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Introduction

It has been known that plants alnd plant parts maintained at low tenii-
perature tend to convert stored starch to sucrose. Thus MULLER-THURGAU
(15) early found an accumulation of sugars and a corresponding loss of
starch in potatoes kept at temperatures between 00 and 60 C. This work
was later repeated and confirmed by WOLFF (20). Higher storage tem-
peratures on the other hand result in an accumulation of reserve carbo-
hydrates in the form of starch. Although the sweeteninr of potatoes,
sweet potatoes and other tissues during low temperature storage has then
been known for some time, the mechanisms responsible for the starch-
sucrose conversion have remained obscure, due mainly to the fact that en-

zymes of the carbohydrate metabolism have been but little studied in
higher plants. In animal tissues on the other hand a great deal is known
concerning these matters. CORI and CORI (2) isolated from frog muscle
glucose-l-PO4 or Cori ester as the iniitial product of phosphorolysis of
glycogen. Later they obtained the same ester from rabbit muscle (3) and
showed that the presence of the enzyme phosphorylase, is responsible for
the reaction. HANES (8) has shown that a similar but not identical phos-
phorylase is present in pea seeds and in potato tubers (9) and that this
enzyme attacks starch with the production of glucose-l-phosphate. This
ester may indeed be prepared biologically from starch with the aid of po-
tato phosphorylase (HANES 8, MCCREADY and HASSID 14). The elnzyme

has also been found in yeast (12), and many other plant and animal

tissues.
Although many plant tissues form sucrose on cold storage, the mech-

anisms involved are unknown. The enzymes of carbohydrate transforma-
tion in the potato tuber have been but little investigated, and no investi-
gation appears to have been made on the relation of amount and activity
of enzymes of the carbohydrate metabolism in relation to temperature.
This paper will consider the carbohydrate metabolism of the potato both as

to enzyme mechanisms and as related to temperature.

1 Report of work supported in part by the Herman Frasch Foundation for Agri-
cultural Chemistry.
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ARREGUIN-LOZANO AND BONNER: SUCROSE IN POTATOES

Methods

STORAGE

Potatoes of the Russet varietv w-ere obtainied froimi the market and were

theii randomlv divided into groups. Each grouip was stored in the dark at

controlled temperature (± 1° C).

SUTGAR ANALYSIS

Samples of potato tissue were rapidly dried in a foreed draft oveni at

700 C. The dry samples were ground in a Wileyimill to 20 mesh and

aliquots were theni weighed out and extracted with 80 per cent. ethanol ac-

cording to HASSID (10). After the extracts were cleared with lead ace-

tate, aliquots were used for determiniations of reducinig sugars by the ceric

sulphate method. Sucrose was determined as the increase in reducing

power after hydrolysis with inivertase. 'on-sug-ar reducing substainces
were determined as the redueing power in aliquots of extracts which had

been previously fermented with veast. Fruietose gives a characteristic

color reaction with alcoholic resorcinol in strong acid solution (16) and

was determined colorimetrically in a Klett-Summerson photoelectric colori-

meter. Starch was analyzed in the residue of the alcohol extraction by
hvdrolysis either with amylase or with acid and titrated as glucose. In

reaction mixtures, starch synthesis by phosphorvlase was followed colori-

miietrieally as follows: 1 ml. aliquots were removed from the digest to 1 ml.

of 16 per cent. trichloroacetic acid in order to arrest the enzymatic activity.
The samples were filtered and the precipitate washed several times. One-
half ml. of iodinie-potassiumii iodide solution was added aind the sample

wvas maIde up to 25 ml. final volume. The color developed was then meas-

ured in a Klett-SuLmnierson colorimeter and compared with a calibration
cuirve made for potato stareh. This calibrationi is Inot an absolute one,

anid can be ulsed only for the piurpose of comparisonis withini anl experiment.

PHOSPHORYLATED INTER-MEDIATES

A portion of dried tuber samiiple was extracted with successive portionis
of 5 per cent. trichloroacetic acid in the cold by a slight modification of
the method described by UMBREIT, BURRIs and STAUFFER (18) until the
acid extract gave a ne"ative test, for phosphorus. The phosphorylated
initermediates in the combinied extracts were determined by characteristic

aind specific reactionis detailed in (18).

PHOSPHORUS DETERMINATIONS

Ilorganic phosphate and 7-minute-hydrolyzable-phosphate -were deter-

miinied by the colorimetric method of FISKE and SUBBAROW (6). Onie in-1.
samples for phosphate determiniation were removed from the digests to
16 per cent. trichloroacetic acid. After filtration 1 ml. of 2N suilphulric
acid was added, followed by 1 ml. of 8.3 per cent. ammoniumlii molybdate
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PLANT PHYSIOLOGY

solution and finally by 1 ml. of the reducing agent, 1-amino, 2-naphtol,
4-sulphonic acid. In the case of the samples for total phosphate the Cori
ester was first hydrolyzed by placing the sample in boiling water for seven
minutes after the addition of the sulphuric acid. After cooling the other
reagents were added. In all cases the readings were made at exactly 20
minutes of color development.

