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Regulation of Glutamic Acid Decarboxylase During
Neurospora crassa Conidial Germination
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Glutamic acid decarboxylase (GAD) from Neurospora crassa was assayed in
dormant and germinating conidia that had been permeabilized by toluene and
methanol. N. crassa conidia contained 10 times the GAD activity found in
vegetativemycelia. During conidial germination, GAD activity rapidly decreased
to low levels before germ tubes appeared. GAD activity in germinating conidia
closely followed the decreasing rate of glutamic acid metabolism. Inhibiting
protein synthesis partially blocked the decrease in GAD activity, but eliminating
exogenous carbon sources did not alter the initial rate of decrease in this enzyme.
However, when conidia were incubated for more than 3 h in distilled water, GAD
activity began to increase and eventually reached levels comparable to those in
dormant conidia. Either GAD was reversibly inactivated or this enzyme could be
synthesized from endogenous storage compounds when conidia were incubated in
distilled water. These results are consistent with the hypothesis that GAD is a
developmentally regulated enzyme that is responsible for catalyzing the first step
in the metabolism of the large pool of free glutamic acid during conidial germi-
nation.

Neurospora crassa conidia have many of the
properties ofdormant spores, including chemical
and heat resistances (20). They also contain
large storage pools of readily metabolizable com-
pounds such as glutamic acid (19) and trehalose
(13). As soon as conidia contact water, they lose
their dormant properties and begin the early
phases of germination by initiating the metabo-
lism of these storage compounds (19). Conidia
can even initiate some of the early metabolic
changes that are normally associated with ger-
mination when they are exposed to 100% humid-
ity for extended periods of time (10). An exoge-
nous carbon source, however, is required to com-
plete the germination phase of the asexual cycle
of N. crassa which culminates in the formation
of a germ tube (20). The enzymes that are re-
sponsible for the metabolism of these endoge-
nous storage compounds are packaged into the
conidia during conidiation (19, 20). The activity
of these enzymes must be regulated in some
manner to prevent the premature metabolism of
these storage compounds. Understanding the
mechanisms that control the activity of these
enzymes is crucial for understanding the mech-
anisms responsible for activating dormant co-
nidia.

In a previous study, we found that glutamic
acid is the most abundant free amino acid in
dormant conidia (19). This amino acid alone can
account for 2.5% of the conidial dry weight.

During the early phases of germination, this pool
of glufamic acid is rapidly metabolized. All that
is required for the initiation of glutamic acid
metabolism is exposure to water. The first step
in glutamic acid metabolism is thought to be its
decarboxylation by glutamic acid decarboxylase
(GAD) to y-aminobutyric acid (GABA) (19).
GABA is further metabolized by the enzymes of
the GABA pathway and the citric acid cycle
(Fig. 1). The function of this pathway could be
to supply citric acid cycle intermediates and
reduced coenzymes for conidial germination.
This pathway was proposed because it can ac-
count for the appearance of GABA during the
first few minutes of conidial germination and for
the nearly stoichiometric relationship between
the decrease in glutamic acid and the increase
in aspartic acid pools that occur during the first
20 min of conidial germination.
The formation of GABA is one of the earliest

biochemical events that occur during conidial
germination (19). GABA is the only amino acid
that was not found in dormant conidia but was
found in germinating conidia. GABA has also
been implicated in the germination of seeds (9),
Bacillus thuringiensis endospores (1), and Ba-
cillus megaterium endospores (12). Aronson et
al. (1) suggested that GABA was involved in B.
thuringiensis endospore germination. They
found that GAD activity increased to a high
level during sporulation. A mutant strain of B.
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FIG. 1. Proposed pathway for glutamic acid me-
tabolism in N. crassa conidial germination. Abbre-
viations: GAD, glutamic acid decarboxylase (EC
4.1.1.15); GABA-TA, y-aminobutyric acid transami-
nase (EC 2.6.1.19); SSADH, succinic semialdehyde
dehydrogenase (EC 1.2.1.16); TCA cycle, tricarboxylic
acid cycle; and GOT, glutamate-oxaloacetate trans-
aminase (EC 2.6.1.1).

