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Introduction

The isolation of plaint imiitochondclria which demlon-
strate respiratory coiitrol has been reported oinly
recently (15, 16). MNIitochondria have been isolated
from root tissue of peas (13) : however, these par-
ticulates have not been characterized with respect to
their response to the phosphate acceptor system or to
the metabolism of glultanmate. This paper describes
the properties of pea root mitochonldcria such as res-
piratory control anid cofactor requiirements as well
as the probable pathway of gluttanmate oxidation.

Materials and Methods

Planit Alaterial. Seeds of Pisitlmi sativitum L. var.
Little Marvel, obtained locally, w-ere surface sterilized
by soaking 30 minultes in a 10 % Chlorox solutionl
containing a pinch of Dreft detergent. The seeds
were rinsed thorouighly and soaked 24 hours in water
with aeration. Germination A-as carried out in the
dark for 9 days at 22 ± 2' by placing the seeds on
a perforated aluminum sheet supported above the
surface of water in a stainless steel pan. AMetal parts
were sprayed with Krylon acrylic spray.

Isolation of Mlitochondria. Approximately 120 g
of roots was ground for 2 to 3 minutes in a chilled
mortar with 10 g sand and 65 ml extraction medium
containing 0.4 M sucrose, 5 mi%i EDTA. 6 mm MgCl2,
4 mm cysteine, and 1 IllM Tris, pH 7.2.

The brei was strained througgh muslin andl the
residue washed with an additiolnal 130 ml of meditum.
The combined filtrates (200 ml) were cenitrifuged at
500 X g for 10 minutes. The stupernatant fraction
was centrifuged at 10.000 X g for 10 minutes. The
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mitochondrial pellet was washed twice bv restl)pen-sion, with the aid of a loose-fitting Potter-Elvenjelnhoiiogenizer, in 40-ml niedituiii conitainiing 0.4 \i
sucrose, 6 'I'm MgCI.,, and 1 % bovinie serumalbumin, followed by recentrifugationi at 1,000 X
for 10 minutes. The washedl mitochond(lrial p)ellet
was suspended in 6.5 ml of 0.4 M\ sucrose containinig 6
m\In MgCl, and 1 % bovine serutlmi albumin. '[lie
preparation was carried out at 0 to 5 The fiiialmitochondrial suspensioni contain(ed 0.36 to 0.71 mgmitochondrial nitrogeni per nml. 'Mitochondria pre-
pared in this manner stailned supravitallY with TanuisGreen B and appeared as typical plant mitochondria
as observed with the phase mlicroscope.Nitrogcn Analysis. An aliquot of the m11itochon-drial suspension was washed free of boviine serumiiialbumin by centrifugation and resutspension in ex-
traction medium. Analysis was bv a semimiicroKjeldahl technique followed by nesslerizationi (14).

Respizromnietry. O., uiptake, in short-tern,i experi-ments, was measured polarographlically uising a Clark
electrode and potentiometric recorder. F-or long,erterm experiments, standard miianometric techni(iLues
were employed. In both cases the reactions wverecarried out at 300 in 2.0 ml of the stancdard reactionmeditum containing 0.4 M sucrose, 0.5 ni.m EDTA,5 mM MgCL2, 10 mM phosplhate, an(l 10 maxt Tris,pH 7.2. CO2 evolution was measture(d by the War-buirg direct method.

ileasuremzent of Oxidativc Phosphl orylatioi. AT Pformation was measured by includinig glucose and(lhexokinase in the reaction mediumii. After aii incuba-tion period of 30 minutes, an aliquot of the reactionmixture was added to a centrifuge tube conitainiiig0.2 ml co'd perchloric acid. The ttubes were chille(l,the precipitated protein spun down, ani(l aliquots ofthe supernatant fluid were neutralized aiid( analyzedfor glucose-6-P by reduction of TPN in the l)resenceof glucose-6-P dehydlrogienase.
Radioisotope Techniques. C40., was collected bytrapping in 1 MI NaOH in the center well of the

WVarburg vessel. Upon conipletioni of the incubationi,the filter paper wick and wvashinlgs from the ceniterivell xvere transferrecl to a 50 ml centrifuge tube coni-tiiingn 20 ml of distilledl wvater. The tube wascal)l)e(d. sliaken vigorouisly to (lisentegrate the p;atper.
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and allowed to stand overnight. Centrifugation re-

moved the debris. After washing the residue the
radioactive carbonate was precipitated as BaCO. by
addition of BaCl2. All BaCO3 samples were plated
on Celite-coated sintered steel planchets with the aid
of a chimney funnel. Counting was done vith an

end-window Geiger-Miiller tube.

