (Fig."5)
show a field of part1c1es isolated from the interface of the 37.5% and
41.5% sucrose steps. Egamination shows mainly mitochondria present
(eitﬁer in‘the condensed or orthodox stéte) plus a few unidentified
particles.
7 Inradditioq Tt;waszfound necess;ryrté include O.I%rBSA and adjust
theva'of each step in the sucrose gradient to 7.2 (at 2°C) to 6ptainz
mftdchpnﬂria disp]eyfng good respiratory parameters, For the present
work an RCR value of 2.5 and an ADP/0 of 1.7 were consider:a‘
the~ inimum values that were 6cceptab1elfor stedy of
mftdcﬁondriaﬁin the -present tﬁesis. Mitochondria were roufine]y -
isolated from etiolated pea Eotyledong five days after imbibition

. "
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"



gl

since this age yielded mitochondria of the highest respiratory parameters

s

and mitochondria with iu]]y—deve]oped membranes (SB]Omos et al., 1972).
However it we€. observed by this author that mitochoﬁdria isolated from
4 or 6 day old tissue displayed respiratory parameters equal. to those
of mitochondria from five day cotyledons. It was not necessary in the
present work to complete a detailed study of the isolated mitochondrial
fraction since Solomos et al. had reported extensively on such ‘studies.
Simply, by £he zonal ultracentrifugation technique devé10ped,
mitochondria were obtained jn good yield and with a high degree of
purity and good respiratory parameters. The observation of Phillips
(1971) that extraneous protein in a crude yreparation yié]ds'a higher
state IV respiration, than a purified mitochondrial preparation is
ref]ected.in the values of respirétory parameters obtained in the -
present work. )

Table I shows that the RCR value for a zonal mitocﬁondria] prep-
araf%bn is higher than that for the cr%fe preparation, as is the O2
utiiization on a mg protein basis. .The éata?ase activity has been

largely reduced in the mitochondrial fraction and can be defécted in

- . A} . H - _ .
~ high activity in a zonal fraction of higher density. The zonai rotor

was a useful tehhnique in obtaining mitoch8ndria for the present work

and offered the advantages of capacity, speed, ease in preparation

and purified mitochondria.

II. Study of Potassium Ion Maovements in Mitochondria

A. Development of Techniques

It was decided to study uptake of potassium ions for examindtion
| ’ {

#
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of ion untake in mitochondria for a number of reasons. First, since K
i

is a univalent cation little complexing of this ion with other ionic

>
. . L
species was expected. Second, K mowements have been well-documented

<in animal mitochondria (e.y, Harris et al., 1966). Third, the addition
of,va]?nomydjn'wag g means of{;nitigting-mgasureQDTQ K+ uptake, and
fourth, ion selective electrodes were available for a sensitive: rapid
and contiquous monitoring of ac;ivity of K ions.

The development of a technique for use of the potassium liquid
membrane electrode for measurement of Kt uptake in mitochondria is
he; to this fie]drof ion uptake. Although the principle of operation
of the electrode depends on the"i+ Se]ectivi£y of the membrane as
indutea by valinomycin present in the electrode, any leak of valinomycin
from the electrode into the solution could complicate results. However
the only problem would lie 1q oéservations of spont&neous K+ uptake.
It would be difficult to exclude leakage of vadinomycin from the |
electrode as being responsible for spoﬁ?aneOus uptake. The fact that
no consistent spontaneous uptake was observed (with mitochondrial
additioé) supported the assumption that valinomycin leakage from the
electrode would not be a problem. Also the valinomycin molecule {s
highly }iﬁophijic ané would not be expected to be extracted igto
aqueous so]qt{ons. The potassium 11quid membrane electrode, on the
other hand, contains a water immiscible solvent in which the va]inomyciﬁ
‘is very soTuBle. (A description of thé electrode is gjven in Section
| A-1 of the Appendix);
Tﬁe use;?f a Kf glass electrode for detectioh of K' movements is

widely reported in the literature (e.g. Harris et al., 19665*Kirk and

e
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Hanson, 1973). However, this electrode does not have as high a
spgcificity for Kt fﬂr as the 1iquid-mem§rane e]ectfoGe; In early
stdges #€F the presen investigations, higﬁly_grratﬁcheSponges were
obtained with a Beckma* K" glass electrode. It was not rdled out,
ﬁgwever, that a fau]t} reference e]eckrode or faulty bﬁ neter might-
.
have been responsibie. The K+ liquid-membrane electrode was observed -
to provide highly }eproducible values? fast response anq a stable
potenfia] with very little drift.» The fast response was characteristic

-

of the electrode for a small change Tn‘K* concentration of a solution

in whgch the e]ectrode was equi]ibrated. ]
Equilibration of the electrode with the assay Jo]ut1on was carried

out pr1or to addition of mitochondria. With the addition of mitos.

chondria, a slow spontaneous éff]ux was often noted as detected b?A

an increase in extramitochondrial K' concentration. This 1s in contrast

to the.results reported by Harris et al. (1966) in animal mitochondria

and more recently by Kirk and Hanson (1973) in corn mitochondria. '

