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ABSTRACT

When root tissue of sweet potato (Ipomloea batatas Lam.)
was sliced, acid invertase activity, initially absent in freshly
sliced tissue, appeared after a 3- to 6-hour lag phase, rapidly
reached a maximum in 18 hours, and thereafter decreased. The
increase in invertase activity was accompanied by a decrease
in sucrose content of the root tissue. Alkaline invertase activity
was present in fresh root tissue, but changed little after wound-
ing. Acid invertase in wounded tissue and alkaline invertase in
fresh tissue were purified and their properties were investi-
gated. The acid invertase was a 13-fructofuranosidase and was
unaffected by substrate or by any of the cations and several
metabolites. The alkaline invertase was more specific for
sucrose, was inhibited by glucose and glucose 6-phosphate, and
(lisplayed non-Michaelis-Menten kinetics.

Respiratory activity is known to increase markedly in re-

sponse to wounding or infection in various plant storage tis-
sues. In root tissue of sweet potato, respiratory activity doubles
within 20 hr after wounding (11). This respiratory increase may
be due to the activity of newly formed mitochondria (3) and
the activation of ATP-utilizing systems which involve the pro-
duction of polyphenols (25). The increased respiratory activity
is paralleled with an increase in RNA content (30), and the
de novo syntheses of peroxidase (36), phenylalanine ammonia-

lyase (24), and other enzymes. Thus, storage sugars in the tis-
sue may be used in amounts proportional to the amounts of
respiration increased and of polyphenols and other metabolites
that are produced in response to wounding. It is also possible
that activities of some enzymes participating in sugar decompo-
sition increase at that time. Decomposition of starch (38) and
activation of the pentose phosphate pathway (1) occur in
sweet potato root tissue in response to wounding or to infec-
tion by Ceratocystis fi;nbriata ELL. et HALST. Further, activities
of glucose-6-P dehydrogenase and 6-phosphogluconate dehy-
drogenase increase after wounding (27).

Invertase is found in many plants, and exists in two isozymic
forms, acid and alkaline, which differ in properties and cellular
localization. Acid invertase has been shown to occur in ger-

minating seeds (5), developing stems (12), and aged tuber discs
(8, 32. 34).

'This paper constitutes Part 111 of the Phytopathological Chem-
istry of Sweet Potato with Black Rot and Injury.

This paper deals initially with the fluctuation of invertase
activity in sweet potato root tissue in response to wounding.
Further, we have purified acid and alkaline invertases and ex-
amined their properties in view of assigning their physiological
functions in connection with wound response.

MATERIALS AND METHODS

Plant Material. Roots of sweet potato (Ipomzoea batatas Lam.
cv. Norin No. 1) were harvested in the autumn and stored at
10 to 14 C until used. Roots were washed with tap water and
sterilized with 0.1% sodium hypochlorite solution followed by
thorough washing with tap water. The roots were sliced to
3-mm thickness with a meat slicer, then discs (15 or 19 mm
diameter) were prepared from the parenchymatous tissue with
a cork borer. The discs were placed on a polyethylene net in a
styrol box containing distilled water, and were incubated at
29 ± 1 C.

Extraction of the Enzyme. Seven discs (3 X 19 mm, total
wet weight about 7 g) were mixed with 10 ml of 10 mm potas-
sium phosphate buffer, pH 7.0, containing 1 % (w/v) sodium
isoascorbate, and 1 g of Polyclar AT (poly-(vinylpolypyrroli-
done), GAF Corp. New York), and were given two 30-sec
homogenizations in a blender (Nihon Seiki Seisakusho, Tokyo)
at the maximum speed. The homogenate was squeezed through
four layers of cotton gauze and centrifuged at 15,000g for 20
min. The supernatant solution was passed through a Sephadex
G-25 (coarse) column (1.9 X 20 cm), previously equilibrated
with 10 mM potassium phosphate buffer, pH 7.0, to remove
low mol wt compounds such as polyphenols, isoascorbate, and
sugars. The protein fraction thus obtained was used as crude
enzyme preparation. All procedures were carried out at 0 to
4 C.