The phosphate methods of KING (13) and ALLEN (1) were also used
but showed no advantages over that outlined above.

Chemical changes in potatoes at different temperatures

The temperature at which potato tubers are stored has a profound ef-
fect not only on their content of sucrose but also on their content of other
sugars and sugar derivatives, as is shown by the following experiment.
Tubers of the variety Russet were stored at temperatures of 00, 90, 160
and 250 C. An initial sample was taken as the potatoes came from com-

mon storage and further samples were taken after two weeks of controlled

temperature storage. These samples were analyzed by the procedures de-

TABLE I
CARBOHYDRATE COMPOUNDS AND DERIVATIVES IN POTATO TUBERS

AS INFLUENCED BY TEMPERATURE OF STORAGE

VALUES GIVEN IN PER CENT. OF DRY WEIGHT

ZERO TIME
AFTER TWO WEEKS OF STORAGE

SUBSTANCE ANALYZED (MARKET) 00 90 160 250

Starch ........ ................ 67.00 61.00 65.00 63.00 64.00
Glucose ............. .62 .79 .73 .49 .56
Fructose ...... .17 1.50 .34 .22 .15
Sucrose ......... ............... 1.07 6.65 1.25 .75 .84
Non-sugar red. substances .00 .60 .09 .19 .09
Glucose-i-phosphate ........................ .00 .17 .04 .00 .00
Glucose-6-phosphate .. 3.50 .70 .66 4.20 4.50
Fructose-6-phosphate ..................... .17 2.50 1.05 .25 .35
Fructose-1,6-diphosphate ............ .00 .00 .00 .00 .00
Triose plhospiiaces ............... .37 .94 .11 .57 .26

scribed above. The results of this experiment which are given in Table I,
lead to the following conclusions:

1. Starch concentration decreased in all conditions, the reduction being
most marked at 00 C.

2. Glucose concentration increased slightly during storage at 00 and 90
but decreased a little at the higher temperatures.

3. A remarkable change occurred with respect to fructose which increased
in concentration nearly ninefold at 00 and twofold at 90 C but re-

mained approximately constant in concentration at the two higher
temperatures.

4. Striking changes occurred in concentrations of glucose-6-phosphate and
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ARREGUIN-LOZANO AND BONNER: SUCROSE IN POTATOES

fructose-6-phosphate. The first compound was found in greater quan-

tities at 160 and 25° C than at temperatures of 0° and 90 C. The re-

verse was true for fructose-6-phosphate.
5. Glucose-i-phosphate was found in detectable concentration only in

tubers stored at 0O or at 9°.

These results indicate that investigation of the problem of sugar forma-

tion in potato should include study of the metabolismii of the phosphorylated
sugars.

Phosphorylase

The phosphorylase content of potatoes from various storage tempera-

tures was first studied. The standard procedure developed for obtaining

1800-- . ^ ' ~~~~~~~~92%

c: 140V/

a100_

o 40
O 7.4%

0 15 30 50 85 130 200

TIME in Min.

FIG. 1. Activity of potato phosphorylase in synthesis of starch as measured by the

changes in phosphates. Digest containing 5 ml. of 5 x conicentrated enzyme, 3 ml. of

maleate buffer pH 5.5, 30 mgs. of Cori ester, and 2 mgs. of starch. Total volume of

reaction mixture 20 ml. Incubated at 25° C.

Inorganic phosphate =*, Cori ester A, total phosphate =x.

the enzyme from potato consisted of a modification of that used by GREEN

and STUMPF (7), and by HANES (9), both of whom make use of a frac-

tional precipitation of the proteins present in potato juice with ammo-

nium sulphate. A comprehensive study of the method showed that potato

proteins should not remain in contact with ammonium sulphate during

precipitation any longer than is absolutely essential, since long contact

causes losses in enzyme activity. A layer of toluene over the crude juice
prevents oxidation. Low temperatures are recommended during extrac-

tion, and keeping the enzyme preparation wet or otherwise in solution is

also part of the technique.
ACTIVITY

Standard digests consisting, of definite quantities of enzyme, substrate

and primary substances (starch) were used in the course of the experi-
ments for determination of relative phosphorylase activity. The standard

digest consisted of enzyme peparation (semi-purified) 5 ml., Cori ester 30
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PLANT PHYSIOLOGY

mgs. (3 mg./ml. solution), starch 2 mgs., and 3 ml. 0.1 M maleate buffer

pH 5.5, (total volume 20 cc.) The incubation temperature was 250 C

unless otherwise stated. Phosphorylase activity may be followed by de-

termination of the inorganic phosphate liberated during conversion of

Cori ester to starch. The results of a typical experiment of this kind are

given in figure 1. In a similar manner the amount of starch synthesis can

be followed colorimetrically and figure 2 shows the colorimeter read-

ings of the iodine-starch complex plotted against time for the same reac-

tion mixture as shown in figure 1. The color developed rises to a maxi-

300 _

U)

z 200 _

w

cr_/
w

w

0 100
0

. ~~I I I I
O 15 30 50 85 130 200

TIME in Min.