megaterium that requires GABA for germina-
tion has been isolated (11). This mutant strain
had low levels of GAD activity in its endospores
which prevented the degradation of its endoge-
nous glutamic acid pool (11). The germination
of these endospores required exogenous GABA.
Thus, the metabolism of glutamic acid by GAD
may be a critical event required for the germi-
nation of dormant cells from a variety of orga-
nisms.
The rate of glutamic acid metabolism during

conidial germination could be controlled by reg-
ulating the activity of GAD, the first enzyme in
this pathway (Fig. 1). GAD has not been studied
previously in N. crassa. We have begun to char-
acterize the catalytic and regulatory properties
ofGAD as a function ofthe asexual development
cycle of N. crassa. In a preliminary study, we
found that conidia contain high levels of GAD
activity (5). The following work describes some
of the properties of GAD and shows that this
enzyme is regulated during germination. The
unique changes in GAD activity that occur dur-
ing the asexual development cycle of N. crassa
are consistent with the hypothesis that this en-
zyme is responsible for the metabolism of glu-
tamic acid during conidial germination.

MATERIALS AND METHODS

Strain and chemicals. The nada strain of N.
crassa (FGSC 2688) was used in these studies. This
strain lacks the extracellular enzyme NAD(P)+ glyco-
hydrolase (18) and can be obtained from the Fungal
Genetics Stock Center, Humboldt State College, Ar-
cata, Calif. The radioactive amino acids were obtained
from New England Nuclear Corp., Boston, Mass. All
other chemicals were purchased from Sigma Chemical
Co., St. Louis, Mo., except where noted.
Harvest and germination of conidia. The co-

nidia were obtained from cultures grown on agar slants
at 24°C in test tubes (18 by 150 mm) on a complete
medium (21) containing 1% Casamino Acids, 0.5%
yeast extract, 2% sucrose, 1% glycerol, and Vogel salts
(25). Dry-harvested conidia were obtained by inverting
the culture tube and tapping the conidia into a pre-
weighted tube (19).
The dry-harvested conidia were used to inoculate

either liquid medium containing 2% glucose and Vogel
salts (25) or distilled water. The final concentration of
the inoculum was 1.5 mg of freshly harvested conidia
per ml of medium. These cultures were incubated at
24°C on a rotary shaker at 150 rpm. Samples contain-
ing 5 ml of germinating conidia were mixed with 185
nmol of cycloheximide and placed on ice. The samples
were centrifuged at 2,000 rpm for 6 'min at 4°C, the
supernatant was removed, and the conidia were per-
meabilized.

Permeabilization of conidia The conidia were
permeabilized by a modification of the procedure of
Basabe et al. (2). Five milliliters of phosphate-EDTA
buffer (20 mM potassium phosphate, 10 mM EDTA,
pH 6.8) was added to the conidial pellet. Immediately,
300 ,ul of a 1:4 mixture of toluene and methanol was
added. The solution was blended in a Vortex mixer for
2 min and centrifuged for 6 min at 2,000 rpm. Dry-
harvested conidia were suspended directly into phos-
phate-EDTA buffer containing toluene and methanol.
After the supernatant was removed, the conidia were
washed twice with 6 ml of phosphate-EDTA buffer.
The washed, perneabilized conidia were suspended in
1 ml of 100mM Tris buffer, pH 7.1. The permeabilized
conidia were either assayed immediately or stored at
-800C.
GAD assay. GAD activity was assayed by measur-