CELLULAR FRACTiONATION OF THE ENZYMES

Method 1. Seven discs (3 X 19 mm, total fresh weight about
7 g) were mixed with 10 ml of 10 mm potassium phosphate
buffer, pH 7.0, containing 0.7 M mannitol, and 1 % (w/v) so-
dium isoascorbate, and 1 g of Polyclar AT and given two 30-
sec homogenizations in a blender. The homogenate was
squeezed through four layers of cotton gauze, and the residue
in the gauze was saved for preparation of the cell wall fraction.
The filtrate was centrifuged at 900g for 5 min to remove
mainly starch granules, and the supernatant fraction was
passed through a Sephadex G-25 column (1.9 X 20 cm) pre-
equilibrated with 10 mM potassium phosphate buffer, pH 7.0,
containing 0.7 M mannitol (washing medium). The protein
fraction thus obtained was centrifuged at 14,000g for 15 min.
The pellet was suspended in 5 ml of washing medium and
centrifuged at 14,000g for 15 min to sediment the mitochon-
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drial fraction. The supernatant material was centrifuged at

1l00,00g for 1 hr and the resulting supernatant (the super-
natant fraction) was saved. The pellet was suspended in 5 ml

of washing medium and the suspension was centrifuged at
100,000g for 1 hr to sediment the microsomal fraction.
The residue which remained in the cotton gauze was sus-

pended in 20 ml of washing medium and homogenized in a

glass homogenizer. The suspension was passed through four
layers of cotton gauze to collect the cell wall fraction.

The mitochondrial, microsomal, and cell wall fractions were

suspended in 10 mm potassium phosphate buffer, pH 7.0, to
measure the enzyme activity.
Method 2. Seven discs were mixed with 10 ml of 10 mm

potassium phosphate buffer, pH 5.5, 6.4, or 7.5, containing
1% (w/v) sodium isoascorbate and 1 g of Polyclar AT and
given two 30-sec homogenizations in a blender. The homoge-
nate was squeezed through three layers of cotton gauze. The
filtrate was centrifuged at15,000g for 20min and the super-

natant solution was passed through a Sephadex G-25 column
(1.9 X 20 cm) pre-equilibrated with 10 mm potassium phos-
phate buffer, pH 7.0. The column effluent that contained pro-
teins (supernatant fraction) was saved. The debris collected in
the cotton gauze was suspended in 30 ml of 10 mm potassium
phosphate buffer, pH 5.5, 6.4, or 7.5, containing 1% (w/v)
sodium isoascorbate (washing medium), and the suspension
was passed through three layers of cotton gauze. The debris
was suspended in 50 ml of washing medium and the suspension

centrifuged at1,OOOg for 10min. The resulting pellet was sus-

pended with 10 mm potassium phosphate buffer, pH 7.0, to a

final volume of 30 ml, of which 5 ml was dialyzed overnight
against 500 ml of the same buffer; the buffer was changed
twice during dialysis (29). The dialyzed suspension was desig-
nated the cell wall fraction.
Enzyme Assays. The reaction mixture for assay of acid or

alkaline invertase in the soluble, mitochondrial, and micro-
somal fractions consisted of 0.1M sucrose, enzyme, and 0.05

potassium acetate buffer, pH 4.6, or potassium phosphate
buffer, pH 7.6, in a final volume of 1 ml. The mixture was in-
cubated at 30 C for 1 hr, and then1 ml of Nelson-Somogyi
copper reagent (31) was added to stop the reaction. The mixture
was boiled for 10 min, cooled, and mixed with1 ml of arseno-

molybdate reagent (31) and 20 ml of water. The absorbance of
blue color was measured at 660 nm. The enzyme activity was

expressed as1 unit when1,g of reducing sugar was produced
during incubation using glucose as standard.

Invertases of the cell wall fraction were assayed in a reaction
mixture (2 ml) containing 0.1 M sucrose, 0.05 M potassium
acetate buffer, pH 4.6, or sodium pyrophosphate buffer, pH
8.0, and 1 ml of the cell wall fraction. After shaking at 30 C
for 1 hr, the reaction mixture was cooled and centrifuged at

3000 rpm. Enzyme activity was measured as described above
using 1 ml of the supernatant liquid.

Assay of Protein. The trichloroacetic acid-insoluble fraction
was digested with 10 N sulfuric acid containing 2 mg/100 ml
CuSeO:. Protein content of each enzyme preparation was calcu-
lated from the nitrogen content of the digested sample deter-
mined by the Nessler's reagent (16).

