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Swnmary. An investigation has been made of the possibility of tutilizing the
potential energy of the contracted state of corn mitochondria to drive Ca + inorganic
phosphate accumulation. Contraction was obtained with succinate or NADH oxidation.
In the succinate experiments the mitochondria were contracted in buffered KCl
layered over sucrose in centrifuge tubes and centrifuged down through distinct
wash, reactive and isotope exchange layers. In the NADH experiments, ion ac-
cumulation was initiated upon exhaustion of the substrate. The results show that
mitochondria in the contracted state will actively bind some 45Ca, but no real accumtu-
lation occurs until inorganic phosphate is available. Substrate powered contraction
in the presence of inorganic phosphate also provides a potential for accumulation
upon subsequent reaction of the mitochondria with Ca. It is deducted that contraction
is due to X-I formation, to which Ca will bind. Subsequent reaction with inorganic
phosphate produces CaX-P, which is the transport moiety. When X-P is formed
first, Ca also reacts to produce CaX-P. Hence it is immaterial which ion reacts
first with the contracted state. Contraction is believed to result from the action of
a mechanoenzyme, presumably I-. The stability of CaX-I must be low for the
mitochondria swell very rapidly tupon exhatustion of NADH or blocking of stuccinate
oxidation by cyanide.

Previotus papers from this laboratory have re-
ported the characteristics of corn mitochondria in
Ca + Pi accumulation and in swelling-contraction.
Substrate-powered calcium accumulation is depend-
ent upon phosphate, and phosphate acctumulation
is dependent tupon calcium, or the related strontium
ion which is about half as effective (10, 25). The
mitochondria show no pronounced tuncotupling re-
sponses to Ca; the small decline in P/O ratio
with 1 myN Ca is due to diversion of phosphate
from ATP formation into Pi acctumtulation (7).
Swelling is spontaneous in buffered KCl, with rapid
contraction not only with ATP and Mg btut also
with the simple addition of an oxidizable substrate
(23). The ATP-powered contraction is oligomycin
sensitive and releases Pi, accounting for the bulk
of the ATPase activity (23). The substrate pow-
ered contraction is very closely linked to respiration
and is inhibited about 40 % by 1 mm phosphate
(23, 25). Calciuim releases the phosphate inhibition
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resents a cooperative effort of the South Dakota State
University and University of Illinois Experiment Sta-
tions.

2 On leave from the Department of Agronomy, South
Dakota State Unliversity, Brookings, South Dakota.

of contraction, simtultaneously increasing respiration
and activating Pi accumulation (25). Dinitrophenol
in low concentration (30 jM) uncouples the sub-
strate-powered phosphate uptake but does not reduce
respiration or the contraction process (25).

From these observations we have concluded
that the contraction process is very closely linked
to electron transport, and that the level of con-
traction reflects the level of non-phosphorvlated
high energy intermediate (23, 25). The Pi inhibi-
tion of substrate-powered contraction must lie in
the loss of non-phosphorylated intermediate in
formation of the phosphorylated form. Calcium
relieves the phosphate inhibition by activating Pi
accumulation from the phosphorylated form, re-
cycling the intermediate for increased electron flow
and contraction (25).

Cturrent opinions on contraction in animal mito-
chondria appear to be centered abotut the osmotic
consequences of active salt movement (3, 14, 20, 24).
Mitochondria presumably swell because they ac-
cumtulate salt and contract because thev lose it.
Pressman (18) and Harris et al. (8) think the
amouint of salt transferred to be inadeqtuate. There
seems to be little active stupport for Lehninger's
hypothesis on mechanoproteins (12). However,
otur observations on corn mitochondria wotuld be
most readily explained by asstuming that the high
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energy intermediate (I..=-X) has as one element a
mechanoprotein produicing contraction. Swelling
could then result from either of 2 processes: spon-
taneotus hyclrolysis of the intermediate (JI.-X --

I + X), or reversible phosphorylation of the inter-
mediate (I.-X + Pi < > I + XN-.I'P). The
addition of Pi to substrate-contracted mitochondria
does in fact catuse a rapid drop to a lower level of
contraction (23, 25). Calciuim reverses this drop
produicing a burst of contraction, respiration and Pi
accuimtulation (25), indlicating that the interme(liates

Ca
have been recycled [1l + X-P -s (Ca + Pi)
insi(le + I + X].