These workers were able to measure a subétrate supported uptake o% K

in the absence of valinomycin. Christie et al., (i965) have reported

a loss in K* from mouse liver mitoc&ondria inCubatediaf 37°C; this

led to enhanced uptake of K' in presence of respfratory substrate

With otRer preparatlons, the present author observed either small

decreases_in extramitochondrial K concentrations, or ho change. It

is probable that isolation conditions and internal mitochondrial K+ o .

concentration‘ate the major fattors determinigg whether K' will be‘taken \

up or efflux will occur upon- addition of mitbchondnia to an assay buffer .

containing respiratory'éubstrate: It i{s probable that swelling was
: # ’ . —

o>
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occurr*rwg when s’;lifochogdria were added to the succinate medi‘um since
Wilson et al. (1969) have s;own that an active swelling of mitochondrid
occurs in tne presence of acetate salts. This §We}]ing was independent
of the cation present. Since Tris was used,in adjusting'the pg of thd
assay buffer it was possible that Tris+ Wwas beingfactive]y accumulated
with aoé{;te to a\much greater extent than K+ at the low extramito-
chondrial K' concentration used. A significant uptake of salt would
,result in a decreasing ionic strength such that the potassium electrode
Qou]d appear to record Kt efflux. Such a possibility dogs not seem
realistic because of(the relatively high ionic streagth of the buffer.

Addition of valinomycin caused a large and rapid uptake of K" such
el
that if Tr1s or other cations had been accumulated to any extent

L4

prior to.valinomycin agdition'a rapid exchange of Tris® for K+ would

have had to occur.

 B. Measurement of K+LUQtake

As demonstréted in Fig. 5, addition of vé]inomycin to a
mitochondrial suspen;1on 1nducéd the m1tc ;Hdrlé to rapidly accumuiate
KT, and caused’a concomitant %hcreaée in oxygen utilizdtion. Thes:g/ﬂ
observétions are consistent w%th £hose reﬁofted in the literature for'
animal mltochondrla (e. g, Harris et al. 1965- Rossi and Azzone, 1975\3
- Recent work on m1tochondr1a from bean and cauliflower (W11son et al.
1972) andvmltochondr1a from corn (Klnw~gnd Hanson, 1973) 1nd1cate that
swe111ng occurs w1th ;he valinomycin 1nduced K* uptake The uptake of
K that was dbserved reflect rather Targe concentration grad1ents
formed since the tata] mltochondrlal vo]ume is only a fract1on of the

»

10 ml assay volume. 4from a hypothetical standpo1nt it 1s conceivable

Rl
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that the mitochondria could have a K' gradient'df the order‘gf 20 ™M
1nsi&e/1 mM outsige the mitochondria., This is assuming a rough estimate
of the mftochOndria]’volumeis 1/100 of the assay Yolume (iQ ml) an; a
concentration change of,O.Z,mﬁ'oecurred~?n a 1.0 mM_K+ selut?on as a
" .resu}} of uptake. It is only the intention‘of the author to point

out that a 0;1.or 0.2 mM change in concentration of,};~+ in the extra-
mjtochondrial medium reflects a sizeable uptake by the mitochondria.
Rossi and Azzone, (1989) estimate that the ratio of K+ concentration |
inside to the‘K* concentration outside is as high as 1600, corresponding

to a potential difference 6f 192 mv. On the other hand, the H gradient

is probably bn]y a fraction of a pH unit. Cockrell et al. (1966)

£

A}

estimate that the k' gradient is only 6:}. which is stil1l rather
sizeable, ”

As va1tpomycih causes an increase in membrane permeability.to Kt
as Qel] as facilitating an energy dependent uptake of Kt (Pressman,
1970), it is reasonpb{e to think that anreff1ux of k' had occurred
during the uptake process as well. This would be predicted from the
observations that the rate of oxygen utilization remains elevated even

refter the gradient has formed. Futthermore,(the gradient is dissipated
//)very reaﬁilyipnce fespirator} energy fs blocked. Fig. 6 shods that{the
uptake and efflux process is entirely reversible, and dependent onn
oxygen concentrat1on in the assay solution. Also after add1t1on of KC1
to the extramltochondrlal solutlon there was a very rapid change in |
potential, so that the traces of K uptake and efflux that extend

over 1-2 minutes may be“assuued to .reflect Veny closely the -actual

uptake and efflux of K" that took place.
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The cycles of uptake and efflux were highly reproducible in the

. . . +
first three cycled and this provided a tool for study of K -uptake.
, \ -
Even with the use of the zopal rotor, the amount of mitochondrial protein
oy Ry o ’ .
. g
isolated for a study of K transport was not adequate. By use of the

P
cycltes of uptake and efflux, effects of diffé(gnt variables or compounds
on the subsequent rates of uptake were examined. The tool is, of course,