Extraction and Assay of Sugars. Four discs (3 X 15 mm,
total wet weight about 2 g) were heated at 90 C for 5 min in
10 ml of 80% (v/v) ethanol, cooled, and homogenized for 1
min in a blender. The homogenate was centrifuged at 3,000

rpm for 10 min. The residue was extracted by heating at 90 C
for 5 min in 10 ml of 80% (v/v) ethanol, and by centrifugation
as before. The extraction procedure was repeated once more.

All the supernatant fractions were combined and evaporated

to dryness at 50 C. The residue was dissolved in water, and
the solution was made up to 100 ml. Aliquots were taken for
determination of total sugar and reducing sugar by the phenol-
sulfuric acid (7) and Nelson-Somogyi methods, respectively.
Sucrose was determined by the phenol-sulfuric acid method
using the fraction eluted from a Dowex-1 column (0.9 X 6
cm in borate form) (17).

Purification of Acid Invertase. Sliced sweet potato root tis-
sue (200 g), incubated for 18 hr, was mixed with 200 ml of
10 mm potassium phosphate buffer, pH 7.0, containing 1%
(w/v) sodium isoascorbate and 10 g of Polyclar AT and sub-
jected to two 30-sec homogenizations in a blender. The ho-
mogenate was squeezed with three layers of cotton gauze and
the filtrate centrifuged at 12,000g for 20min. The supernatant
liquid was passed through a Sephadex G-25 (coarse) column
pre-equilibrated with 10mm potassium phosphate buffer, pH
7.0. The crude extract thus obtained was placed on a DEAE2-
cellulose column (3.6X 24 cm) pre-equilibrated with 10mot
potassium phosphate buffer, pH 7.0, and the enzyme was
eluted with the same buffer containing 0.05M NaCl. The frac-
tion showing acid invertase activity was made 80% saturated
with solid ammonium sulfate. The resultant precipitate was
suspended in 10 mm potassium phosphate buffer, pH 7.0, con-
taining 0.5 mm DTT and dialyzed against the same buffer for
3 hr. After centrifuging the dialyzed enzyme preparation at
13,000g for 20 min, the supernatant liquid was applied to a
Sephadex G-200 (5X 82 cm) preequilibrated with DKP-
buffer. The enzyme was eluted with the same buffer at a flow
rate of 10 to 15 ml/hr. To the fraction with invertase activity,
solid ammonium sulfate was added to give 80% saturation.
The precipitate was suspended in DKP-buffer and the suspen-
sion was dialyzed against the same buffer for 3 hr. After cen-
trifuging the dialysate at 12,000g for 20 min, the supernatant
was applied to a hydroxyl-apatite column (1.8 X 10.5 cm)
previously equilibrated with DKP-buffer. The column was
washed with 50 ml of the same buffer, and then the enzyme was
eluted with a linear gradient using 125 ml of DKP-buffer and
125 ml of 0.3M potassium phosphate buffer, pH 7.0, containing
0.5 mM DTT. The flow rate was 12 ml/hr. The fractions with
acid invertase activity were pooled and taken to 80% satura-
tion with solid ammonium sulfate. The resultant precipitate was
collected by centrifugation and the precipitate suspended in
10 mm potassium phosphate buffer, pH 6.0, containing 0.5
mM DTT. The suspension was dialyzed against the same buffer
overnight and then centrifuged at 12,000g for 20 min to re-
move the precipitate. The supernatant liquid was placed on a
CM-Sephadex column (1.8 x 7 cm) and the above buffer was
passed through the column. Invertase activity was not retained
on the column. Fractions with invertase activity were pooled,
dialyzed against 0.05 M potassium phosphate buffer, pH 8.0,
containing 0.5 mM DET for 2 hr, and applied to a DEAE-
Sephadex column (1.3 X 5 cm) preequilibrated with the same
buffer. The column was washed with 50 ml of the same buffer,
and the enzyme was eluted with a linear gradient using 200 ml
of 0.05 M potassium phosphate buffer, pH 8.0, containing 0.5
mM DTT and 200 ml of the same buffer containing 0.5 mm
DTT and 0.5 M sodium chloride.
The eluates with invertase activity were concentrated in a

collodion bag and dialyzed against DKP-buffer. The dialysate
was stored at -20 C as the purified enzyme preparation.

