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The Onset of Tricarboxylic Acid Cycle Activity with Aging in Potato Slices 1

George G. Laties
Department of Botany and Plant Biochemistry, University of California, Los Angeles, California

Thin slices of potato tuber, as of other plant stor-
age organs, (levelop a markeclly enhancedI respiration
within a (lay after cutting (13, 14, 25, 31). Distinct
mletabolic and physiological changes accompany the
rise in respiration. Proteini synthesis ancl starch de-
gra(lation are initiate(d (5i28, 32). Salt-absorbing
ability increases sharply (11). A capacity (levelops
for growth in response to auxin (6, 27). The physio-
logical changes are so marke(d that it has been (leemed
unreas'rnable to inmpute the transformation to the
mere (quickening of respiratory activity, especially
since certaini profound changes occur wlhenl the res-
piiration rate has risen to but a snmall extent ( 14).

Thus the proposal has been put forward that the
respiratory increment whichi arises with tinme in thin
storage organ slices is virtually qualitatively (listinct
from the basal or initial respiration (11, 13, 14). A
change in terminal oxidase characteristics with aging
in potato slices has been recognizel for somle time
(25, 31). A subsequent suggestion to the effect that
the respiratory carbon patlh changes as well contends
that the tricarboxylic acidl cycle (TCAC) is largely
inoperative in fresh potato slices and develops with
time, so that while the gross respiration rate increases
3 to fourfoldl (luring aging, TCAC activity increases
to a very much greater extent (13). Apart from the
previously mlentioned changes in tissue characteristics,
the following more pointedI observations have led to
the above-miientioned hypothesis. A) While a vari-
able modlicum of fresh slice respiration nlay prove
malonate-sensitive, fresh tissue respiration is pre-
dominantly malonate-resistant. By contrast, the res-
piratory increment which arises Nvith aging is alimlost

1 Received Oct. 16, 1963.

totally malonate sensitive (22). B) Fresh slices re-
lease C-1 of 1-C14 labeledl glucose as CO., but fail to
release radioactive CO., fronm 6-Cl4 labeled glucose.
The ability to convert C-6 of 6-C'4 glucose to CO.,
arises and (levelolps concomiiitantly wvith mal onate
sensitivity. Alalonate inhibits the evolution of radio-
active CO., fronm 6-C1 glucose. \Vhen inhibitioni of
C-6 release by- malonate is first manifest, the evolu-
tion of C"4O. fromii C-1 labelecl glucose becomes
malonate-sensitive for the first time (22). C) Agedl
slices presente(l xvith uniformly labeledI glucose-Cl
accumlulate labeled succinate in the presence of mal-
onate. Fresh slices (lo niot (14). D ) The evolutioni
of radioactive CO. fromii uniformlly- labeledl glucose
increases at least 3,000 times with aging wvhile the
respiration rises but tllreefol(d (15, 22). E) The
absorption of phosphate from dilute solution increases
100-foldI with aging. and increases 50-foldl wxithin the
first 8 hours xvhen respiration has less than (loubledl.
The increase in absorption is atten(le(l by incorpora-
tion of phosphate into organic forms (4, 16). Cur-
rent indications associate phophory-lation prinmarilv
with electron transport attending TCAC oxiclations.

In the experimlents wvhich followv an attenmpt has
been made to directly assess the extent to which the
TCAC is operative in fresh an(l aged tissue. Cmni-
ponents of the TCAC, carbon-labele(d in a wxay neces-
sitating at least one full turn of the cycle for the re-
lease of radioactive CO., were presentedl to fresh andl
aged potato slices. The radioactivity of the respira-
tory CO., was deternmined in each case, as wvas the
distribution of label anmong components of the TCAC.
The observations in(licate that the TCAC may be
essentially inoperative in fresh tissue.
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LATIES-TCA CYCLE DEVELOPMENT IN POTATO SLICES

Materials and Methods
Disks 1.0 mm thick and 0.9 cm in diameter were

prepared from commercial Russet Burbank potato
tubers as previously described, and used either after
20 minutes bathing in running distilled water (fresh
disks) or following 24 hours incubation in 10-4 M
CaSO4 on a rotatory shaker (13, 22).

Experimental Procedure. Three g disks were

placed in 10 ml solution in a 125 ml erlenmeyer flask.
Twenty microcuries of a given labeled substrate as

described in table I was added to each flask, together
with K phosphate and CaSO4 at final concentrations
of 10-2 M and 10-4M respectively. Respiratory CO2
was absorbed in 0.2 ml 10 % NaOH imbibed on a

1 X 8 cm strip of Whatman No. 3 filter paper bent
into a loop and suspended from a hook affixed to a

rubber stopper in the mouth of the flask. Alkali
papers were changed at 10 minute intervals, the total
experimental period being 50 minutes. After each
collection period alkali papers were dropped into 9.8
ml 1 % NaOH and allowed to stand in stoppered test
tubes overnight. Alkaline solution, 0.2 ml, was

plated on copper planchets for estimation of radio-
activity with a thin-window gas flow detector (15).
Where acetaldehyde was provided as substrate the
alkaline solution receiving the filter paper strip was

transferred to one chamber of a static wet combustion
apparatus (2). The apparatus was evacuated, and
3.0 ml 1.0 M metaphosphoric acid saturated with 2,4-
dinitrophenylhydrazine was added to the alkaline
solution froni the sidearm. CO2 was distilled with 3
minutes of gentle boiling into 2.0 ml 1 % NaOH in
the receiver. In this way contamination of radio-
active CO, by labeled acetaldehyde was prevented.

