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Several lysosomal glycosidase activities were examined in vitro during heatinduced germination of Dictyostelium discoideum spores and were found not to
be coordinately controlled. The level of ,B-glucosidase activity increased significantly during the emergence stage of germination. Both a-glucosidase and Nacetyl-,B-glucosaminidase activities remained relatively constant until postemergence, when they increased slightly; a-mannosidase activity decreased during all
stages of germination. The activity of 16-galactosidase increased slightly during
spore swelling, fell below the level initially found in spores at zero time, and
increased slightly during postemergence. The expression of all of these enzyme
activities, except the increase in fi-galactosidase, appeared to require protein
synthesis., Spores in the lag phase of gennination which were exposed to severe
environmental stress were deactivated and exhibited reduced levels of a-glucosidase, 8-glucosidase, and N-acetyl-,8-glucosaminidase activities. Prolonged heat
activation treatment reduced the levels of lysosomal glycosidase activities in
postactivated spores but did not change the subsequent enzyme patterns during
the spore-swelling and emergence stages of germination.

The process of spore germination in Dictyostelium discoideum consits of four distinct
phases: activation, postactivation lag, swelling,
and emergence. Young dormant spores require
an activation step in order to germinate. Spores
may be reversibly activated by the application
of heat treatment (3).
The protein synthetic pattern during germination of D. discoideum spores has been investigated previously by the incorporation of radioactively labeled precursors (8, 19) and by sodium
dodecyl sulfate gel electrophoresis (8, 9). However, little is known about changes in specific
activities of enzymes during synchronous spore
germination. Until now, only two enizymes have
been examined during germination; these were
trehalase (3, 6) and cellulase (10). The purpose
of this investigation was to investigate the
expresion of several lysosomal glycosidase activities during D. discoideum spore germination.
MATERUALS AND METHODS
Organism preparation. Spores were grown and
harvested as previously described (5). Spores in 10
mM phosphate buffer (pH 6.5) were heat activated for
30 min at 45°C. They were transferred at a density of
106 to 107 spores per ml to glass tubes (1 by 10 cm) (or
to 250-ml flasks for large volumes) and incubated at
23.5°C with gentle stirring. Large spore suspensions
(100 ml in 250-ml flasks) were shaken gently at 80
oscillations per min in a shaker bath at 23.5°C. The
t Present address: Department of Microbiology and Public

Health, Michigan State University, East Lansing, MI 48824.
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percent spore swelling and percent myxamoeba emergence was monitored by placing 0.03 ml of suspension
on a slide and counting the first 200 objects with a
Zeiss phase microscope at x 320 gnification (3).
Deactivating agents were added as previously described (3).
Enzyme extraction experiments. As many as 20
plates of 2-day-old strain NC4 (diploid) spores were
harvested and washed as previously described. The
spores were used in the dormant state or allowed to
germinate at 23.50C and examined as myxamoebae.
For decryptification experiments (enzyme unmasking), an equal number of cells in phosphate buffers
were pelleted by low-speed centrifugation at room
temperature. The following procedures were used to
decryptify enzymes or break cells.
A 0.01% solution of Trton X-100 in buffer was
added to one tube of pelleted cells and blended vigorously in a Vortex mixer. Cells were exposed to the
nonionic detergent for 30 min with occasional blending
in a Vortex mixer. After this period of exposure, the
celLs were centrifuted at low speed. The pellet was
suspended in 0.05 M acetate buffer (pH 5.0) and centrifuged again. This procedure was repeated once
more. After the final washing, the pellet was resuspended in fresh acetate buffer and stored on ice until
enzyme assay.
Decryptification (enzyme unmasking) with 50% dimethyl sulfoxide was by the same procedure as described above, except that a solution of 50% dimethyl
sulfoxide in acetate buffer was used instead of Triton
X-100.
Cold acetone (-10°C) was added to another tube of
pelleted cells, and the contents of the tube were
quickly blended in a Vortex mixer. The decryptified
cells were collected on glass fiber filter disks with a
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taneous substrate hydrolysis with substrate controls.
One unit of activity was defined as that amount of
enzyme which released 1 nmol of p-nitrophenol per
min under these conditions. Enzyme activity was described in terms of specific activity, which is equivalent
to units of activity per milligram of released protein.
Protein determination. Protein was measured by
the method of Bradford (1), using bovine serum albumin as a standard.