2 Abbreviations: DEAE: diethylaminoethyl; DTT: dithiothreitol;
CM: carboxymethyl; DKP-buffer: 10 mm potassium phosphate
buffer, pH 7.0, containing 0.5 mM DTT.
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The procedure resulted in a purification of 122-fold (Ta-
ble I).

Purification of Alkaline Invertase. Two hundred g of paren-
chymatous tissue of fresh sweet potato roots were mixed with
200 ml of DKP-buffer containing 1% (w/v) sodium isoascor-
bate and given two 30-sec homogenizations in a blender. The
homogenate was squeezed with three layers of cotton gauze
and the filtrate centrifuged at 15,000g for 20 min. The super-
natant liquid was passed through a Sephadex G-25 (coarse)
column. To the crude extract obtained, solid ammonium sul-
fate was added and the fraction, precipitated between 20 and
40% saturation, was collected by centrifugation at 12,000g
for 20 min. The precipitate was suspended in DKP-buffer, and
the suspension was dialyzed for 4 hr against the same buffer
and then dialyzed for 1.5 hr against 0.05 M potassium phos-
phate buffer, pH 8.0, containing 0.5 mm DTT. The dialyzed
sample was centrifuged at 15,000g for 20 min, and the super-
natant liquid layered on a DEAE-cellulose (Whatman DE-52)
column (2.5 X 17 cm), previously equilibrated with the above
buffer. The column was washed at a flow rate of 1 ml/min with
a concave gradient of NaCl using 400 ml of the above buffer
and 200 ml of the same buffer containing 1 M NaCl. The frac-
tions with alkaline invertase activity were pooled and the
pooled sample was saturated with ammonium sulfate to 80%.
The precipitate was collected by centrifugation at 1 2,000g for
20 min and dissolved in DKP-buffer. The enzyme preparation
then was pumped into Sephadex G-200 column (5 X 66 cm),
previously equilibrated with DKP-buffer, and the enzyme was
eluted with the same buffer at a flow rate of 20 to 30 ml/hr.
The fractions containing enzyme activity were pooled, con-

centrated in a collodion bag, and stored at -70 C until used.
Results of this purification procedure are shown in Table

II: a 1 33-fold purification was achieved.

RESULTS

Change in Invertase Activity in Response to Wounding. The
pH dependency of invertase activity in enzyme extracts of
fresh and sliced tissues was examined (Fig. 1). Whereas in-

Table I. Slianm1s7ary of Reslults of Plurificationi of Acidl lyvertluse
from Sliced Sweet Potato Root Tissute

Step Actixvity Protein Scti cit^- Recox-ery

lOlitS in1,g tnzits/'mg %

Crude extract 174900 450 389 100

DEAE-cellulose 216000 129.5 1670 123
Sephadex G-200 180000 21.08 8570 103
Hydroxyl apatite 123350 8.69 14200 71
CM-Sephadex 123000 3.69 33300 70
DEAE-Sephadex 56000 1.15 48700 32

Table Il. Summary of Reslilts of Piirificatioll of Alkalijie Invertase
from Fresh Sweet Potato Root Tissute

Step)

Crude extract

(NH4)2SO4 0.2-0.4
DE-52 (DEAE-cellulose)
Sephadex G-200

Actixvity Protein Specific Recov-

?nflits 01<¢ tt/s tl ,g C,

117000 480 244 100
109340 325 336 93.5
73900 149 496 63.2
46000 1 .67 27500 39.3
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FIG. 1. pH dependency of invertase activity in crude extracts
from fresh and sliced sweet potato root tissues. Tissues were incu-
bated for 24 hr after slicing. Reactions were performed in 0.1 M
citrate-phosphate buffer (pH 4-9). 0: Invertase activity of fresh
tissue; *: invertase activity of sliced tissue.

vertase activity in fresh tissue exhibited maximal activity at
about pH 8, the activity in preparations from sliced tissue had
a maximum at pH 8 but remained significantly high over a
broad range of acidic pH. After slicing, acid invertase activity
increased markedly but alkaline invertase activity changed
little.