Results

Preparation. The use of isolation media buffered
witli 10 mm phosphate, pH 7.2, resulted in prepara-

tions which showed high rates of substrate oxidation
when DPN and cytochrome c were added, but ex-

hibited no increase in rate uponi addition of ADP.
Mitochondria prepared by the standard procedure,
as described, showed good respiratory control and
were not dependent upon added cofactors. Most

satisfactory results were obtained by omitting Tris
and EDTA from all but the initial grinding mediunm.
In order to obtain actively phosphorylating mito-
chondria, it was necessary to include bovine serum

albumin in either the reaction mixture or the isolation
medium.

Oxidationt and Phosphorylationt with Different
Substrates. The highest respiratory rate was ob-
tained with succinate (table I). High values for
QO. were obtained for oxidation of L-glutamate and
a-ketoglutarate with lower values for other sub-

Table I. PIO Ratios and Oxidation of Several Sub-
strates by Pea Root Mitochondria

The reaction mixture contained 2.0 ml of the stand-
ard reaction medium and 1 mm DPN, 1 mm ADP, 0.05
mM cytochrome c, and 3 mg/ml bovine serum albumin.
The substrate conicentrations were 20 mM. The Q0°2 was

measured as ul 0,/mg N per hour.

Substrate QO2 P/O

Alpha-ketoglutarate
Citrate
Succinate
Fumarate
Pyruvate
Pyruvate + L-Malate
l,-Glutamate
L-Glutamine
L-Alanine
Endogenous

390
240
540
250
150
309
350
225
165
53

1.54
1.46
0.81
.6.

1.6,1

. .

.. .

strates. Pyruvate gave low rates of oxidation which
increased upon addition of tricarboxylic acid cycle in-
termediates. L-Alanine provided some enhancement
of 02 uptake while oxaloacetate, L-aspartate, and
y-aminobutyrate provided none.

The hig,hest P/0 ratios were obtained for the
pyridine nucleotide-linked substrate oxidations. The
inclusion of 10 mm NaF, as an adenosine triphos-
phatase inhibitor, had little effect upon the P/0
ratios and was inhibitory to 09 uptake.
DNP enhances 02 uptake. presumably by a re-

moval of the regulatory influence of phosphate and
phosphate acceptor upon the rate of oxidation. Phos-
phorylation is inhibited resulting in a low P/0 ratio
(table II).

Respiratory Contri0ol. The oxidation of L-gluta-
mate as well as of succinate was increased at least
2-fold upon addition of ADP (figure 1). Respira-
tion continued at this higher rate until the added
ADP became phosphorylated then the rate of oxida-
tion decreased. Further additions of ADP resulted
in similar cycles of rapid and slow respiration. The
low respiratory control ratios and the rather high
state 4 respiratory rate (6) indicate that oxidation
is rather loosely coupled to phosphorylation in these
mitochondria. Calculation of the ratio of added
ADP to the increment of 02 uptake results in values
of ADP/0 near 2 for glutamate and above 1 for

succinate, values in agreement with the ratios of P/0.
It was found that 40 % of the 02 uptake during suc-

cinate oxidation was not inhibited by 1.0 mM KCN.

This cyanide resistant respiration may explain the

high state 4 rate as well as the below theoretical

values obtained for P0/ and ADP/0.
Addition of ATP had no effect upon the state 4

rate of succinate oxidation suggesting that the res-

piratory rate was actually controlled by the rate-

limiting ADP concentration rather than by oxalo-

acetate inhibition. Such inhibition has been ob-

served by WViskich and Bonner (15) in plant mito-

chondrial preparations.
Cofaictor Requirements. Unlike many plant mito-

chondrial preparations, no respiratory stimulation could

be obtainied by addition of pyridine nucleotides, cyto-
chrome c, or several other cofactors in short-term

incubationis. In experiments of 30 minutes dura-

tion or longer, however, addition of DPN anid cvto-

chrome c Nvas necessary to maintain maxinmal rates of

Table II. Effect of I)NP Upon Oxidatio;i a1id Pliosphlorylatiait 1b, Pea Root Mitochondria
The reaction mixture contained the same reactants as listed in table I. L-Glutamate concentration was 20 mM.

