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In Neurospora, invertase is predominately an extracellular enzyme, and acid
phosphatase is partially external in location. Both extracellular invertase and
acid phosphatase were rapidly and quantitatively inactivated by acid treatment
(pH 1.3). When such acid-treated cells were incubated with a suitable carbon
source, a substantial regeneration of invertase activity occurred, but no restora-
tion of acid phosphatase could be detected. The regeneration of invertase does
not occur by renaturation of the inactivated enzyme, nor by secretion of
a preexisting intracellular pool of invertase, but instead requires de novo enzyme
synthesis. Invertase synthesis was partially repressed by glucose and mannose
and was completely inhibited by 2-deoxyglucose. Acetate was found to inhibit
invertase regeneration and the transport and incorporation of uracil and leucine.
Several potential inhibitors of transcription, including alpha-amanitin, 5-fluo-
rouracil, actinomycin D, and three derivatives of rifamycin, were ineffective in
preventing invertase regeneration and in inhibiting the synthesis of ribonucleic
acid. Conidia appeared to be very poorly permeable to these compounds.

The enzyme invertase of Neurospora crassa is
primarily localized outside of the membrane of
the cell. Metzenberg (12) showed that the
enzyme of whole cells is accessible to substrate
and that it is also inactivated by brief acid
treatment, which does not impair conidial via-
bility nor affect intracellular enzymes such as
alkaline phosphatase. Chang and Trevithick
(4) found that about 8% of the conidial invertase
is actually entrapped within the cell wall,
whereas most of the invertase is presumed to be
free within the periplasmic space or associated
with the outside of the plasma membrane.
When conidia are briefly treated at pH 1.3,

the extracellular invertase is rapidly and com-
pletely inactivated. When such invertaseless
conidia are incubated under certain conditions,
however, a regeneration of extracellular enzyme
occurs long before germination takes place (8).
This reappearance of extracellular invertase
'could result from enzyme renaturation or the
secretion of preexisting intracellular enzyme, or
it might require de novo enzyme synthesis. In
the last case, invertase biosynthesis could pro-
ceed by translation of a stable messenger ribo-
nucleic acid (RNA); on the other hand, enzyme
regeneration might require both transcription
and translation. These possibilities are ex-
amined in this paper. Acid phosphatase, an
enzyme that is also partially extracellular in
location, was also inactivated by the same acid

treatment. However, no regeneration of acid
phosphatase was observed under conditions
where substantial invertase regeneration oc-
curred.

MATERIALS AND METHODS
Neurospora strains. The wild-type strain 74-

OR23-1A was provided by the Fungal Genetics Stock
Center, Humboldt State College, Arcata, Calif. Co-
nidia were obtained from petri plates containing Fries
minimal salts plus sucrose (1.5%) solidified with agar
(1.5%). After growth for 6 to 7 days at 25 C, the
conidia were harvested, suspended in water, and
filtered through glass wool. The concentration of
conidia was determined by measuring the turbidity of
suspensions at 420 nm.

Inactivation of conidial invertase. Conidia sus-
pended in distilled water at 4 C were mixed with an
equal volume of cold 0.1 N hydrochloric acid and kept
for 10 min in an ice bucket, when sufficient sodium
acetate or sodium succinate was added to bring the
pH to 5. Fructose was usually added to a final
concentration of 10 mM. For invertase regneration,
the treated conidia were then incubated at 37 C for
various time intervals, after which cycloheximide was
added.
Enzyme assays. Invertase assays were conducted

as described by Metzenberg (11). To assay alkaline
phosphatase, samples. of conidia were incubated at 37
C in 0.05 M tris(hydroxymethyl)aminomethane-
hydrochloride buffer, pH 8.0, containing 5 mM p-
nitrophenol phosphate and 1 mM MgSO4 for 15 min.
The reaction was stopped by addition of 0.5 ml of 2.0
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N NaOH, the conidia were sedimented by centrifuga-
tion, and the amount of free p-nitrophenol released
was determined by measuring the absorbance at 405
nm. Acid phosphatase was assayed in a similar
manner but with 30 min of incubation at pH 5.0 in
succinate buffer. The activity of each enzyme was
reported as the net change in absorbency observed at
the appropriate wavelength under the conditions
described.

Uracil transport and incorporation. Samples of
conidia or mycelia were incubated with 0.1 ml of
uracil-2-14C (2 jsCi/ml) in a total volume of 1 ml at 37
C with shaking for 0, 30, and 60 min, except that
10-min uptake periods were used in some cases. The
amount of uracil transported was determined by
collecting the conidia on glass fiber filters and wash-
ing them well with water containing 0.1 mg of
nonradioactive uracil per ml. The amount of uracil
which had been incorporated into macromolecules
was determined by adding 2 ml of 95% ethyl alcohol to
similar incubation mixtures, which were then heated
at 80 C for 30 min; 3 ml of cold 10% trichloroacetic
acid was then added. After, standing at 4 C for 30 min,
the precipitates were collected on prewashed mem-
brane filters (1.2-rim pore size; Millipore Corp., Bed-
ford, Mass.) and washed well with cold 5% trichloro-
acetic acid containing 0.1 mg of nonradioactive uracil
per ml. The filters were placed in vials and counted
with 10 ml of dioxane-based scintillation fluid in a
Beckman LS-120 scintillation counter.