ing the amount of "4C02 released from DL-[1-'4C]glu-
tamic acid. The GAD assay was adapted from that of
Schrier et al. (22). The reaction vessel was a test tube
(10 by 37 mm). The test tube was inserted into a
flanged rubber stopper (Arthur H. Thomas Co., Phil-
adelphia, Pa.; lot 1781-E90). The whole assembly was
inserted into the top of a scintillation vial (inside
diameter, 15 mm) and sealed with Parafilm. The scin-
tillation vial contained a scintillation pad (Arthur H.
Thomas Co.; lot 4752-N10) that was impregnated with
35 pl of 1.0 M methylbenzethonium hydroxide. The
standard reaction mixture contained 45 mM PIPES
[piperazine-N,N'-bis(2-ethanesulfonic acid)] atpH 5.5,
45 mM histidine at pH 5.5, 0.9 mM pyridoxal-5'-phos-
phate, 0.9 mM EDTA, 0.9 mM mercaptoethanol, and
up to 185 ug of permeabilized conidia. The reaction
was started by adding L-glutamic acid, pH 5.7. The
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final glutamic acid concentration was 27 mM, with 1.1
ttCi of DL-[1-'4C]glutamic acid per ml. The total reac-
tion volume was 110 1l. After 30 min of incubation at
24°C, the reaction was terminated by adding 200,1 of
8 N H2SO4 through the rubber stopper with a syringe.
The test tube was gently released to the bottom of the
vial with the syringe needle. The 14CO2 produced by
GAD was absorbed by the methylbenzethonium hy-
droxide for at least 1 h. The test tube was removed,
and 5 ml of a scintillation cocktail was added. One liter
of scintillation cocktail was made by mixing 656 ml of
toluene, 298 ml of methanol, and 46 ml of Liquifluor
(New England Nuclear Corp.). The radioactivity was
measured on a Beckman scintillation counter. The
activity of GAD was measured as the nanomoles of
CO2 released per minute. All assays were done in
triplicate and usually varied less than ±10%. Assays
without enzyme and without glutamic acid were done
as controls for each experiment, and background levels
of 14C02 were obtained.

Protein assay. The protein concentration was
measured directly in the samples of permeabilized
conidia (6). The procedure was based on the "Bio-Rad
Protein Assay" (Bio-Rad Laboratories, Richmond,
Calif., bulletin 1060, February 1979). The permeabil-
ized conidia were prepared for the protein assay by
blending 300 ,ul of sample (5 to 10 mg of permeabilized
conidia) with 300 jig of acid-washed sand in a Vortex
mixer for 2 min. After the sand settled, the supematant
was removed and stored at 4°C. The protein content
of the supematant was determined by mixing 20 p1 of
the ground cells with 1 ml of dye. After 10 min,
followed by gentle mixing, the absorbance was mea-
sured at 595 nm. A protein standard curve was pre-
pared with bovine immunoglobulin G for each assay.
The protein content of the sample was determined by
comparison with the standard curve. The assay was
very reproducible and was linear from 4 to 28 ug of
protein per assay.

RESULTS
Properties of GAD. High levels of GAD

activity were detected in dry-harvested conidia
that had been permeabilized by toluene and
methanol (Table 1). Very little GAD activity
was found in cell-free extracts, and none was
released into the supernatant when the conidia
were permeabilized (Table 1). Pyridoxal-5'-
phosphate was required for maximal activity
(Table 1). Little activity was detected when glu-
tamine or ornithine was used as an alternate
substrate. The specific activity of GAD in dry-
harvested conidia averaged 152 ± 50 nmol of
CO2 min 1 mg of protein-'. Very similar specific
activities for GAD were obtained with an assay
that directly measured GABA production rather
than CO2 evolution (5).
Under standard assay conditions, the produc-

tion of CO2 increased linearly with respect to
time and to the milligrams of permeabilized
conidia that were added to the assay mixture

(Fig. 2). The linearity of these results indicates
that no product inhibition of GAD occurred
during the period of the reaction and that the
GAD activity was stable in permeabilized co-
nidia. Permeabilized conidia could also be stored
for 2 months at -80°C with a loss of GAD
activity of less than 20%. Further, endogenous

TABLE 1. GAD activity in N. crassa conidiaa

Source of enzyme Substrateb Activity

Permeabilized co- Glutamate 100
nidia

Glutamate (no 66
pyridoxal-5'-
phosphate)

Glutamine 3
Ornithine 4

Supernatant from Glutamate 0
permeabilized
conidiac

Cell-free extractd Glutamate 9
a Dry-harvested conidia were obtained as described

in the text.
"The assay mixtures contained 26mM L-glutamate,

L-glutamine, or L-ornithine, with 0.23 t,Ci of DL-[1-
"C]glutamate, L-[U-'4C]glutamine, or DL-[1-'4C]orni-
thine per assay, respectively. The substrates were
adjusted to pH 5.7.