If this viewi is correct, the contracted state shouldI
represent a potential for dloing the osmotic xwork
of Ca + Pi accumuilation. Demonstration of this
potential re(quiires techniqules for produicing con-
traction, removing the suibstrate, then exposing the
mitochondria to Ca + Pi. Suich experiments have
been (lone aind are reportedl here.

Materials and Methods

Mitochondria wrere isolated in the coldl from
1O() g of 3-day etiolated corn shoots (Zea iniays
L., \VF9 X M\14) by grinldiing in an ice cold mortar
with 250 ml of 0.4 Mi suicrose, 5 mAt EDTA and
50 mM\ KH.,PO netutralized with Tris to pH 7.5.
The homogenate was straine(d through cheese cloth
aindl the mitochonid(rial fractioni collected by! cen-
triftugation at forces betveen 1000 X g and 11,000
X y for 10 minuLtes. The pellet was restuspended
in 50 ml of 0.4 m suicrose anid( centrifuiged at 1500
X g for 10 mintutes. The stupernatant fltidl was
decanted into clean ttubes and made tup to 80 Mm
ADP, which was added to reduce endogenotus stub-
strate and phosphate levels. Ten ml of cold 0.6 M
suicrose was layered tunder each stuspensioni which
was then centriftuge(d at 9400 X g for 12 minuttes.
The supernatant fraction was remove(d by aspiration
and the pellet was restuspended and( made tup to
4 ml with 0.4 Ai sucrose (abotut 0.7 to 0.9 mg N/ml)
and the suspension was then stored on ice. All
isolation proceduires were conducted between 0 and
20.

Nitrogen was determined on digested mito-
chondrial samples by nesslerization. Light scatter-
ing was measured in a Zeiss PMQ II spectro-
photometer, and O. uptake with a Clark electrode
in conjtinction with a Heath recorder. In the 45Ca
an(l 32p analysis mitochondria were centrifuged from
the KCl layer throuigh wash or reaction layers and
collected at the bottom of the tube. The suiper-
natant layers were carefully removed by aspiration.
Extraction of 45Ca was accomplished in 10 %
trichloroacetic acid. Inorganic 32P was extracted
by an isobutanol procedure (26). The precipitate
in either proceduire was removed by ceintrifugation.
Aliqllots were countedl in a Niuclear Chicago liquid

scintillation spectrometer. (Specific experimlenltal
proce(llires are recorde(d in the legends.)

Results

(en tri-lfgc EIpcrimtents. The objective in these
experimeints wvas to form the contracte(l state by
reacting the mitochonid(ria wvith succinate, theni to
centrifuige the contracte(d mitochondria (loxx n througlh
discrete sucrose lay ers for washilng, reacting wx ith
ions, exchaniginig off superficially bound isotope,
and finally collecting the pellet for analy sis.
Figures 1 and 2 presenlt the experimenital set up
an(d give typical restults.

It wvas first determined that reactioni Nxxith stub-
strate in the preseince of Pi produce(d cond(litionis
which xvouild suibsequently leajd to 45Ca llptake
(fig 1). Presilmably a high eniergy phosphorylatecl
interme(liate (N P) Nxxas formedI duirilng substrate
oxidation in the preselnce of Pi. Suifficienit iinter-
mediate muist have survived removal from the
substrate a(Ind suibsequent washing to react x ith
45Ca and(I pro(duice uiptake of the iOnl.

Next, the mitochond(lria wvere added to the KCl
mediunm xv'ith or withouit succinate, buit xwithont P,
and the mixtuire wxas layered oni top of the stucrose
(fig 2) Under this coniditioin in the presenlce of
substrate the mitochoidria contract vigorously ( 23,
25), which as far as we knoxw is the only phy sical
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0 4M
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FIG. 1. 45Ca utptake by mitochlonidria subsequent to
reaction wN-itb substrate acids and Pi. Sucrose lavers
were p)repared1 in 15 ml centrifugte tubes wx ith additives
as in(licated. Mitochondria (0.1 ml; 76 , N) were
added to 2.5 m-l of 0.1 Mi KCI, 002 MI Tris (pH 7.6),
1 mg/ mil BSA, 4 mixi KH.,PO4, 230 yAL NAD, 170 yNi
TPP, + substrate (10 mi:\i suiccinlate + 10 nil\i pxrutvate)
and the mixture lavered onl tol of the sucrose. The tubes
xx ere placed in the #969 sNx iniginig bucket rotor of the
International BD-2 centrifuge set at 15°. Mitochondria
%-ere theni subjected to a stepxx-ise inicrease of centrifugal
force of 4500 X g for 2 min, 8700 X g for 2 min and
40,000 X g for 6 mnm (calculated from maximum radius).
The pellet wxas extracte(l aind analyzed for 45Ca.
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manifestation that an energy potential has been
conserved. Any conserved energy for ion transport
would need to be in a non-phosphorylated high
energy state associated with the contraction. As
shown in figure 2, the only appreciable uptake of
45Ca occutrred in the presence of Pi. Neither
acetate, arsenate nor citrate would substitutte for
P1 (table I). Evidently the non-phosphorylated
intermediate associated with contraction (X...IJ)
must first react with Pi producing the phosphoryl-
ated intermediate (X.- P) before 45Ca is accumu-
lated.