Chemical nmethods. The organic acids were ex-

tracted, separated and estimated as described by Rom-
berger and Norton (22). Carrier quantities of suc-

cinate and funiarate were added in chromatography
to insure precise isolation of the latter for counting.
Separate extractions of untreated fresh and aged tis-
sue were carried out, and the acids estimated by titra-
tion in the absence of carrier. For some time an

acid with an RF barely in excess of that of glycolate

in the solvent systems used was taken to be glycolate.
Belatedly the acid was characterized as pyrrolidone-2-
carboxylic acid (PCA). Consequently in those cases

where radioactive glycolate was provided as sub-
strate the activity ascribed to PCA in all probability
pertains to a mixture of PCA and glycolate.

Glutamate and aspartate were isolated from the
total amino acid fraction comprising the eluate from
the IR 120 cation-exchange column empl'oyed in the
first stages of fractionation. The eluate was stripped
of ammonia and concentrated to 2.0 ml under reduced
pressure on a rotary evaporator. The bulk of the
concentrated sample was placed on a 30 cm column
of Dowex 1 in the acetate form. Elution was

affected with 0.5 M acetic acid. Two milliliter eluant
fractions were tested for radioactivity, and for amnino
nitrogen by the ninhydrin method (23). The separa-

tion procedure described results in the immediate
elution, essentially together, of all amino acids except
glutamate and aspartate. The dicarboxylic amino
acids, glutamate and aspartate, are subsequently
eluted separately in turn (9). With the relatively
low levels of glutamic and asparatic acids contained
in 3.0 g potato tissue, recovery of the dicarboxylic
amino acids from the Dowex 1 column varied from
75 to 80 %.

Fifty niicroliters of the concentrated total amino
acid fraction from 3.0 g tissue was spotted in one

corner of 18>4 X 21½Y2 inch Whatman No. 1 papers.

Chromatography was carried out for 16 hours in one

direction with a mixture of butanol, acetic acid and
water (4: 1: 5 by volume), followed by chromatog-
raphy in the second direction for 16 hours in borate-
buffered phenol (113 g 88 % liquid phenol plus 26.3
nil 0.1 M Na borate buffer, pH 8.3). Spots were de-
veloped with ninhydrin spray and identified by com-
parison with standard 2-dimensional chroniatograms.
Finally the chromatograms and medical X-ray film
were appressed in cassets for 2 months. When the
X-ray film was developed, areas of radioactivity were

matched with ninhydrin-positive areas on the chroma-
tograms, and the relative extent of labeling of the
radioactive amino acids was estimated visually.

Table I. Specifications of C-14 Labeled Substrates

Substrate Labeled Specific FinalSorecarbon atoms activity concentration Source*
mc/m mol mm

Pyruvate 2 4.0 0.50 Cal Biochem
Citrate 1,5 1.43 1.40
a-Ketoglutarate 5 2.71 0.74
Succinate 2,3 13.7 0.15
Fumarate 2,3 6.1 0.33
Malate (DL) 3 6.8 0.59 ICN
Acetate 2 11.0 0.18 ISC
Acetaldehyde 1,2 1.03 1.9 Volk
Glycolate 1 2.16 0.93 ISC
Malonate 2 5.0 0.64 ICN
Glucose U 13.7 0.15 ISC
* Cal Biochem: California Corporation for Biochemical Research, Los Angeles; ICN: International Chemical and Nu-

clear Corp., City of Industry, Calif.; ISC: Isotopes Specialties Co., Burbank, Calif. Volk: Chicago, Ill.
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Results

Figure 1 describes the evolution of C1402 from
a variety of organic acidls involved in the operation
of the TCAC, as well as from glycolate, acetaldehyde
ancl glucose. The import of the figure is unequivocal:
aged disks readily oxidize all substrates to yield C1402,
while fresh disks are totally unable to release radio-
active CO) from any of the labeled metabolites pre-
sented. The distinction is qualitative. Figure 2
gives an indication of the time required for the attain-
ment of diffusion equilibrium in 125 ml erlenmeyer
flasks under the experimental conditions. A suspen-
sion of washed, glucose-adapted baker's yeast was
provided with uniformly labeled glucose at to. On
the assumption that glucose oxidation begins at once,
figure 2 suggests that it takes from 10 to 20 minutes
for the attainment of a physical steady-state with re-
spect to C140., diffusion. Only after 20 minutes
can changes in the measured activity of respiratory
CO., be taken to reflect the activity of the pertinent
substrate pool.

Although fresh slices produce no ra(lioactive CO2
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FIG. 1 (zipper). The evolution of radioactive CO2
from C14-labeled componients of the tricarboxylic acid
cycle and from other substrates by fresh and aged potato
slices. Experimental conditions as for Table II.

