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Abstract-When maize scutellum slices were incubated in solutions of sucrose or maltose, there was a release of 
glucose into the bathing solution. The pH optima for glucose release were 2.5 for sucrose and 3.5 for maltose. 
From measurement of rates of glucose uptake into slices in the presence or absence of sucrose, it is calculated 
that glucose uptake will introduce errors of 3-9%, depending on the sucrose concentration, in estimates of 
free-space sucrose-hydrolase activity at pH 2.5. At their respective pH optima, maltose was hydrolysed at a rate 
2.5 times that of sucrose. When frozen-thawed slices were used the same pH optima were obtained, but rates of 
hydrolysis were increased. Raffinose and melezitose also were hydrolysed with pH optima of 2.5 and 3.5, 
respectively. a-Methyl glucose was not hydrolysed. A 60-min HCI treatment (pH 2) of scutellum slices 
destroyed 69% of the sucrose-hydrolase activity and 100% of the maltose-hydrolase activity. In contrast, 
sucrose uptake and sucrose synthesis from exogenous fructose were not affected by HCI treatment. It is 
concluded that there are two hydrolases, acid invertase and maltase; that they are either on or outside the 
plasmalemma (in the free space); and that they are not necessary to the disaccharide uptake processes either by 
supplying exogenous hexose or by acting as transporters. 

INTRODUCI’ION 

Acid invertase activity located at the cell surface (in 
the free space) appears to be widely distributed in 
plants [l]. One obvious role for this enzyme is to 
supply glucose and fructose to cells that can take up 
hexose but not sucrose (e.g. immature sugarcane inter- 
nodes [2]). But free-space invertase activity also is 
present in many plants that do not require sucrose 
hydrolysis for uptake of sucrose carbon [ 11, and it may 
be that a supply of exogenous hexose is also advan- 
tageous to these plants. It has been suggested that 
free-space invertase might act as a transfructosylase or 
transglucosylase in cell wall synthesis [3], but there is 
no evidence that the enzyme has a role other than to 
hydrolyse sucrose. 

When slices of the maize scutellum are incubated in 
sucrose solutions, there is a slow release of glucose 
into the bathing solution in quantities far too small to 
account for the uptake of sucrose carbon [4]. This 
paper reports a study undertaken to determine if the 
enzyme causing glucose release is a free-space inver- 
tase and if it plays a direct role in sucrose uptake. A 
free-space maltase was present [S], and some of its 
properties are compared with those of the invertase. 

*Florida Agricultural Experiment Station Journal Series 
No. 1570. 

RESULTS AND DI!3CUsSION 

Effect of pH on rates of hydrolysis of exogenous sucrose 
and maltose 

Fresh scutellum slices (0.5 g) were incubated in 
buffered 50 mM solutions of sucrose or maltose over 
the pH range 2 to 7 (for sucrose) or 2.5 to 6 (for 
maltose). Portions of the bathing solutions were re- 
moved for glucose analysis 1 and 31 min after adding 
the slices, and the increase in glucose during this 
period was used to calculate disaccharidase activity. 
Two kinds of control flasks were run: in one, scutellum 
slices were omitted to correct for acid hydrolysis in the 
pH range 2 to 3 and, in the other, disaccharide was 
omitted to correct for glucose leakage from the slices 
over the entire pH range. Acid hydrolysis of sucrose 
occurred at a rate ca 65% of the rate of enzymic 
hydrolysis at pH 2; the acid hydrolysis rate dropped to 
15% of the enzymic rate at pH 2.5, and it was negligible 
at pH 3. Acid hydrolysis of maltose was negligible at 
pH 2.5. Glucose leakage from the slices was greatest 
at pH 5 (0.6 pmoVO.5 g/O.5 hr) and was only one- 
third as great at pH 2.5. 