However, it will be noted in figure 2 that re-
action with substrate caused a small increase in
4"Ca content of the mitochondria (tube 1 vs ttube
3). Althotugh small the increase was quiite con-
sistent and could not be ignored. It was the first
evidence our laboratory had ever been able to
obtain of active Ca biinding in the absence of Pi
as described for animal mitochondria (1,5,20,22).
With continuotusly available suibstrate, and propor-
tionately much larger Ca accutmulation, an-, such
binding had probably been masked. In addition,
the method of isolation used here produces mito-
chondria which are more active in contraction and
have better respiratory control, suggesting that
higher and more stable levels of the binding inter-
mediate were produced.

Further investigation of the active Ca binding
phenomenon showed that if the 45Ca were introduiced
into the top layer with the substrate the amount
of binding was considerably enhanced. Experiments
illtustrating different aspects of the energized bind-
ing are given in table II. The following points
can be made:

A) Addition of the 45Ca directly in the succinate
layer produces 3 to 4 times as much 45Ca in the
pellet as does application in the third layer (expts
1, 2). Part of this may well be due to reaction
time. The 45Ca is with the mitochondria and suc-
cinate for 3 to 5 minuites while the mixtuire is
prepared, layered, and the centrifuge set in operation.
This is suifficienit time fir the mitochondria to
achieve complete contraction and thus maximum
binding potential. However, if the 45Ca is not in

the top layer some of the potential for binding may
be dissipated as the mitochondria move away from
the contracting substrate and down through the
wash layer. Loss of potential coupled with rapid
movement through the third layer cotuld lower Ca
binding.

B) Addition of 45Ca with succinate is almost
as effective as addition of Pi with succinate (expts
1, 2, 3). Certainly the amount of transport potential
is of the same order of magnitude. It shotuld be
recognized that these experiments were intended to
provide a single cycle of transport operation. That
is, the transport mechanism was energized without
Ca and Pi or with these ions singly, not with both
ions together where there is constant recycling and
massive transport (eg., 10, table IV). In a single
cycle of operation the transport mechanism might
be expected to bind roughly equivalent Ca or Pi
since corn mitochondria show Ca/Pi acctumuilation
ratios of about 1 (10, 25).

SUCROSE
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FIG. 2. Utilizatioii of energy associated with the con-
tracted state to produce 45Ca accumulation. Conditions
of experiment like those of figure 1, except that substrate
was 10 mm succinate only and the KH,PO4 was moved
to the third laver as indicated. Contraction of mitochon-
dria as A OD520 in the top KCl layer was separately
determined to be from 0.668 at the end of the swelling
period to 0.838 in 5 minutes, the approximate length of
time required to prepare and add the top layers, precool,
and start centrifuging.

Table I. Necessitv for Pi to Secure 45Ca Accumulation
Experiments were performed in the centrifuge as illustrated in figure 2. 72,000 cpm of 45Ca were added.

Layer
1 (top)

Tube

1 succinate
2 succinate
3 succinate
4 succinate

2

wash
wash
wash
wash

wash
wash
wash
wash

3

45Ca
45Ca + 1 mM Pi
45Ca + 1 mm Acetate
45Ca + lmMr AsO4
4~Ca
45Ca + 4 mM Pi
45Ca + 4 mM AsO4
45Ca + 4 mNt citrate

4 Pellet
cpm

Ca exch
Ca exch
Ca exch
Ca exch

Ca exch
Ca exch
Ca exch
Ca exch

363
1388
333
450

291
2124
306
249
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Table II. Acjice 4cC'a Biinding in tlhc Contracted State Produced by Stccinate, mid Sublsequent Transport with PiExperimleints w-ere performed in cenitrifuge tubes as in figures 1 aid(I 2, xx ith 1 m-m Ca anid 4 mim Pi anid 10 nicm
succiniate as indicated. In expt 4 the Pi w-as 1 iAl labeled witlh 356,000 cpm 32P. Expt 1, 2, and 3 bad 65,500 cpim of
45Ca; expt 5 had 53,700. In expt 5 the Ca exchange layer wN-as increased to 5.2 ml, reducing laver 2 to 26 ml.

