
Plant Physiol. (1966) 41, 709-712

Compartmentation of Organic Acids in Corn Roots'
I. Differential Labeling of 2 Malate Pools
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Summary. Bicarbonate-14C and acetate-3H were simultaneously provided to corn

roots to give 2 isotopic forms of malate in the tissue, malate-'$C produced by dark fixa-
tion reactions and malate-3H produced by reactions of the tricarboxylic acid cycle. Fol-
lowing a short pulse of exposure to the isotopes, the dissimilation of both isotopic forms
o,f malic acid was followed. The rate of utilization of malate-3H was much faster than
that of malate-14C.

These results are interpreted as showing that the malate produced fro,m "-CO, is in
a pool physically separated from that in the tricarboxylic acid cycle. The introduction
of the 2 isotopes through distinct metabolic pathways produced the (lifferential labeling
of 2 distinct pools of malate.

In previous experiments from this laboratory it
lhas been shown, by measuring specific activities of
CO2 and the carboxyl groups of some organic and
amino acids after providing acetate-1-'4C, that the
amounts of the individual acids undergoing metabolic
turnover in the tricarboxylic acid cycle in a variety
of plant tissues may be onily a small fraction of the
total amount of acid present; in a word, that com-
partmentation of these metabolites is a general fea-
ture of plant cells (3). The present experiments
were designed to characterize further the pools of
organic acid and to determine their response to dif-
ferent experimental and physiological conditions.

'rhe establishment of separate pools of a particu-
lar compound within the cells can presumably be
achieved by 2 mechanisms: A) the compartmentized
metabolite has a single origin and is segregated into
listinct pools after its synthesis (e.g. an organic
acid is produced by the tricarboxylic acid cycle within
the mitochondria ibut part of it is excreted into the
extramitochondrial cytoplasm or into the vacuole),
and B) the pools have different origins, are specific-
ally connected to distinct metabolic pathways and
are not in equilibrium. These mechanismus are not
exclusive; they may operate simultaneously and
intermediate situations are possible.

As a first step we concentrated on the seconid
mec,hanism (B) for which pnrpose an organic acid
that could be synthesized by 2 different pathways
at sufficiently high rates was necessary. Malic acid
was found to be especially well suite(d for this lpur-
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pose. In this paper, then, we concenitrate oil the
malate component of subapical segments of primary
corn roots, of which a considerable fraction (more
than 60 %) was shown not to be in equilibrium with
the turnover pool in the tricarboxylic acid cycle (3).
In this tissue acetate is rapidly metabolized, almost
exclusively, by the tricarboxylic acid cycle (2).
Having established that the malate could be heavily
labeled by supplying either acetate-3H (tricarboxylic
acid cycle malate) or bicarbonate-l-C (dark fixation
malate) we performed double labeling experiment.s in
which both isotopes were supplied for a brief perio(l
(the pulse) and followed the kinetic behavior of total
malate and each of the labeled forms during a subse-
quent period of 3 hours. From the distinctlv dif-
ferent behavior of the 2 lalbeled forms of malate it
was deduced that they are in separate pools, and a
further degree of compartmentation of this metab-

I olite is thus established.

Materials and Methods

Maize grains (var. Wf 9 X 38-11) obtaine(d
from the Agricultural Alumni Seed Association, La-
fayette, Indiana, were soaked in tap water for about
17 hours an{d germinated for 2 days at 300 between
nmoist paper towels. The root tips (apical 5 mn)m)
were removed and subapical segment.s (2 cm) were
used as experimental material.

The usual procedure was to place 2.5 g samples
of root segments in open petri dishes containing 20
ml 0.01 M potassium phosphate pH 7.5 and the la-
beled acetate and/or bicarbonate. The amounts of
labeled material used in the various experiments were
as follows: Na-acetate-3H: 50 ,uc (0.1 ,umole), Na-
acetate-1-'4C: 5 juc (17.5 ,umoles), and Na-bicarbon-
ate-14C: 10 MaC (0.55 umole).
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After 15 minutes the incubation medium was rap-
idly removed by suction. The roots were washed
with about 50 ml water and the rinse water was im-
mediately removed. The incubation after the 15-
minute pulse was carried ouit in fritted glass funnels
in 20 ml 0.01 mI potassium phosphate, at the stated
pH, through which a vigorous moist air stream was
passed. At intervals the sample of roots from a
single funnel was removed, transferred to 30 ml eth-
anol, and ground in a Virtis 45 homogenizer for 1
to 2 minutes. The homogenate was then filtered
unider suction and the residue extracted wtih ethanol.
The combined extracts were dried in a rotary evap-
orator at 50° an(d the lipids removed with chloroform.
The lipid-free extract was dissolved in water and
fractioinated on columns of Dowex resin according to
Canvin and Beevers (1).