RESULTS
Enzyme extraction techniques. An attempt was made to standardize the assay techniques used to measure lysosomal glycosidase
activities. Therefore, enzyme activities of dormant spores and emerged myxamoebae were
measured after a variety of breakage and decryptification techniques in an attempt to obtain
a single satisfactory procedure. Each extraction
or decryptification technique was applied to an
equal number of cells, as described above. The
various treatments were compared on an activity
per tube basis since decryptification treatments
release no measurable amount of protein. In all
cases, the crude cell lysate or decryptified cell
preparations containing some intact spores were
used as enzyme preparations. The optimal pH
was found to be near 5.0 for all five enzymes.
The French pressure cell resulted in the greatest
amount of activity for most of the enzymes assayed (Tables 1 and 2).
Untreated spores assayed in acetate buffer
had measurable enzyme activities. This suggests
either that the enzymes may be released from
the dormnant spores or that a portion of the
enzymes may be located in association with the
external face of the plasma membrane. Further
experiments indicated that the enzymes remained associated with the unfractionated
spores during centrifugation. These spores remained viable and germinated normally after
the removal of the buffer and substrates (data
not shown).
Freezing and thawing enzyme extracts increased or had little effect on enzyme activities.
Similarly, centrifugation of the freeze-thawed
crude cell lysate increased or had little effect on
enzyme activities. Further treatment of freezethawed crude cell lysate with Triton X-100 or
sonication did not result in an increase in enzyme
activities. The pellets from the 8,200-x-g centrifugation of the freeze-thawed crude cell lysate
had little or no activity when resuspended in
fresh acetate buffer. Therefore, no residual enzyme activities were lost in the pellets (data not
shown).
All further data were obtained by using the
routine French press technique described above.
Expression of glycosidase activities dur-
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vacuum filter system. The filters were washed twice
with cold acetone (-10°C). The glass fiber filter was
removed and air-dried. Decryptified cells were removed from the filter and suspended in 0.05 M acetate
buffer. The resulting suspension was stored on ice
until enzymatic assay.
To another tube of pelleted cells was added 5 g of
glass beads (diameter, 0.25 to 0.32 mm); 1.4 ml of 0.05
M acetate buffer was added to the tube so that the
buffer rose only 1 mm above the level of the glass
beads, and the contents of the tube were blended in a
Vortex mixer at high speed for 1 min (18). More
acetate buffer was added to the tube, and the contents
were briefly blended in a Vortex mixer. The crude
extract above the glass beads was removed and stored
on ice until enzymatic assay (18).
The final cell breakage technique involved the passage of cells suspended in 0.05 M acetate buffer (pH
5.0) through a French pressure cell at 20,000 lb/in2.
Cells were broken by three passages through the apparatus, and the crude cell lysate was stored on ice
until enzymatic assay.
The control for the above decryptification procedures involved suspending pelleted spores and cells in
a 0.05 M acetate buffer (pH 5.0) and storing the
suspended cells on ice until enzymatic assay.
Routine use of the French pressure cell. Enzyme extracts were routinely obtained by pelleting
samples of germinating spores by low-speed centrifugation. The supernatant was discarded, and the pellet
was resuspended in 0.05 M acetate buffer (pH 5.0).
The cells were broken by three passages through a
French pressure cell, as described above. The resulting
crude cell lysate was frozen immediately. Upon thawing, the lysate was centrifuged at 8,200 x g in a Sorvall
RC2B centrifuge for 10 min to remove cellular debris.
The supernatant was decanted into a clean test tube
and stored on ice until enzymatic assay.
Enzyme as8ay8. All assays were performed by
modified methods of previously reported procedures
(2, 11-14). The reaction mixtures were incubated at
23.5°C instead of the previously reported incubation
temperatures of 30 and 35°C. Assays were carried out
in a total volume of 0.5 ml, and all enzyme assays
(with the exception of the assay for N-acetyl-/?-glucosaminidase) were with equal volumes of substrate and
enzyme extract (both in 0.05 M acetate buffer, pH 5.0).
N-acetyl-,B-glucosaminidase was assayed by using 0.05
ml of enzyme extract. The enzymes a-glucosidase, /Bglucosidase, f6-galactosidase, N-acetyl-,f-glucosaminidase, and a-mannosidase were assayed by using 1 x
10-2 M p-nitrophenyl-a-glucoside, 1 x 10-2 M p-nitrophenyl-fB-glucoside, 1 x 10-2 M o-nitrophenyl-,B-galactoside, 8 x 10-3 p-nitrophenyl-N-acetyl-,6-glucosaminide, and 5 x 10-' M p-nitrophenyl-a-mannoside,
respectively, as substrates. The reaction mixture and
the blank without substrate were incubated at 23.5°C,
and the reaction was stopped by the addition of 1.0 ml
of 1 M Na2CO3. The reaction was stopped after 50 min
for a-glucosidase, ,B-glucosidase, and,-galactosidase
assays. The N-acetyl-,/-glucosaminidase reaction was
stopped after 10 min, and the a-mannosidase assay
was stopped after 60 min. The optical density at 420
nm was measured with a Beckman DB spectrophotometer. The measurements were corrected for spon-
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TABLE 1. Decryptification and the expression of lysosomal acid hydrolase activities in dormant D.
discoideum spores