Corrected rates of disaccharide hydrolysis as a func- 
tion of pH are shown in Fig. 1. Maximum rates of 
hydrolysis occurred at pH 3.5 with maltose and pH 2.5 
with sucrose. At their respective pH optima, maltose 
was hydrolysed at a rate 2.5 times that of sucrose. 
When frozen-thawed slices were used, the pH optima 
were the same as those obtained with fresh slices, but 
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Fig. 1. Effect of pH on hydrolysis of sucrose and maltose. 
Sugar solutions (50 mM) were buffered with 25 mM Na 
citrate (pH 2.5 to S), MES (pH 6.1) and ADA (pH 7). The 
pH; 2 flask contained HCI (no buffer). Points are averages 
from 4 to 6 experiments and the standard deviations are 
indicated. Points for maltose (frozen tissue) are averages from 

2 experiments. 

the maximum rates of hydrolysis increased ca 65% for 
sucrose and 23% for maltose. Frozen-thawed slices 
were washed for 55 min before use in the disaccharide 
hydrolysis assay (see Experimental), and the wash 
solutions were not tested for disaccharidase activity. 

The effect of buffer on sucrose hydrolysis was tested 
in the pH range 3 to 5. When buffer was omitted (pH 
adjusted with HCI) and fresh slices were used, rates of 
sucrose hydrolysis very similar to those shown in Fig. 1 
were obtained. With frozen-thawed slices, sodium ace- 
tate buffers gave the same results as sodium citrate. 
Acetate buffer was not used with fresh slices because it 
caused large amounts of sucrose to leak from the 
slices. 

In one experiment (fresh slices with sucrose at pH 
4), both glucose and fructose were measured and were 
found to be produced in equal amounts (from 3 repli- 
cates: 4.OhO.2 pmol glucose/O.5 hr and 3.9* 0.2 
pmol fructose/OS hr) which indicates that the enzyme 
was acting as a hydrolase not a transferase. 

Invertases in plant homogenates are known to bind 
to cell wall preparations, e.g. [6]. The binding is 
reversible and depends on ionic strength and pH. It is 
possible, therefore, that slicing released intracellular 
disaccharidases from the scutellum and that some of 
the released intracellular enzymes were bound to the 
cell walls and these gave the activities shown in Fig. 1. 
To test the latter possibility, disaccharidase activities 
were measured using whole scutella and scutellum 
slices prepared from the same crop of seedlings and 
using 100 mM disaccharide (instead of 50 mM) to 
increase the rate of substrate penetration into the 
scutellum. In two experiments, average rates of hyd- 

rolysis obtained with whole scutella were 91% (suc- 
rose, pH 2.5) and 80% (maltose, pH 3.5) of those 
obtained with scutellum slices. 

Substrare specificity 

Substrates for invertase (/3-fructofuranoside fructo- 
hydrolase, EC 3.2.1.26) must possess an unsubstituted 
@-D-fructofuranosyl residue [7]. Therefore, raffinose 
is hydrolysed whereas melezitose is not. The substrate 
specificities of higher plant a-glucosidases (excluding 
a- and p-amylases, neither of which attack maltose) 
are not well known [8]. A partially purified a- 
glucosidase from alfalfa hydrolysed maltose but not 
a-methylglucose. The alfalfa preparation also hydrol- 
ysed sucrose, but from the pH optima (4.5 for mal- 
tose; 6 for sucrose) it was concluded that invertase was 
present as an impurity [9]. Yeast a-glucosidase hyd- 
rolyses maltose, sucrose, and more slowly melezitose 
and a-methyl glucose, but it does not hydrolyse raffin- 
ose [lo]. 

The action of the scutellum disaccharidases on the 
trisaccharides, raffinose and melezitose, and on a- 
methyl glucose was tested. Fresh scutellum slices were 
incubated with 50 mM solutions of the sugars buffered 
at pH 2.5, 3.5 and 5 (Table 1). The increase in 
reducing sugars (expressed as glucose) in the bathing 
solution was used to calculate hydrolysis rates. Hyd- 
rolysis of raffinose was greater at pH 2.5 than at 3.5 or 
5. The pH optimum for melezitose hydrolysis was 3.5. 
a-Methyl glucose was not hydrolysed. 

The results of Table 1 and Fig. 1 indicate that there 
are two free space disaccharidases in scutellum slices: 
one is an invertase that hydrolyses sucrose and raffin- 
ose with a pH optimum of 2.5, the other is a maltase 
that hydrolyses maltose and melezitose with a pH 
optimum of 3.5. However, a single enzyme with two 
kinds of activities cannot be ruled out. The pH op- 
timum of the scutellum invertase activity is much 
lower than those reported for invertases from other 
higher plants [l] or for invertases of yeasts and molds 
[7]. The pH optimum for scutellum maltase was also 
low, although a pH optimum of 3.9 has been reported 
for a wallbound maltase from maize leaves [l 11. 

