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Introduction

In recent years, a number of studies have been
miadle on the respiration of slices of potato tuber
tissue (1, 6, 7, 8, 9, 11, 12, 13, 16, 17). \VXhen the
slices or dlisks are freshly cut, they have a respiration
rate sinmilar to that of the intact tuber. This tissue
lhas been termed fresh tissue. \Vhen the fresh disks
are kept by aerating them in distilled water or
10-4 Al CaSO4 at 00, the low respiration rate is main-
tained: but when the disks are aerated at 250, the
respiration rate rises three- to fourfold over about
18 hours. This phenomenon has been termled aging,
and (lisks treated in this way are aged disks. Aging
does not mlerely involve a simple increase in respira-
tion rate: the sensitivity of the respiration to vari-
ous inhibitors alters markedly (1, 6, 11, 16, 17), andl
the tissue shows a marked increase in its ability to
accumiiulate salts, particularly phosphate (6, 9, 13).
Such observations have led to suggestions that
aging involves a major change in the cellular proc-
esses (7). Some authors (6, 17) have suggested
that there is a mlodification of the respiration chain
in the region between DPNH and cvtochronme c:
while others ( 1, 16) have suggested that there are
chainges in the relative importance of the pentose
phosphate and the tricarboxylic acid cycle respira-
tion paths. The results of experimlents by Lough-
mani (9) indicate that the respiration changes are
closely associate(l with changes in the phosphate
mletabolismii. Therefore experiments have been car-
ried out to examine in more detail the phosphate
metabolism of fresh and aged potato tuber slices,
with a view to learning more about the nature of
the aging process.

Materials and Methods
MHaterials. Potatoes, var. Russet Burbank, w-ere

obtained from local markets and stored for up to 3
wveeks at 100. Potatoes were sliced in half laterally,
aind one half used to provide aged slices, while the
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other was capped with parafilm (Hercules Powdler
Co.) and stored at 100 until the following day, to
provide fresh slices. Equal numbers of apical an(l
basal halv,es were usecl for eaclh sample. Blocks of
tissue were cut from the potato halves, cylinders 7
mm in dliameter were cut in each block wvith a stain-
less steel borer, theni 1 nmmi slices were taken fromii
the block on a hanid microtoiie and put into ice
water. When all the disks had been cut, the tissue
was bathed in runninlg deionized wvater at room tem-
perature (250) over 8 minutes. Disks were then
transferred to 1 liter conical flasks (10 g/150 ml
solution/flask.) and incubated on a shaking table in
10-4 As CaSO4 for 10 minutes (fresh slices) or 24
hours (aged slices). In the latter case, 4 to 5
changes of solution wxere use(l. Phosphate-P322 - as
heated to 1050 for 1 hour to remlove HCl and hydro-
lyze pyrophosphate present. Activities ranging from
1 i'c to 1 mc/nml were employed in experimiiental
solutions.

General JMetliods. Respirationi measureimienits
were made bw standardl \Varburg mlaiionoetry, using
samples of 1 g (15 disks) in pH 5.0, 10-2r KH,PO,
or in solutions state(l.

When the P-esters4 -were extractedI from small
samples of potato tissue by publicizecl extraction
procedures, a serious and nonrepro(lucible loss of
ester-P was encountered. A procedure was develop-
ed which enable(d a quantitative recovery and effi-
cient separationi of P-esters froml 1 g or less of plant
tissue. A detaile(d (liscussioni of the technical prob-
lems encountere(l, and of the extraction procedures
and chromatographic miiethods selected. is given else-
where (5). The imethods employed in the currenlt
study differed only in that aln earlier, less suitable
extraction procedure was employed. The tissue (1
g) wvas killed in boiling 80 % mlethanol (30 nml).
and extracted in 80 % miiethanol followed by 5 %
trichloracetic acid (15 ml), theni the trichloracetic
acid was removed by ether extraction. This tissule

4 Abbreviations: P-esters, phosphate esters; ester-P,
esterified phosphate; P1i 2, inorganic phosphate labeled
with P32; UTP, uridine triphosphate; UDP, uridine di-
phosphate; UMP, uridine 5'-monophosphate; GTP,
GDP, and GMP, guanosine triphosphate, etc.; CTP,
CDP, CMP, cytidine triphosphate, etc.; hexose-P, hex-
ose phosphate (glucose-6-P + fructose-6-P + glucose-
1-P).
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extraction procedure was more time-consuming than
the recommended one (5), gave greater opportunity
for handling error and was less suitable for routine
use. However, extracts from the 2 procedures show
the same P-ester pattern, with one exception. In
the experiments described here, phosphatase inactiva-
tion probably took several seconds; and there was
probably- some hydrolysis of ATP to ADP (4). Sub-
sequent study has shown that a maximum of 20 %
of the ATP was so hydrolyzed, and that the effect
was the same in all samples. The conclusions drawn
in this paper have been made with this source of
error in ilind.