Enzyme activity'

a-Glucosidase
,B-Glucosidase ,8-Galactosidase a-Mannosidase
NAGb
Control (no treatment)
0.12
0.15
0.15
0.70
0.50
0.18
0.11
0.21
Acetone (-10°C)
0.06
0.73
0.17
0.07
0.18
0.09
Dimethyl sulfoxide (50%)
0.38
0.08
0.10
0.18
0.05
Triton X-100 (0.1%)
0.23
0.13
0.04
0.06
Glass beads
0.18
2.73
0.16
0.15
0.26
0.69
French press
7.19
a Units of enzyme activity are equivalent to nanomoles of p-nitrophenol released per minute at 23.5°C.
b NAG, N-acetyl-,8-glucosaminidase.

TABLE 2. Decrptification and the expression of lysosomal acid hydrolase activities in emerged D.
discoideum myxamoebae
Enzyme activity'
'Neatment
a-Glucosidase
,-Gluco8idase f8-Galactosidase a-Mannosidase
NAGb
Control (no treatment)
0.13
0.12
0.28
0.10
0.62
Acetone (-10°C)
0.00
0.15
0.45
0.08
0.00
0.15
Dimethyl sulfoxide (50%)
0.12
0.00
0.08
1.70
Triton X-100 (0.1%)
0.00
0.06
0.00
0.03
0.97
Glass beads
0.13
0.34
0.59
0.00
6.40
French press
0.13
0.45
1.13
0.08
18.70
a Units of enzyme activity are equivalent to nanomoles of p-nitrophenol released per minute at 23.5°C.
b NAG, N-acetyl-fi-glucosaminidase.