The organic acids in the anion fraction were
separated on a GME fraction collector using a linear
gradient of formic acid from zero to 4 N. The test
tubes containing the fractions were dried and 1 ml
wrater added to each; after titration with standard
NaOH, samples of 0.5 ml were taken for radioactiv-
ity determination in a 3 channel Packard scintillation
spectrometer.

The scintillation fluid consisted of: 350 ml tolu-
ene, 350 ml dioxane, 210 ml methanol, 73 g naphtha-
lene, 4.52 g PPO, (2,5-diphenyloxazole), and 0.078
g POPOP [1 ,4-bis-2- (5-phenyloxazolyl) -benzene].
Samples were counted in polyethylene vials with an
efficiency of 14 % for 'H and 23 % for 14C in double
label determinations. Using discriminator settings of
30 % gain, 50 to 150 for the first channel and
7.5 % gain, 150 to 1000 for the second channel, no 3H
was detected in the second channel and about 20 %
of the carbon appeared in the first c,hannel. Calcu-
lations *of counting efficiency of 3H and 1NC were
done by the internal standard method and by qtuench-
ing samples of 3H-toluene and 'IC-toluene with 0.5
ml of water as present in the samples of organic acids
counted in the experiments.

Results

After a 15-minute pulse in acetate-1-4C at pH
5.0 the 14C inl malate accouintedI for 15 to 20 % of
that in the organic acid fraction. A similar pulse of
14C labeled bicarbonate at p)H 7.5 gave rise to malate-
1,C whiclh containe(l 96 % of the 14C in the organic
acid fraction.

During the subsequent incubation at pH 7.5 the
malate-1 C produlcedi fromii acetate- 1- 4C behaved as
if it were all in a turnover pool of the tricarboxvlic
acid cycle which was continuously replenished by en-
dogenous unlabeled acetate (fig 1A). After an in-
itial rise in the "IC content which would be expected
if it were produced from labeled precursors remain-
ing at the end of the pulse, malate-14C declined stead-
ily to a very low value by 3 hours. (In fig 1A and
subsequent figures the curves show isotopic content
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FIG. 1. UtilizatioIn of malate-14C at pH 7.5 following
a 15-minute pulse, (A) in acetate-1-14C and (B) in bi-
carbonate-"4C.

of the named componenit as percent of that present
15 minutes after the pulse.)

The behavior of the labeled malate produced from
bicarbonate-"4C was quite different. OInly a rela-
tively small fractioni was metabolized in 3 hours
(fig IB).

The contrastinig behavior of malate-14C in these
2 experiments would clearly not have been observed
if the malate produced from each of the lprecursors
shared a common pool, and suggested at oInce that
the malate produce(l by dark fixatioil of Co. wvas
physically separate from that produced in the tricar-
boxylic acid cycle fromii acetate, whiclh vas actively
metabolize(l.

However, in these experiments, although otlher
conditions were strictly similar, the p11 con(litions
and the exogenous substrates during the lpulse wvere
different, and alternative explanations for the (if-
ferent behavior of the resulting malate-"C, though
unlikely, could not be ruled out.

This was an additional reason for performing
doulble label experiments in which the 2 types of rele-
vant reactions could be followed simultaneously aln(d
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FIG. 2. Utilization of labeled malate at pH 5.0 fol-
lowing a 15-minute pulse in acetate-1-14C plus acetate-
3H.
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under identical conditions. In these, tritium labeled
acetate was used to label the malate in the tricar-
boxylic acid cycle. Because of possible complicationis
of exchange reactions between 3H and H atoms the
validity of regarding 3H loss from malate following
a pulse of acetate-3H as a measure of malate utiliza-
tioll was first established. This was done by coiii-

l)aring the behavior of labeled malate wheni it was
produced from either acetate-1-_4C or acetate-3H in
the samiie experiment. As figure 2 slhows, the (lisa)-
pearance of 3H anid '4C from malate after the ptulse
followed very similar kinietics. In subsequent experi-

enlts acetate-3H and bicarbonate-'4C were presenit
together during the pulse at pH 7.5. Evenl at this
relatively high pH the uptake of acetate (3H) by the
tissue was active enough to label several organlic acids
anid glutamnate anid aspartate with several thousand
counts (table I).