FIG. 2. Determination of phosphorylase activity as measured by synthesis of starch
from glucose-i-phosphate. Conditions identical with those of figure 1.

Ordinates represent the colorimeter readings of the iodine-starch complex.

mum and then decreases after equilibrium has been attained as judged by
the attainment of constant phosphate concentration in figure 1. During
the interval in which these readings were taken the color of the starch-

iodine complex solution changed from a deep blue to a violet blue, fol-
lowed by a violet reddish color, suggesting that the starch has undergone
some structural change resulting in decreased absorption of light by the

starch-iodine complex. It is known that starch consists of two fractions

which are designated as amylose and amylopectin. The former is easily
soluble in H20 and forms a slightly viscous solution, retrogrades from
solution, and consists of straight unbranched chains of glucose molecules

joined in 1-4 linkages. Amylose produces deep blue color with iodine

and is the form of starch produced initially by the action of phosphorylase
on Cori ester. The amylopectin fraction is less soluble, gives a highly
viscous, opalescent solution in H20, produces a violet-red or reddish color
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ARREGUIN-LOZANO AND BONNER: SUCROSE IN POTATOES

with iodine and is formed of chains of glucose residues linked through 1-4

linkages, but with frequent branches at position 6 of the gluco-pyranose

residues. In view of these properties of the starch fractions, the change

in color of the starch iodine complex after attainment of phosphate equi-

librium suggests and gives some support to the theory that the enzyme

preparation contains the "Q" factor of HAWORTH and co-workers (11)

which enables phosphorylase to form 1,6-glycosidic linkages. This must

involve conversion of 1-4 linkages since no net phosphate exchange is

involved.

ACTIVITY OF VARIOUS CONCENTRATIONS OF PHOSPHORYLASE

A highly concentrated enzyme was prepared and then diluted to give
a range of concentrations. These concentrations were referred to the

z

w

w 10OO

0

0 10 20 35 50 65 100 120 160 200 240

TIME in Min.

FIG. 3. Rate of synthesis of stareh by various concentrations of phosphorylase.

The reaction was followed by starch synthesis and the amount of starch measured

colorimetrically. Digest consisted of the same amounts and components as for figure 1,

with the exception of varying enzyme concentrations.

Enzyme concentrations: 20X * (20X concentrated over pressed juice)

lox - x 5X -- A 2.5X

original volume of potato juice used in the fractionation. Thus a 20x

concentrated enzyme is one which, after purification, was taken up in 1/20

of the original juice volume. Various concentrations of enzyme were then

incubated with Cori ester as described above and reaction rates followed

by determination of the starch formed. Results of such an experiment

are represented graphically in figure 3 in which time of incubation is

plotted against the colorimeter readings of the starch-iodine complex.

From the initial slopes of the curves of figure 3 it can be deduced that

the rate of starch synthesis by potato phosphorylase is proportional to the

enzyme concentration within the range of concentrations studied. The

final equilibria attained and the total amounts of starch synthesized from
equal amounts of Cori ester were the same for all enzyme concentrations.
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PLANT PHYSIOLOGY

EFFECT OF PH ON PHOSPHORYLASE ACTIVITY AND EQUILIBRIUM

The pH in the phosphorylase reaction mixtures was adjusted by means
of maleate (17) and borate buffers, other factors being kept constant.
The results of a typical experiment over the range pH 4.5 to 7.5 are sum-
marized graphically in figure 4, where the slopes in the linear portions of

M
0

' 4.0

(0
0a
_

._1
0

E 3.0

IQ-

C
",

2.0

-0

o 1.0

Il
a'

pH

4.5 5.0 55 6.0 6.5 70 7.5

FIG. 4. Effect of pH on the initial rate of starch synthesis reaction by phosphorylase.
The digest contained same comiponlents and amounts as for experiment of figure 1
except for the pH of the buffer which varied as indicated in the abscissae.

the starch formation-time curves are plotted as a function of pH. As ex-

pected, hydrogen ion concentration markedly affected the rate of phos-
phorylase action, maximum rate occurring at approximately pH 5.5.
Above or below this value there is a decrease in rate which is more notice-
able towards the less acid side.

TABLE II

EFFECT OF PH ON THE PHOSPHORYLASE EQUILIBRIUM

DIGESTS CONTAINED 30 MGS. OF CORI ESTER, 5 ML. OF ENZYME PREPARATION, 3 ML. OF
BUFFER AND 2 MGS. OF STARCH. THE INCUBATION TEMPERATURE WAS 250 C.

pH of digest .......... .......... 4.5 5.0 5.5 6.0 6.5 7.0 7.5
mgs. of starch per ml. of

digest at equilibrium ............ 1.04 .99 .98 .95 .90 .85 .78

The pH not only affected the rate of reaction but also the position of
the final equilibrium. Under more acid conditions a larger portion of the
Cori ester in the digest is converted to starch and inorganic phosphate as can
be seen below in table II.
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&RREGUIN-LOZANO AND BONNER: SUCROSE IN POTATOES

The phosphorylase equilibrium is determined by the concentration of the

divalelnt phosphate and glucose-i-phosphate anions (4, 9). Phosphate and

glucose-l-phosphate have different dissociation constants. The pH of the

mediumii therefore influences the ratio of total phosphate to total glucose-i-

phosphate present in the equilibrium mixture.