ing heat-induced strain NC4 spore germination. Glycosidase activities have been assayed previously at 30 and 350C by a number of
workers (2, 11-14). However, all of the enzymes
in this report were assayed at 23.5°C, as this
temperature is used to allow activated spores to
germinate and vegetative amoebae cannot survive at temperatures above 270C.
Figure 1 shows the expression of five glycosidase activities during heat-induced strain NC4
spore germination. It can be seen from Fig. 1
that the expression of these enzymes was not
coordinately controlled; that is, each enzyme
was expressed independently. A comparision of
the enzyme patterns assayed at 23.50C with
those measured at 30 or 350C indicated no significant differences (data not shown).
Extracellular enzyme activities were examined
and found to be miniimal compared with intracellular enzyme activities. Extracellular enzyme
activity was almost unmeasurable with some of
these enzymes. Jones et al. (10) also reported
that ,B-glucosidase activity remains associated
with germinating spores.
The most interesting enzyme in terms of quantitative change is,-glucosidase. This enzyme
exhibited a significant increase in specific activity during the spore germination process.
Emerged myxamoebae possessed a 12-foldhigher specific activity of 8i-glucosidase com-

pared with postactivated spores at zero time.
This increase in measurable f-glucosidase activity began at the transition point between the
spore-swelling phase and the emergence phase
of germination (Fig. 1).
Another interesting enzyme pattern is that of
8-galactosidase. The specific activity of this enzyme rose slightly during the spore-swelling
stage of germination. The activity then rapidly
fell below the level observed in spores at zero
time; this drop was followed by a slight increase
during postemergence (Fig. 1). The specific activity of a-mannosidase decreased throughout
the germination process, with dornant spores
containing the highest activity (Fig. 1).
The specific activities of N-acetyl-fi-glucosaminidase and a-glucosidase remained relatively
constant throughout spore germination until
postemergence, when a slight increase in activity
was observed (Fig. 1).
Prolonged heat activation treatment. The
levels of glycosidase activities were lower immediately after the termination of the activating
treatment (spores at zero time) than in dormant
spores (Fig. 1). In fact, heat activation treatment
at 450C reduced all of the glycosidase activities
(except N-acetyl-/i-glucosamni dase) to a basal
value in spores after 30 to 45 min (Fig. 2). Increased exposure to heat activation treatment
(60 and 90 min) did not block emergence of
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FIG. 1. Specific activities of glycosidases during
spore germnination. Heat-activated spores were incubated at 23.56C at zero time. Symbols: 0, percent
swollen spores; 0, percent myxamoebae; 0, p8-galactosidase activity; A, ,B-glucosidase activity; U, a-mannosidase activity; A, a-glucosidase activity; *, N-

acetyl-B-glucosaminidase activity.

myxamoebae but lengthened the postactivation
lag stage of germination (4). The levels of glycosidase activities in emerged myxamoebae after
60 and 90 min of heat activation were similar to
the levels observed in emerged myxamoebae
from spores induced to germinate with only 30
min of heat treatment (data not shown).
Effects of protein synthesis inhibitors. Inhibitors of protein synthesis added after activation block myxamoeba emergence and amino
acid incorporation (3, 8, 19). The drugs also
prevent increases in N-acetyl-f,-glucosaminidase, a-glucosidase, and ,8-glucosidase activities
and a decrease in a-mannosidase activity. The
data, although not conclusive, may indicate that
protein synthesis is required for the changes
involved in the expression of glycosidase activities (Table 3).
Heat-activated spores swelled normally in the
presence of 200 jig of cycloheximide per ml, but
did not release myxamoebae. When the inhibitor
was removed from the swollen spores, the myx-

It is possible that the five glycosidases are
located in more than one location in D. discoideum cells. For example, spores and cells suspended in acetate buffer (cell breakage controls)
have enzyme activity values similar to some of
the values obtained by the French press technique (Tables 1 and 2). Since these enzymes are
not released into the medium, the presence of
these assayable enzyme activities in whole dor100-

100-

so-

so-

o0

o-

0 lS 3'0

i5 6b
MIN at

7r SO
45C

O IS 30

4S

60 75 90

MIN at 45C

FIG. 2. Effect of prolonged heat treatment on glucosidase activities in postactivated spores of D. discoideum. The specific activities of dormant spore
enzymes were considered to be 100%, and the specific
activities in the heat-treated spores were compared
with the dormant spore levels. Symbols: A, a-glucosidase activity; A, 18-glucosidase activity; O, Il-galactosidase activity; E, a-mannosidase activity; 0, N-

acetyl-fl-glucosaminidase activity.