“limited in that only cumulative additions can be studied with'é’is
Al . ~ \ -

method.
The effects of concentration of valinomyc1n (T;b]e Iv) on 1nduced

K" uptake was studied at an extram\tochondrial KC1 concentrat1on of
Q.§ mM. The highest 'total’ uptake and fastest rate were obtained
when the valinomycin concentration was 0.51p§/m1»5uspension: This
concentration was much higher than theuleQels reborted in the 1itera-*
ture, Harris gﬁ\gl.,‘(l966) used a concentréi%on of 0.05 ug/ml mitochondria
and Kirk: and Hanson, (1973) report using a 1eve1 of 0.1 wg/m. It P

was observed in later work in this dissertatlon that a much lower

level of valinomyctry (0.1 ug/m1) cou}d fufly release respiratory control
)when the extramitechondrial K cencentration was 5 mM (It did not
have\thls effect at\ESr c0ncentrat10ns of O 5 m and 1ower,,which were
.often-used for stud1es in this d1ssertat10n ) In addition to the K

cquentration it is very likely that the quantity of m1tochqndﬁ]a1 »

pratein used would also be a factor in the ]evé] of valinomycin that

4 . -
',

cén sustain max i mum tré?éport values. So that tpe valinomycin con-
:centratlon wﬂq]d not be a lim1t1ng§factor, a level of 0.5 ug valinOmycfn/ml

assay buffer was routinely used.

~
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The 'total' uptake of K and rates observed throughout this work
s : Lo

comparé’favorab]y with those reported for animal mitochondria (e.q.

Harris, et al., 1966) and most recently for corn mitochondria (Kirk and

Hanson, 1973).

. S +
C. Characteristics of, and Conditions for, K Uptake

In early ihvestigations, before good mitochondrial preparations
were routinely obtained, it was noted that fairly large variations in
K+ thake occurred among different preparations, An investigation of
K‘+ uptake ip mitochondria of different degreégtof intactness indicated

that no uptake could. occur in Toosely coupled mitochondria, This
observation e]im%nated any'poséibility of protein absorption of K+
being responsible for the K" uptake observed. Thus in all subsequent

experiments respiratory parameters were routinely monitored prior to

use of mitochondria in,K+ uptake experiments. - An RCR level of 2.5 was
selected as the minimum RCR that would be acceptable for use of the
mitochondria in K+ heasgreménts. Nearly all preparations had an RCR

of 2§5 or better in;%hé second cyéie of ADP addition and as, demonstrated

N

il

/

‘i Tqble Sihiffered 1jtt]é in K+ uptake VF]ues from prepafations showing

‘an RCR of 3.0 or better.

" Since it is not yet possible to prepare upiform mitochondria in

different runs, comparisons of effects of different treatments were

made only amond mito;hondria from one preparation. iA‘minimum of three

_runs was made for each, variable tested to verify trengz.

Ty s .
S

%he "uncoupling” ability of valinomycin was first rep%rted by

McMurray and Begg, (¥959), but 1atg? Pressman (1963) showed that in the

= presenCe offJé]inomytin‘an energy-dependent ejectionldf protons occurs

oh . ’ ’ #

I
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and that K' moves counter to the protons. This demonstrated that
valinowycin was not acting as a permal uncoupler (Pressman, 1970). In

the present experimental work no pH changes were detected. However,

the high buffering capacity of the solution (which was 20 mM in succ{natg,
and apbroximate]y 20 mM in Tris) might be expected to mask ény pH

changes, As it is of value to maiq&ajn"a stable pH when measuring Kt
uptake, the Jack of detectable y' efflux proved a bonus in this reséect.
Sodium ion concentration was not routinely mopitored since the con-
centration pleq+ was of theiorder of 20 mM and any change of Q,l or-

0.2 mM inm this c0ncentr5t10n would’Sé bafé]y“ﬁetectab1ek

ot ’ 4 . 3
SYccinate was employed as vespiratory substrate-throughout the

3

present work on measurement of K uptake, Harris éﬁ,il~a 1966 , reported
*slightly higher uptake with a ma]égg—g1utamate substrate compared to
‘§uccinafe, Kirk and Hanson (1973) used NADH as substrate since it is
not a permeant anion as i1s succinate. In the presentiwork succinate
produced thé largest K+ uptake and féstest,movemeﬁt (féb1é 6), as well
as allowing faster movement through the cycles’ of uptake and efflux
because of the higher 02 uti1izat50n&%

Although no intensive studies have been done on exchange-diffusion
of anions in plant mitochondria the possibi1ity exists that éuccinate
can move more readily in a K*/succinate symport mechanism than the
other énions tested. Harris (1968) showed that intramitochondrial
succipate increases greatly during valinomycin-induced kt uptaké in
rat-1iver mitochondria. . .

The need for the presence of anions other than succinate for

sizeable uptake of K" s demonstrated in Table VII and Fig. 8. Although

p:
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other workers (Harris et al., 1966; and Kirk and Hanson, 1973) did not
\inc1ude phosphate salts in the assay buffer (u31ng acetate‘{%stead)
| phosphate was es sentla; to establishment of a4 h]gh total uptake and a
fast rate of uptake in the present work. Wilson et al., (1973)
reported that the fastest and éreatest swe]]ing’of b]ant mitochondria,
as induced by valinomycin, occurred in the presence of phosphate and.
acetate salts. In the present work phosphate (added as the sodium
salt) was absolutely required fér a fast raté and a sizeable uptake gf
K" to occur. Sodium acetate (10 mM) énhanced this rate and 'total’
uptake so thatvboth salts were included throughout the experiménta1
work. Wilson et al. (1969) studied active swelling of corn mitochondria
in the presence of acetate and showed this to ée independent of the-
cations added. It wou?dvthusvappear that a great pr0portipn,pf the K+
uptake observed {s in a K*/aﬂion symport mechanism and in view of the,
reports of Harris et al., (1966) and Kirk.and Hanson '(1973) a very
small proportion of the K+ moves 1in a K+/H* antiport ﬁechanismf