EFFECT OF SUBSTRATE CONCENTRATION

Several experimiients were carried out using 15, 30 and 60 mgs. of Cori

ester in digests containing the same elnzyme preparation and standard

amounts of buffer and priming substance. Figure 5 shows that in such an

300 r

/ ,,

/

/

//t
_// '-.-_- -I

/~~~~Ar,

'p ~~~~~~~~~10

I-.~~~~~~~--
0

I~~~~~~'l4

55 100

N11'1

22560
TIME in Min.

FIG. 5. Effect of substrate concentration on phosphorylase activity as followed by

starch synthesis. The digest contained the same components as described for previous

experiment 1. Amount of Cori ester was varied in the reaction mixtures as indicated

below.
Amount of Cori ester in digest:

A - 30 mgs.

15 mgs.

* . . 60 mgs.

experiment, in which all other conditions were held constant, the rate of

starch synthesis was proportional to the amount of Cori ester added.

Similarly the rate of inorganic phosphate liberation was proportioned to

the substrate concentration. The position of the final equilibrium was not

however appreciably influenced. Calculating the equilibrium for the three

concentrations of substrate, table III was obtained.

EFFECT OF TEMPERATURE

Experiments were carried out with all factors constant except tem-

perature of the digest. The temperatures used were 00, 10°, 200, and

30° + 0.50 C. Rate of starch synthesis was used as the measure of en-

zyme activity. The results of figure 6 show that the rate of reaction in-

ct

z
c 200
w

LUJ

2
cr

0

0
C.)

100

20

0 20
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PLANT PHYSIOLOGY

TABLE III
EQUILIBRIUM ATTAINED IN EXPERIMENT OF FIGURE 5 IN TERMS OF PHOSPHATE

DIGESTS CONTAINED THE SAME CONCENTRATION OF ENZYME BUFFER
AND PRIMING SUBSTANCE

AMOUNTNo.ESTER ODD TORI INORGANIC PHOSPHATE ORGANIC PHOSPHATEDIGEST NO. ESTER ADDED TO %OFTAL% FTTL
DIGEST IN MGS. % OF TOTAL % OF TOTAL

1 15 11% 85%
2 30 9% 88%
3 60 9% 90%

From these figures we may conclude that the effect of substrate concentra-
tion on the position of equilibrium is negligible.

L5

'B

a'
'5

.e...

o

C50
0

a'

I I I I I I
o l0 20 50 65 I00 120 160 200 250

TIME in Min.
FIG. 6. Effect of temperature of incubation on phosphorylase activity reaction

mixtures prepared in the same way as for experiments of figure 1.
The temperatures of incubation were in °C

.0-0 A 100 * 20°0 x x 30'

creases with increasing temperature up to 30° C. The final equilibrium
position was not affected by temperature since the final amount of starch
synthesized when equilibrium was attained was the same at all experimen-
tal temperatures used, as must be expected for a process associated with
an insignificant production of heat. The rate of reaction was, however,
very much influenced by temperature. Calculating the temperature co-

efficient Qlo for the rates plotted in figure 6 at three different points we

obtain the following, where

velocity at T° + 100
Q10 velocity at T°
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ARREGUIN-LOZANO AND BONNER: SUCROSE IN POTATOES

TABLE IV

EFFECT OF TEMPERATURE ON RATE OF REACTION OF PHOSPHORYLASE

Q,o BETWEEN
TIME IN MINUTES

0-10° 10-200 20-300 30-400

20 1.41 1.77 1.53 .94
35 2.00 2.17 1.50 .84
50 2.30 2.13 1.32 .74

The values for Q1o lie in the range 1.3-2.3 except at the highest tempera-
tures where the Ql0 is smaller than 1 and decreases consistently with time,
suggesting a rapid destruction of the enzyme. It has been shown by
others (7) that 61 per cent. of the activity of phosphorylase is lost by heat-
ing at 58° for three minutes while heating for the same time at 68° C
results in a 97 per cent. loss of activity.

EFFECT OF VARIOUS TEMPERATURES OF STORAGE OS PHOSPHORYLASE ACTIVITY

Experiments were carried out to determilne the effect of storage tem-
perature on the phosphorylase activity of potato tubers. The purpose of
these experiments was to determine quantitatively the changes in enzyme
content and enzyme activity as a response to temperature and time of
storage. This is particularly pertinent; it is the starch which is the
source of the sugars, formed in response to low temperature storage.