The results of 1 such experimiienit in which the
pH after the pulse vas 7.5, are shown in figure 3.
It is clear that whereas the malate in the tricarboxylic
acid cycle (now labeled with 3H) was lost quite rap-
idly, as in the experiment of figure 1A, there was

virtually no utilization of 1'C labeled (dark fixation)
malate.
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FIG. 3. Utilization of labeled malate at pH 7.5, fol-
lowing a 15-minute pulse in acetate-3H plus bicarbonate-
14C.

An interesting contrast to the behavior of malate
is shown by that of citrate in the double label experi-
ments. As shown in figure 4 the kinetics of 14C and
3H disappearance from citrate are very similar. This
shows that the portion of fixed CO, which appears in
citrate lalbels the samiie citrate pool (presumably the
turnover pool in the tricarboxylic acid cycle) as that
labeled by acetate-3H. The possibility of the coex-
istence of different pools of citrate is nlot niegated by
these results which point out only that uinder thc
exl)erimental conl(litioins described (slhort plulse) 1)oth
isotopic formiis of citrate are in the tturniover 1)ool
and are therefore diluted andl oxidized by the meta-
bolic events of the cell to the same extent and at the
same rate.

100
w

ir

z
I-

0

z

i
Cn

E

IL

0

10-

80

60~

40[

20~

0 30 60 120

TIME (min)
180

FIG. 4. Utilization of labeled citrate at pH 5.0 fol-
lowing a 15-minute pulse in acetate-3H plus bicarbonate-
4C.

Discussion

The present observations show that for each meta-
bolic pathway considered, the tricarboxylic acid cycle
and dark CO, fixation, there is a specific pool of
malic acid. When tihe tissue was maintained at pH
7.5 the malate produced from "CO, was apparently
isolated from the oxidative reactions which degrade
malate in the cycle.

Table I. Progress of Utilization of Several Comiipouonds at pH 5.0 folloaiLnig 15-Mlinute Pulse
in Acetate-3H plus Bicarbonate-14C

The values for 3H and 14C are in thousands of dpm.

Time Succinate Malate Citrate Glutamate Aspartate
(Min) 3H 14C 3H '4C 3H ]4C 3H 14C 3H .4C

0 10.0 ... 4.5 162.6 3.4 9.5 18.8 16.5 31.2 124.1
15 25.1 ... 13.2 150.2 9.4 10.0 46.5 57.6 14.9 58.7
30 7.9 0.2 6.4 136.8 2.9 9.2 26.2 57.5 10.3 33.6
60 7.8 0.1 7.0 129.6 2.0 3.8 16.8 45.8 7.1 23.0
120 5.2 0.1 5.8 108.2 1.4 2.0 9.7 26.6 4.3 9.8
180 3.9 ... 2.2 99.2 0 0 9.3 23.9 2.4 7.5
,Kmoles 2.90 31.3 1.80 6.7 4.3
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'I'he rates of oxidationi of the 3H alnd 14C labeled
forms of succinate, citrate, aspartate, and glutamate
aifter the acetate plus bicarboinate pulse are similar
(table I). In genieral it seems that they are labeled
ith 3H and 14C onlly through reactions of the tri-

carboxylic acid cycle, labelinig exclusively turnover

)ools. Pools of these acids other thani those related
to the vycle are apparenitly niot labeled under the
l)resent experimiienltal coniditionis (short lpulse).

Only limited deduictions about the iintracelluilar
locationi of the (liffereilt imialate p)ools imav- be ma(le

froml these results. \Vle assuime tllat the malate 1)ool
of the tricarhoxvlic aci(d cycle is in the mnitochondria
.nd thuis that the pool of miialate l)ro(luced b) CO.,
fixationi is ouitsi(le these organielles. Hlow-ever it (loes
nlot follow that the mnalate-14C is in the vacuiole, and

the huilk of the inltracellular imialate maxy be segregated
in vet a thirdl distinict comiipartmiient.
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