An 1nve§tigat1on into the effects of respiratory 1nh1b1tors on
K" uptake (Tab]e VIII) shdwed that antimycin A caused a very sapid
efflux of K and hence abolished the K gradlent Subsequent]y, ATP
was added but it dia not sustain any K+ uptake. This is in contrast
to results reported by Harris et al. (1966) with rat liver mi tochondria,
who showed an ATP-sustained K+ uptake in the absence of resgiratory
energy. Christie et al. (1965) showed that Mg++ is é necessary cofactor
for theﬂATP-energized uptake of KT by K+-dep1eted mitochondria (frpm rat

liver). The latter work was done in the absence of valinomycin, however.

. In the present work, added ATP (1.2 mM) could not substitute for

i
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resplratory enqrgy in driving K uptake.

. The effects of Mg ** and Ca * on k' uptake were investigated
Both cations suQstantlally reduced the 'total’ uptake as wE]] as the
rate of K uptak;-(Tab]e IX).. Harr1s et al. (1966) have a]so.reported
a decrease in t&e ﬂﬁ]inomycin~induced rate of K' uptake anq’its ‘total’
uptaké in théupré;egée of those ions. Also, it was found that Ca++
had a relathﬁly grpater inhibitory effect than Mg on the‘K+ uptake,
' whlch is in agreemedt w1th the resu]ts of Harris and co-workers (1966).
Since both catlonsoare known to be actively accumulgted and are 1nvo]ved
jn energy- depepdent reactions (see review Pressman, 1970), the present
resu]t§ were not:uﬁéxpected.

Thé optimum pH‘for K" uptake was found to be 7.2, which corresponds
to the pH optimum for succinate oxidation‘in mitochondria from pea
coty]edoﬁs (S. S. Malhotra, unpublished resu1tsii Harris et al. (1966)
report dﬁ‘optimum pH va{ue‘of 7.2 for ‘total' K uptake fn rat liver
mitochondria, but a pH of76i3b'sustained the fastest rate. In the
presept work the fastest rate;of Kt uptake was at pH 7.2. In addition
to lower uptake values, the K+ uptake ability of the mitochondria was
lost very quickly at pH 7.8. A very rapid deterioration in k* uptake ///
ability occurred at this pH such that by. the tqgrchyc1e of K uptake,fk |
a]most'heingible uptake was observed. Since hitochondria that haVe
1ost their 1ntactness display a very poor ability for K uptake, it is
posslble that a pH of 7.8 rap1d1y caused a 1oss of mitochondrial |

st

intactness. o , T
) e

-

The cdh;entratiOn of KC1 in the extramitochondrial solution is an

important factor Tn4dgtgrminingxthg rate and extent of k" uptake. At
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SUCCeésive]y higher concentrations of KC1, a)greatér uptake of;K+
occurred (Fig. 9).A Also there was good repeatabf]ity of the different
!va1ues of uptake for differing KC1 cofentrations.
Since‘fto;al‘ K+ thake and rate of uptake were sma]]éh atla 16w
-~ extramitochondrial K" concentration it was assumed that }ormationiof~a
potassium gradient at a lTow KC1 concentration would be less of a drainr
on respiratory energy than when it was formed at a highef KC1 concen~
tration. If a low KC1 K concentration required a 1es;er amountlof energy
for maintenance of the K+ gradient, it was thought ﬁha;ﬂexamgnation
of other energy-dependent réactibns at different.KCI concentrations
might reveal relationships of K+ thake to other eneréy—dependent
reactions. ’

The effects of valinomycin, and different KC1 concentfations,

on respiration rates of mitochondria were in#estigated next. Recently,

Kirk and Hanson (1973) have r
. A

oxidation in corn mitochondria in the absence of vaiinomyc?n’and no

eported an RCR value of 2.8'for NADH -

added KC1, compared to 2.0 in the presence of valinomycin. Furtherfore
the RCR dropped to N25 when 1 mM KC1 wés added. w;1son gglgl: (1972)
showed a much increased rate of respiration of bean and cauliflower
mitochondria with addition of valfﬁomycin to a solution that was 10 mM
in KC1. Also no’reSpiratory control was detected when ADP*was addgd.

In the present work, the extrhmitocﬁ%né;ia1 concentfafion of KC1
was ériticé] to the respiratory activity in the presence of “valinomycin
'(ramen XII). In the absence of added KC1 \res'pi ration was inhibited
‘somewhét'(compa;eq to‘the}hbrmal state IV respiration). It is possible
that with the hfgh 1evgis of valinomycin used, a diféct effect of the