Potatoes from the market were randomized into four lots of approxi-
mately 10 lbs. each. The lots were stored at 00, 100, 20° and 30° C. Ini-
tial determinations of phosphorylase content and activity were made, and
after varying periods of storage further samples were taken for study of
enzyme content. Comparisons of phosphorylase activity were based on
the rate of starch formation at 25° C in reaction mixtures prepared with
standard enzyme preparations. The results of a typical storage experi-

TABLE V

TEMPERATURE OF PREVIOUS STORAGE HAS NO INFLUENCE ON THE AM1OUNT OF PHOSPHORYLASE
CONTAINED IN POTATO TUBERS. FOR DETAILS OF REACTION MIXTURE SEE TEXT

TIME OF TEMPERATURE RATE OF STARCH MGS. OF

STIMAGE TPERACTUR FORMATION IN STARCH/ML. OF
TEMPERATURE OF MNKS IN ° MGS./MNL. DIGEST AT
STORAGE IN IC DIGEST/HR. EQUILIBRIUM

Market 0 250 2.0 1.5
0 3 9.1 1.3

10 3 1.6 1.2
20 3 2).0 1.4
30 3 9.0 1.5

ment are given in table V, in which each value represents the average of
three enzyme extracts for each batch of potatoes.
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PLANT PHYSIOLOGY

The results show that the activity of phosphorylase as judged from the

partially purified preparation remained approximately constant under all

storage conditions. The equilibria were also reached at the same time and

the final amount of starch formed was roughly the same in all cases.

When the digests were incubated at the same temperature as that of

storage the rates of reaction, as is to be expected, were a function of tem-

perature of incubation as discussed above.

SH amylase! maltose + residual dextrins
Starch + H20

\-'J~ dextrins

Inorg. phosphate,

phosphoogluco-
nmut4se

Glucose-l-plhosphate _ glucose-6-phosphate

Sucrose phosphohexoismerase
Sucrose
phos_ *hohaase
phorylase Fructose , hosDhatase Fructose-6-phosphate

Sucrose
FIG. 7. Pathways of starch metabolism in plant tissues. All of the enzymatic

mechanisms noted have been found in one or more species of plants and all but sucrose

phosphorylase in higher plants. Those reactions marked * have been studied with iso-

lated enzyme systems in present work. The others have been studied in tissue slices.

Those reactions which are doubly underlined are those which appear to be influenced by

temperature of storage of the potato tuber.

It can be concluded then that the activity of phosphorylase found in

the potato tuber is not affected by temperature of storage. The starch-

Cori ester equilibrium is likewise little influenced by temperature.

REGULATION OF PHOSPHORYLASE ACTIVITY

Table 1 shows that there is no appreciable amount of Cori ester in

potatoes stored at high temperatures. Since inorganic phosphate and

starch are present, a non-equilibrium condition obtains with regard to this

system. Why then is starch not attacked by phosphorylase in potatoes
stored in the warm as it is in potatoes stored in the cold? It appears

that there may be a substance or substances in potatoes stored at 250 C

which inhibit phosphorylase activity and that this factor is absent or

present in lower concentration in potatoes stored at 00 C. Evidence to

substantiate this idea is found in the following experiments.
Potatoes from 00 or from 250 storage were ground in a Waring blendor

and extracted with boiling 80 per cent. ethanol. The alcohol was then dis-
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ARREGUIN--LOZAN-O ANTD BO-NNER: SUCROSE IN- POTATOES

tilled off, and the aqueous solution, which will be referred to as inhibitor,
was filtered and made to volume, so that each ml. of inhibitor represented
1 gm. of fresh potato. The inhibitor preparations from tubers stored at

00 or at 25° C were added to reaction mixtures containingf 5 ml. of 2x

enriched phosphorylase, 2 mgs. starch, 20 mgs. of Cori ester, and maleate
buffer of pH 6.5, the total volume amounting to 10 ml. One ml. samples
were removed periodically and the amount of starch synthesized followed.

The results of such an experiment are found in table VI.

TABLE VI
EFFECT OF 80 PER CENT. ALCOHOL EXTRACTS OF POTATO ON THE ACTIVITY OF POTATO

PHOSPHORYLASE IN STARCH SYNTHESIS EXPERIMENT

CONCENTRATION SOURCE OF INITIAL REACTION
DIGEST No. OF INHIBITOR INHIBITOR VELOCITY STARCH

FORMED MG./HR./ML.

1 none ......................... 1.12
2 Represents 0.5 Tubers Stored 1.36

gm./potato/ml. at 00

3 Represents 0.5 Tubers Stored 0.26
gm./potato/ml. at 250

The data indicate that the preparation from potatoes stored at 25° C
inhibits the synthesis of starch from Cori ester by phosphorylase. The
inhibitor seems to be absent from potatoes stored at 0° C, where poly-
saccharide synthesis took place at a rate approximating that in the con-

trols. Similar results were obtained when the 80 per cent. ethanol ex-

tracts were studied with respect to their effects on the degradation of
starch by phosphorylase. In the preparation of the enzyme from potato

tubers, phosphorylase is apparently separated from inhibitor by the am-
monium sulphate precipitation procedure. Thus even though as much
phosphorylase is found in potatoes stored at high temperatures as in pota-

toes stored at low temperatures, still the activity of the enzyme in vit!o
may be decreased at high storage temperatures by the inhibitor.