Glucose uptake as a factor complicating measurement 
of free space invertase 

Since glucose uptake would cause free-space disac- 
charidase activity to be underestimated in fresh slices, 
rates of glucose uptake were measured at pH 2.5 

Table 1. Substrate specificity* 

Reducing sugar, 
pm01 glucose/OS 

hrl0.5 g 

Substrate pH 2.5 pH 3.5 PH 5 

Sucrose 10.6kO.3 - 5.2*0.5 
Raffinose 5.5 *0.5 4.3ztO.2 3.4*0.2 
Melezitose 4.1+0.8 5.8kO.4 3.4jzO.3 
a-Methyl glucose 0 0 0 

*Sugar solutions (50 mM) contained 25 mM Na citrate at 
the pHs indicated. Values given are averages from 3 to 5 
experiments followed by the standard deviation. 
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Fig. 2. Changes in the amounts of bathing solution glucose 

with time of incubation of slices in sucrose or sucrose plus 

glucose. Solutions were buffered with 25 mM Na citrate, pH 
2.5. Points are averages from 2 experiments. 

(25 mm citrate buffer) in the ghicose concentration 
range found during invertase assay (5 mM) and in the 
absence or presence of sucrose. The rate of glucose 
uptake was directly proportional to glucose concentra- 
tion at least up to a concentration of 1 mM 
(2 ~moVO.5 hr/OS g). The glucose content of the ba- 
thing solution during incubation of slices in 50mM 
sucrose increased at a constant rate during the first 30 
min (Fig. 2), and, therefore, the average glucose con- 
centration during the 30 min invertase assay at pH 2.5 
was ca 0.3 mM (Fig. 1). At this concentration the 
amount of glucose taken up during the 30min inver- 
tase assay would be 0.6 pmol, and this amount would 
cause invertase activity to be underestimated by only 
9%. Rates of glucose uptake were constant from pH 5 
to 7, but they declined below pH 5, and at pH 2.5 the 
rate of glucose uptake was 82% of the pH 5 rate. 
Therefore, at the higher pHs glucose uptake would 
cause about an 11% underestimate of invertase activ- 
ity. However, 9-11% represents the maximum range 
of error because sucrose inhibits glucose uptake (Fig. 
2). Slices were incubated in mM glucose plus increas- 
ing amounts of sucrose up to 50mM. Control flasks 
contained sucrose alone. As the sucrose concentration 
was increased in the presence of mM glucose, the rate 
of glucose uptake decreased (Fig. 2). If glucose uptake 
and sucrose uptake were independent, the amount of 
glucose taken up should have been 2.7 pmoV30 min 
in the glucose (mM) plus sucrose (50 mM) flask and 
0.6 pmol/30 min in the sucrose (50mM) flask, a 
difference of 2.1 pmol. However, from Fig. 2, the 
experimentally determined difference was only 
0.8 pmol. It is concluded that glucose uptake will 
introduce errors of 3 to 9%, depending on the sucrose 
concentration, in estimating free-space invertase activ- 
ity at pH 2.5. 

Rates of free-space invertase activity were deter- 
mined in the sucrose concentration range of 2.5- 
50 mM. With these data (corrected for glucose uptake) 

K,,,s for sucrose of 5.5 mM (pH 2.5) and 2.9 mM (pH 
3.5) were calculated. Previously, a K,,, of 2.1 (pH 4) 
was found for an invertase present in the insoluble 
residue of scutellum slices [5], and, apparently, this 
was the free-space invertase. A decreased affinity for 
sucrose at pHs below 4 also has been found for yeast 
invertase [12], although the yeast enzyme has op- 
timum activity in the pH 4 to 5 range. 