Leucine transport and incorporation. Samples of
conidia or mycelia were incubated with 0.1 mM
"4C-leucine (2 jCi/ml) for 0, 30, and 60 min at 37 C in
a total volume of 1 ml. Leucine uptake was measured
by collecting the conidia on glass fiber filters and
washing them with a solution of nonradioactive leu-
cine. The amount of leucine incorporated into protein
was determined by stopping identical samples with 4
ml of 12.5% trichloroacetic acid. The samples were
heated for 30 min at 80 C, when the precipitate was
collected on a membrane filter and washed four times
with 5-ml portions of cold 5% trichloroacetic acid.

Chemicals. Uracil-2-14C (7.2 ACi/MAmol) and leu-
cine-U-14C were purchased from New England Nu-
clear Corp., Boston, Mass. Three derivatives of ri-
famycin were kindly provided by Luigi Silvestri of
Gruppo Lepetit, Milan, Italy. The structures of the
rifamycin derivatives are given in reference (10).
Actinomycin D was a gift from Merck, Sharp, and
Dohme Research Laboratories, Rahway, N.J., and
anisomycin was provided by Pfizer Co., Inc., Brook-
lyn, N.Y. T. Wieland, of the Max Planck Institute,
Heidelberg, Germany, kindly provided a sample of
alpha-amanitin. All other compounds were of reagent
grade and purchased from common commercial
sources.

RESULTS

Invertase regeneration. When conidia
whose extracellular invertase had been quan-
titatively inactivated by acid treatment were
subsequently incubated at 37 C under the

proper conditions, considerable regeneration of
the enzyme occurred. Regeneration required the
presence of a carbon source (Table 1). Fructose,
galactose, sucrose, and trehalose allowed much
enzyme regeneration, while glucose and man-
nose permitted a decreased level of regenera-
tion, but still an amount substantially above
that observed in the absence of any supplement.
On the other hand, 2-deoxyglucose completely
inhibited the regeneration of invertase. Fructose
was routinely used to obtain an optimal amount
of enzyme regeneration. The regenerated ex-
tracellular enzyme was found to be firmly
associated with the conidia; all of the activity
remained with the cells after centrifugation or
when they were collected on membrane filters.
The enzyme is presumed to be trapped between
the cell membrane and the cell wall.

Although invertase regeneration proceeded
well in succinate buffer at pH 5, it completely
failed to occur in acetate buffer under otherwise
identical conditions. Acetate not only inhibited
invertase regeneration but also prevented the
uptake and incorporation of both uracil and
leucine (Table 2). The acetate inhibition was
not readily reversible because cells which had
been incubated in acetate for 60 min and then
washed free of the inhibitor were still unable to

TABLE 1. Effect of different carbon sources on
invertase regenerationa

Carbon source Invertase regeneration Fructose(enzyme activity) level (%)

None ............ 0.183 12
Galactose ........ 1.693 111
Sucrose .......... 1.789 118
Trehalose ........ 1.751 115
Fructose ......... 1.521 100
Glucose .......... 0.696 46
Mannose ......... 0.462 30
2-Deoxyglucose ... 0.034 2
None + cyclohexi-
mide .......... 0.004 1

Fructose + cyclo-
heximide ...... 0.005 1

a Acid-treated conidia were neutralized with succi-
nate and incubated for 60 min with the indicated
sugars, each at a final concentration of 20 mM.
Enzyme regeneration was stopped by the addition of
cycloheximide, and the conidia were collected on
1.2-!um membrane filters and washed well to remove
the sugars. The cells were then suspended in succinate
buffer containing cycloheximide (0.1 mM) and as-
sayed for invertase. Control experiments showed that
no interference in the invertase assay resulted from
accumulation of sugars during the prior incubation
period.
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TABLE 2. Invertase regeneration and leucine and
uracil transport in acetate and in succinatea

Activity observed
Determination

In acetate In succinate

Invertase regeneration ... 0.020 1.485
Leucine transport ....... 627 33,850
Leucine incorporation ... 40 27,145
Uracil transport ........ 487 27,961
Uracil incorporation ..... 37 3,541

aAcid-treated conidia were neutralized with either
sodium acetate (0.13 M) or sodium succinate (0.06 M)
to pH 5. Identical samples were utilized for invertase
regeneration, leucine transport and incorporation,
and uracil transport and incorporation for 60 min as
described in Materials and Methods. Invertase regen-
eration is expressed as enzyme activity; all other
values are net counts per minute determined in each
assay.

regenerate the enzyme after resuspension in
succinate buffer.