Chromatography was carried out in 2 different
2-dimensional systems: n-propanol/ammonia/water-
ni-propyl acetate/formic acid/water; and n-propyl
acetate/formic acid/water-electrophoresis at pH 3.6
(5). The completed chromatograms were radioau-
tographed [see (5) for a representative example],
and the radioactive areas were marked on the chro-
matograimi. The various radioactive compounds were
then identified by reference to added authentic com-
pounds and their known travel constants. In pre-
liminary experiments, spots of doubtful identity were
eluted and rerun with standards in other separation
systems. For counting, areas of the chromatogram
were cut out and mounted on planchets. Where the
piece of chromatogram paper was too big to fit on
a planchet. one end of the cut out paper was dipped
into a snmall pool of water so that the ascending sol-
vent moved the radioactive material to the tip of
the piece of paper. The paper was dried and the
tip cut off, mounted on a planchet and counted, using
a Nuclear-Chicago thin end-window gas-flow
counter. For most compounds, the radioactivity was
the same in the spots obtained by the 2 methods of
separation: mean values are quoted in the text.
However, the UDP, GTP, and GDP values were
occasionally as much as twofold different when iso-
lated by the 2 procedures.

Pi in the extract was estimated by the method
of Marsh (14); hexose-P was isolated chromato-
graphically, hydrolyzed (5) and the Pi estimated;
nucleotides were isolated chromatographically, their
absorption spectra determined on a Cary recording
spectrophotometer, and their amount estimated from
the absorption of light at 260 mu.

Effect of Phosphate Concentration and Malonate
on P32-distribution in Esters. Samples of fresh and
aged tissue. 5.0 g (ca. 75 disks) were incubated in
each of 3 solutions; high Pi (4 x 10-3 M KHo-
PO4), low Pi (1l-5M KH,PO4), or low Pi +
malonate (10-5M KH,PO4 + 5 x 10-2 M malon-
ate at pH 5.0). Grossly different rates of Pi uptake
were obtained in the 6 samples. As it was desirable
to have approximately the same total P32 activity in
all tissue extracts, the amount of carrier-free p32
added to each experimental solution was varied ac-
cordingly. Thus for fresh and aged tissues respec-
tively, 50 and 25 /c/ml were added to the high Pi
solutions; 35 and 1 /Ac/ml to the low Pi solutions;

and 75 and 3 Ac/ml to the low P1 + malonate solu-
tions. Samples were incubated 1 hour on a shaking
table at ca. 250, washed 5 minutes in running distilled
water, then killed and the P-esters extracted. The
tissue residue, containing the acid-insoluble P32, was
held 24 hours at 250 in 1 M KOH to hydrolyse RNA.
The nucleotides released were separated by chroma-
tography and electrophoresis, and their radioactivity
measured (5).

Amiounts and Turnover Rates of Phosphate Esters.
Fresh and aged tissue samples were given a 30 second
pulse of P132, transferred to distilled water and al-
lowed to metabolize the tracer for varying lengths of
time. In order to introduce approximately the same
amount of P1 at the same specific activity into the
2 types of tissue, 2 X 10-3 M KH,PO4 at 600 Ac/ml
was used for the fresh tissue and 2 X 10-4 M
KH,PO4 at 60 ,uc/ml for the aged tissue. Samples
of 15 disks (ca. 1 g), interleaved with 1 mm glass
beads, were threaded onto stainless steel wires; and
to minimize changes in the tissue during this time,
prepared samples were held in ice water while re-
maining samples were being threaded. When all
strings were complete, they were carried through the
following stages. A. In distilled water at 250 for
5 minutes, to come to room temperature. B. In
unlabeled Pi solution at 250 for 5 minutes (fresh,
2 X 10-3M KH,PO4; aged, 2 X 10-4M KH2PO4)
to saturate adsorption sites in the tissue that other-
wise contributed significantly to the apparent uptake
in very short term experiments. C. In running
distilled water at 25° for 5 minutes to remove excess
unlabeled Pi from the apparent free space. D. In
40 ml KH2P3204 (fresh, 2 X 10-3 ; aged, 2 X
10-4 AX) for 30 seconds (20 seconds for half-minute
samples). E. In unlabeled Pi (fresh, 2 X 10-2 M
KH2PO4; aged, 2 X 10-3M KHsPO4) for 10 sec-
onds to rapidly dilute the KH2P3204 in the apparent
free space. F. In distilled water for 30 seconds to
remove Pi from the apparent free space. G. In
another change of distilled water for 1 minute. H.
In another change of distilled water at 250 for the
desired interval. Samples were killed at 0.5, 1, 2, 4,
8, 15, 30, and 60 minutes after the start of p132 ab-
sorption in step D.

The 1 g samples used above did not provide suffi-
cient material for the amounts (as opposed to radio-
activities) of the individual P-esters to be measured.
Ester levels were therefore measured on a separate
bulk (20 g) sample of the same tissue used in the
pulse experiment. The tissue was killed and ex-
tracted in the usual way and the P-esters separated
in bulk by paper chromatography in 2 solvents, and
by electrophoresis. To avoid any aging effects, the
bulk sample was killed at the same time as the 30
minute, 1 g sample. The specific activity of a
P-ester at 30 minutes could then be estimated by
dividing the P-ester radioactivity determined on the
1 g, pulse sample by the P-ester amount, determined
on the 20 g bulk sample. To aid detection and
identification of the esters, the bulk sample was in-
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cubated during the early part of the experiment in
dilute KH2P3204.

Results
Effect of Sterile Coniditionts on, Aging Effect.

To insure that the commonly observed respiratory
rise in potato slices could in no way be attributed
to bacterial infection, potato slices were cut and
aged under sterile conditions, and compared with
slices cut andl aged in the normal way. The respira-
tion rate of the sterile slices increased w,ith aging
in exactly the sanme way as that of the control slices.