' This sample was the supernatant from the toluene-
methanol permeabilization of dry-harvested conidia.

d Conidia were ground with sand at 4°C in 100 mM
potassium phosphate (pH 6.8), and the cellular debris
was removed by centrifugation at 2,000 rpm for 6 min.

mg conidia
0.05 0.1 0.15

90

O70_-/ _so70 X H
50

0C1 U

10 30 50 70 90
REACTION TIME (min)

FIG. 2. Linearity ofthe GAD assay. Dry-harvested
conidia were permeabilized as described in the text.
GAD activity was determined by measuring the CO2
released from glutamic acid. Symbols: 0, reaction
time with 0.11 mg of conidia per assay; U, mass of
permeabilized conidia assayed for 30 min.
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small molecules could not have affected the a

GAD activity in our assay since most of the free
amino acids and other soluble small molecules
were released from the conidia by the permea-
bilization procedure. In a control experiment,
the free amino acids were extracted from conidia 9 .
after the toluene-methanol treatment with boil-
ing 80% ethanol (19) and were measured with a
Beckman 119CL amino acid analyzer. The ana- / /
lyzer data showed that permeabilized conidia u
had lost more than 92% of their endogenous free a 6 -

amino acids and that 94% of the glutamic acid c
pool had been solubilized. No inhibitors were E
detected when dormant and germinating conidia -
were assayed together. These results indicated
that the observed GAD activity was represent- 3
ative of the endogenous activity of this enzyme.
The pH optimum for GAD activity was be-

tween pH 5 and 6 when a histidine-PIPES buffer
was used. In addition to pH, GAD activity was
also dependent on the buffer used. Both histi- -______.
dine and PIPES buffers separately gave much -0.3 -0.1 0.1 0.3 0.5
higher activities at pH 6 than were obtained LGLUTTE] (mM)
when a potassium malonate buffer was used.
Equal molar mixtures of histidine and PIPES FIG. 3. Effect ofglutamic acid and GABA conc
gave an activity 10 to 20% higher than did either trations on GAD activity. GAD was measured
ofthes buffers alone. In the comb d. histidine- permeabilized dry-harvested conidia as described
f t sE buffer,sGAl theicombinc ed slig the text. The Lineweaver-Burk plots were derizPIPES buffer, GAD activity increased slightly from assays ofGAD activity at various glutamic a(
from pH 6 to 5. At pH 5, the buffer components concentrations in the presence of 0 (0), 35 (0),
began to precipitate. Therefore, all other GAD (0), and 150 (A) mM GABA.
assays reported in this paper were done at pH
5.5 in the combined histidine-PIPES buffer.
GAD activity in permeabilized conidia fol-

lowed Michaelis-Menten kinetics (Fig. 3). The 2.0 _
apparent Km for glutamate was 3.2 mM. A glu- 0 _ lo
tamate concentration of 27 mM, which was 87%
of Vmax, was used to measure GAD activity in 1.0
the standard assay system. GABA was found to 0.8 80
be a competitive inhibitor of GAD activity in /
permeabilized conidia. The Ki for GABA was 70 Z0.6
mM, as determined by replotting the slopes of E
the curves in Fig. 3 against the GABA concen- 04 -

tration. 40

Protein content of germinating conidia.
One potential problem with measuring the spe- 0.20-
cific activity ofGAD during conidial germination
could be variations in protein extraction (20). To
overcome this difficulty, the protein content was
assayed in the same preparation of permeabil- 1 3 5
ized cells that was used for the enzyme assay. GERMINATION (hours)
This procedure also eliminated the sampling FIG. 4. Germ tube formation, protein synthet
error caused by the tendency of germinating and dry weight increase during conidialgerminati
conidia to clump together. The protein content Conidia were consideredgerminated when theirge
begatoincrease very..soon.after.the.conidia tubes were one-halfthe diameter ofthe conidium (Ibegan to icrease very soon after the comdiua Protein was assayed as described in the text. I