Amylase

The role of amylase in starch hydrolysis in potatoes stored at various
temperatures was investigated. Whole juice pressed from potatoes was
used. The enzymes were then precipitated with half saturated ammo-
nium sulphate, the precipitate taken up in water and dialized. Dialysis
against distilled water inactivated phosphorylase, permitting a separation
of amylase from phosphorylase. The enzyme found in potato juice is a
beta-amylase which converts starch into maltose and dextrins. No at-
tempts were made to study the bound amylase in tubers.

ACTIVITY

Activity was determined by a modification of WOHLGEMUTH 'S (19)
method, in which the disappearance of color of the iodine-starch coim-
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PLANT PHYSIOLOGY

plex is followed as a function of time. Acetate buffer pH 5.0 was used

in all digests and the reaction mixtures were incubated at 250C. In the

following experiment the reaction mixtures contained 5 ml. of 2x concen-

trated enzyme preparation, 3 ml. of acetate buffer, and 2.5 mgs. of
starch/ml. digest. The total volume amounted to 20 ml. One ml. aliquots
were removed periodically, I2-KI reagent added and the residual starch
determined colorimetrically. The results of this experiment are presented
in table VII. Potatoes from 300 storage showed a higher amylase activity

TABLE VII

EFFECT OF TEMPERATURE OF STORAGE ON AMIYLASE CONTENT OF POTATO TUBERS

THE FIGURES REPRESENT AVERAGE VALUES OF FOUR EXPERIMENTS

TEMPERATURE OF STORAGE
TIME OF STORAGE FIVE WEEKS

00 100 200 300

Mgs. of starch hydrolyzed in 200
200 min./ml. of digest ........................ 0.37 0.29 0.27 0.43

% of starch hydrolyzed in 200 min. 14.8 11.6 10.8 17.2

than potatoes from any other condition. Digests containing amylase and
incubated at 0° showed that this temperature essentially suppressed
amylase activity. These results taken together suggest that the amylase
present in the potato cannot account for the starch hydrolysis in potatoes

stored at 00, and hence cannot be related to the normal sweetening of
tubers stored at lower temperatures.

Phosphatase

Among the phosphatases known in plant tissues are those which attack

hexose phosphates to yield the corresponding hexoses. Since it is con-

ceivable that phosphatase might in some way be involved in the starch-
sucrose transformation in the tuber, the presence and activity of this
enzyme in potatoes from various storage temperatures was studied.

ACTIVITY

Whole juice and ammonium sulphate fractionated juice were used as

the enzyme source. The precipitate from 50 per cent. saturation of whole
juice yielded the most active fraction. The enzyme preparation liberated
inorganic phosphate from fructose-6-phosphate and was also able to attack
fructose-1,6-diphosphate. The pH optimum of this potato phosphatase is
in the neighborhood of pH 8.0 and the enzyme is inhibited by potassium
fluoride (50 per cent. inhibition with 0.02 mg. KF per ml.) For the
following experiment, 5.0 ml. aliquots of 1 x concentrated enzyme were

taken from potatoes which had been stored at 00 or at 25°C for three weeks.
The reaction mixtures also contained 10 ml. of a saturated solution of the
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ARREGUIN-LOZANO AND BONNER: SUCROSE IN POTATOES

calcium salt of fructose-6-phosphate, 2 ml. of 0.1M AgCl2 anid 3 ml. of

borate buffer pH 8.0. The results are given in table VIII. The data show

TABLE VIII
EFFECT OF TEMPERATURE OF STORAGE ON POTATO PHOSPHATASE

INCUBATION TEMPERATURE OF REACTION MIXTURES 250 C.

MGS. OF INORGANIC

TEMPERATURE TIME OF PHOSPHATE LIBERATED

OF STORAGE STORAGE IN 250 MIN./AIL.
OF DIGEST

Market 0 0.11
0 3 weeks 0.14

25 " 0.14

that the differences in activity of potato phosphatase from potatoes stored

at 00 and 25° were negligible. Phosphatase activity was, further, com-

pletely suppressed at 00 C.

Experiments in vivo

The experimiients reported above have given a clue as to the niature of

the temperature-conitrolled reaction which regulates starch breakdown, e.g.

the production of a phosphorylase inhibitor at high temperature. None

of the results obtained with isolated enzyme systems have however given
any information as to how sucrose is formed in the potato tuber. In vivo
experiments were therefore carried out, usinig discs of livina tissue cut

from potato tubers which had previously beeln stored at various temper-
atures.

METHODS

Potatoes were stored for varying periods of tiliie at 00, 90, 16'and 25°C.

Cylinders then were cut out with a cork-borer and these sliced into discs
1 to 2 mm. thick. The discs were washed in running tap water for 20 mi-

n-utes and rinsed in distilled water. They were then vacuulmi infiltrated

with the desired substrates. Controls were run in each experiment by

inifiltrating the discs with distilled water under exactly the same conditions.