;"‘\\ v ’ N “
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¥
presence of valinomycin in the membrane on the respiratory chain

camponents may have occurred and this may havé accounted for a decrease

in respiration. When the KC1 concentration was increased to 0.5 mM,

,

~respiration approximately doubled over that of the normal sfate IV

respiration.',(Addipiona]‘obsefvations indicated Fré{\if ADP was added

s

at this time, resbiratory contro]lwas,sti]] present). ’When the KCI1
;encentﬁation wes 1ncreesed to 1.0 mM, re}p{rgtion réte increaseqlto
_approximately equgd that of the stete ITI rate. Addition of ADP‘P

at Fhis time dsd not show a fdriheqminéreese in respiration so tha£ no
respiratory contrd] was evident aThe reszesrere consistent with less
energy being required for the energy dependent uptake of Kt at,ﬁow
extram1tochondr1?] KC1 conoentrat1ons (There were s1gn1f1cant1y |
lower resp1ratony rates for mltOChOndrla in low KC} concentrat10ns

‘ ¢

than in h1ghIKC1<concentrat1on§.)f

D. Effﬁe§§ of LADP Addition on Potassium Ion Movements

7 Othe//laborator1es have ‘reported that va]1nomyc1n addition to
mmtochondr1a in an anox1c state can lead to a downhill Joss of a K
gradient. ThlS eff1ux of X' can be used for driving ATP synthesis
(Cockrell et al., 1967; 'Rossi and Azzone #1970)- " The amount of ATP

: synthesized, however, is-only about 1/10 df‘the“lf+ efflux on a h ﬁo]
basis. Later eviden&e (Cockrell, 1972) iédicatesithat the efflux of
Kt gives'rise to a membrane potenfia] (oryppssibly avH+ Qradient) and

-

thlS drives ATP synthesis.. {

In the- present investigation, addit1on of ADP to valinomycin-treated ~

mltochondr1a caused an eff1ux of K (F1g 10). It is known that ADP

I' causes a partial reversal in the energized swollen state of mitochondrie

]
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(Packer, 1960, 1961) and that following ADP conversion to ATP, reswelling
occurs. It is possible thatva réversal of the swollen state is taking
place -in va]inomycin~treated mitochondria during ADﬁ phosphory]ation

and that this causes K efflux. Alternatively energy that was being

used for K+ uptake 1is now being preféfentia]]y used for ATP synthesis,
and with less energy available for uptake, a net K" éfflux occurs.

Stilt another possibility is that enhanced‘K+ efflux (in the presence

of ADP) is being used for driving ATP synthesis, possibly through
reversal of a K -ATPase.

As the external K(C1 conoentration was raised (also Fig. 10) 1less
efflux of K+ was detected at highér concentrations. This coulduindicate
that either no efflux occurred at the higher KC1 concentration or less
efflux occurred, but lack of sufficient sensitivity at the higher KC1
concentration failed to detect this. When ADP and HZO2 were added

- simultaneously, uptake of K" occurred to a certain point, (levelled off)
and then resumed when ADP had been phosphory1ated. This 1is further-
indication that at low extramitochondria1 K+ (O.EﬂmM) ADP phosphorylation
was preferential to K* ion uptake to a certain extent at least. ;
Table XVI indicated that the rate of net ATP synthesis‘was not affected
at low extramitochondrial Kt concentrations when the ADP was added prior '
to build- up of a K gradient or after the gradient had formed At a
higher KC1 concentratlon (2.5 mM), however ADP was more rap1d1y
phosphorylated if the Kt gradient was already formed.u There was
competition for energy between the potassium uptake process and ADP
phosphoryﬂafion At 1ow extram1tochondr1al KC1. concentrat1ons, howeveg,
ADP phosphory]at1on was preferential to K uptake.‘ The ev1dence leadsé'

s to the suggestion that K' transport and ATP synthesis are alternat:ve
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processes for utilization of respiratory energy in pea cotyledons. At
Tow KC1 concentrations there was preferential phosphory]atidn of ADP
compared to K uptake bdt at higher extramitochondrial KC1 concentra-
tions, this preference was lost. This may have been caused by a direct
effecﬁ of valinomycin and K on the reverse ATPase. An increased ATPase

&

activity has been detected by Rossi and Azzone (1970).

III. ATP Synthesis in Isolated Miiochondria from Pea Cotyledons

A. Characteristics

b Since ATP synthesis is thought to occur thrOugh reversal of an ATPase

(Qttchel}, 1970) and increased ATPase had been detected in the presence
of va]1nomyc1n, an investigation of ATP synthesis in pea cotyledon
mitochondria was ddne. The data in Table XI11 showithat ADP was com-
;p1etelg phosphory]ated and was largely detectable jn the extramitochondrial
solution in the absence of valinomycin. This was to be expected in view
of the exchange-diffusion theor} postulated for transport puc]eotides, y
‘énion substrates, and other apions in mitochondria (see Chappe11; 1968) .
The carrier for an ADP-ATP'exchange-dfffusiOn reaction has been

deduced by the action of atragtyloside. Atractyloside blocks the
phosphory]atlon of exogenous ADP but not the phosphory1at1on of intra-
mltochondr1a1 ADP. This and other observat1ons led to the conc]us1on

-

that a molecule of ADP enters the m1tochondr1on only in an exchan for
a mo]ecuTe of ATP (Klingenberg & Pfaff, 1966). A]though th1s wor;r

has
, been done on]y on an1ma1 mitochondria, it 1s reasonable to expect that
. such mechantsms are llkely present in plant mitochondria.
The f]uornmetr1c method employed was very sens1tive and able to
detect lavels of ATP lower than 1 n mol in 4 ml, In}:ddit1qq, duplicate
. SRR U
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samples demonstrated highly reproducible vafﬁes for rates of ATP
synthesis (Table XIV).