FIG. 2 (lowcer). The apparent time course of radio-
active CO2 evolution from uniformly labeled C14-glucose
by suspensions of baker's yeast. Two experiments. 25
mgs net weight washed baker's yeast in 10 ml 0.005 M
glucose containing 10 uc glucose-U-C14. Phosphate buf-
fer, 0.01 M, pH 5.0.

from any of the substrates provided, there neverthe-
less is ample evidence that the substrates permeate
the cells and in fact undergo nmetabolic transforma-
tion. Taking the radioactivity of the total alcohol
extract as a measure of substrate penetration, it is
evident fronm table II that metabolite absorption by
fresh disks is appreciable compared with that of
aged. The considerable radioactivity in the cationic
fraction of fresh tissue extracts (table II), as well
as the (listribution of radioactivity in organic acids
of fresh tissue (tables III, IV) indicate that sub-
strate absorbed by fresh disks is metabolically trans-
formed. Only a small part of the substrate taken
up is found unchanged in the tissue. Early deduc-
tions regardling the absence of TCAC activity in
fresh slices hinged on the malonate-insensitivity of
fresh tissue. Since malonate has subsequently proven
to be a natural metabolite in certain plant tissues (33)
it proved necessary to establish whether malonate re-
sistance perchance reflects nmalonate nmetabolism.
Neither fresh nor aged potato disks release radio-
active CO, from labeled malonate. Nevertheless,
there is a snmall amount of malonate conversion, as
suggested by tables II and III. In table II, the
considerable radioactivity in the acid fraction of
disks presented with labeled malonate represents un-
altered malonate.

The quantity of each acid in fresh and aged disks
(table IV) was (letermined on separate untreatedl
samples and taken to apply to all the treatments
within an experiment, on the assumption that the
gross tissue acid concentration does not change ap-
preciably in short experimental periods in the pres-
ence of small quantities of substrate.

The Interconversion of Organic Acids in Fresh
and Aged Disks. The details of C'4O., evolution by
potato disks supplied witlh C'4-labeled substrates indi-
cate that in age(d tissue the latter are oxidized via the
TCAC (14, 15). Since fresh (lisks readily absorb
labeled organic acids, and since the label rapidly
appears in a variety of nietabolites including other
organic acids, the inability of fresh slices to release
radioactive CO., fronm any substrate yet provided sug-
gests a block in the TCAC. An incomplete TCAC
is further implied by the release of C14O., froml suc-
cinate-1-C14 by fresh tissue, where a conmplete turn
of the cycle is not necessary for label evolution (table
V). In table VI an attempt is nmade to circumscribe
the locus of inhibition. The relative radioactivities
of acids isolated fromipotato slices treated with each
of the designated C1 4-labeled substrates are notecl
either on the basis of total or specific activity. A
value of 100 is assigned to the activity of the acid
presented as substrate, or to that of the acid arbitrar-
ily considered next in sequence in the TCAC when
the substrate is not among the acids isolated. A
comparison of the relative radlioactivities is meant
to reveal the extent to which label has been trans-
ferred from one acid to another.

By conmparing the relative activity in citrate in
fresh and aged disks it is evident that a-ketoglutarate
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LATIES-TCA CYCLE DEVELOPMENT IN POTATO SLICES

Table II. The Distribution of Radioactivity in the Major Alcohol-Soluble Fractions of Tissue
Incubated with C14-Labeled Substrates

Forty-five disks (3.0 g fr wt) incubated for 50 minutesi-at 250 in 10 mls solution containing 20 ,uc labeled substrate, as
indicated in table I. CaSO49 10-4 M, and K phosphate, pH 5.0, 10-2 M in all cases.

Eluate Eluate anion resin (IR 45) **
Experi- Toal ation____________ Efflu-
ment Substrate Tissue* alcohol resin Formate NH HCO ent Re-

extract 4 3 Total covery***(JR 120) eluate eluate

Pyruvate F 83,750 35,500 4,975 4,425 9,400 400 54
A 150,250 61,200 51,550 4,350 55,900 4,800 80

Citrate F 20,500 2,025 11,300 6,000 17,300 800 100
A 61,250 16,875 24,375 10,000 34,375 400 84

a-Ketoglu- F 57,250 34,000 9,075 9,675 18,750 800 95
1 tarate A 93,500 31,800 40,375 14,225 54,600 400 93

Succinate F 316,250 56,500 212,350 11,425 273,775 1,200 89
A 184,250 45,400 111,100 4,100 115,200 7,200 91

Fumarate F 67,500 22,725 30,125 11,075 41,200 400 95
A 156,500 39,150 76,200 8,500 84,700 6,800 87

Malate F 80,000 20,250 40,575 2,300 42,875 400 80
A 248,000 51,975 171,650 6,025 177,675 7,200 95

Acetate F 1,774,000 215,550 187,425 73,175 260,600 2,800 27
A 270,750 68,625 65,500 5,825 71,325 1,520 52

Acetalde- F 723,500 66,600 49,225 15,625 64,850 2,000 18
hyde A 293,750 83,025 86,600 7,450 94,050 1,760 61

2 Glycolate F 84,000 41,850 19,700 2,900 22,600 400 77
A 114,250 67,950 40,625 1,375 42,000 400 97

Malonate F 12,250 1,575 7,700 1,875 9,575 400 94
A 75,500 3,150 60,825 10,875 71,700 400 96