02 uptake Glucose-6-P
DNP Conc (mM) (,u atoms/mg N per hr) (,umoles/mg N per hr) P/O

None 43.2 69.5 1.61
0.05 80.0 61.5 0.77
0.10 79.0 47.4 0.60
0.50 49.5 13.8 0.28
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FIG. 1. Respiratory control during oxidation of suc-
cinate and L-glutamate by pea root mitochondria. Assay
in 2.0 ml of the standard reaction medium at 300. Rates
expressed as m,umoles O,/minute. Additions are shown
as final concentrations. Mw inidicates addition of mssito-
chondria.

a-ketogluttarate or L-gltitanmate oxi(latioln. M\ito-
chondria which had been preincubated in the stalnd-
ard reaction medium withouit substrate for 30 imiinuites
at 300, exhibited a 50 % andl 30 % increase in the
rate of glutamate oxidationi upoll adlditioni of DPN
anid cytochrome c respectively.

Magniesium stimulated the oxi(lationi of L-gltita-
niate having ali optiintimil concent.ration of 5) MM.
In view of the presenice of zinic in beef liver glu1tamic
dlehydrogenase (1) and reports that manganese could
serve as a cofactor for glutamnate oxi-dation in rat
liver mitochond(lria (10), the effects of these ions
\were also investigate(l. Manganese. at nimNi, wN-as
inhibitorv in the absence of miiagniesiumi. l)but ha(l little
effect in the presence of magnesiuim. Zilc, at I ia\i,
\was inhibitory iin hoth1 thle presence and(I abselnce of
miiagniesiumii.

Oxidationi of Glutamnate. As nloted in table I.
'.-glutamate was readily oxi(lize(d resulting in a higlh
QO... This rate of oxidationi, higher thani that pre-
viously reported for pea root mitochond(lria (13) . is
niear that of a-ketoglutarate and higher thani those of
the other amino acids investigated. Tlle oxidationi
of L-glutamate followved --Michaelis-Xlenteni kinietics
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FIG. 2. Competitive inllhibition of 1.-glutamate oxida-
tion by D-glutamate. The reaction mixture containied the
samie reactants as listed in table T. i.-Glutamate concenl-
tration was 20 mat.

(fig 2) with a Km of 1.42 X 10( :m. A L,-glutamiate
concenitrationi of 30 nim resulted in a QO, approach-
ing N max The reactioni was stereo-specific as n-
glutamate acted as a comp)etitive inihibitor of i,-
gluitamate oxidationi, with a K1 of 2.2 X 10-3 (fig ?).
Competitive inhibition by D-glutamiate lhas been re-
ported for carrot root (iscs (0)) as well as plant
mitochondria (8).

Respiratory Qutoticnts. The valuies for RQ ob-
taimied for a-ketoglutarate anid t.-glutamiate oxidationi
varied somiiewhat l)tlt the value for glutamate was
conisistelntlyr lower thani that obtaiine(l for a-keto-
glutarate (table III). 'lThese figutres indlicate that

Table III. Respir(torv Quotients for ilfitochondrial
Oxidlationl

Thle reaction mixture cointained the same reactanits
as listed ini table I. The substrate concenitrations were
20 mat.

Substrate

L-Glutamate
a-ketoglutarate
Succiniate

Respiratory quotient*
Theoretical Obser-e(e

0.67 *

0.07
0.35
0.75
0.0

T'heoretical values are base(d uponi oxi(lation of the
siubstrate to the oxaloacetate stage. Observedl valuie
were calculated by subtraction of endogenous values.
This value is for the glutamic dehydlrogeniase path-
way. If oxidation iproceeds via transamination. the
RQ would be the same as that for a-ketogltitarate.

for L-glutamiate oxidationi miiore O., is utilized l)pe
mole of substrate oxidized. This a(l(litional utiliza-
tioIn mlay result from the oxidative (1anminationl of
glutamiiate to a-ketoglutarate.
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It is likely that unider the conditionis of the presenit
experiments, the mitochondria did not oxidize sub-
strates beyvond the oxaloacetate stage. This is sug-
gested by the absence of CO. evolutioni during suc-
cinate oxidation, producing a RQ of 0. as well as
ly the failure of oxaloacetate to stimulate respirationl.