Effect of HCI treatment on disaccharidase actioiry, 
sucrose uptake and sucrose synthesis 

As ap Rees [l] has pointed out, the appearance of 
glucose in the bathing solution does not necessarily 
indicate the presence of a free-space invertase because 
the following sequence of events would give the same 
result: sucrose uptake, sucrose hydrolysis by an en- 
dogenous invertase, leakage of glucose into the ba- 
thing solution. These processes are known to occur in 
the maize scutellum. Sucrose is actively taken up by 
the scutellum slices without prior inversion [4, 131, the 
scutellum contains a soluble invertase [14], and hex- 
oses readily penetrate the scutellum plasmalemma ap- 
parently by free diffusion through pores [15, 161. 
However, it appears unlikely that the invertase as- 
sayed in the experiments of Fig. 1 was intracellular 
rather than in the free space. First, the very low pH 
optimum for sucrose hydrolysis was essentially un- 
changed after the slices were frozen and thawed (a 
treatment that disrupts both plasmalemma and tonop- 
last as shown by EM photographs [17]), indicating that 
the results of Fig. 1 reflect the effect of pH on hyd- 
rolysis and not on transport of sucrose into and hexose 
out of the slices. Second, optimum activities of soluble 
invertase in scutellum extracts occurred at pH 6 and 7 
(Fig. 3). The highest activity occurred at pH 6, but this 
was less than 50% of the presumed free-space activity 
at pH 2.5 and less than 25% of that in frozen-thawed 
slices (Fig. 1). Invertase activity (assayed in the pH 
range 5.5 to 7.5) was not released when frozen scutel- 
lum slices were thawed in HZ0 nor was it released 
when frozen-thawed slices were ground in buffer at 
pH 7 (see Experimental). Apparently, the invertase 
found in extracts of fresh scutella (Fig. 3) was de- 
stroyed by freezing and thawing or was bound to the 
insoluble residue (cf. Fig. 1.). 

Results of experiments with HCl-treated slices sup- 
port the idea that invertase and maltase occur in the 
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Fig. 3. Effect of pH on invertase activity of scutellum ex- 
tracts. Sucrose solutions (50 mM) were buffered with 40 mM 
MES (pH 5.5 to 6.5) and phosphate (pH 7 and 7.5). Points 
are averages from 5 experiments and the standard deviations 

are indicated. 
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free space of the scutellum. Slices were treated for 30 
or 60 min in Hz0 or HCI (pH 2) and then were used 
for disaccharidase assay either fresh or after freezing 
and thawing. Frozen-thawed slices were washed 
55 min before use in the assay, but the wash solutions 
were not tested for activity. HCl treatment decreased 
both invertase and maltase activities, but maltase was 
the make sensitive (Table 2). A 60-min HQ treatment 
destroyed 69% of the invertase activity and 100% of 
the maltase activity when fresh slices were used and 
64% of the invertase activity and 91% of the maltase 
activity when frozen-thawed slices were used. After 
30 min in HCl, invertase activity in fresh slices de- 
creased 43% (Table 2), but, when invertase activity 
was measured in HCI at pH 2, the activity was only 
27% less than the maximum (Fig. 1). Apparently, the 
drop in invertase activity when the pH was lowered 
from 2.5 to 2 (Fig. 1) was a result of enzyme destruc- 
tion rather than an effect of pH on the catalytic 
reaction. 

In contrast to the effects of HCI on free-space 
invertase and maltase, the ability of the slices to take 
up sucrose was not impaired by HCl treatment (Table 
3). Maltose also is taken up after HCl treatment [5]. 
HCl treatment also had no effect on rates of sucrose 
synthesis from exogenous fructose (Table 3). Sucrose 
synthesis at a rate of 35 FmoVhrfg fr. wt would 
require 70 or 105 pmol of ATP/hr, depending on 
whether or not sucrose phosphate was an inter- 
mediate. Scutellum slices contain ca 0.5 kmol ATP/g 
[18]; and, therefore, the rates of sucrose synthesis 
shown in Table 3 would require that tissue ATP turn 
over 2.3 to 3.5 times per min for the 2 hr period of the 
experiment. The results of Table 3 indicate that HCI 
treatment does not injure the plasmalemma (sucrose 
and fructose uptake) or the cytoplasm (sucrose synth- 
esis), and, therefore, the enzymes catalysing hydrolysis 
of sucrose and maltose (Table 2) must be either on the 
plasmalemma (peripheral proteins [ 193) or outside the 
plasmalemma. Furthermore, the results indicate that 
these hydrolytic enzymes are not necessary to the 
disaccharide uptake processes either by supplying ex- 
ogenous hexose of by acting as transporters [20]. 