Effect of Phosphate Concentrationi on Phosphate
Estcr Distribuition. At the high Pi concentration,
Pi uptake by fresh tissue w-as increased 335-fold over
that at the low concentratioi, while only a 24-fold
increase in Pi uptake was observed with the same
increase in concentration in aged tissue. The in-
crease in Pi uptake (lid not significantly affect the
distribution of radioactivity in the various P-esters,
but it did increase the proportion of unesterified
Pj3' in both tissues (table I).

Effects of Aging antd Malonate ont Phosph-ate
Ester Distributtion. The aginig process did not
markedly affect the relative distribution of p32 in
the various extractable P-esters, though the tissue
Pi32/ester-P3-2 ratio was higlher in the fresh tissue.
However, the amount of P32 which entered the acid-
insoluble residue was higlher in the aged tissue, and
markedly so Nvhen a low conceintration of Pi32 Wvas

supplied to the tissues. When the acid-insoluble
residue from the aged tissue was hydrolyzed with
KOH, 82 % of the radioactivity was recovered in
the adenosine, cytosine, guanosine, and uridine 3'-
(and 2'-) phosphates (ratio 10/9/9/10). Thus nmost
of the acid-insoluble P32 in the aged tissue must have
been present as RNA.

Malonate affected the pattern of distributioni of
the P-esters in the aged tissues but not in the freslh
tissues (table F). Again, the most marked effects
were on the acid-insoluble p3 2, and on the nucleotidle
triphosphates.

In other experimeiints, more detailed comparisons
were made of the distribution of P32 activity in the
P-esters from fresh and aged tissues, in the expecta-
tion that if different respiration paths were operatinig
in the 2 tissues, the amounts of the various P-esters
might vary accordingly. Stea(ly-state labeling for
most esters was reachedl in about 1 hour in both
tissues. At this time, no significant difference
(>20 % of the mean value) could be consistently
found in the relative amount of any P-ester in the
2 tissues. However, the tissue P,32, ester-P3' ratio
Nas consistently- higher in the fresh tissue. As the
respiration rates of the 2 tissues w-ere different, it
wNas concluded that the turnover rates of the P-esters
must be (lifferent. The pulse experimlenit \-as car-
ried out to test this presumption.

Rates anlle order of labeling of plosphalltc esters.
Labeling of the P-esters followe(d the same course in
the fresh and aged tissues (fig 1, 2). How7ever the

Table I
Distribution of P32 in Fres1h and Aged Potato Tuber Slices Treated with Hi(h antd Low

Concen,trations of Phosphate-P32, aitd with Malonate

Fresh tissue in

High-P* Low-Pp Low-P +
malonate

Respiration rate,
Atl 0,/g tissue hr

Phosphate-P32 taken up,
m,umoles/g tissue hr

Acid-insoluble p32, as %C
of total P32 in tissue

Aged tissue in

High-P Lowp Low-P +Homaloilate

37 38 31 132 138 52

63.9 0.19 0.14 226.5 9.46 5.97

1.3 3.0 1.9 3.3 29.0

P32 ill conipound, as %
of total p32 in
extractable ester-P

Tissue Pi

Hexose-P, etc.**
AMP, GMP, lUMP
ADP, GDP, UDP
ATP, GTP, UTP
3-PGA, etc.
P-choline, etc.
UDP-glucose

143.9 115.1 200.7

58.3
1.6

18.3
8.4
5.5
6.4

53.3
2.0

19.6
11.0
4.9
7.0

116.7 75.4 148.0

54.7
2.0
17.4
10.2
6.2
7.5

1.1 1.2 1.1

45.0
2.0
21.6
12.2
8.5
8.6
1.5

* High-P, tissue in 4 X 10-3 ri KH2PO4; Lov-P, tissue in 10-5 ar KH2,PO4; I oW-P + malonate. tissue in
10-5M KH,PO4 + 5 X 10-2 Al malonate.

** Values for P-esters have been grouped as follows: hexose-P, etc = glucose-6-P + fructose-6-P + glucose-i-P
+ mannose-6-P; 3-PGA, etc = 3-P-glycerate + 2-P-glycerate + 6-P-gluconate + triose phosphate + fruc-
tose-1, 6-diP; P-choline, etc = P-choline + P-ethanolamine + P-serine ( ?) + a-glycerol-P + inositol hexaP
UDP-glucose value is an underestimate as considerable hydrolysis occurred.

1.9

39.9
2.8

22.9
12.3
8.7

11.4
1.2

58.7
3.1

19.3
3.6
6.1

1.2
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rate of labeling was much more rapid in the aged tis-
sues. Curves were fitted (see Discussion) and the
half-times of labeling for the various compounds were
estimated (table II). The order of labeling was as
follows. A. ATP, GTP and UTP all reached half-
maximum labeling in approximately the same time; in
under 0.2 of a minute in aged tissue, and in about 1.0
minute in fresh tissue. CTP was present in very
small amounts, ca. 8 % of the ATP, and usually
could not be separated from the ATP. B. ADP
reached half-maximum labeling in 0.9 of a minute
(aged) or 3.5 minutes (fresh). GDP and UDP
were apparently slightly slower to label in the aged
tissue. CDP was present in only very small amounts.
C. Glucose-6-P, fructose-6-P, fructose-1,6-diP, 6-
P-gluconate, triose phosphate, 3-P-glycerate (+ 2-
P-glycerate), P-enolpyruvate and glucose-1-P,
which could be separately identified, all reached half-
maximum labeling at approximately the same time;
1.2 to 1.8 minutes for aged tissue, and 5.8 to 8.9 min-
utes for fresh tissue. D. a-glycerol-P showed label-
ing half-time of ca. 3 and 8 minutes in aged and
fresh tissue respectively. E. A sugar phosphate
identified fairly conclusively as mannose-6-P was
slower to label than all the other sugar phosphates,
having labeling half-time of 4.9 and ca. 12 minutes