-’The variathﬂ%tmtween preparations was much more pronounced as is
variations in nearly all parameters in different mitochondrial prep-
arations. The variation in ATP synthesis was reduced in the presence of

MgC1 Hence the results in Table XIV were obtained in the presence

2

of Mg?]z.'

B+ Valinomycin Effects on ATP Synthesis

| The increased rate of respiration in the presence/of valinomycin
'mqsked the phosphory]ation of ADP a; deduced by Changés in oxygraph
traciqgs. %herefore, a study was made of‘ECe effects of va]ﬁnomycin .
on net ATP synthesis. At an external KC1 concentration of 2.5 mM the
presence of valinomycin greatly slowed the rate of ATP synthesis

comﬁare& to ATP‘synthesis in the abéence of valinomycin (F{g. 11). The
level of ADP phosphorylated apparently reachied a plateau in the presence
of valinomycin. An explanation could be that valinomycin was directly
affecting theiATPase for ADP phosphorylation, or perhaps valinomycin
had:an enhanced uncoupling effect with tiéé_ However, Phillips (19?1)
detected only a small increase in a K*-ATPase in pea cotyledon mito-
ch’ndria,_even at high KC1 concentrations. The slow rate 32 synthesis
of‘ATP in the-early stages of tﬁe time course when valinomycin was
présent égijzbe accounted for by an unavailability of energy as a'resuft
of energy being used pr1mar11y far ma1nta1n1ng the K gra31ent

Flg 12 demonstrates the effect of dlfferent levels of KC1 and the

“ability/of m1tochondr1a to phosphony]ate ADP in . the presence of

vallnomycxn. As the.extramitochondrial KC1 concentration‘was increased,
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there was a decrease in the rate of phosphorylation oﬁ ADP. Relatively
little effect on ATP synthesis was noted at 0.5 or l.b mM KC1 (when
respiratory control could still be detected) in the presence of
valinomycin. Also as was established in the K+ uptake experiments, much
more Kt is picked up and at a fastei/rate at higher KC1 concentrations.
This was interpreted to mean a greater drain on respiratorynenergy
occurred with K transport at higher external KC1 consfntrations. The
slow rate of ATP synthesis at higher KC1 conééntratioﬁs substangﬁgtes
it
this.
J pj

It is of 1nterest(that Rossi and Azzone (1970) haveﬁéhqyn a loss of
mitochondrial ability for ATP synthesis from the,valinomycin-induced
dissipa’ion of a K+ gradient at external KC1 concentrations above
2-3 mM. As discussed earlier, an increased ATPase:activityrwas also
detected. Fig.JHZ further shows there is a decrease in ATP level

after an initial maximum at 30 sec. for ADP phosphorylation in the

presence of valinamycin and 5 mM KC1. It is possible that‘ATP synthesis

~ had complete]y skepped and an ATPase activity was accoqg}ﬁhgafor the

6%:" S’ @

5 *‘:;‘ "%f}’ﬁ

elationship of ATP Synthesis and K Transport A (
- /&' !»id" "

As ATP has been shown to facilitate K ion ﬁytake 1n-rat- iVer

decrease.

mitochondria (Harris et al., 1966) but could not sustain K uptake in
the present research, an examination of changes ‘in the levels of ATP
for mitochondria that are in the anoxic state was carried out. Fig. 13
demonstrates the fonmat1on,of ATP during the aerobic phase. Jnd its
subsequent reut111zation in the an@erobic state. A rapid initial

decrease folTowgd by a slower linear decrease in ATP 1ege1 bccurred
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when mitpchondr?a entered an anaerobic state in theé absence of
valinomycin. Very little reutilization of ATP occurred in the presence

»

of va]i%omycin. [t appeared that in the presence of va]inomycin,the'
energy of ATP hydrolysis was not available for sustaining K+ uptake, )
-an observation which correlated with that of Table VIII,

.

As MgC]2 was shown to inhibit the K+ ion uptake and Mg++ gas been
associated with ATPase activity (Discussion II~C), an investigation of
effects of Mg++ on ATP synthesis both in the presence -aqd absence of
‘valinomycin;was 1n§estigated. The presence of}r;lg++ is seen to greatly
increase the rate of Qﬁ} syqthesis (Table XV) at a IOVmM concentrat;?n
but was inhibitory at higher concentrations. A concentration of 5 l
MgCl2 was just-as effectjva as 10 mM in increasing the rate ofjkynfhesis.