Glucose F 99,250 5,625 9,125 1,175 10,300 64,000 85
3 A 434,500 56,250 76,775 12,050 88,825 187,200 77

* F and A denote fresh and aged disks respectively.
** Formate eluate, primarily organic acids. NH4HCO

compounds.
*** Percent recovery indicates the sum of the activity in

activity in the alcohol extract.

and the dicarboxylic acids bring about citrate labeling
in both types of tissue. The disparity is threefold
at most and usually less. That the relative activities
of citrate are small is of little consequence since the
low values apparently reflect a small active metabolic
pool (see below). The important feature is that the
relative activities in both tissues are of the same order
of magnitude. By contrast, when citrate is presented
to fresh and aged disks, label transfer to other acids
of the TCAC is considerable in aged disks, and mini-
mal in fresh. The block in the TCAC in fresh tissue
may thus tentatively be placed between citrate and
a-ketoglutarate.

In general the relative activities of all the TCAC
acids are considerably higher in aged tissue regardless
of which labeled organic acid is provided as substrate.
The disparity among acids, and the occurrence of rela-
tive activities in excess of 100, are lessened by making
the comparison on the basis of specific activities.

Glycolate is metabolized as readily as the other
2-C and potential 2-C (pyruvate) substrates, and
serves to label other organic acids. However, since

3 eluate, organic phosphates and less readily elutable acidic

the individual fractions expressed as the per cent of the total

the RF for PCA is very close to that of glycolate in the
solvents used, and since PCA was mistaken for gly-
colate for some time, the activity assigned to PCA in
experiments involving glycolate metabolism in all
probability pertains to a mixture of glycolate and
PCA. Hence the relative activities have an am-
biguous meaning in connection with glycolate utiliza-
tion.

Comparison of Glutamic Acid and Pyrrolidonecar-
boxylic Acid Labeling. The data of table VII sug-
gest that glutamate and PCA are to a considerable
extent labeled by different paths. The specific activity
of glutamate far exceeds that of PCA, while the ratio
of label incorporation by aged compared with fresh
tissue is considerably greater for PCA. PCA appears
to be involved in the TCAC (see Discussion) and its
labeling intensity is more nearly akin to that of the
TCAC acids than is that of glutamate. Nevertheless
the way in which glutamate labeling changes with
tissue age suggests that perhaps part of the total cell
glutamate may be involved in TCAC activity.

PCA in large measure, if not entirely, arises from
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Table III. The Distribution of Radioactivity in the Organic Acids of Potato Slices
Incubated with C14-Labeled Substrates

Experiment as in table II. Acids were from 45 disks (3.0 g fr wt). Acid quantities are listed in table IV.

Experi- Substratement

Pyruvate

Citrate

a-Ketoglu-
1 tarate

Succinate

Fumarate

Malate

Tissue Citrate

F
A
F
A
F
A
F
A
F
A
F
A

cpm

802
1,318
6,667
7,514

95
392

2,312
1,318
498

1,117
876

2,083

Succinate

cpm/
Atmole

120
61

1,000
344
14
18

346
61
75
51

131
96

cpm cpm/
,mole

449 118
1,252 394

55 15
285 92

1,508 396
2,377 765

21,318 5,600
7,299 2,350
276 73

1,083 349
718 189

1,456 469

Fumarate

cpm cpm/
/,mole

646 ...
55 ...

103 ...

78 ...

. . .

1,515 ...
9,466 ...
8,518 ...
609 ...
646 ...

Malate

cpm

342
16,501

120
4,064
1,407

14,827
9,926

33,017
6,721

31,985
25,585
85,318

cpm/
,umole

28
975
10

240
114
875
805

1,950
545

1,890
2,080
5,050

PCA

cpm cpm',umole
226 11

10,333 620
56 3

3,735 224
551 26

6,385 384
1,271 59
7,274 438
164 8

5,374 323
99 5

6,811 410

Acetate F 46,530 2,500 2,597 864 536 214 7,047 616 3,342 242
A 3,863 358 1,391 660 420 200 21,990 1,880 13,255 690

Acetalde- F 14,825 795 2,494 830 325 130 2,737 240 870 63
hyde A 4,114 382 1,861 885 790 376 29,015 2,480 15,530 809

2 Glycolate F 1,508 81 235 78 31 12 569 50 5,029 364
A 520 48 88 42 113 54 1,738 149 19,925 1,037

Malonate F 426 23 377 126 22 9 63 6 606 44
A 386 36 954 453 101 48 684 58 13,255 690

3 Glucose F 431 ... 120 ... 118 ... 724 ... 152 ...

A 3,985 ... 787 ... 295 ... 8,812 ... 4,556 ...

Table IV. Organiic Acids in Fresh anzd
Aged Potato Slices

Experiments as in table III. Acid quantities used for
specific activities are listed in table III.