Table II
Half-times of Labeling, in Minutes, of Phosphate Esters

Present in Fresh and Aged Potato Tissue Slices

Fresh tissue Aged tissue

Exp. 14. Exp. 15. Exp. 14. Exp. 15.
ATP ;1.2 1.1 <0.5 20.2
GTP < 1.0 0.7 <0.5 ;0.2
UTP < 1.0 0.5 <0.5 <0.2
ADP 3.4 3.5 21.0 0.9
GDP 3.0 3.2 1.8 2.2
UDP 3.5 4.5 1.8 1.9
AMP >15.0 >30.0 8.0 10.0
UMP > 15.0 28.0 3.5 12.0
hexose-P 6.5 5.8 1.4 1.2
3-P-glycerate 6.0 5.5 1.3 1.4
P-enolpyruvate 5.0 4.0 1.7 1.4
6-P-gluconate ... 6.0 1.6 2.1
mannose-6-P 12.0 11.0 5.2 4.9
a-glycerol-P 8.0 6.8 1.9 3.7
P-ethanolamine > 15.0 525.0 5.0 12.0
P-choline > 15.0 >30.0 9.5 17.0
DPN ... >30.0 ... >30.0
Inositol hexaP ... >30.0 ... >30.0

in aged and fresh tissues. F. AMP, UMP, DPN,
P-choline, inositol hexaP; and compounds which
were probably P-ethanolamine and TPN; all had

10 LJ
0.5 1 2 4 8 15 30 60 0.5 I 2 4 8 15 30 60

TIME IN MINUTES TIME IN MINUTES
FIG. 1 and 2. Log/log plot of change in radioactivity with time, for various phosphate esters from fresh tissue

(left) and aged tissue (right) fed a 30 second pulse of P82-phosphate (exp. 15). Theoretical curves fitted to all
points except ATP, aged; and Pi, fresh and aged. U -U, hexose-P; A - A, ATP; A - A, ADP; V -v
AMP; fO - Ol, mannose-6-P; 0 - 0, a-glycerol-P; 0 - 0, Pi, X 10-3.
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Table III
Amounts and Specific Activities of Somte Phosphate Esters Fromii Fresh

and Aged Potato Tutber Slices
These data are from Experiment 15, table II.

Amount, mumole/g

Fresh Aged

2,700
95
2.0*

11.2
6.4
4.9
5.5
3.5
2.3
1.3

2,110
101

4.3
23.1
10.0
8.2

11.2
5.5
2.8
1.9

Activity in cpm ,g
Fresh

1 min 30 min

1,265

10
465
965
13

180
200
80

200

38,000
11,500

70
2,400
2,440
265

1,270
260
320
280

Aged
1 nill 30 min

10,130
48

3,680
8,020

76

76j7
965)
298

1,013

37,900
23,500

422
7,375
5,6,50
385

2, 50
605
980
845

Specific activity, cpn /m,umole
Fresh Aged

1 mni 30 min 1 min 30 mini

13

41
151

32
57
35

154

14
121
35
214
382
54

231
74
139
216

100
11

159

802
9

69
176
107
535

18
232
98

319
565
47

228
110
350
445

* Nucleotide estimation accurate to ca. + 0.5 mpamole/g tissue.

labeling half-times ranging from ca. 10 minutes to

25 minutes or more in aged tissue, or of more than
20 minutes in fresh tissue.

GMNIP and CMP were not detected. UDP-glu-
cose was detected, though it suffered considerable
breakdowvin during chromatography. It appeared to

have labeling half-times of ca. 2 and 9 minutes in
aged and fresh tissues, assuming that the percentage

breakdown of the ester was approximately the same

in all samples.
Aimounts of Phosphate Esters. The observed

differences between the rates of labeling of P-esters
in fresh and aged tissues could have been due to the
presence of a nmuch larger ester-P pool in the fresh
tissue. However, the fresh tissue was found to have
a somewhat smaller ester-P pool (table III).

The amiiount of Pi which entered the tissues dur-

ing a pulse of P,32 (activity at counting, 1.2 X 105
cpmnmAhmole) was less than 0.8 m,umole/g, or 0.04 %
of the total Pi present in the tissues. This amiiount
is unlikely to have affected the relative amounts of
the various P-esters in the tissue (cf. table I). Thus
it can be assunmed that the P-ester levels obtained for
the 30 minute samples of aged tissue (table III) will
also be true for the 1 minute sample. From these
data, the specific activities of the P-esters in the
aged tissues at 1 minute and at 30 minutes can be
calculated (table III). The nucleotide triphosphates
show- a fall in specific activity from 1 to 30 minutes,
w7hile the other P-esters studied show a rise. In
fresh tissue, all compounds show a rise in specific ac-

tivitv froml 1 to 30 minutes.