Downloaded from http://jb.asm.org/ on January 24, 2018 by UNIVERSITY OF NEW HAMPSHIRE LIBRARY

amoebae began to merge 1 h after the removal
of the drug. Figure 3 shows the expression of
glycosidase activities during the relief of swollen
spores from cycloheximide. The expression of
these enzymes under these conditions was not
coordinately controlled; this is similar to the
normal situation of heat-induced spore germination in the absence of cycloheximide (Fig. 1
and 3).
Effects of deactivating conditions. When
heat-activated spores were exposed to a severe
environmental stress during the early postactivation lag phase of spore germination, they did
not swell, but returned to the dormant state;
that is, they were deactivated (3). Deactivating
conditions blocked both the initiation of spore
swelling and the majority of the changes in
glycosidase activities (Table 4). An exception
was the activity of 8-galactosidase, which normally rose during the lag and early swelling
phases of germination (Table 4 and Fig. 1).
Deactivation appeared to allow the increase in
16-galactosidase which is characteristic of the lag
and early swelling stages of germination.
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TABLE 3. Effect of inhibitors ofprotein synthesis on the expression of lysosomal acid hydrolase activitiesa
Enzyme specific act'
Treatment

a-Glucosidase
6.2

,B-Glucosidase
6.6

fi-Galactosidase

a-Mannosidase

NAGc

19.0

21.6

1,559

10.8

81.9

18.8

9.6

1,699

3.8
4.9

3.7
5.9

22.2
22.1

18.9
19.7

1,160
1,417

ml)
2.9
6.8
20.5
20.9
Puromycin (1,000,ug/ml)
1,452
aSpores were incubated for 5 h after activation and then sampled for lysosomal acid hydrolase activities.
b The specific activity of each lysosomal acid hydrolase was equal to the units of enzyme activity per milligram
of protein, where 1 U of activity was defined as 1 nmol of p-nitrophenol released per min at 23.50C.
'NAG, N-acetyl-,B-glucosamninidase.
802000-
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FIG. 3. Effect of relief of swollen spores from the
inhibition of 200 pg of cycloheximide per ml and the
expression of glycosidase specific activities. The cycloheximide was removed 5 h after heat activation.
Symbols: 0, percent swollen spores; 0, percent
emerged myxamoebae; A, a-glucosidase activity; A,
,B-glucosidase activity; 0, /?-galactosidase activity;
*, a-mannosidase activity;
N-acetyl-1B-glucosaminidase activity.
0,

mant spores suggests that the enzymes may be
located near, or bound to, the extemal face of
the plasma membrane. It should be noted that
these unfractionated spores are still viable after
enzyme assay. In addition, when dormant spores
are heat-activated at 450C, the specific activities
of all of the enzymes decrease without apparent
harm to the germinating spores. Prolonged heat
activation treatment causes a reduction in activity, which finally reaches a basal level in overactivated spores; these data may imply that
portions of the enzymes are located at sites
susceptible to denaturation by the heat activa-