Experiment 1
Fresh AgedAcid

Experiment 2
Fresh Aged

,umoles/3.0 g fr wt
Citrate 6.7 21.8 18.6 10.8
Succinate 3.8 3.1 3.0 2.1
Fumarate ... ... 2.5 2.1
Malate 12.3 16.9 11.4 11.7
PCA 21.4 16.6 13.8 19.2

glutamine during hot extraction [table VIII, cf (21)].
It might be expected that glutamine in turn derives
from glutamate, but a direct interrelation is brought
into question by the labeling disparity. It may well
be that part of the total cell glutamate is intercon-
vertible with glutamine (see 28), but table VII im-
plies compartmentation. Compartmentation is fur-
ther suggested by the distinctly different way in
which a-ketoglutarate labels glutamate and PCA,
respectively, in fresh tissue. The likelihood that
glutamate and PCA arise in different ways (see
below) as well as being separated spatially helps to
explain the difference in labeling between the two.

Discussion

Table V. The Oxidationt of Succinate-1-C'4 by Frcsh
and Aged Potato Slices

Conditions as for figure 1, table II. 3.0 g tissue were
used.

Radioactivity in respiratory CO9
Time Fresh Aged

minutes
20
40
60
80
100
120

750
1,550
2,550
2,500
3,100
3,600

cpmn/20 wlitn
62,000
78,500
70,000
79,000
69,000
65,500

The contention has been madle previously on the
basis of indirect considerations that the TCAC is
largely inoperative in fresh potato slices. Evidlence
now indicates that in complete contrast to aged
slices, fresh potato disks fail to produce radioactive
CO2 from labeled organic acids of the TCAC or from
closely related compounds. The presumption that
the TCAC is inoperative or relatively inactive in
fresh tissue is considerably strengthened. A small
TCAC component of fresh tissue respiration may be
observed at times, however, varying with the storage
history and condition of the tuber. It has been
pointed out by apRees and Beevers that a marked
increase in the pentose phosphate respiration path
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occurs with time in aging potato disks as judged by phosphate type of respiration simply increases in
the excess of C-1 release from C-1 glucose as com- magnitude, perhaps several fold, the TCAC is vir-
pared with C-6 evolution from C-6 glucose (1). tually absent in fresh tissue and very active in aged.
With respect to the total respiratory rise, however, Since phosphorylative metabolism and its concomit-
the point of importance is that whereas the pentose ants appear to depend upon the TCAC, it is the de-

Table VI. The Relative Radioactivity of Organic Acids from Potato Slices Incubated with Labeled Substrates
Ratios derived from data of table III. Among the extracted acids, the activity of the acid presented as substrate was

taken as 100. When the metabolite presented as substrate was not subsequently isolated, a value of 100 was assigned
to the nearest component deemed to follow in the classical TCA cycle. Where gylcolate was administered the PCA iso-
lated may in large measure be glycolate (see Methods).

Relative total cpm Relative specific activities

Experi- Sub- Tissue Citrate Succi- Fuma- Malate PCA Citrate Succi- Fuma- Malate PCA
ment strate nate rate nate rate

Pyruvate F 100 56 ... 43 28 100 97 ... 23 9
A 100 95 49 1250 785 100 650 ... 1610 102

Citrate F 100 0.8 0.8 1.8 0.8 100 1 ... 1 0.3
A 100 3.8 1.4 54 50 100 27 ... 70 65

a-Ketoglu- F 6 100 ... 93 37 4 100 ... 29 7
tarate A 17 100 3 630 270 2 100 ... 114 50

Succinate F 11 100 ... 47 6 6 100 ... 14 1
A 18 100 21 450 99 3 100 ... 83 19

Fumarate F 5 3 100 71 2 ... ... ... ... ...
A 13 13 100 376 63 ... ... ... ... ...

Malate F 3 3 2 100 0.4 6 9 ... 100 0.2
A 2 2 0.7 100 8 2 9 ... 100 8

Acetate F 100 6 1 15 7 100 35
A 100 36 11 570 342 100 184

2 Acetalde- F 100 17 2 19 6 100 104
hyde A 100 45 19 700 374 100 232

Glycolate F 30 5 0.6 11 100 22 21
A 3 0.4 0.6 9 100 5 4

9 25 10
56 525 192
16 30 8
99 650 210
3 14 100
5 14 100

Table VII. Co0nparison of Glutamnic Acid and Pyrrolidone Carboxylic Acid Labeling int Potato Slices Incubated
zith C14-Labeled Substrates

PCA concentration considered the same for each sample of fresh and aged tissue respectively within an experiment.

Aspartate Glutamate PCA
Experi- Sub- Tissue p A cpm/ A cpm/ pt cpm/
rnent strate moles gmole cpm moles ,umole cpm moles ,umole

F 647 6.5 99 7,221 6.4 1,130 226 21.4 11
Pyruvate A 11,304 4.2 2,680 16,633 5.1 3,270 10,333 16.6 620
Citrate F 186 8.3 23 877 6.5 134 56 2.6

A 758 3.6 21 7,049 4.8 1,460 3,735 224
a-Ketoglu- F 4,299 7.6 562 24,480 3.8 6,450 551 26

1 tarate A 1,931 2.6 743 6,489 3.2 2,020 6,385 384
Succinate F 14,329 6.0 2,380 12,908 5.2 2,480 1,271 59

A 3,337 ... ... 15,162 ... ... 7,274 438
Fumarate F 16,500 4.9 16,500 2,425 3.8 640 164 8