Expt Tube

3

41

2 -
3
4

2

4

1 (top)
succiniate
succiniate + Pi
sticciniate
succiniate + 4IC

succiniate
succinate + P
succiimate
succniate + 45Ca

Pi
succinate

succiinate

+ PC

+ 45Ct

4 1 Ca
2 suiccinate -+ Ca

2

4

succinate + 45Ca

45Ca
succiniate L 4-Ca
45Ca

C) The binding reaction of Ca in the presence

of stuecinate conservNes energy which can be stub-
sequently ulsed in 32Pi transport (expt 4).

D) I f the 45Ca bouind in the presence of suc-

cinate is reacted with Pi in the third layer, a good
(leal more 45Ca appears in the pellet after exchange
(expt 5). It wotl(l appear that the 45Ca is bouind
to some energized component which is accessible to
exchange with the unlabeled Ca uLsed to reduice

superficially botund ion. If the actively, bound 45Ca
first reacts with Pi, however, transport to the
matrix mutst occtur, preventing rea(ly exchange.

XAADH Co0ttr(actionl and Resutlting Transport.
There are 2 basic (lifficlilties xvith the foregoing
experiments. The first is that one cannot simul-
taneously follow swelling and contractioin aind ion
transport. The principle difficuilty however is that
a bit of suiccinate might be accuimtulated duiring re-

action in the top layer, anid suirvNive washing to be
oxidized in the thirdl layer, directly produicing ion
accuimuflation. An attempt was made to assess this
possibility by reacting 0.2 ml of mitochond(Iria in the
KCl meclitum -+ succinate, as in figuire 2, then cen-

trifuiging them down through 0.4 M suicrose. The
mitochond(ria were immediately suispended in 0.2 ml
of 0.4 Mt suicrose at room temperature and addecl to
the KCI mediuim in the oxygein electrode chamber.
No endlogeinotus respirationi coulld be foundl for the
mitochondria not exposed to suiccinate, but there
wxas a trace of respiration from those which were
exposed to suiccinate. The maximuim respirationi
foulndl was 9 mumoles 0.,, the ox-ygen being coIn-

stimed in 2 minuites at 28'. This respiratioin rate
is so low that it wouild hardly be adequate in itself
to provide the Ca accumulation noted in the fore-
going experiments (eg., tuibe 2, fig 2), but it could

contribuite.
Cyanide was uised in an attempt to block respira-

tion once the mitochondria had attained full con-

traction (table III). Immediately after the addition
of cyanide, Pi was introduiced to 1 treatment. As

reported in the legend of table III, parallel measuire-

ments of light scattering show swelling to be very

rapicl onl inltrodulctioIn of cyanide, but when Pi is

also added the rate slows markedly and there is

aclclitioinal 45Ca uptake. Howev,er, parallel dIeter-
minatioins with the oxygen electrode showed 1 mNi
cyanide to only inhibit respiration by 80 to 90 %.
Hence there is still the possibility that this residuial
respiration might be couple(d to 45Ca + Pi uiptake,
and thuis not all of the uptake wouild be dute to
tilization of the potential of the contracte(d state.
To overcome these problems, experiments were

(lone wxith NADH, xwhich gives rapidl cointraction
hlut is qllickly exhauisted. Figuire 3 shows a typical
resilt inxwhich contraction, respiratioin anid iOnl

accLumulation were followed in 3 parallel treatments.
Rapid respiration wxas associatedl wvith contractionl
and with maintenance of the contracte(d state.
WNThen the NADH was exhauisted the mitochondria
swelled rapidly, and xx-hen collected showed no

evideince of 45Ca binding. If Pi were added julst
at the point of NADH exhautstionl, swelling was

retarde(I and some -1'Ca xvas accumtulated. There

4 Pcllet
Laver

wasl
wasl
wash
wvasli

waslb
waslb
wvash
Ca excl

wasl
washi
Ca exchi
Ca excle

wash
wash

wash
waslh
Nvash
wx asl

3

4 Ca
45Ca
4 Ca
4 -5Cal

45Ca

xv'ash
45Ca
4*Ca
xN-aslh
xx ash
:3c p
32p,

P i

P i

wx ash
xv,aslh

Ca exclh
Ca excl
Ca excl
Ca exclh
Ca exclb
Ca cxclh
Ca excli
Nxxash

Ca exch
Ca excl
Pi
Pi

xx-aslh
wx ash

Ca exclb
Ca excb
Ca excli
Ca exchi

503
2364
582

1701

258
1905
1539
1176

204
3057
288

2604

96
2925

2931
335
1190
355
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Table III. 45Ca Accumulation from the Contracted State After Blocking Respiration with Cyanide
Mitochondria were placed in 2.6 ml of 0.1 Si KCl, 0.02 M Tricine (pH 7.6), 1 mg/ml bovine serum albumin (BSA)