Discussion

Extenit of Phosphate Esterification in Fr-esh and
Aged Tissue. Increasing the external Pi concentra-
tion 400-fold increased the rate of Pi uptake by aged
tissue 24-fold, and by fresh tissue 335-foldl. Uptake
by aged tissue was 50-fold greater than by the fresh
tissue at the lowv concentration, but only 3.5-fold

greater at the high concentration. These observa-

tions agree with those of Loughmnani (9). Lough-
man's data show that the approximately linear rela-

tionship of phosphate uptake to external Pi concen-

tration in fresh tissue applies over an even wider

range. 10-6 to 10-2 ;: but that the Pi uptake by
aged tissue as a function of concentration approaches
an hyperbolic course more typical of normal absorp-
tioin processes. Loughman suggested that 2 distinct

accumulation mechanisms were involved in the 2 tis-

sues. An alternative possibility is that entry into

the fresh tissue takes place solely by diffusion; thus

explaining the rather unusual linear relationship of

uptake to concentration. The uptake in aged tissue

presumably occurs by a normal transport mlecha-
nisml, perhaps augmented by diffusive entry at the

highest concentrations.
The extent to which Pi32 entering the tissue be-

came esterified differed under different treatments
(table I). These results were consistently obtained,
andl confirm those of Loughman (9). Thus the
tissue P132/ester-P32 ratio was 20 higher in the
fresh tissue than in the aged. Data in table III show
that the difference in radioactivity is of the sanme

order as the quantitative, tissue Pi/ester-P ratio dif-
ference in the 2 tissues (the lower P1 level in the
aged tissue is caused mainly by loss of Pi througlh
leakage to the external solution during aging; (9)).
The tissue P132/ester-P32 ratio was also higher xvhen
a high concentration (4 x 10 AI) instead of a low
concentration (10-5 .r) of P1 was supplied to the
tissue. At the high concentration, sufficient Pi 32

entered the tissue that the tissue Pi levels would have

been significantly increased. However, the increases
in tissue P /ester-P (2.5% and 10 ek in fresh and
aged tissue; from table I, line 2 and table 3, line 1)
were much less than the observed increases in radio-
activity (tissue P,32/ester-P32 increases, 25 % an(d
55 %c in fresh and aged tissue). However, if about

9/10 of the original tissue P1 wvere sequesteredl in a

non-metabolic pool, anid if the Pj32 whicl entere(l the

Pi
Hexose-P
AMIP
ADP
ATP
UMrP
UDP
UTP
GDP
GTP
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tissue had done so, in both fresh and aged tissues,
exclusively into the metabolic pool which contained
the remaining 1/10 of the tissue Pi; then the in-
crease of P1 in the metabolic pool alone (as opposed
to the whole tissue) caused by the entry of the pi32
would have been 25 % and 100 % in fresh and aged
tissues respectively. Such a pattern of entry of P132
to the tissue would thus account for the differences
in tissue Pi32/ester-P32 caused by changes in the
external P1 32 concentration.

The nonmnetabolic phosphate pool. The sugges-
tion that P1 in the tissue is divided between a met-
abolic pool which first receives the absorbed phos-
phate, and a nonmetabolic storage pool, can be ex-
amined with the aid of data from table III. It can
be assumed that the a-phosphate groups of AMP,
ADP, and ATP are in approximate equilibrium with
one another, and that the ,3-phosphate groups of
ADP and ATP are also in equilibrium. Thus for
the 30-minute, aged tissue sample, the a-, /3- and y-
phosphate groups of the adenosine nucleotides would
be expected to have specific activities of 98, 221, and
246 cpm/mnsmole respectively. The /3- and y-values
are in close agreement with the value for hexose-P
(232 cpm/mAmole), indicating that these phosphate
groups came into equilibrium with the same pool of
Pi, of specific activity ca. 240 cpm/mnmole. Never-
theless, the measured specific activity of the total Pi
pool in the tissue was only 18 cpm/mnimole. Hence
the P-esters must have been synthesized from a small
P1 pool which was separate from the bulk of the
tissue P1. If it is assumed that there were only the
2 pools, an estimate can be made of their size. Let
the size of the metabolic Pi pool be x mamoles/g
tissue, of specific activity 240 cpm/mAmole; the size
of the nonmetabolic pool will then be (2,110 - x)
nismoles/g tissue, with a specific activity of y cpm/
mttmole. Then

240x + y(2,110- x) = 37,900.
If the specific activity of the nonmetabolic pool is
zero, then the size of the metabolic pool, x, is 158
ms'moles/'g tissue, or 7.5 % of the tissue Pi, a value
approximating that estimated by Loughman (9).
This is the maximum amount of P1 that can be in
the metabolic pool. If the specific activity of the
nonmetabolic pool were, for example, 9 cpm/mumole
(see below), then the metabolic pool would be 82
nii'moles/g tissue, or 3.9 % of the tissue Pi. From
similar considerations, the specific activity of P1 in
the metabolic pool of the fresh tissue was estimated
as 170 cpm/m/mole; and the maximum size of the
metabolic Pi pool was estimated as 224 mnumoles/g
tissue, or 8.3 % of the tissue P,.