A 7,810 3.9 7,810 11,487 3.5 3,280 5,374 323
Malate F 13,404 6.8 1,980 3,337 5.9 570 99 4.6

A 4,713 3.5 1,340 14,058 4.2 3,340 6,811 410
Acetate F 13,870 6.3 2,200 74,833 8.0 9,350 3,342 13.8 242

6,265 2.7 2,320 19,983 4.4 4,530 12,255 19.2 690
Acetal- F 5,083 7.2 705 33,543 8.4 4,000 870 63

2 dehyde A 7,668 4.5 1,700 18,882 2.9 6,500 15,530 809
Glycolate F 549 6.6 83 4,083 0.9 4,400 5,029 364

A ca 0 1.5 0 440 2.4 183 19,925 1,037
Malonate F 117 7.2 16 883 8.3 106 606 44

A 204 2.7 75 538 4.7 114 13,255 690
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Table VIII. Pvrrolidoitccarboxylic Acid Formiiation
by Hot EXtraction of Potato Slices

Hot extract prepared as in Methods. Cold extract:
Tissue frozen with dry ice, powdered and lyophilized.
Dry powder was extracted with ice cold 70 % ethanol-
0.01 N HCl by shaking in the cold for 6 hours (12 g fr wt
equivalent extracted with 200 ml ethanol-HCI). Where
digestion is indicated, extracts were brought to pH 6.5
and heated for 2 hours at 100°. Under the latter condi-
tions glutamine is converted to pyrrolidonecarboxylic
acid (21). Extracts and hydrolyzed extracts were passed
through columns, and acids and PCA isolated and esti-
mated as described in Methods.

Hot extract
Control Digested

Citrate
Malate
PCA

,xmoles/
29.3
18.5
40.5

'3 g fr art
25.0
21.2
51.4

Cold extract
Control Digested

,umoles/3 g fr wt
26.6 21.0
19.0 18.0
13.0 37.3

velopment of the latter which best explains the change
in physiological competence of aging potato slices.
Critical metabolic changes are initiated in fresh slices
immediately upon cutting and are well along in sev-

eral hours (5, 13, 14). The suggestion that the
TCAC simply increases in magnitude with time
much as does the pentose phosphate respiration ap-

pears to stem from the fact that apRees and Beevers
compared 24-hr slices with 3-hr slices, rather than
with freshly prepared ones [(1), cf (22)].

Dinitrophenol (DNP) elicits an inmme(liate sub-
stantial respiratory rise in fresh slices of potato and
other plant storage organs (7, 12). It may at first
sight be supposed that the respiration of fresh tissue
is phosphorylative, albeit limited by the rate of phos-
phate transfer. HoNwever, the DNP-induced incre-
ment has been shown to be totally nmalonate-sensitive,
in contrast to the basal respiration, and the evidence
suggests that in fresh slices DNP evokes an additional
respiratory path rather than stimulates the existing
one (12). Furthernmore, the DNP-elicited respira-
tory rise in fresh slices, though nmalonate-sensitive,
has been shown not to comprise TCAC activity,
indicating that the latter is suppressedl in fresh tissue
by nmore than a restraint on phosphorylation (12).
The foregoing presumption was verified in an experi-
ment akin to that presented in figure 1, with the dif-
ference that DNP was provided fresh potato slices
together wvith glucose-U-C14. Fresh slices pro-

duced no C140., even in the presence of DNP. Glu-
cose absorption was showni to be unaffected by DNP
(15).

Mitochondria fronm both fresh and aged potato
slices readily oxidize TCAC acids (7,8). The evi-
dence suggests that the TCAC is in fact blocked
rather than absent in fresh tissue. The latter sup-

position, as well as the assignment of the block to
a step between citrate andl a-ketoglutarate oxidations,
is made for the following reasons: A) While the
dicarboxylic acids label citrate both in fresh and aged
slices to a relatively similar degree, citrate labels the

dicarb,oxylic acids appreciably only in aged tissue.
B) The relative radioactivity of the acids of the
TCAC is greater in aged than in fresh disks following
the presentation of an appropriate labeled substrate.
C) Where citrate is heavily labeled directly by ace-
tate or acetaldehyde, label accumulates in citrate in
fresh tissue where citrate is not metabolized, and far
exceeds the citrate label in aged disks (table III).
D) Whereas fresh tissue produces no C14O. from
succinate 2,3-C14 which (lemands a full turn of the
cycle for label evolution, C140, is evolved to a limited
but definite extent by fresh slices from succinate-1-C'4
(oxalacetate decarboxylation').