1 mM 45Ca (103,000 cpm total), and allowed to swell at room temperature (about 250) for 10 minutes (A OD520 =
-0.149 from 0.778 in parallel measurement). Contraction, where indicated, was initiated with 10 mm succinate + 10
mM pyruvate with 40 gM CoA, 230 jum NAD and 170 gmI TPP (A OD = +0.078, leveling out at 3 min). At 15
minutes 1 mm KCN was added to all tubes, followed immediately by 4 mm P1 as indicated. Respiration as determined
separately with the oxygen electrode was inhibited 89 % by KCN addition and was paralleled by immediate swelling
of the mitochondria. (A\ OD = -0.133 in 4 min without Pi and -0.036 witlh Pi). 10 ml of 0.6 M sucrose was
layered beneath the reaction mixture, and at 19 minutes the mitochondria were centrifuged down and analyzed for 45Ca.

Swelling Contraction + KCN + Pi 45Ca in pellet
0-10 min 10-15 min 15-19 min cpm

+ + + Pi 4225
+ + P1 1010
+ + - Pi 1925
+ - - Pi 1120

nomenon in plant mitochondria. It is a specific
divalent cation effect over and above the general
ionic strength effect. Hackett also reported an
optical density increase that occurred on the addi-
tion of divalent ions to a mitochondria suspension.
He suggested that the optical density changes de-
noted a change in physical structure facilitating the
access of NADH to reactive sites of the respiratory
chain. Hackett's explanation is in accord with our
results, as the increased oxidation of NADH upon
addition of Ca is not associated with Ca accumula-
tion (fig 3,4 and table IV). Only when Pi is added

750

FIG. 3. The relationship between swelling-contraction
(solid line), rate of oxygen uptake (broken line) and
45Ca uptake (right margin) by mitochondria under con-
ditions of NADH depletion observed in the presence and
absence of 4 mm P. All measurements were made in
parallel from a common stock of 27.5 ml of 0.10 M KCI,
0.02 M Tricine pH 7.6, 1 mg BSA/ml, 1 mm CaCl2 +
45Ca (61,000 cpm/2.6 ml) to which 1.1 ml mitochondria
(86 ,ug N per final 2.6 ml aliquot) were added to initiate
the 10 minute swelling period. Immediately 3 each 2.6
ml aliquots were added to cuvettes, 6 each 2.6 ml aliquots
were added to centrifuge tubes for duplicate 45Ca uptake
and 1 2.6 ml aliquot to the oxygen electrode cell. At 10
minutes 0.9 4amoles NADH was added to each of the
cuvettes and centrifuge tubes and 1.0 ,umole to the oxy-
graph cell and contents were mixed. When oxygen up-
take stopped, 4 mm P1 (pH 7.6) was added to appropriate
samples anid 45Ca uptake was determined in the centrifuge
tubes as lescribed in the legend of table III.

700k

650h

600-

550k
is no question here about identifying substrate carry
over, for if the Pi was added before the NADH
was gone there was a burst of additional contrac-
tion which is related to the higher oxidation rates
in the presence of iCa and Pi (fig 4).

In following up this latter observation we exam-
ined NADH oxidation as affected by Ca and P1
(insert, fig 4). Calcium strongly activates NADH
oxidation. Hackett (6) has reported on this phe-

-V

FIG. 4. The effect of Pi addition on contractioni, oxy-
gen consumption (insert) and 45Ca uptake when added
prior to NADH depletion. Data collectedi in the manner

described in figure 3. Mitochondria (87 ,ug N/O.1 ml)
were added to 2.5 ml of reaction mixture containing 0.5
mM CaC1I, + 45Ca.