tion treatment (Fig. 2). Pugh and Cawson (16)
demonstrated that enzymes with optimal activity in the acid pH range are often located at
more than one cell site and that the distributions
of these enzymes vary during the life cycles of
the fungi. In Neurospora crassa cells there are
at least two enzymes with fi-glucosidase activity
which are found in separate cell compartments;
the aryl-f)-glucosidase is a mural enzyme,
whereas the cellobiase is an internal enzyme (7).
The aryl-,6-glucosidase of whole Neurospora
cells is denatured, whereas the cellobiase is resistant to treatment with 0.1 N HCI (7). Similarly, acid phosphatase has been reported both
in the lysosome and on the plasna membrane of
D. discoideum cells. The membrane-bound isozyme of acid phosphatase exists only during
vegetative growth (15). Further work is necessary to determine whether each of the isozymes
of the glycosidases (13) has a separate and distinct cellular location.
At present, the roles of these five enzymes
during spore germination are not known and can
only be speculated upon. It is possible that these
enzymes are involved in the following functions:
(i) degradation to provide energy or amino acid
precursors for macromolecular synthesis, (ii) direct involvement in the germination process itself, and/or (iii) preparation for vegetative
growth. At any rate, the expression of glycosidase activities during heat-induced germination
of D. discoideum spores does not seem to be
coordinately controlled. This is to be expected
since enzymes such as a-mannosidase function
during other developmental stages of the life
cycle (13). The enzyme may be degraded during
germination to provide amino acid precursors
for biosynthesis (Fig. 1 and 3).
Although the data are not conclusive, the
increases or decreases in glycosidase activities
after activation appear to require protein syn-
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TABLE 4. Effect of deactivation conditions on the expression of lysosomal acid hydrolase activitiesa
Enzyme sp act'
Treatment

a-Glucosidase
6.6

,B-Glucosidase
4.8

9.7
1.9
1.7

fl-Galactosidase a-Mannosidase
12.1

21.2

NAGc
1,470

75.9

14.1

12.9

1,763

8.0
4.3

23.4
21.9

24.7
15.9

1,577
1,266

mM)
O0C for 48 h
0.0
2.3
20.0
22.4
1,135
a Spores were incubated for 5 h after activation (except for the 0°C treatment), and then sampled for
lysosomal activities.
b The specific activity of each lysosomal enzyme assayed was equal to the units of enzyme activity per
milligram of protein, where 1 U of activity was defined as 1 nmol of p-nitrophenol released per min at 23.5°C.
NAG, N-acetyl-,8-glucosaminidase.
c

thesis. The changes in ,B-galactosidase activity
may be partially independent of the requirement
for protein synthesis. The enzyme could be preformed since the activity rises slightly under
deactivating conditions and when emergence is
blocked by protein synthesis inhibitors (Tables
3 and 4). Relief from cycloheximide allows the
normal transient decrease in 8-galactosidase to
occur in emerging myxamoebae (Fig. 3). With
the above in mind, the quantitative changes in
all five enzymes may be said to be germination
stage specific; i.e., blockage of swelling or emergence blocks further changes in enzyme activity.
N-acetyl-f8-glucosaminidase and a-glucosidase
undergo relatively small changes in activity during spore germination (Fig. 1). The slight increases in activity occurring after the majority
of the myxamoebae have been released (postemergence) suggest a role for these enzymes in
vegetative growth. Acid phosphatase, another
lysosomal enzyme, has a similar activity pattern
during spore germination (Tisa and Cotter, manuscript in preparation). The data from the experiments involving inhibitors of protein synthesis hint that protein turnover may be involved
in maintaining these relatively constant enzyme
activities (Table 3).
The increase in ,B-glucosidase activity may
require protein synthesis (Fig. 3 and Table 3).
This increase in activity begins near the transition point between spore swelling and emergence. The increase probably occurs before
emergence since spores relieved from cycloheximide inhibition demonstrate this increase in
activity before myxamoebae are released (Fig.
3). The enzyme,B-glucosidase possesses three of
the four characteristics required to be a developmentally significant enzyme (17): (i) fi-glucosidase undergoes a 12-fold increase in activity;
(ii) inhibitors of protein synthesis and UV irradiation (I. Demsar and D. A. Cotter, unpub-

lished results) block the increase in activity; (iii)
deactivating conditions block the expression of
this increase in f8-glucosidase activity; and (iv)
at present, this increase in activity has not been
shown to be altered in morphological germination mutants. Further work is necessary to establish whether specific ,B-glucosidase isozymes
play a direct role in germination and/or preparation for vegetative growth (13).
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