AnI independant estimate of the size of the met-
abolic PI pool can be made from the specific activity
data for the 1 minute sample of aged tissue. At this
time, the various esters had not reached steady-state
labeling. In the 1 minute sample the specific ac-

tivities of the a-, /3-, and y-phosphate groups of
ATP. calculated as before, were 11, 148, 643 cpm/
iiiLmole respectively, while the specific activity of the

hexose-P was only 100 cpm/mnAmole. The specific
activity of the y-phosphate of ATP would be ex-
pected to be equal to that of the metabolic Pi pool at
that time. Hence, 1 minute after the presentation of
Pi 32, the metabolic pool specific activity was 643
cpm/mAmole, while after 30 minutes it was in ap-
proximate steady-state at 240 cpm/m/Amole. It
seems probable that the decline in specific activity
of the metabolic Pi pool was primarily due to a re-
turn of originally unlabelled phosphate from the P-
esters back to the metabolic Pi pool. Let there be x
m,umoles/g of Pi in the metabolic pool, of specific
activity 643 cpm/m/Amole, and let the specific ac-
tivity of the Pi reentering the metabolic Pi pool
from the P-ester pool at that time be y cpm/mnumole.
The amount of rapidly cycling ester-P involved in
respiration in the tissue could be calculated very
roughly from data in table III (see also Discussion);
it was of the general order of 245 mAmoles/g tis-
sue. Then

643x + y.245 = 240(245 + x).
If the average specific activity of the Pi returning to
the metabolic pool at that time is assumed to be
about equal to that of the major ester involved in
the respiration cycle, hexose-P, then y = 100 cpm/
mAmole, and x, the size of the metabolic Pi pool, is
85 mtmoles/g, or 4 % of the total Pi. This is less
than the maximum figure obtained from the previ-
ous calculation, and is the same as the value obtained
on the assumption that the specific activity of the
storage Pi pool after 30 minutes was 9 cpm/m/Lmole.
Though there are many possible sources of error in
this second calculation, it appears unlikely that the
storage Pi pool has a specific activity any higher
than 12 cpm/mumole, 30 to 60 minutes after the
start of supplying P132 to the tissue. Thus the rate
of transfer between the metabolic and nonmetabolic
pools must be very low, with a half-time of at least
8 hours in aged potato tissues.

Data on the specific activity of the P132 supplied
to the tissue can also be used to provide evidence
that most or all of the Pi entering the tissue does so
through the metabolic pool. The size of the meta-
bolic pool of Pi in the tissue was estimated as ca. 85
m,nmoles/g, and of the metabolic ester-P pool as ca.
245 nmsmoles/g, giving a total of 330 mAmoles of
phosphate in this pool. The specific activity of the
Pi 32 supplied to the tissue was 1.2 X 105 cpm/
mAmole, and 0.8 mumoles/g entered the aged tissue.
If all this p132 had entered the metabolic pool alone,
then the specific activity of the metabolic pool at
steady-state would have been ca. 290 cpm/miAmole
(i.e. 0.8/330 of 1.2 X 105). This is in good agree-
ment with the observed steady-state value of 240
cpm/nm/Amole.

Energy-requiring Processes in Fresh and Aged
Tissiue. Malonate inhibits the respiration rate of
aged tissue, depressing it to about the fresh level;
but it does not affect the fresh tissue respiration.
Correspondingly, malonate altered the P-ester dis-
tribution in the aged tissue only. It has been suggest-
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ed that the resistant respiration in malonate-inhibited
aged tissue occurs through a secondary pathway
which in effect represents the whole respiration of
the fresh tissue (7, 16). In the absence of com-
plicating factors, therefore, the malonate-inhibited
aged tissue should have a P-ester distribution like
that of the fresh tissue. Instead, a marked drop in
the nucleotide triphosphate level was observed
(table I). This suggests that the agecl tissue has
developed anabolic processes, not present in the fresh
tissue, which can deplete the nucleotide triphosphate
pool when phosphorylation beconmes limited during
malonate inhibition. RNA synthesis as one such
process. active in the aged tissue and inhibited by
mzalonate, but not active in fresh tissue. Protein
synthesis is also active in age(d tissue alone (8).
The evidlence suggests that the age(l tissue is in many
ways a rejuvenated tissue.

Efficiency of Respiration in Fresh ani(d Aged Tis-
sue. In the foregoing discussion, it has been as-

sume(l that the fresh tissue phosphoryrlates less
vigorously because it respires less rapidly. The
pulse experimlent (lata canl he use(d to establislh this
(luantitatively, andcl it N-ill be shownvi that the fresh
tissue displays a disproportionately low phosphoryla-
tive activity. Consider an unlabeled pool of a P-
ester at stea(lv state in the tissue, wxlhere the rates of
synithesis andl breakdownvi are edlual and constant. If
there is a single precursor acting as label donor, and

if this is suddenly brought to a uniform and con-

stant specific activity, then the P-ester will become

labeled at a rate
A =Ai (1 - e-kt),

Nvhere A is the activity of the P-ester at tinme t. Ax
is the activity at infinite tinme (equals P-ester pool
size tilmies specific activity of label donor ). and k is
the rate constant, or fraction of label donor convert-
e(l to the P-ester per unit time (15). If Ti., is the
labeling half-time (the value of t for hich A =

'2A4), then k = (ln 2)/T1l2. Now, if exponential
curves of the foregoing type are plotted as the func-
tion log 4 against log t, theni each curve is found to
have the samiie shape, but displaced along the .r-

axis as k is varied and along the v-axis as A4 is
varied. Thus if k' = wik and A'. = nA., then the
plot of log A' against log t is the same as the plot of
log 4 against log t (lisplacedc + log ini along the r-

axis andI +log ii along the v-axis.
'When (lata froml the pulse experimlent are ex-

presse(l on this type of plot (fig 1, 2). the one gen-
eral curve can be visually fittedl to the points, and
values for A4 and Tl12 can readily be obtained (table
1I). The tendency for the half-minute values to be
low is to be expected, since the P132 pulse was of
necessity of but 20 seconds (luration, as against 30
secon(Is for all the other samples.