Therefore, a time course study was done in acid (pH 4.6) and
alkaline (pH 8.0) invertase activities of the root tissue after
slicing. After a lag phase of 3 to 6 hr following slicing of the
tissue, acid invertase activity increased markedly and reached
a maximal value in 18 hr (Fig. 2). After reaching the maximal
activity, acid invertase activity decreased rapidly for the next
12 hr, and reached a constant value thereafter. On the other
hand, alkaline invertase activity remained essentially unaltered
during the 48-hr period after slicing, although a few samples
showed slight increases in activity.

DEAE-Cellulose Elution Pattern of Invertase Activity. When
chromatography of the invertases from sliced tissue was done
on DEAE-cellulose, acid invertase was eluted before alkaline
invertase. In addition, the latter activity showed a multicom-
ponent elution pattern (Fig. 3B). Since alkaline invertase from
fresh tissue showed a single component elution pattern (Fig.
3A), it was considered likely that the apparent multiple forms
of alkaline invertase in the sliced tissue preparation were pro-
duced by interaction with polyphenols which occurred in high
concentration. However, the DEAE-cellulose elution pattern
of mixed enzyme preparation from fresh and sliced tissues
agreed closely with the pattern that was prepared by overlap-
ping two individual enzyme elution patterns from fresh and
sliced tissues (Fig. 3C). Therefore, the multiple forms of alka-
line invertase from sliced tissue were believed not to be arti-
facts, but products associated with the wound response.

Change in Sucrose Content in Response to Wounding. It was
shown that acid invertase activity changed markedly with
wounding. Therefore, it was of interest to determine if changes
in sucrose content paralleled changes in acid invertase activity.
Sucrose increased slightly during the first 12 hr after slicing,
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Time (hr)
FIG. 2. Time course of invertase activity of sweet potato discs

during incubation. The reaction mixture (1.0 ml) for acid invertase
activity consisted of 0.05 M potassium acetate buffer, pH 4.6, 0.1
M sucrose, and 0.1 ml of the crude extract. The reaction mixture
(1.0 ml) of alkaline invertase activity consisted of 0.05 M sodium
pyrophosphate buffer, pH 8.0, 0.1 M sucrose, and 0.1 ml of the
crude extract. Q: Acid invertase activity; 0: alkaline invertase ac-
tivity.

then decreased during the next 12 hr, and reached a plateau
thereafter (Fig. 4). Sucrose decreased approximately 10 mg/g
tissue during the 12 to 24 hr interval after slicing. On the other
hand, reducing sugar increased particularly during the period
between 12 and 24 hr after slicing, concomitantly with the de-
crease in sucrose content.

Cellular Distribution of Invertase Activity. The results in
Table III show that acid invertase activity existed in both the
supernatant and cell wall fractions and that alkaline invertase
activity was solely located in the supernatant fraction. The
effect of pH on the extraction of the cell wall-bound enzyme
was also investigated. Table IV shows that 20% of the acid
invertase activity was located in the cell wall fraction, and that
the content of cell wall-bound enzyme was not greatly in-
fluenced by pH of extraction buffer.

PROPERTIES OF PURIFIED ACID AND ALKALINE INVERTASES

Optimum pH. Acid and alkaline invertases showed optimum
pH values at 4.6 and 7.6, respectively.
Km for Sucrose. As shown in Figure 5, Km value of acid

invertase, obtained with the Lineweaver-Burk double reciprocal
plot, which showed a straight line, was 4.5 mm for sucrose, in
either potassium or sodium acetate buffer.
On the other hand, the double reciprocal plot of alkaline in-

vertase in potassium phosphate buffer was biphasic, and Kmn
values were 8.3 and 32 mm in low and high sucrose concentra-
tions, respectively. Hill coefficient values obtained from the
above data were 1.04 and 0.87 for acid and alkaline invertases,
respectively. However, in sodium phosphate buffer the plot in-

dicated a straight line, from which the Km value was deter-
mined as 16 mM.

Substrate Specificity. Acid invertase of sweet potato was a
B3-fructofuranosidase which was reactive with raffinose, while
sweet potato alkaline invertase was more specific for sucrose
with less activity for raffinose (Table V).

Effects of Metabolites on the Invertase Activity. Effects of
metabolites related to sucrose metabolism on invertase activity
were examined to determine if acid or alkaline invertase ac-
tivity was regulated by those metabolites.