NADH

O l4 7
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S m5n +PN
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Table IV. 45Ca Bindinm and Accilontlation PoZwCrcd by .A-DH O.1-ida/ion
Centrifuge tubes contained 2.5 ml of 0.1 Mi KCl, 0.02 Ma Tris (pH 7.6). 1 ig/mnil BSA, 1 niiLI CaCI. + 4Ca

(58,500 cpmll total) Withl 0.9 ,umole NADH anid 4 mM Pi as indicated. Reaction started by additioni of 0.1 Iml mitoclholl-
(Iria (0.093 mgN) and run for 4 minutes at room temperature. Tuibes xxere qjuickl) clhilled and 10 ml of ice cold 0.6 Ai
sucrose was layered beneath the reaction mixture. The ruitoclhonid(ria xx erc centrifuged throuiglh the sucrose int a total
of 5 minuiltes where force attainied (luring this period wxas 28,000 X !1, collectedl aln(d analyzed for 45Ca. Respiration of
0.1 ml of mnitochondria was deterinilled with the oxygen electrode iii the samle buiffered KCI + BSA miiixtuire xx itli
1 niNi Ca, 0.9 umole NADH and 4 mlt Pi as indicated. NADH oxidatioll rate before addi.in of Ca or Pi WxaS 37
m,unmoles per minullte.

Treatiiieiit

45Ca
NADH + 45Ca
NADH + 45Ca + P

45Ca uptake
cpm/pellet

981
19820

Respiration rate
llnloles/xm1m

0
90
138

Table V. Rcmoval of Bound 4- '(I1,b Etrchlanq,c
Experimental procedure Nvas the same as described in table IN' except differential 45Ca exchanige xxvas accom-

plished by the presence or absenice of 1 mam CaCl., in the 0.6 ir sucrose laver. Total Coun11tS of 45'Ca added per tube
was 103,600 cpm.

Additives to
KCI medium

45Ca
4 Ca
45Ca
45Ca

+ NADH
+ Pi
+ Pi + NADH

No exchianige

1055
2160
935

71,265

is Ca accumulation fotund, althouigh againi there is
some extra binding of 45Ca linke(d to substrate oxi-
datioIn in the absence of Pi (table IV). Propor-
tionately, this extra calcitum is jtist as subject to
exchainge as is that held in the absence of suibstrate
(table V'). In these experiments the mitochondria
were recovered prior to substrate exhauistion and
swelling, anid thuis did Inot lose the boun1d1 45Ca (cf.
figs 3, 4).

It mutst be emphasized that the Ca-activated res-
piration occuirs onl) when NADH is stubstrate. As
previously reported (7) addition of Ca to an accep-
torless system oxidizing an organic acid substrate
yields only a very small and transitory respitory
response uiniless Pi is also present.

Discussion

The experiments demonstrate 3 additional char-
acteristics of the Ca + Pi trainsport mechanism of
corn mitochondria:

1 ) There is a bindling of Ca to the activated
transport mechanism, and the hound Ca is exposed
to exchainge for external Ca.

2) In the final realization of Ca + Pi transport
it makes no difference in which order the ions are
presented to the activated mechanism.

3) Activation of the transport mechanism is
somehow associated with contraction.

TIn short, the contracte(l state formedl in associa-

Centrifugatioln throughi suicrose + CaCI.,
cpm/pellet
Exchanige Loss

770
1570
585

68,630

285
590
350

2635

% Loss

27
27
37
4

tion xvith substrate oxidation provi(des a poteintial
for Ca binding in the absence of Pi andl Ca + Pi
acculmulatioIn in the presence of P,. In the centri-
fuLge experimenits some contribution to binding or
acculmullationi may have been made by- acctumullatedl
suiccinate. Even a lowx rate of respiration (Itiring
centrifigatioin wxould teni(l to maiitaiin the contrac-
tioIn anId( binding potential achieved in the top layer
(cf. 5). \Vith the NADH experiments there is no
qtlestion abotut residual respiration sinice Ilonle couild
be detected, but there was still 4iCa accuimulation
if Pi was added. However, withotit Pi there was
rapi(1 swelling and any actively bound 4aCa was
releasedl.