From the relationship k = (ln 2)/T", the values
for T,12 (table II) and from the sizes of the ester
pools (table III), the rates of hexose-P synthesis in
the 2 tissues used in exp. 15 can be calculated: 0.68
,imoles/g tissue hour in fresh tissue and 3.56 rmoles /

g tissue hour in aged tissue. As the measured respi-
ration rates of the 2 tissues were 2.7 and 7.4 ,Lg-
atoms O2 g tissue hour respectively, the approxi-
mate P/O ratios in the 2 tissues, as estimated by
hexose-P turnover, were 0.25 and 0.49 respectively.
To nmeasure the true P/0 ratio for each tissue, the
rate of energy-rich phosphate generatioin slhould be
knowNI-n. The best measure of this woul(d normally
be given by the T1i2 and pool size for the total nucle-
otide triphosphate pool, but in this case an accurate
mleasure of the T1,, value for the nucleotidle triphos-
phate in age(l tissue was not possible. Approximate-
ly. the rates of nucleotide triphosphate synthesis
w-ere 0.60 and >4.5 Mnmoles/g tissue hour for fresh
an(l age(l tissues respectively, giving P,/0 ratios of
0.23 an(d >0.6 for freslh and aged tissue respectively.
If anv hydrolysis of nucleotide triphosphate occurre(d
(luring the extraction proceclure, the true P/O ratios
would( be rather higher than the apparelnt values
(Juote(l above.

These (lata show that the efficiency of phosphory-
latioln in aged tissue was at least 2 timles as high as
in the freslh tissue. The P 0 ratio and(I efficiency
of respliration in the aged tissue may well have been
far higher thani the indicated minimum of 0.6, as
considerable energy-rich phosphate must have been
use(l in synthetic processes whiclh (o not pass throug-lh
hexose-I .

Althouglh fresh and aged potato tissues shmov
markedly (lifferent P/0 ratios, mitochon(dria from
such tissues do not (6). It is possible that isolatilng
the mitoclhondlria from the cy)toplasm removes them
from the influence of an inhibitor or nmo(lifier. If
the behaviour of the isolatedl mitochondria is truly
representative of their behaviour itn situl, a possible
explanation of the results is that a less efficient, nonl-
mlitochon(drial respiratorv pathway is contributinig
to the respiration of the intact tissue; andl is relative-
lv less active in the agedl tissue. A similar explana-
tion of the aging phenonmenoni, in Nhicll the second
relspiratory patlhwvay wXas the pentose-P pathNway, has
been suggestedl on other groun(ds (16). No con-
clusions can be drawn here about the nature of anv
such alternative pathway.

Courwse of Pliosphate Esterificatiol. Fromii the
half-timiies of labeling of the various P-esters (table
II). the course of phosphate esterification wTas (le-
(luce(l. The I)attern shown was the sanme for the 2
tissues. It is probably the most detaile(i one yet ob-
tainedlfor higher plant tissue, an(l agrees with the
broader outline given by Loughlmlani (9, 10)) and
others. The mlost rapidly labele(d comipounds were
the nucleotide triphosphates. Available evidence
(loes not permit a decision as to which of the 3. ATP,
GTP., and UTP, was the primary one labele(l. The
nucleotide diphosphates were slower to label, though
the 8-phosphate group still had a shorter half-time
of labeling thani that of the hexose-P phosphate
group. ancI arguing for the presence in the tissue of
an active nucleoside monophosphate kinase. The
oblerkved labelinlg of ADP. GDP and UDP in agedl
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tissue suggested that adenosine might be the first
nucleoside labeled. Glucose-6-P and fructose-6-P
(ratio 2.8/1) were the next to become labeled.
UDP-glucose and glucose-i-P became labeled at
approximately the same rate. The derivatives of
hexose-P involved in respiration (fructose-1, 6-diP,
triose phosphate, 3-P-glycerate, P-enolpyruvate and
presumably 6-P-gluconate) had pool sizes that were
considerably smaller than the parent hexose-P pool.
Consequently their rate of labeling was largely de-
termined by that of the hexose-P pool. It was there-
fore not possible to detect any significant differ-
ences in the rates of labeling of, for example, 6-P-
gluconate and 3-P-glycerate which might otherwise
have been expected to yield some information on
the relative importance of the pentose phosphate and
tricarboxylic acid paths in the 2 tissues. A study
of the labeling rates and pool sizes of hexose-P, 6-P-
gluconate and 3-P-glycerate indicates that in aged
tissue the pentose phosphate path mediated between
5 % and 85 % of the hexose-P breakdown, while the
tricarboxylic acid cycle mediated between 15 % and
95 % of hexose-P breakdown.

The compounds which contained phosphate
groups not directly involved in the respiration path
(AMP, UMP, P-choline, DPN etc.) were much
slower to label. The amounts and rates of synthesis
of mannose-6-P and a-glycerol-P were much higher
than might perhaps have been expected. DPN also
showed a surprisingly rapid rate of resynthesis. The
curve of labeling with time plus an approximate
measurement of the amount of DPN present indicates
a turnover time of the order of 4 hours for the phos-
phate group(s) of DPN in aged tissue.