Acid invertase activity was not influenced by glucose-l-P,
glucose-6-P, fructose-6-P, UDP-glucose, ADP-glucose, ATP,
ADP, D-glucose, or fructose, when 1 to 2 mm concentration
was used. On the other hand, alkaline invertase was inhibited
slightly by 2 mm glucose and glucose-6-P (12 and 20% inhibi-
tion, respectively), but was not influenced by the other metabo-
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FIG. 3. DEAE-cellulose elution patterns of invertase prepara-
tions from fresh tissue, sliced tissue, and mixture of fresh and
sliced tissues. A: Fresh tissue; B: 18-hr-incubated sliced tissue; C:
a mixture of fresh tissue and sliced tissue. Twenty g fresh weight of
tissue were used for extracts of fresh and sliced tissue; the mixture
was prepared from 20 g (fresh weight) each of fresh and sliced tis-
sue. Crude extracts were fractionated with ammonium sulfate
(80% saturation). The resultant precipitate was suspended in 10
mM potassium phosphate buffer, pH 7.0, and the suspension dialyzed
against 2 1 of the same buffer. Each dialysate was applied to a
DEAE-cellulose column (2.0 x 17 cm) pre-equilibrated with 1i;
mM potassium phosphate buffer, pH 7.0, and eluted with 100 ml
of 0.05 M potassium phosphate buffer, pH 7.0, followed by a con-
cave gradient using 200 ml of the starting buffer and 100 ml as the
limiting buffer, additionally containing 0.5 M sodium chloride. En-
zyme activity was assayed in 0.1 M sodium phosphate buffer, pH 8.0,
and 0.1 M citrate phosphate buffer, pH 4.0. 0: acid invertase activity;
0: alkaline invertase activity; ----: A, 280 nm.
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FIG. 4. Changes in sugar contents of sweet potato discs during
incubation. Levels of total and reducing sugars were determined
tusing phenol-sulfuric acid and Nelson-Somogyi methods, respec-
tively, in extracts obtained as described in the text. Sucrose was
determined with phenol-sulfuric acid method, on the fraction
eluted from Dowex-1 column (0.9 x 6 cm in borate form) with
100 ml of 5 mM borate, pH 8.9. 0: Total sugar; *: sucrose; (D:
reducing sugar.

Table Ill. Celllulair Distriblutioni of Illver-tase Activity in Fresh anid
Sliced Sweet Potato Root Tissutes

The method of fractionation is described as Method 1 under
"Materials and Methods." Enzyme reaction was conducted in
0.05 NI potassium acetate buffer, pH 4.6, and 0.05 NI sodium pyro-
phosphate buffer, pH 8.0.

Fractions

0m

x

Acid Invertase Alkaline Invertase
Activity (IpH 4.6) Activity (I)11 8.0)

Table IV. Effect of Extractioni pH oji Celluilar- Distribiutionl of
Invertases in Slicedt Sweet Potato Root Tissle

Seven discs (3 X 19 mm, about 7 g) of sliced sweet potato root
tissue incubated for 18 hr were homogenized in 10 ml of 0.01 Ni
potassium phosphate buffer (pH 5.5, 6.4, or 7.5). The detailed
procedures are described as Method 2 under "Materials and
Methods.

Fractions

Supernatant

Cell wall

I Acid Invertase Alkaline Inver-pH Activity tase Activit-

units, disc

5.5 1490 ' 543
6.4 1660 643
7.5 1460 529

5.5 409 19
6.4 332 13
7.5 321 4

Cell wall Fl

Mitochlondria F
S

Microsomes F
S

Supernatant F
S

trace
570
16
32
13

132
112

2350

stuits 'disc

trace
trace
trace

11
trace

18
235
403

I Fresh tissue disc.
- Sliced tissue disc (18 hr).

lites, when the reaction was performed in a 0.1 M concentration
of sucrose (data not shown).

Effects of Ions on the Invertase Activity. Sweet potato acid
invertase activity was inhibited only by 1- and NH,', while
sweet potato alkaline invertase activity was affected by various
ions (Table VI). Alkaline metal ions and related cations
affected alkaline invertase activity in order of Li' > Na+ > K+
> Rb+ > NH,+ > tris+, and anions affected the activity in order
of F- > NO3- > Br- > I- and Cl-. The interrelated effect of
cations and anions on invertase activity prevented distinction
between activator and inhibitor. However, information pre-
sented in Figure 6 suggested that Na+ and K+ were activators
and that Cl- was an inhibitor.