After infiltration the discs were transferred to Petri dishes containing a sheet

of filter paper moistened with the same infiltration solution to keep the

atmosphere around the discs moist. The discs were incubated at the de-

sired temperature and after 24 hours were washed and dried at 700 C,
ground and subjected to analysis as described earlier.

SYNTHESIS OF SUCROSE BY POTATO DISCS

Suerose is synthesized by potato discs which are infiltrated with
aqueous solutionis of glucose and/or fructose, a result which strongly
suggests that the two simple sugars are used as intermediates in sucrose

synthesis.
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PLANT PHYSIOLOGY

Table IX summarizes the results from a typical experiment in which
discs were taken from potatoes stored either at 00 or at 25°C and which
were then infiltrated with either glucose or fructose. The following con-
clusions can be drawn from this and similar experiments:

1. In discs from tubers which had been stored at 00, sucrose synthesis
in general occurred at nearly the same rate when glucose was supplied as
when the same concentration of fructose was infiltrated.

2. Discs from tubers stored at 250C formed more sucrose when given
fructose than when given glucose, which is in accord with the data of table
I, which shows very low fructose concentrations in such tissue.

TABLE IX

SYNTHESIS OF SUCROSE BY POTATO DISCS AFTER INFILTRATION WITH GLUCOSE OR
FRUCTOSE. ALL TISSUES INCUBATED 24 HOURS

INCREASE IN SUCROSE CONTENT
DURING INCUBATION: %

SUBSTRATE INCUBATION OF DRY WT.

INFILTRATED TEMPERATURE °C STORAG TEMPERATURE

00 250

Water ...................................................0 1.80 0.52
25 - 0.50 0.46

1% glucose ...................... 0 3.00 0.48
25 0.65 0.60

1% fructose ...................... 0 2.85 0.96
...... ......... 1.90

3% glucose ...................... 0 4.00 0.76
25 2.15 1.85

3% fructose ...................... 0 3.65 1.26
25 2.15 1.97

3. In spite of the fact that discs from tubers stored at 00 contained
more sucrose than discs from tubers stored at 250, the former were more
effective in sucrose formation irrespective of temperature of incubation.

4. In discs from tubers stored at 00, incubation at 00 induced a greater
increase of sucrose than incubation at 250C, indicating that low tempera-
ture favors the process of sucrose synthesis itself as well as the process of
starch breakdown.

In summary, potato sections synthesize sucrose rapidly when they are
provided with hexose. The amount of sucrose synthesized is greater in
sections taken from potatoes stored at low temperatures, suggesting that
low temperature storage may increase the amount of the sucrose synthe-
sizing enzyme system, whatever it may be. Sucrose synthesis, unlike the
other reactions studied above, proceeds even faster in sections incubated at
00 than in sections incubated at 250C. The mechanism which brings about
this unusual reaction to temperature is obscure.
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ARREGUIN-LOZANO AND BONNER: SUCROSE IN POTATOES

INTERCONVERSION OF GLUCOSE AND FRUCTOSE

It was not possible to demonstrate phosphohexoisomerase in vitro in

potato preparations. Glucose and fructose were, however, interconverted

in potato discs, as was shown by infiltrating discs with glucose or fructose

and then analysing for these two hexoses after an incubation period.
The results of an experiment designed to studv this interconversion are

given in table X, which gives the increases of glucose and fructose con-

TABLE X

INTERCONVERSION OF' GLUCOSE AND FRUCTOSE IN POTATO DISCS
AFTER INFILTRATION. INCUBATED 24 HOURS

INCREASES IN HEXOSE ABOVE LEVEL IN H20

INCU- INFILTRATED CONTROLS

BATION % OF DRY WEIGHT
INFILTRATED W5ITH TEMPEATEERA- TUBERS STORED AT 00 TUBERS STORED AT 250

GLUCOSE FRUCTOSE GLUCOSE FRUCTOSE

10% glucose ............. 0 2.04 1.15 0.40 0.64
25 3.20 0.38 0.78 0.29

10% fructose ............. 0 1.63 0.69 0.52 0.69
25 "2.80 0.34 0.00 0.18

3% glucose ............. 0 2.65 0.80 0.52 0.75
25 1.36 0.24 0.30 0.06

3% fructose ............. 0 1.30 0.25 0.63 0.80
25 1.79 0.25 - 0.28 0.07

centrations during an incubation period of 24 hours. The data of this and
similar experiments may be summarized as follows:

1. Discs from tubers stored at 00 appear to take up more glucose and
more fructose than discs from tubers stored at 250C.

2. Storage at 00 and incubation at 0° result in large interconversions
of glucose and fructose.

3. Storage at 250 and incubation at 25° result in small interconversion
of the two sugars.

4. Storage at 250 and incubation at 00 or vice versa give intermlediate
behavior.

In conclusion it can be said that the interconversion of glucose and
fructose is promoted by low temperatures. This effect is in the same

direction as that found for sucrose synthesis of which the interconversion
reaction is undoubtedly a part.