Following the observation that certain aldehydes
repress the changes which occur with aging in stor-
age organ slices (13, 14) and that glyoxylate an(d
oxalacetate together inhibit the TCAC (24), further
investigation led to the isolation of a condensation
product of glyoxylate and OAA, namely y hydroxy-a
ketoglutarate, which effectively inhibits citrate oxida-
tion (19). Subsequently the enzymic formation of
hydroxyketoglutarate from glyoxylate and pyruvate
by potato extracts was shown, which together with
the demonstrate(d oxidation of hydroxyketoglutarate
to malate (20) provides a means for 4-C-dicarboxylic
acid formation fronm pyruvate and glyoxylate, for
glyoxylate oxidation in a pyruvate-catalyzednmetabolic
cycle, and for the renmoval as well as the formation of
hydroxyketoglutarate, a factor which lends interest
to hydroxyketoglutarate as a metabolic regulator.
No indication has yet been offered that the TCAC
in potato tissue is in fact controlled by hydroxyketo-
glutarate.' Nevertheless the ready enzymic prodluc-
tion of an inhibitor of citrate oxidation from metabo-
lites prevalent in potato tissue lends stimulus to the
notion that the TCAC nmay be blocked in vivo at the
citrate stage. In the light of the recent discovery
that citrate strongly inhibits glycolysis (18), the pro-
posed block may serve to explain the impairment of
glucose utilization in fresh potato slices (15). It is
noteworthy, furthernmore, that the influence of high
O., tensions on potato re.spiration has been ascribedl
to a block of the TCAC between citrate and( a-keto-
glutarate (3).

The respiration rate of potato slices is not affected
by low levels of exogenous substrate. Hence figure
1 in effect indicates that the specific activity of respi-
ratory CO2 is quite similar (luring the oxidation of
the various labeled organic acids. The implication
of this observation is that on a carbon basis the spe-
cific activities of the various provided organic acids in
their respective endogenous active pools must approxi-
mate each other. Table IX indicates first that the or-
ganic acid specific activity on a carbon basis is far
lower than that of the respiratory CO. (10 to several
hundred, compared with about 4 X 103 cpni per
,umole carbon), anid secondly that the carbon specific

2 y hydroxy a ketoglutarate has been shown to be
present in large amounts in Oxalis roots (personal com-
miunication from the late Professor R. K. Morton).
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Table IX. The Specific Activity on a Carbon Basis of Organic Acids Extracted fromn Aged Potato Slices
Incubated zwith Labeled Substrates

Conditions as for tables III, IV.

Substrate Citrate Succinate Fumarate Malate PCA

cpm/A mole carbon
Pyruvate 10 99 ... 244 124
Citrate [57]* 23 ... 60 45
a-Ketoglutarate 3 191 ... 219 77
Succinate 10 [587]*... 490 88
Fumarate 8 87 .. 472 65
Malate 16 117 ... [1262]* 82
Acetate 60 165 50 470 138
Acetaldehyde 64 221 94 620 162
Glycolate 8 11 14 37 [2071*
* Bracketed numbers indicate isolated acids presented as substrate.

activity varies markedly among the acids. It can
be deduced therefore that with extraction the active
pool of each organic acid is extensively diluted with
the respective metabolically unavailable organic acid,
the ratio of active to inactive pool, and the active
pool size, being somewhat different in each case
(cf 17). When specific activities are compared,
malate frequently appears to be labeled inordinately,
especially when compared with citrate (table VI).
However, on the basis that the carbon specific activity
of the active paols of malate and citrate must roughly
approximate each other, and taking into account that
the tissue molar concentrations of citrate and malate
are roughly the same (table IV), it appears from the
considerably higher gross carbon specific activity
of malate, that the active malate pool is larger than
that of citrate. It is not excluded that acids outside
of the respiratory mainstream become labeled (note
the high specific activities of glutamate and aspartate
in table VII), and the foregoing deductions must
therefore be taken merely as suggestive.

While the convention adopted in table VI best
serves to locate the block in the TCAC in fresh tissue,
it tends to exaggerate the extent to which label re-
sides in the substrate-acid following extraction. If
the absolute activities of the extracted acids are
compared in each case, using a given acid other than
the substrate as a frame of reference, the relative dis-
tribution of label among the TCAC components is
much the same regardless of the substrate presented.

An apparent paradox exists insofar as pyruvate,
acetate and acetaldehyde label the 4-carbon acids more
extensively than does citrate (table III), although
labeling via the TCAC must proceed through citrate.
The latter condition is undoubtedly in large part the
consequence of the label position in the provided sub-
trate. Steady-state labeling of 4-C acids via the
TCAC should be greater with acetate-2-C14, for ex-
ample, than with citrate-1,5-C14. Nevertheless it re-
mains possible that the 4-C acids (and PCA) may be
labeled by 2-C substrates by means other than the
TCAC. In this connection it is noteworthy that the
2-C substrates label both aspartate and glutamate out
of all proportion compared with the TCAC acids,

and do so even, and perhaps especially, in fresh tissue
(table VII). It is readily apparent how a direct
independent means of 4-carbon dicarboxylic acid syn-
thesis may serve to insure maximal activity of the
TCAC. Although malate synthesis by the condensa-
tion of acetate and glyoxylate provides the readiest
explanation for direct malate labeling by pyruvate,
acetate, or acetaldehyde (10), malate synthetase has
not been demonstrable in potato extracts (W. S.
Pierpoint, personal communication). In terms of its
conceivable effect on the TCAC, the latter conden-
sation would have the added virtue of lowering the
glyoxylate concentration and hence the concentration
of hydroxyketoglutarate, an effective inhibitor of the
TCAC (see above).