I/S (mM' ) log t S ]

FIG. 5. Effects of sucrose concentration on the activities of acid
and alkaline invertases. The assay mixture (1.0 ml) contained vari-
ous concentrations of sucrose, enzyme preparation, and 0.05 M
potassium acetate buffer, pH 4.6, potassium phosphate buffer, pH
7.6, or sodium phosphate buffer, pH 7.6. *: Acid invertase (115
units): 0: alkaline invertase (128 units) in potassium phosphate
buffer; 0: alkaline invertase (69 units) in sodium phosphate buffer.
The double reciprocal plot and Hill plot were shown by calctulation
by method of least squares.

Table V. Slubst rate SpecificitY of Acid anid Alkalinle Invertases
The assay mixture contained 0.05 M potassium acetate butTer

(pH 4.6) or potassium phosphate buffer (pH 7.6), 0.05 NI concen-
trations of each substrate, and enzyme solution in a total volume
of 100l,u. Enzyme activity was expressed as percentage of the ac-
tivity obtained when sucrose was used (97 and 44 units in acid and
alkaline invertases, respectively).

Substrates Aci( Trnvertase Alkaline InvertaseActivity Activity

!~~~~~~~~~~~~~~~~~~"C!

Sucrose
Raffinose
Melezitose

100 100
23 5.8
3 0
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Table VI. Effects of Ionis oni the Activities of Acid anid Alkalinie
In vertases

The assay mixture consisted of 0.005 m potassium acetate buffer,
pH 4.6, or potassium phosphate buffer, pH 7.6, 0.1 m sucrose,
0.05 mI concentrations of each salt and enzyme solution in a total
volume of 1 ml. Enzyme activity was expressed as percentage of
the activity obtained without salt (control), which was 37 or 63
units in acid or alkaline invertase. respectively.

Salts

Control
KF
KCI
KBr
KI
KNO3
LiCl
NaCI
RbCl
NH4Cl
Tris-Cl'

1 Tris-Cl was adjusted
invertase.

Acid Invertase Activity

100
97
97
103
52
96
100
101
95
7

95

Alkaline Invertase
Activity

100
163
84
94
88
118
142
87
78
53
25

to pH 4.5 or 7.5 for acid or alkaline

DISCUSSION

Alteration of Sucrose Contents and Invertase Activity in
Response to Wounding. In sweet potato root tissue, the in-
crease in respiratory activity in response to wounding is ac-
companied by a decrease in sucrose content. In addition, starch
was also shown to be degraded after a lag phase of 18 hr (38).
Therefore, the respiratory increase in response to wounding
seems to be dependent upon the oxidation of products released
by sucrose and starch breakdown. Sucrose seems to be used
mostly during the 12- to 24-hr interval after wounding and
starch seems to be the main substrate after 24 hr.

Acid invertase increased rapidly after a lag phase of 3 to 6
hr, reached the maximum in 18 hr, and decreased rapidly
thereafter. The increase in acid invertase activity parallels the
decrease in sucrose content, and invertase activity is sufficient
to account for the rate of sucrose disappearance that is de-
tected in cut tissue. On the other hand, the activity of alkaline
invertase for the most part scarcely changed in response to
wounding. Therefore, it seems that alkaline invertase is not
directly involved in the decrease in sucrose content after
wounding. However, no role is apparent for the multiple forms
of alkaline invertase that appear in response to wounding.

Properties and Physiological Function of Invertases. Both
acid and alkaline invertases have been found in many higher
plants (5, 6, 12, 22, 34), and the existence of both enzymes in
higher plants is thought to be universal. Acid invertases in
higher plants are generally /8-fructofuranosidases, having pH
optima of 4.0 to 5.5 and Km values of 2 to 13 mm (5, 28),
whereas alkaline invertases have pH optima of 7.0 to 7.8 and
Kmn values of 9 to 25 mmi and, at least in the case of the bean
enzyme (5), seem to be specific for sucrose. Further, the ac-
tivity is known to be inhibited by tris5 in some higher plants
(5, 12). On the other hand, the invertases of yeast and Neuro-
spora are known to be /3-fructofuranosidases, having pH optima
in the acidic region (21). The yeast enzyme is inhibited by 1-
(21). Animal intestinal invertase was reported to be an a-glu-
cosidase with a pH optimum of 6.7, and to be activated by
alkaline metal ions and inhibited by tris5 and NH,+ (19, 37).