DuIe to the ready dissipation of the contracted
state in saline medlia (ie: rapid spontaneouis swell-
inlg) it is (liffictilt tG make a qulantitative assessmenit
of how mulch potential is available. One canl esti-
mate from tables IN' and( V, where no 4,Ca-Ca ex-
chainge was carriedl otit, that 20 to 25 mMAmoles 45Ca
were bouInd in associatioin with the contracte(d state
(treatmenits with 4;5Ca + 'NADH less those with
45Ca alone, relatedl to total 45Ca available). From
this it canl be calcuilated that the net acctimtilation
of 1650 mumoles of 45,Ca in 4 minultes (table V,
treatment with 45Ca + Pi + NADH with exchang-
able 45Ca removedl) represents an average tuirnover
of 1.5.5 per minutte of the extra 45Ca bound in the
presence of NADH, asstuming this actively hound
45Ca to be the souirce of that acctimtilate(d in the

160f, PLAN-T PHYS10LOGY
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presence of Pi. Since the time course of 45Ca
accumulation shows a rapid initial rate which de-
clines over a few minutes (10,25), the initial turn-
over must be even greater. In addition there is a
process dissipating the contracted state as shown
by the rapid swelling on exhaustion of substrate
(fig 3,4) or the addition of cyanide (table III).
Even though the Pi needed for accumuilation retards
this dissipation it still exists, and hence the turnover
of the Ca-binding intermediate must be still larger
by some additional factor which we cannot estimate.
At the present the best one can do is state that
lqualitatively part of the potential associated with
contraction can be utilized in 45Ca binding or Ca +
Pi accumulation, and let the quantitative aspects
await experimental refinements.

In terms of the standard type I hypothesis of
oxidative phosphorylation, the contracted state must
correspond with formation of a non-phosphorylated
high energy intermediate. Formation of the inter-
mediate seems to be generally accepted as meaning
formation of a covalent bond with a high standard
free energy of hydrolysis. The exception to this
lies in the chemiosmotic hypothesis of Mitchell (15,
16, 17). It is not clear to us how one applies
Mitchell's hypothesis to formation of a contracted
state with the potential to transport Ca, particularly
when there is an evident requirement for phos-
phorylation to secure actual transport. Contraction
might well result from dehydration of a membrane
constittutent following polar H+ and OH- ejection,
but subsequient tuse of the potential through a phos-
phorylated intermediate would still suggest that a
chemical bond equivalent in energy to an acid anhy-
dride mtust have been formed. As a matter of con-
venience, the results will be discussed from the view-
point of the older carrier-covalent bond hypothesis.

ee CredI e °
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Cox+I-X: Co

Piv
1,

ca .Xp]
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/ ATP
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FIG. 5. A schematic representation of the oxidative
phosphorylation pathway as it appears to exist in corn
mitochondria (solid lines) and the reactions leading to
spontaneous swelling, Ca exchange and Ca + Pi ac-

cumulationi (dotted lines). See text for details.

As previously pointed out (25), there are actu-
ally 2 non-phosphorylated bonds which are candi-
dates for the potential chemical energy stored during
contraction. This is shown in figure 5, which is a
schematic representation of the situation which ap-
pears to exist in corn mitochondria. The conven-
tions used are those of Chance and Williams (2)
except that the initial high energy bond is con-
sidered to be with the oxidized form of the carrier
(13, 19). Cyanide, which should produce reduced
conditions, inhibits substrate powered contraction in
corn mitochondria (23, table III). The unknown
I would then correspond to a carrier-linked enzyme.

The 2 non-phosphorylated bonds are C0 .-I and
I-X. Both of these occur in what might be called
the "I-cycle", the cycle involving oxidation and
redLuction of the electron carriers. The lower, or
"X-cycle", is concerned with phosphorylation and
transport reactions. The cycles mesh through I-X.
Contraction is somehow closely linked to respiration,
and thus to operation of the I-cycle. As discussed
elsewhere (25) uncouplers do not affect contraction
except to increase it when they increase respiration
and depress it when they depress respiration. Per-
haps then contraction is associated with formation
or utilization of Cox0 I as indicated in the schemes
of Crofts and Chappell (4) and Lardy et al. (11),
respectively. However, there should be rapid equili-
bration between the 2 states, and for lack of other
evidence it would be better to simply equate the
level of I-with the extent of contraction. It fol-
lows then that rate of contraction should parallel
the rate of attaining steady state oxidation in the
electron donating carriers at coupling sites (eg.,
cytochrome b) following the initial burst of reduc-
tion on addition of substrate.

Spontaneous hydrolysis of I-X would lead to
rapid swelling. Spontaneous swelling is not found
in sucrose except tunder special conditions of aging
and chelation (23), so there must be a role for
inorganic salts in promoting spontaneous hydrolvsis.
Our laboratory has tried repeatedly to define this
role in terms of active salt transport with resultant
osmotic swelling, but we have failed to date (J.
Carter, unpuiblished thesis research). However, a
reaction of cations with I-X to give spontaneous
hydrolysis and swelling seems to be a reality under
some circumstances (eg: the rapid swelling after
NADH exhatustion in the presence of Ca, figs 3,4),
but no reliable evidence for associated transport has
ever been fouind tunless Pi is included. This cation
activated secondary swelling is under current sttudy.