In the presence of valinomycin Mg++ was also shqwh to increase tﬂ?
rate of ADP phosphorylated. The effect was particularly enhénced atw?
an external KC1'concentration of 2.5 or 5.0 mM. It appeared that MgH
was making energy more available for ATP synthesis or more likely was
enhancing the activity of the enzyme, so that it cdl]d more readily
‘phospﬁorylate ADP. In addition, ag Mgf+ had an inhibitory effect on
Kt trahsport, the use Qf energy for;éhthegis of ATP thus occurredz’rj

\ A fina*finveStigation as to alternative use of energy for ATP
synthesis or Kt transport (Table XVI) showed that when valinomycin was
added prior}to ADP addition (a ¥ grqdientlwas given time to form)
there was a greater initial rate\of ATP synthesized: than when ADP and
valinomycin were added simultaneously. This occurred if the concen-

~tration was at least 2.5 m¥ but was not observed when the KC1 concen-

tration was 1.0 mM or lower.
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&
Addition ff ADP simu¥taneously with valinomycin (at a KC1 concentra-
tion of 2.5 ﬂh) resulted in a competition for energ/ by the two processes
such that éfélower rate of ADP phosphorylation occurred. At low K+ .
concentrai@%ns (0.5 0or 1.0 mM),éssentia]]y no di%ferenca was apparent
whether the valinomycin was added prior to ADP or sim@]taneous]y wjth

[
f’!r . . N N . . [
ADP . This observation is consistent with the idea that ADP is preferen-

tially phosphorylated at low K€1 concentrations but at higher KC1 con- -

g

centrations, the dq&and for enfrgy cannot sustain both*processes, and

il

K" transport is preferréd.
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CONCLUSION

Zonal ulttacentrifugation techniques can be used to isolate
mitochondria Qf ?e]ative]y high pggity from pea cotyledons displayirg
good respiratory parameters . They can be obtained quickly and in good

. N
yield. ‘ g

Use of a Tiquid membrane potassium electrode was of value in a
study of potaSsium ion transport. This method enabkeé a fast and“4
continuous monitoring of potassium ion uptake in 1s014ted mitochondria.

The valigomycin-1induced K+ uptake observed in Ghe present work was
energy-dependent and influenced by such variables as intactness of
mitochondria, substrate, anions present, cations present, and level
of extranitochondrial KC1 concentration. As the KC1 concentration
in the external solution was increased (from 0.5 mM to 4.6 mM) an
increase 1in rate of, and ‘total’, K+ uptake was observed. In addition,
a concomitant increase in rate oﬁjrespiration occurred. Respiratory
control was evident if the extramitochondrial KCTzconcentration was 1.0
‘mM cr Tower. At these concentrations ADP could be phosphorylated to
ATP in the presence of valinomycin at a rate. equ1va1ent\to phosphoryla-
tion in the absence of valinomycin. The ava1lab111ty of respiratory

’energy was not 11m1t1ng and phosphory]atlon of ADP appeared preferential
over K uptake. At hlgher ‘concentrations much slbwer rates of ADP |
phosphory]at1on occurred The demand for energy (as 1nd1cated by
max1mum respiratian rates) to malntain the K grad1ent was so demanding

‘that little energy was ava11ah]e\for ATP synthesis. Also it was p0351b1e\

that the high c0ncentration of k* in the mitochondria (at high external

Y
KC1 concentrations) interferes .'th the reverse ATPase ‘process for ATP .

A
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synthesis. An iﬁ}luence of va]inomycjn on ATPase activity has been noted
by others. ATP could not substitute for respiratory energy in sdstain{ng
K' uptake. When ADP was added after the K" gradient had already formed
(at high external KC1 concentrations) more energy was av ailable (as l.
1né?cated by faster rates) -for ATP synthesis. F

Mg++ was required for a fast rate of syntheéis of ATP. It also ¢
éghanced’ this synthesis in the presence of valinomycin and was inhibitory
to K* uptake. ~ A r

ATP synthesis and potassium ion transport appear to be.alternative

processes for use of respiratory energy. Although other explanations

“can be given for individual observations, none account for all the

observations made.



APPENDIX
A-1 Electrodes .

a. Reference Liectrodes

-

When several electrodes are used to monitor the same test solution,

it become§ necessary to use a common reference electrode to minimize
/ 9 0
cross interactions between electrodes. The function of a reference

electrode isﬁ}o provide A constant potential against which the potential
of the.ﬁeasurement electrode is comparé&., Usually a reference electrode
employﬁzgisa1t—bnidge solution: Af thé-]iduid junction between thé
~sait-brid§e solution and the test solution; the salt solution slowly
y ,

flows into the test so]ution At the interface of the two solutions
a potential drfference the ]1 id junction potentia], is established.
However, many factors, such as temperature, stirring, and nature of- the
sa]t—br1dge solution detract from;the &tab111ty of the e]ectrode
,potentiaTV There ,are y}rious types of féfergnce e1ectr6des with =
11Qu1d~3unct1ons The reference element 1is génera1fy Ag/AgCl or
calomel with variations 1nfc;mpos1t1on of salt- bridge solution and -
type of liquid-junctjon. The latter two factors play a major role f
in étabiiity of Tiquid junctions. | »

Thé most commonly used salt-bridge so?utjgn is saturated KC1,
Its greatest advantages:as a salt-bridge sqi'f?gﬁ are the following.

1. It is of a well defined compositfqhw?r ;

2. It é}nimfzeg énd ;tabiliies tﬁe Tiquid junction potential

3. It has a 1ow d1fferent1a1 temperature coefficient

, The major dlsadvantage of saturated KC1 is that the rate of

“contamination by c1- anq K. is much higher than for solutfons of low

N ) Q

f{thg alternative salt-bridge

concentration

A

In the present work an 1nvestigat1o.#
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solutions é]imi;ated the possibi1ities of :

1. O%]ute KC1 - There was the problem of maintaining composition

2. Saturated LiCl1 - The salt might have deleterious effects on
mitochondria |

3. Double junction-electrode - (where a second sa]t—b}idge
salution can be inserted between saturated KC1 and the test solution).
The third was deemed unmanageable for the measurements required because
of its size. Also the salt-bridge solution does not have the ad-
vantages of a saturated KC1 salt-bridge.