were suspended in minimal glucose medium weight was measured after drying conidia harves
(Fig. 4). After 1 h, both the protein content and on preweighed filters at 90°C for 24 h. Symbols:
the total dry weight of these cultures increased, dry weight; U, percent germination; 1O, protein c(
with doubling times of 2.5 h (Fig. 4). The protein centration.
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content remained constant when conidia were
incubated in distilled water and when cyclohex-
imide was added to the growth medium (6).
Inactivation ofGAD during conidial ger-

mination. The specific activity of GAD de-
creased rapidly during the early phases of conid-
ial germination (Table 2 and Fig. 5). The half-
life of the GAD activity was 28 min. After 3 h,
most of the conidia had germinated (Fig. 4), and
the specific activity of GAD had decreased to
12% of its initial activity (Fig. 5). The specific
activity of GAD remained at this low level for at
least another 8 h during vegetative growth. None
of the GAD activity was released into the me-
dium during germination.
The specific activities of three other enzymes

that could metabolize glutamic acid changed
differently than did that ofGAD during conidial
germination (Table 2). Dormant conidia con-
tained moderate levels of NAD+ and NADP+
glutamate dehydrogenase [GDH(NAD+) and
GDH(NADP+), respectively] activities and high
levels of glutamate-oxaloacetate transaminase
(GOT) activity. The specific activity of
GDH(NAD+) decreased during germination but
not to the extent that GAD decreased. In con-
trast, the specific activity of GDH(NADP+) in-
creased threefold in this experiment. The spe-
cific activity of GOT decreased and then in-
creased slightly during the early stages of conid-
ial germination. All of these enzyme activities
exhibited trends different from GAD activity,
TABLE 2. Changes in activity of enzymes which

could potentially utilize glutamate during N. crassa
conidial germination'

Relative enzyme activity (%)
Enzyme'

To-dryc T0.5 T, T4
GAD 100d 56 38 16
GDH(NAD+) 100 60 63 47
GDH(NADP+) 100 180 240 300
GOT 100 76 110 63

a All of the enzymes were assayed in the same
samples derived from a single preparation of conidia
germinated in minimal medium as described in the
text.

b Permeabilized conidia were assayed for GAD ac-
tivity and protein content as described in the text.
GDH(NAD+), GDH(NADP+), and GOT were assayed
by the procedures of Mazon (16) and Kachmar and
Moss (14), respectively. All enzyme assays were done
at 23°C.

c The time of growth (T) was measured in hours.
d The percent relative activities were based on the

specific activities of permeabilized dry-harvested co-
nidia. The specific activities of the 0-dry samples were
as follows: GAD, 63 nmol ofCO2 minM mg of protein-';
GDH(NAD+), GDH(NADP+), and GOT, 32, 16, and
450 nmol of NAD(P)H min-' mg of protein-', respec-
tively.

0

0,

E.

0

E

c

E

1 2
INCUBATION TIME (hours)

FIG. 5. Changes in GAD activity during conidial
germination. Dry-harvested conidia were used to in-
oculate cultures containing minimal glucose medium
with (F) and without (U) 36 M cycloheximide. The
cultures were incubated with shaking at 150 rpm and
24°C, and samples were removed at the times indi-
cated. The samples werepermeabilized and stored at
-80°C until assayed for GAD activity and protein.

which decreased to 16% of its initial level during
this experiment.
The decrease in the specific activity of GAD

was partially prevented by adding cycloheximide
to the growth medium before inoculating with
conidia (Fig. 5). The protein content of the co-
nidia remained constant and no germ tubes were
formed in the presence of cycloheximide. The
GAD activity decreased 30 to 40% during the
first few minutes of conidial exposure to cyclo-
heximide-containing medium; however, further
decreases in GAD activity were blocked (Fig. 5).
These results suggest that either some inactiva-
tion ofGAD occurred before cycloheximide pen-
etrated the conidia or the very initial inactiva-
tion of GAD was not dependent on protein syn-
thesis.
The specific activity of GAD decreased at

nearly the same rates when conidia were incu-
bated in distilled water or in minimal glucose
medium (Fig. 6A). GAD decreased even though
there were no visible signs of germination, and
the net protein content remained constant.
These results indicate that an exogenous carbon
source was not required for the inactivation of
GAD.