Discussion

The known reactions relating starch, hexoses, and sucrose in the plant
and in microorganisms are summarized in figure 7. Two methods for the
breakdown of starch are well-established; namely, the hydrolytic break-
down under the influence of amvlase and the phosphorolytic breakdown
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PLANT PHYSIOLOGY

under the influence of phosphorylase. The potato tuber possesses onily
weak amylase activity. It does on the other hand possess a powerful
phosphorylase. The action of phosphorylase on starch results in the pro-

duction of glucose-i-phosphate. The breakdown of starch in potatoes
stored at low temperature evidently proceeds through the phosphorolytic
system since (a) low temperatures conducive to in vivo starch breakdown
in the potato essentially completely suppress amylase activity and (b)
during active starch breakdown glucose-i-phosphate appears in the potato
in detectable quantities, whereas it is absent from potatoes which are not
undergoing starch breakdown. Potatoes stored at high temperature pos-
sess as much phosphorylase as potatoes stored at low temperature. They
also possess inorganic phosphate and a pH favorable to phosphorylase ac-

tivity. Why then does starch remain unattacked by phosphorylase in po-
tatoes stored at high temperature?

The answer appears to lie in an inhibitor of phosphorylase activity
which is found in potatoes stored at high temperatures and which is absent
or present in lower concentrations in potatoes stored at low temperatures.
Since, however, starch is presumably formed in the tuber even at tempera-
tures in which starch breakdown does not occur during subsequent storage,
it would appear that this inhibitor must be formed relatively late in the
development of the tuber. In general much remains to be explained con-
cerning the formation, degradation, and nature of the phosphorylase in-
hibitor.

The formation of sucrose from glucose-i-phosphate involves the produc-
tion of fructose. The sole known method for the biological interconver-
sion of glucose and fructose is through the enzyme phosphohexoisomerase,
an enzyme which establishes an equilibrium between glucose-6- and frue-
tose-6-phosphate. This enzyme could not be demonstrated in potato tubers
during the present investigation, owing perhaps to inadequate preparative
techniques. In vivo experiments of many workers have shown however
that glucose and fructose are interconvertible and this has been shown
again for the potato tissue. Lastly glucose and fructose once formed are

combined in some way to sucrose. In the microorganism Pseudontonas
saccharophila DOUDOROFF, KAPLAN, and HASSID (5) have shown that su-

crose synthesis is achieved from glucose-i-phosphate and fructose in the
presence of an enzyme, sucrose phosphorylase. The existence of this re-
action and of this enzyme in potato tuber tissue could not be established
during the course of the present work and the exact mode of sucrose for-
mation is hence unknown. Sucrose synthesis was however readily achieved
in vivo after infiltration with either glucose or fructose and in particular
with tissue taken from tubers which had previously been stored at the
low temperatures conducive to the sweetening reaction.

The regulations of starch degradation and sucrose synthesis by teiii-
parature in the potato tuber would appear to reside in at least three re-
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ARREGUIN-LOZANO AND IBONNER: SUCROSE IN POTATOES

actions, (a) regulation of the amount of phosphorylase inhibitor which is
produced in high temperatures, (b) regulation of the activity of the glu-
cose-fructose interconverting system which is increased in amount in low

teimiperature storage, and (c) regulation of the activity of the sucrose syn-
thesizing enzvme which is increased in amount in low temperature storage.

Summary

1. Analysis of potato tubers durinog storage at low and high temperatures

shows that changes take place in the composition of the tubers, not

onliy with regard to starch (which decreases in low temperatures), hex-

oses and sucrose (which increase at low temperatures), but also with
regard to hexose phosphates. The balance between glucose-6 and frue-

tose-6-phosphate in particular is greatly affected, the latter being fa-

vored at the lower storage temperatures.
2. Potatoes containi only low ainylase activity and this enzyme is essen-

tially inactive in vitro at O0. This enzyme appears not to be a factor in

starch degradation and sugar formation at low temperatures.

3. Phosphorylase is equally active in potatoes from all storage tempera-

tures. At no temperature was equilibrium between Cori ester and
starch attained in vivo. The fact that phosphorylase does not attack
starch in potatoes stored at high teniperatures seems to have its ex-

planationi in the fact that an inhibitor of phosphorylase is formed at

high storage temperatures, but disappears at low storage temperatures.

4. Sucrose formation from hexose infiltrated int ViVo is promoted at low
temperatures. Whether this is due to an increase in amount of the en-

zyme system responsible for sucrose synthesis or to a decrease in a pos-

sible inihibitor cannot be stated.
5. Hexose interconvertiing enzymilies are nmore active at low temiiperatures

anid in tubers stored at low temperatures than at high temperatues.

This observation is correlated with the fact that tubers stored at low

temperatures are high in fructose anid fructose-6-phosphate whereas
those stored at high temperatures are high in glucose and gllucose-6-
phosphate.
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