Pathway of i-Glitalnate Oxidatio,i. Arsenite is
knowni to inhibit oxidation of keto acids by bindinig
lipoic acid (2). At an arsenite concentration of 1.0
mm, a-ketoglutarate oxidation is completely inhibited.
Glutamate oxidation is inhibited only 70 % where-
as the C1402 released from oxidatioln of glutamate-i-
C" is inhibited 95 %. This suggestion that O., up-

250
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a-KG = 20 mM
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Mw 0

5~2 Glutomote 20 mM
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FIG. 3. Stimulation of O., uptake uponi addition of
l-glutamate to an arsenite-inhibited system. Assayed in
2.0 ml of the standard reaction medium at 30°. Rates
expressed as m,moles 0,/minute. Additions are shown
as finial concentrations. Mw indicates addition of mito-
chlonidria. a-KG designates a-ketoglutarate.

take results from the conversion of glutamate to a-

ketoglutarate is confirmed by the respiratory stimu-
lation observed upon addition of glutamate to ani

arsenite-inhibited system (fig 3).

Discussion

The inclusion of phosphate in the homiiogenization
medium seemed to prevent the preparation of coupled
mitochondria showing respiratory control, even

though high rates of substrate oxidation could be
obtained with added cofactors. Since phosphate can

cause swelling and uncoupling in mitochondria under
certain conditions (11), it seems likely that its
use in the medium caused damage to the phosphory-
lation mechanism. These results suggest that in

earlier reports, the respiratory stimulation observed,
by the use of phosphate in the grinding medium (3.
12), may have been obtained at the expense of phos-
phorylation. This view would be supported by the
low P/O ratios reported in these instances (3.4).

It is well known that the phosphate acceptor sys-

tem can regulate the rate of mitochondrial respira-

tion. In the present experiments, O, uptake inlcreased
2-fold upon addition of ADP to a system containing
oxidizable substrate and Pi. Respiration continuted
at this increased rate unltil the added ADP had been
phosphorylated then the rate decreased. The ADP/
O and respiratory control ratios obtained indicate
rather loose coupling of phosphorylationi to oxidation
and suggest that this mechanism may play a role in
the regulation of root respiration.

The initial reaction in the oxidation of glutamiate
is conversion to a-ketoglutarate, which may occur
via either transamination or oxidative deamination.
In certain animal mitochondria, transamination is
the principal pathway of conversion to a-ketogluta-
rate (5). In contrast, Das and Roy (7) have showni
that glutamic dehydrogenase is the predominant path-
way of oxidation in mitochondria isolated from cow
peas. In the present experiments, arsenite was
shown to inhibit respiration with glutamate to a
lesser extent than with a-ketoglutarate, whereas the
amount of C1402 obtained from glutamate-1-C14
was inhibited almost completely. The latter result
would be expected in the presence of arsenite since
the first carbon atom of glutamate is released as CO,
during the oxidative decarboxylation of a-ketogluta-
rate. The lower value for RQ obtained w%ith gluta-
mate as compared to a-ketoglutarate as well as the
stimulation of 02 uptake upotl additioni of glutamiiate
to an arsenite inhibited system, further ind(licates that
O. is tutilized in the conversion- of glutamiiate to a-
ketoglutarate. This utilization probably results from
reoxidation of DPNH produced in the glutamic de-
hvdrogenase pathway.

Summary

Oxidative activity and oxidative phosplhorylation
were studied in mitochondria isolated from root tis-
sue of pea seedlings (Pisitin sativto)t L.). The high-
est respiratory rates were obtained with succinate,
a-ketoglutarate, and L-glutamate.

Addition of adenosine diphosphate increased rates
of oxidation 2-fold. Phosphorylation of the added
adenosine diphosphate produced a decrease in rates
characteristic of loose coupling of oxidation to phos-
phorylation. ADP/0 ratios of 1 and 2 were ob-
tained for succinate and glutamate. Values for P/0
were also obtained. Dinitrophenol uncoupled phos-
phorylation with stimulation of oxygen uptake.

The oxidation of L-glutamate by root mitocholn-
dria was stereo-specific and followed Michaelis-
Menten kinetics. Studies with arsenite and values
obtained for RQ indicate that conversion to a-keto-
glutarate via gluitamic dehydrogenase is the initial
reaction in the oxidation of glutamate.
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