Finally, the origin of PCA (in effect, glutamine)
and its relation to glutamate is of interest. PCA
labeling is less intense that that of glutamate, and
responlds much more markedly to aging. Further-
more, in comparison with glutamate labeling, acetate
and acetaldehyde are more effective than the 4-carbon
acids in labeling PCA in aged disks. The pronounced
influence of aging on label incorporation in PCA and
in the organic acids, together with the influence of
malonate on the labeling pattern (14), suggests that
labeling occurs via the TCAC. The path of gluta-
mate labeling is more uncertain, and the distinction
between the 2 cases suggests compartmentation. In
this connection a pertinent indication of compart-
mentation is to be had in the observation that a-keto-
glutarate and acetate are metabolized in different
ways by slices of castor bean endosperm, while being
oxidized in the same way by mitochondria from the
same tissue (30). Compartmentation would appear
a likely explanation for the low specific activity of the
organic acids in potato slices presented with labeled
substrates (cf 17), and may in part explain the dis-
parity in glutamate and glutamine labeling as well.

Regarding the disproportionately high specific
activity of glutamate in general indicated in table
VII, it should be noted that there are ways to form
glutamate apart from the TCAC, especially from
glyoxylate and oxalacetate or pyruvate (26). Fur-
thermore, glutamate may conceivably be derived fronm

661



PLANT PHYSIOLOGY

a 4-carbon progenitor. In this connectionl Steward's
suggestion that y-aminobutyric acid nmay arise from
succinic senmialdehyde, andilmay lead to glutamnic acid
formation in potato is of special interest (29).
Withal it is not apparent why glutanmine, so much
more so thain glutamate, should appear to be inti-
matelv relatedl to the TCAC, presumiably by-way of
a-ketoglutarate. Conceivably, for that part of gluta-
mate synthesis which occurs intramitoclhondrially the
prevalence of mitochon(drial oxidative phosphoryla-
tion may well lead to rapi(d ancl extensive glutamine
fornmation.

Summary

Fresh potato slices release no radioactive CO.
fronm organic acids of the tricarboxylic acid cycle
labeled with C14 in such a way that a full turn of the
cycle is re(quired for label evolution. In marked con-
trast, aged potato disks evolve copious quantities of
C14O. fromii the sanme organic acids. The labeled
aci(ls provided were pyruvate, citrate, a-ketoglutarate,
succinate, fumarate, nmalate, acetate, andl glycolate.
Glucose, acetaldehyde and malonate were presented
as well. A comparison of label distribution in fresh
and aged tissue following administration of the above-
listed substrates indicates a block in the tricarboxylic
acid cycle in fresh tissue between the steps of citrate
and a-ketoglutarate oxidation.

Pv-rrolidlone-2-carboxylic acid, which appears to
be derivedI from glutanine dluring hot extraction,
shares the labeling characteristics of the organic
acids both with respect to specific activity and the en-
hancement of labeling in aged (lisks. Glutamate
labeling is nmuch more extensive, and relatively indif-
ferent to tissue age. Comlpartmentation is indicated,
Nwith the prospect that glutamate, and perhaps one or
more of the 4-carbon dicarboxylic acids, nmay be syn-
thesized extranmitochondlrially.
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in Straight-Necked Squash 1. 2 3
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Introduction

Studies of translocation in higher plants derived
from sugar analyses of sap (10, 26, 27, 28), aphid
stylet exudates (24,28) and by the displacement of
C14 from mature leaves (1, 6, 7, 11, 12, 20, 23), have
produced the generally accepted view that sucrose is
the main form of transported carbon in phloem tissue
(19). These studies however have been confined to a
very limited number of plant species. Recent investi-
gations have now shown that sucrose is not the only
sugar involved in translocation. Zimmermann (27)
has found raffinose, stachyose and mannitol in the sap
exudates of a number of trees and other plant species
and Starck and Gorham (unpublished data) have
found by C14 displacement verbascose and stachyose
as the major compounds in the translocation stream
of Mentha and Saintptaulia. Pristupa (15) has
also found translocation of verbascose and
stachyose in the pumpkin plant. Evidence for the

1 Received Oct. 21, 1963.
2 Issued as N.R.C. No. 7754.
3 Presented in part at the annual meeting of the

Canadian Society of Plant Physiologists, Laval Univer-
sity, Quebec, 1962.

translocation of sorbitol in the apple has recently
been published (25) and amino and organic acid
movement from leaves has been reported by Nelson
et al. (13) in soybean under certain physiological
conditions, and in the rhubarb by Kursanov et al. (9).
Evidence for the movement of many other compounds
in the phloem may be found as more plant species are
investigated. These new discoveries must modify
the concept of the unique position of sucrose in trans-
location and before ascribing any mechanism to the
process it will be necessary to know the full range of
compounds transported by the phloem.
A preliminary investigation of the young squash

plant had shown that it translocated both stachyose
and sucrose. Furthermore freeze-dried squash tissues,
in contrast to the tissues of other plant species investi-
gated (5, 14), were readily infiltrated and prepared
for tissue autoradiography. A detailed study of
translocation was therefore carried out in young
squash plants using the methods of C14 displacement
under controlled conditions and tissue-autoradiog-
raphy. The products of short-term C140, assimila-
tion were determined and their translocation within
the plant was measured as a function of time and
stage of leaf development.
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