The evidence reported here (table II) strongly
suggests that the basic formulation of Chance (1)
is correct with respect to cation binding: that is,

Ca + XJI <- > CaX-I
Hydrogen or other cations bound to X would be
displaced. Calcium so bound appears to still be
available for ready exchange with external Ca, and
thus cannot be considered transported. The Ca
muist be held in a dynamic steady state, much as
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described by Drahota et al. (5). Once respiration
ceases (as in fig 3) CaX-I cannot be maintained
and the contracted state dissipates with a half time
of about 1 minute, releasing bound Ca. In the
centrifuge experiments the mitochondria must have
been moved rapidly enough that some CaX--I sur-
vived (dissipation in the pellet would not alter the
45Ca analysis).

The above comments refer to the active binding
(see fig 5 for schematic representation). Only on
reaction with Pi does actual transport occur:

CaX,I + Pi -e I + (CaX-P) -
I +X + (Ca + Pi) inside

The recycling of I and X leads to the higher
respiration rate which occurs with Ca + Pi (fig 4,
table IV, 7).

As suggested before (25) perhaps corn mito-
chondria fail to transport Ca with other anions
(table I, 10, 25) because they cannot form the
equivalent X-acyl or because X-AsO4 is stable
only in the hydrophobic membrane phase.

Figure 5 is drawn with the assumption that
X-binds cations, and since the endogenous Mg of
corn mitochondria is quite high (10), a further
assumption is made that MgX I and MgX-P are
the normal intermediates. (fig 5 does not show
MgX-I since CaX.I was needed to illustrate the
binding of Ca). As with other mitochondria, there
is a Mg requirement for energy-linked processes
driven by ATP, such as contraction (23), ATPase
(7, 23) and Ca + Pi uptake (10). It is further
visualized that Ca mediates an aborted reaction by
displacing Mg to yield an unstable CaX-P which
degrades in a polar fashion to give transport (25).
The Ca can be bound while the intermediate is in
the X-I form, some of which survives to produce
transport of Ca + Pi after reaction with Pi (table
II). Thus it is possible for the contracted state to
yield transport without regard for whether Ca or
Pi reacts first.

Nothing in the work our laboratory has done to
date on the swelling-contraction phenomenon indi-
cates that contraction consumes bond energy; that
is, I-being utilized in producing contraction.
Rather, contraction seems to represent, or be asso-
ciated with, the conservation of energy derived from
substrate oxidation. The need for a continuous
input of energy is to offset the continued wastage
of energy in spontaneous hydrolysis of I-X. For
this reason we assume that contraction is a function
of the relative amount of intermediate in the non-
phosphorylated high energy state (23). If this is
true, then a mechanoenzyme such as discussed by
Lehninger (12) could be implicated. This is not
to deny that there will be an osmotic consequence
of ion transport, but only that the basic contraction
mechanism operates independently of osmotic vol-
time adjustments. Coupled electron transport might
involve a mechanical response in a coupling mecha-
nism which is associated with a potential for Ca

binding and Ca + Pi transport. To be consisteiit,
I- should then represent a mechanoenzyme in the
contracted state. The only apparent alternative is
to draw on the charge separation hypothesis (15,
16, 17,21), assuming that creation of additional
transmembrane electro-chemical potential or dehy-
dration of a membrane element produces the con-
traction. Hind and Jagendorf (9) have suggested
that a transmembrane pH gradient created by light
is responsible for associated changes in light scat-
tering and phosphorylation potential in chloroplasts.
Plant mitochondria might be expected to show re-
lated phenomena. At the moment we have no
evidence for evaluating these possibilities. As men-
tioned above, dehydration by polar loss of H+ and
OH- could yield an anhydride bond equivalent to
the non-phosphorylated intermediate of the type I
scheme, and thus not be basically different. That
is, the scheme we use (fig 5) is concerned with
events contingent upon formation of a high energy
non-phosphorylated bond (I-.-X), with nothing
known as to how the bond is formed. We do be-
lieve, though, that formation of the bond could
involve a mechanical response in the membrane or
matrix responsible for the noted increase in light
scattering, water expulsion, and conformational
changes in the cristae. Furthermore, cations would
be implicated in the mechanical response, at least
to the extent of governing its stability.
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