Protein synthesis was apparently necessary
for the complete inactivation ofGAD in distilled
water, even though the net protein content of
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FIG. 6. Changes in GAD activity in distilled water.
(A) Dry-harvested conidia were used to inoculate
distilled water with (C) and without (H) 36puM cyclo-
heximide. The cultures were incubated at 24°C with
shaking at 150 rpm, and samples were removed at the
times indicated. The samples werepermeabilized and
stored at -80°C until assayed for GAD activity and
protein. (B) At 24 h, aportion ofthe culture ofconidia
that had been incubating in distilled water was har-
vested on a sterile filter and used to inoculate a flask
containing minimal glucose medium. All other cul-
ture conditions were the same as for (A).

conidia remained constant. The addition of cy-
cloheximide to the distilled water inhibited 70%
of the inactivation of GAD (Fig. 6A). The rapid
initial drop in GAD activity still occurred, just
as it did when conidia were incubated in minimal
glucose medium with cycloheximide (Fig. 5).
The specific activity ofGAD began to increase

after the conidia had been incubated in distilled
water for several hours and eventually reached
a level comparable to that in dormant conidia
(Fig. 6A). Cycloheximide added at 2 to 3 h after
incubation in distilled water had little effect on
the subsequent increase in GAD activity. When
the conidia incubated in water were transferred
to minimal glucose medium after 24 h, GAD
activity decreased rapidly (Fig. 6B), just as it did
when the conidia were first suspended in either
distilled water or minimal glucose medium. In
this experiment, the protein content began to
increase at normal rates, and germ tubes began
to appear within 3 h after the conidia were

transferred to minimal glucose medium.

DISCUSSION
N. crassa conidia contain 5 to 10 times the

GAD activity of vegetative mycelia. This en-
zyme is stored in conidia during conidiation,
apparently for use during germination. The sub-
strate for GAD, glutamic acid, is also stored at
high levels in conidia (19). Glutamic acid is the
predominant free amino acid in conidia and

alone can account for up to 2.5% of the conidial
dry weight (19). During germination, glutamic
acid is metabolized and GABA, the product of
GAD, is formed. If GAD activity remained at
the level of dormant conidia, it would be suffi-
cient to degrade all of the stored glutamic acid
within 8 min. The observation that conidia con-
tained high levels of GAD activity is consistent
with the hypothesis that this enzyme plays a key
role in metabolizing glutamic acid during the
early phases of conidial germination (20).
GAD is one of only three intracellular en-

zymes that has a specific activity higher in dor-
mant conidia than in mycelia. Only malate syn-
thase (7) and succinic semialdehyde dehydro-
genase (unpublished data) are present at levels
higher in conidia than in mycelia. This second
enzyme is also part of the proposed pathway for
glutamic acid metabolism during germination
(Fig. 1). All of the other enzymes that are stored
at high levels in conidia are extracellular en-
zymes (20). Several experiments support the
conclusion that GAD is an intracellular enzyme.
GAD activity could not be washed from the
surface of the conidia, and none of the activity
was released into the medium during germina-
tion. Also, GAD activity could not be detected
until after the conidia had been permeabilized
with toluene and methanol.
The assay ofGAD in a permeabilized conidial

sample reflected the true enzyme activity pres-
ent in that sample. Amino acid analysis of whole
conidia and post-perneabilized conidia indi-
cated that the substrate for GAD and other
amino acids had been removed by the permea-
bilization process. The treated conidia appeared
to be freely permeable to glutamate and GABA.
Other low-molecular-weight molecules that
might alter GAD activity would also be elimi-
nated by the permeabilization procedure. The
enzyme assay was linear over a wide range of
substrate concentrations, indicating that the re-
maining endogenous glutamic acid pool was very
small and did not interfere with the measuring
of GAD activity by following C02 evolution. In
a previous study (5), we showed that GAD ac-
tivity decreased during the early stages of conid-
ial germination by using an assay that directly
measured GABA production.
The specific activity ofGAD decreases rapidly

during the early phases of conidial germination.
The mechanism for the inactivation of GAD
may be specific for this enzyme. Three other
enzymes, GDH(NAD+), GDH(NADP+), and
GOT, which utilize glutamate as a substrate did
not follow the same changes in specific activity
as did GAD during conidial germination (Table
2). GDH(NAD+) activity decreased but not as
much as did GAD activity, while GDH(NADP+)

J.BACTERIOL.