Sweet potato acid invertase is a 83-fructofuranosidase which
has a pH optimum of 4.6, a Kmn of 4.5 mm, and is inhibited by
1- and NH,'. Sweet potato alkaline invertase is more specific
for sucrose than the acid invertase, and has pH optimum of
7.6 and a Kmn of 32 mm in high concentrations of sucrose. Fur-
ther it is activated by Na' and K+, and inhibited by Cl- and
possibly by tris+ and NH,+.

In many plant tissues an appreciable proportion of acid in-
vertase exists in cell wall (2, 8, 12, 14, 18, 29, 32, 34). and a
part of acid invertase may be associated with the tonoplast (6,
22, 35). In our studies, we found that a significant amount of
acid invertase was associated with the cell wall fraction of sweet
potato roots.

In sweet potato alkaline invertase, the Lineweaver-Burk
double reciprocal plot yielded a biphasic curve, and its Hill
coefficient was less than 1, when enzyme activity was tested in
the presence of K+. However, when enzyme assays were done
with the presence of Na+, the reciprocal plot gave a straight
line and its Hill coefficient was 1. These results suggest that
sucrose binds to alkaline invertase with negative cooperativity
(20) in the presence of K+, which is the main cation in sweet
potato (26).
As described above, the activity of sweet potato alkaline in-

vertase seems to be regulated by the substrate, and by certain
metabolites and ions. Since in intact tissue nearly all the invert-
ase activity can be attributed to alkaline invertase, it seems
that the enzyme is responsible for sucrose decomposition in the
absence of injury. In the case of the acid invertase, which is
rapi'dly formed in response to wounding, regulation by sub-
strate and small effector molecules apparently does not occur.
Therefore, the control of sucrose decomposition by acid in-
vertase may occur by induction and turnover of the enzyme in
the injured tissue.

Development and Decrease of Acid Invertase in Response-
to Wounding. Since acid invertase was not localized in any
cellular fractions of fresh tissue, the increase in soluble enzyme

-0)
'2

Conce n trations (M)
FIG. 6. Effects of ion concentration on the activity of alkaline

invertase. Enzyme assays were done in potassium and sodium phos-
phate buffers, pH 7.6, in 0.005, 0.01, 0.05, and 0.1 m concentra-
tions. Enzyme activity was, likewise, assayed in 0.005 m potassium
phosphate buffer containing 0.01, 0.05, or 0.1 m KCI and in 0.005
m sodium phosphate buffer containing 0.01, 0.05, or 0.1 m NaCl.
Enzyme activity is expressed as percentage of the activity in 0.005
m buffer. 0 0O: Sodium phosphate buffer; *0 0: potassium
phosphate buffer; 0----0: NaCl; 0----0: KCI.

65



66 MATSUSHITA AND URITANI

activity with wounding is not due to its release from a particu-
late form. Therefore, the development of the enzyme activity
with wounding may be based on one or more of the following
mechanisms: (a) the enzyme precursor is activated to the en-
zyme, (b) the inactivating system of the enzyme disappears, or
(c) the enzyme is newly synthesized de novo.

Acid invertase decreases markedly after attaining a maxi-
mum following wounding. Such a disappearance of enzyme
activity was also observed in phenylalanine ammonia-lyase of
Gherkin seedling (9) and Alaska pea (13), which in both cases
was preceded by the appearance of an inactivating system de-
pendent upon de novo protein synthesis. Protein inhibitors of
invertase were also found in potato (33) and in maize (15).
Further, a proteinous inhibitor of invertase synthesis was
shown to be secreted from Jerusalem artichoke tuber discs dur-
ing aging (4). It has been suggested by Filner et al. (10) and by
Marcus (23) that enzyme disappearance requiring new protein
synthesis may be an important, specific regulatory mechanism
in higher plants. Therefore, the mechanisms behind the in-
crease and decrease in acid invertase activity in response to
wounding in sweet potato roots may represent such a regula-
tory function and therefore should be elucidated.
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