Concentration of Phosphate Esters in Potato Tis-
sufes. Many of the P-esters present in potato tissue
were present in amounts too small to be measured
directly. Some of them had reached steady-state
labeling after 30 minutes, and if the assumption is
made that these compounds have the same specific
activity as the hexose-P and nucleotide phosphate
from which they were derived, then a reasonable
estimate of their concentration can be made. The
following values were obtained (in mAmoles/g):
glucose-6-P, 60; fructose-6-P, 22; glucose-l-P (some
from hydrolysis of UDP-glucose), 18; mannose-6-P.
13; 2- + 3-P-glyceric acid, 12; 6-P-gluconate, 3:
triose phosphate, 2.5; P-enolpyruvate, 1.5; fructose-I.
6-diP, 1.0; a-glycerol-P, 2.2. Other compounds of
interest had not reached the steady state, or were
not clearly separated on the chromatograms, so that
only approximate levels can be estimated (in
nvLmoles/g tissue): CTP, ca. 0.8; CDP, ca. 1.4;
DPN, > 1.7; TPN, >1.6; P-choline, >9; P-ethan-
olamine, >2.5; inositol hexaP, >3.5.

The value for total hexose-P given in this paper
is only about 2 % of that found for potato in one
study (2); but agrees very well with a more recent
finding (3).

Summary
P32-labeled phosphate esters were extracted from

fresh and aged potato tuber slices, and separated.
There was more RNA synthesized in the aged tissue,
but differences in the soluble phosphate esters were
small. Malonate affected both the respiration rate
and phosphate ester distribution in the aged tissue,
and neither in the fresh tissue.

P32-phosphate was fed in a 30-second pulse to
the potato slices, and ester formation studied. The
phosphate esters became labeled in the same order in
both tissues, but at different rates. ATP, GTP and
UTP were the most rapidly labeled. Data on the
amounts of the esters, their rates of turnover and
the rates of tissue respiration were used to estimate
in vivo P/0 ratios; ca. 0.25 for fresh tissue, and 0.6
or greater for aged tissue. Respiration in the aged
tissue was more efficient as well as more rapid, sup-
porting suggestions that the respiration pathway
alters as the tissue ages.

The data also show that the tissue inorganic phos-
phate exists in at least 2 pools: a nonmetabolic pool
containing 95 % and a metabolic pool containing
5 %. Phosphate accumulated into the tissue passes
into the metabolic pool first, and from there into the
nonmetabolic pool. The half-time of equilibration of
the 2 pools is greater than 8 hours.

Various phosphate esters of interest were present
in the tissue in amounts too small to be directly
measured: their concentration has been estimated
from radioactivity data.
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Preparation and Properties of Sweet Potato Mitochondria 1, 2

Joseph T. Wiskich 3 and Walter D. Bonner, Jr.
E. R. Johnson Foundation, University of Pennsylvania, Philadelphia

The object of this paper is to describe in detail
the preparation, oxidative capacities. and response
to various inhibitors of plant mitochondria that can
be described biochemicallv as reasonably intact. The
isolation of plant mitochon(dria which fulfill the sug-
gested requirements for respiratory control (12) has
been reporte(d previously only from this laboratory
(5) but the procedure was not given in detail.

The sweet potato, Iponicea batatas, is an object
obtainable from local markets for some months (luring
the year and one from which mitochondria are easily
prepared. In spite of the recent and thorough studies
of Hackett et al. (22) andl of Baker and Lieberman
(3), it was thought that a study of the preparation
and oxidative capacities of tightly coupled sweet
potato nmitochondria wvas necessary. This paper de-
scribes the preparation andl properties of such mito-
chondria. In addition, some observations on white
potato, Solo uiisl tiuberosumn.il, andl on skunk cabbage,
Svnmlplocarpuis foetidus, are includled.

Revised manuscript received Mar. 7, 1963.
2 This work was supported by a grant from the Na-

tional Science Foundation.
3 Present address: Department of Botany, University

of Adelaide, Adelaide, Australia.

Methods
Prcparation of illitochondria. Sweet potatoes

from local markets were peeled and refrigerated be-
fore use; all operations were carried out between
0° and 4°. Sweet potato tissue (300 g) was grated
into 600 ml of chilledI medium, containing 0.25 al
sucrose, 0.37 M mannitol, 4 m3l cysteine, and( 5 mx
EDTA4. The mixture was blende(d at low- speed (60
volts) for 20 seconds and then at full spee(d for 2 to
3 seconds in a WVaring blendor. During the blend-
ing the pH of the suspension was monitoredl (narrowv
range inclicator paper) and maintaine(d between 7.2
and 7.5 by dropwise ad(litions of 5.5 Mi KOH. The
homogenate was squeezed through mluslin and the
filtrate was centrifugedl at 1,500 X g for 15; miiinutes
and the precipitate discardledl. The supernatanit sus-
pension fronm this centrifugation was centrifuged at
10.000 X g for 15 minutes andl the pellet x-as washed
with a mixture of 0.25 Mr sucrose and 0.37 alr imiannitol

4 Abbreviations: BSA, bovine serum albumin.; DNP,
dinitrophenol; EDTA, ethylenediaminetetraacetate;
HOQNO, 2-n-heptyl-4-hydroxyquinoline-N-oxide; P.A.,
mixture of 0.8 mai N,N.N',fN'-tetrametlhyl-p-lpheniylene
(liamine and 4 nim\ sodium ascorbate.
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