GLUTAMIC ACID DECARBOXYLASE OF N. CRASSA 989

activity increased threefold over the same 4 h.
These results were similar to those reported by
others (15, 16, 24). GOT activity was high in
conidia and remained relatively high during ger-
mination. These results indicate that the change
in GAD activity that occurs during germination
was not caused by the permeabilization proce-
dures since some activities of the enzymes were
increased whereas others were decreased, even
though they were assayed in the same prepara-
tion of germinating conidia
The rate that GAD activity decreased during

conidial germination correlated very well with
the rate of glutamic acid degradation. During
the first 30 min of germination, GAD activity
decreased to 50% of its initial level and about
half of the stored glutamic acid was metabolized
(19). Both the glutamic acid pool and the activity
of GAD approached their minimum levels after
1 h. Thus, as GAD is inactivated, the rate of
glutamic acid metabolism is reduced.
The inactivation of GAD is apparently de-

pendent on protein synthesis. Cycloheximide in-
hibited 60 to 70% of the inactivation of GAD.
The inability of cycloheximide to block the total
decrease in GAD activity was probably due to
the inability of cycloheximide to rapidly pene-
trate the dormant conidia. Conidia have a hy-
drophobic surface layer that is lost when they
are suspended in water or growth medium (3, 8,
23). This hydrophobic surface layer could inter-
fere with the transport of cycloheximide. Since
protein synthesis is initiated very rapidly during
conidial germination (4, 17), some protein syn-
thesis-dependent inactivation of GAD could
have occurred before cycloheximide was able to
block protein synthesis.
The inactivation of GAD does not require

exogenous carbon sources. When conidia were
incubated in distilled water, GAD activity de-
creased to low levels and remained low for sev-
eral hours. The initial rate of GAD inactivation
in water was very similar to the rate of inacti-
vation in minimal glucose medium. Cyclohexi-
mide again inhibited 60 to 70% of the inactiva-
tion of GAD. These results indicate that, even
in the absence of exogenous carbon sources,
protein synthesis is necessary for the inactiva-
tion of GAD. Apparently, the metabolism of
endogenous storage compounds can supply the
energy and precursors necessary for protein syn-
thesis.
GAD activity begins to increase during conid-

ial incubation in distilled water after 3 to 8 h,
even though no net protein synthesis or germ
tube formation occurs (Fig. 6). Thus, eitherGAD
can be synthesized and accumulated under star-
vation conditions or the mechanism responsible
for inactivating GAD is readily reversible. The

observation that cycloheximide did not prevent
the increase in GAD activity that occurred in
distilled water could support the hypothesis that
GAD inactivation is reversible. However, an-
other possible explanation is that the cyclohex-
imide could no longer penetrate the cells, per-
haps due to a change in the properties of the
conidia during starvation. The increase in GAD
activity in distilled water indicates that the co-
nidia can reestablish the enzymatic systems as-
sociated with dormancy in preparation for a time
when environmental conditions are more favor-
able for completing germination.
Both glutamic acid and the degradative en-

zyme GAD are stored at high levels in dormant
conidia. A regulatory mechanism must exist that
prevents GAD from degrading glutamic acid
during conidiation. This regulatory mechanism
is terminated as soon as the conidia are exposed
to water. Exposure to water appears to be the
event that initiates glutamic acid degradation as
well as other developmental changes that occur
during the early phases of conidial germination
(20). This regulatory mechanism must be quite
efficient since GABA cannot be detected in dor-
mant conidia, but it is found in conidia that have
been briefly exposed to water (19).
A second regulatory mechanism that specifi-

cally inactivates GAD appears to be responsible
for controlling the rate of glutamic acid metab-
olism during germination. There is a good cor-
relation between the level of GAD activity and
the rate of glutamic acid degradation in germi-
nating conidia. As GAD is inactivated, the rate
of glutamic acid metabolism is decreased. Future
experiments will be designed to obtain more
information about both of these regulatory
mechanisms.
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