The increases in invertase and maltase activity after 
freezing and thawing (Fig. 1, Table 2) were too large 

Table 2. Effect of HCI treatment on 
disaccharidase activity* 

Hydrolysis rate, 
(.rmoi/O.S hr/OS g 

Treatment 
Slice 

preparation Sucrose Maltose 

Table 3. Effect of HCI treatment 
on sucrose uptake and synthesis* 

Sucrose, pmol/hr/g 

Treatment Uptake Synthesis 

H,O, 30 min 14.3Ito.9 31.9 
H,O, 60 min 14.6* 1.3 35.4 
HCI, 30 min 13.8zt 1.1 34.8 
HCI, 60 mitt 14.6~ 1.4 37.6 

*The values for uptake are averages from 4 
to 6 experiments followed by the standard de- 
viation. Values for synthesis are averages from 
2 experiments. 

to have been artifacts resulting from underestimation 
of enzyme activity in fresh slices because of glucose 
uptake. Furthermore, the absolute increase in disac- 
charidase activity following freezing and thawing was 
only ca 50% as great in HCI-treated slices as it was in 
H&I-treated slices (Table 2), indicating that some of 
the enzymes responsible for the increased activity 
were on or outside the plasmalemma. Perhaps sucrose 
does not penetrate rapidly enough into some parts of 
the free space (e.g. along the outside of the plas- 
modesmata) for full enzyme activity to be attained in 
fresh slices. Alternatively, if the disaccharidases are 
peripheral proteins, freezing and thawing may dislodge 
them or reorient them on the plasmalemma increasing 
their activity. 

The free-space maltase apparently has a role in the 
mobilization of endosperm starch. The maltase, be- 
sides hydrolysing maltose, may also attack higher 
maltooligosaccharides produced in the endosperm by 
a-amylase 1211, and its action could prevent maltose 
inhibition of a-amylase [22]. The starchy endosperm 
contains little sucrose [23], and most of the sucrose 
available to the scutellum free-space invertase would 
be secreted by the cells of the aleurone layer [24]. 
Apparently, the free-space invertase has a very minor 
role during germination. The possibility was consi- 
dered that the invertase played a role in sucrose 
transport across the plasmalemma, and that its hyd- 
rolytic activity became apparent only at very low pH. 
However, the results of Tables 2 and 3 indicate that it 
is not necessary for sucrose transport. The activity of 
the soluble invertase at pH 6 (Fig. 3) was high enough 
to account for rates of endogenous sucrose utilization 
in scutellum slices [25], but sucrose synthetase is also 
present in the scutellum and its activity is much higher 
than that of the invertase [14]. 

H,O, 30 min 

HCI, 30 min 

HCI, 60 min 

Fresh 6.1*0.8 15.1 *OS 
Frozen-thawed 9.6 f 1.5 18.5*0.2 

Fresh 3.5*0.5 1.8*0.5 
Frozen-thawed 5.8 * 0.5 3.8ztO.7 

Fresh 1.9*0.1 0 
Frozen-thawed 3.5*0.2 1.6kO.2 

*Sugar sofutions (SO mM) contained 25 mM Na citrate at a 
pH of 2.5 for sucrose and 3.5 for mahose. Values given are 
averages from 4 to 6 experiments followed by the standard 
deviation. 

Preparation and treatment of scurellum slices. Maize grains 
(Zea mays L. cv McNair 508) were soaked in running tap 
H,O for 24 hr. then placed on moist paper towels, and grown 
in the dark at 24-25’ for 72 hr. Scutelta were excised and cut 
transversely with a razor blade into slices of 0.5 mm or less in 
thickness. Slices were washed in H,O until washing was clear, 
blotted on filter paper, and weighed into groups of 0.5 g. 
Slices (80 to 90, 0.5 g) were 3-7 cells in thickness [ 171. Slices 
were given an initial incubation in 10 ml H,O or HCI 
(10mM) for 30-60 min at 30”. When a 60-min incubation 
was used, the bathing solns were replaced with fresh H,O or 



HCI after 30 min. At the end of the initial incubation, slices 
were washed with 10 ml HzO, incubated in a salt soln (KQ 
M&I,, CaCI,; each at 20 mM) for 25 min. and finally washed 
twice with 10 ml HzO. Incubation in a salt soln minimized 
sugar leakage and replaced cations removed from free-space 
exchange sites by HCl treatment [26]. For some expts. slices 
were frozen at -4 to -5” at the end of the initial incubation 
above. Frozen slices were thawed with 10 ml H,O and incu- 
bated in Hz0 for 30 min at 30”. Then they were incubated in 
a salt soln and washed twice with Hz0 as described above. 