Alternatively one can control rate pf contamination by selection

of an electrode with a very slow flow rate. The problem that arises

howeyer is that the stabi1§%} of therliquid junction potential is lost

-~

as the flow of salt-bridge decreases, For example a s]eeve—junctjon;
electrode and an open-liquid-junction electrode exhibit very high
stabilities of Tiquid junction potentials. However, they have very
high rates of coqtamination. A fibre junction electrode was found

to exhibit efratic Tiquid juncé&on potentials and it tended to clog
in the presence of proteins, In—qzﬁbrous pin eléctrode, the contact
with test solution fs magg’either b; a porous pin, sintered glass
disc Or a ceramic rod. w{th ft, there was found to be a very slow
outflow of KC1 and resistance tg:the:fTris buffer” effect;_ An A. H.

k4

Thomas. combination electrode with:a ceramic junction Ag/AgCl1 reference
f - : . . .

- was empToyed in the research reported here. It exhibited a stable

, ;
liquid-junction potential and the ocutfiow of KC1 was found less than

‘4

*Tris buffer effect is caused by a reaction that takes place
between Tris and certain components of various reference electrodes

- resulting in an erroneous pH reading.
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7 of K* sglect1ve electrodes. The first

é

af’fmembrané ﬁype which is identical to the

changing the reTatiVe composition of different silicates present in

the glass bulb. This type however is not entirely selective to Kf as
other ionsrsuch as Naf, H+, Ag+ cause erroneous readings, "

The liquid membrane K+ electrode developed by the Orion corporation
exhibits an extremely high sélectivity for potassium sver,othe?'cations,'
The se]eéfivfty constants for the Model 92-19 pota??ium electrode as
reported by Orfon are: Cs', 1.0¥ N, ", 0.03; H', 0.01; Ag*,+0.007;
Na", 0.002;and Li", 0.001.

A water immiscible solvent (which is 5-10% in valinomycin) is |
placed in tﬁe electrode body such that a lipophilic membrane 1is
saturated with the solution. The K" in solution 1£ thought to be in
©an eqqiiibrium with a K+-va11nomycin complex. In addition the,K+-;
valinomycin is in equilibrium with a KC1 solution within the electrode.
Any change in so1ut{on K" results in a change in K"-valinomycin and
internal KC1 solution within the equilibrium of tge electrode body.
Such a change gives a change in electrode potentih} which is directly

proportional to the change in external K+.

A-2 Calcu]ati;n of Potassium fon Uptake'

" The potassium ion electrode was calibrated daily with potassium
chloride soiutions of 0.1 mM, 1.0 mM, 10 mM and. 100 mM concentration.
-, The ionic strength of ééchrgolut1on was fixed at 100 mM'by use of CaC]2
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" (the ionic strength of CaC12 being three times higﬁér tﬂan an equi-
molar solution of KC1). The pH of each solution wés,stawdardized at
7.2 by addition of approxfmate]y 1 mM Tes (made pﬂ’7.2 wiﬁb Tris). The
results were used as a check of the slope of the efeégrode.

When assay buffer was used the KCI concentratibn was brought to
a specified value by addition of a specific amount of KC1, usudlly 5 or
10 Hmoles KC],: Thg resulting electrode potential was then compéred to
the predicted electrode potential as a routine check before addition of
mitochondria. Following addition of mitochondria and subsequently to
that, addition of valinomycin, the change in electrode potentia] was
recorded and the resultant change in potential used to calculate the
actual change in extramitochondrial K+ concentration. The calculation
was based on therobserved slope of the electrode. If the slope was
50 mv/decade change, a graph of electyode potential vs. K+ concentra-

" tion with 50 mv slope was used to determine the actual K+ concentra-
tion change for the observed electrode potential change recorded,

The number of nanoequivalents of K* req“red to register ‘the
extram%tochondria] Kf conﬁentration éhange was calculated and the
resulting value expressed as the number of pequiQ of K* either taken
up or effluxed. '

The rate of uptake or efflux was determined from the initial slope -
of the trace. It was calculated by determining the nequiv of k* re-
quired for the obsefved change in the fraction of a minute examined.

The result was expressed as nequiv/mg protein/min.



Fig. A-1.

JR
Stope of Orion liquid-membrane potassium electrode
(Model 92-19) with decade increases in concentration

of KC1. lonic strength was maintained constant at

0.1 M with CaCl, addition where necessary. Standard

2
solutions were adjusted to pH 7.2 with addition of
1 ml of 50 mM TES (adjusted pH 7.2 with TRIS) per

100 m1 KC1 solution.
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Fig. A-2.

ra)

Slope of an Orion Model 92-19 liquid-membrane
potassium selective electrode as it changes

with age. The slope is a daily average of the

change in mv recorded with stepwise increases in .

a

KC1 concentration from 0.1 m to 100 mM. Tonic
strength was maintained constant at 100 mM with

CaC]zh
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