2. Glasziou, K. and Gayler. K. (1972) Bar. Reo. 38, 471. 
3. Copping, L. and Street, H. (1972) Physiol. Planr. 26, 

346. 

Preparation of scurellum exwcrs. Fresh, whole scutella 
(2.5 g) were ground in a mortar with 5 ml of a soln containing 
Na-Pi buffer (250 mM, pH 7). EDTA (10 mM) and cysteine 
(6 mM). The homogenate was strained through 2 layers of 
cheesecloth and centrifuged in the cold at 20 000 g for 20 
min. The supernatant fraction was dialysed at 3” for 24 hr in 
2 I. (soln changed after 12 hr) of 5 mM Na-Pi buffer, pH 7. 

4. Whitesell, J. and Humphreys, T. (1972) Phyrochemisrry 
11, 2139. 

5. Humphreys, T. (1975) Phyrochemisrry 14, 333. 
6. Little, G. and Edelman, J. (1973) Phyrochemisrry 12, 67. 
7. Lampen, J. (1971) in The Enzymes (Boyer, P., ed.) Vol. 

5, p. 291. Academic press, New York. 
8. Manners, D. (1974) Essays Biochem. 10, 37. 
9. Hutson, D. and Manners, D. (1965) Biochem. 1.94.783. 

10. Lamer, J. (1960) in The Enzymes (Bayer, P., Lardy, H. 
and Myrback, K., eds.) Vol. 4, p. 369. Academic Press, 
New York. 

Sugar hydrolysis assay. Slices prepared as described above 
were placed in 10 ml of buffered sugar soln and incubated at 
30”. Portions of the bathing soln were removed for sugar 
analysis at 1 min and at intervals thereafter (usually 31 min). 
Samples of the bathing solns were neutralized and frozen 
immediately. Dialysed scutellum extracts (0.3 ml) were added 
to 0.7 ml of a buffered sucrose soln. After 15 min at 30”, the 
reaction was stopped in a boiling water bath, the contents 
centrifuged and 0.2 ml of the supernatant soln removed for 
glucose analysis. The hydrolyses of maltose and sucrose were 
assayed using glucose oxidase. Trisaccharide and a-methyl 
glucose hydrolyses were assayed by measuring the increase in 
reducing sugars using Somogyi’s adaptation of Nelson’s 
method [27, 281. 

11. DeFekete, M. and Vieweg, G. (1976) Ber. Drsch. Bor. 
Ges. 89, 313. 

12. Josephson, K. (1924) Z. Physiol. Chem. 134, 50. 
13. Humphreys, T. (1978) Phytochemisrry 17, 679. 
14. Hawker, J. (1971) Phyrochemisrry 10, 2313. 
15. Garrard, L. and Humphreys, T. (1%5) Nature 207.1095. 
16. Humphreys, T. (1974) Phyrochemisrry 13, 2387. 
17. Wheeler, H., Humphrey, T. and Aldrich, H. (1979) 

Phyrochemisrry 18, 549. 
18. Garrard, L. and Humphreys, T. (1968) Phyrochemisrry 7, 

1949. 
19. Lee, A. (1975) Prog. Biophys. Mol. Biol. 29, 3. 
20. Brunner, J., Hauser, J., Semenza, G. and Wakcer, H. 

(1977) in Biochemisrry of Membrane Transport 
(Semenza, G. and Carafoli, E., eds.) pp. 105-113. 
Springer, New York. 

Sucrose uprake and sucrose synthesis. Slices (0.5 g, treated 
in Hz0 or HCl as described above) were incubated for 2 hr at 
30” in 10 ml 5 mM sucrose (sucrose uptake) or 0.1 M fructose 
(sucrose synthesis) buffered at pH 5 with 25 mM MES. 
Uptake and synthesis were measured as described previously 

[131. 
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