Inhibition by cycloheximide. The regenera-
tion of invertase was completely inhibited by
the addition of 0.1 mM cycloheximide. Ani-
somycin, another inhibitor of protein biosynthe-
sis in eukaryotes, also completely inhibited
invertase regeneration. When regeneration was
allowed to proceed for various intervals, the
addition of cycloheximide immediately pre-
vented further increases in the amount of en-
zyme. These results imply that protein biosyn-
thesis is required for invertase regeneration (5).
The question immediately arises, however, as to
whether it is invertase per se that is synthesized
during the regeneration process, or whether the
secretion or a preexisting intracellular pool of
invertase requires the synthesis of another pro-
tein involved somehow in the secretion step.

Intracellular invertase. Conidia which had
been acid-treated to destroy external invertase
and untreated, normal conidia were examined
for their content of intracellular enzyme by
incubation with the polyene antibiotic tyroci-
dine. This antibiotic is known to cause the
formation of roughly spherical holes, approxi-
mately 12.5 nm in diameter, in steroid-contain-
ing membranes (3). These membrane lesions
permit ready permeation by low-molecular-
weight substrates, allowing direct assay of in-
tracellular enzymes in whole cells.
The constitutive alkaline phosphatase of co-

nidia is almost exclusively localized within the
permeability barrier; only about 3% of the total
enzyme activity, which is near the limit of
sensitivity of the assay, could be detected with
untreated conidia (Table 3). Treatment of the

conidia with tyrocidine or with 50% dimethyl-
sulfoxide revealed the presence of a large com-
plement of cryptic alkaline phosphatase, al-
though tyrocidine was by far the most efficient
in this regard and was, therefore, utilized for
subsequent studies with invertase.
Normal conidia have only approximately 10%

of their total invertase in an intracellular loca-
tion; the remainder is apparently all outside the
permeability barrier (Table 4). When normal
conidia were simply incubated for 60 min, a
substantial increase (60 to 70%) in both the
intracellular and extracellular enzyme was ob-
served. This increase in the amount of invertase
was prevented by the presence of cyclohexi-
mide, although no turnover of the original
activity occurred.
When acid-treated conidia were examined, it

was found that the external invertase was
completely absent and some of the intracellular
enzyme was missing. Acid-treated conidia have
a very limited quantity of intracellular inver-
tase, which cannot nearly account for the resto-
ration of enzyme that occurs during regenera-
tion (Table 4). Indeed, during the regeneration
process an increase in both the intemal and
extemal enzyme levels occurred. Therefore, it is

TABLE 3. Exposure of cryptic alkaline phosphatase of
conidiaa

Treatment Alkaline phosphatase
activity

Expt 1
DMSO
0% 0.043
10% 0.116
20% 0.119
30% 0.240
40% 0.556
50% 0.740
60% 0.471

Expt 2
Control 0.050
Tyrocidine (50 ug/ml) 1.710
Tyrocidine (100 jig/ml) 1.695

a In the first experiment, samples (1 ml) of a
conidial suspension (optical density at 420 nm 4.0)
were incubated with dimethylsulfoxide (DMSO) at
the indicated final concentrations in a total volume of
2 ml for 30 min at 30 C. The cells were washed with
water twice, resuspended in 1 ml of water, and
assayed for alkaline phosphatase. In the second ex-
periment, 1 ml of a similar conidial suspension was
incubated with tyrocidine at the final concentrations
shown for 30 min at 37 C, when assays for alkaline
phosphatase were conducted.
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clear that regeneration does not occur by secre-
tion of preexisting intracellular invertase, but
that it represents de novo synthesis of the
enzyme.
Acid phosphatase. The major fraction of

acid phosphatase is internal, although a signifi-
cant fraction, approximately 25%, of this en-
zyme is extracellular in location (Table 5). After
conidia were incubated for 60 min in the pres-

ence or absence of cycloheximide, no change
was observed in the amount of extracellular
enzyme, indicating that neither new synthesis
nor turnover was taking place during this pe-
riod. A slight decrease (14%) of intracellular
acid phosphatase was observed during this
same period, suggesting that a. limited turn-
over of the internal form might take place.
When conidia were subjected to the usual acid

TABLE 4. Distribution and regeneration of invertase in normal and acid-treated conidiaa

Total External enzyme Internal enzyme
Sample enzyme Amt Amt

Normal conidia
Control 8.996 8.060 90 0.936 10
Incubated 14.235 12.610 89 1.625 11
Incubated + cycloheximide 9.529 7.996 84 1.533 16

Acid-treated conidia
Control 0.492 0.071 14 0.421 86
Incubated 5.247 4.009 76 1.238 24
Incubated + cycloheximide 0.655 0.093 14 0.562 86

aWild-type conidia were collected, and one portion was subjected to acid treatment as described in Materials
and Methods. Fructose was added to normal and treated cells to a final concentration of 10 mM. In each case,
samples of control cells were maintained at 4 C, while identical samples were incubated for 60 min at 37 C in the
presence and absence of cycloheximide. After the incubation period, cycloheximide was added to all samples to
prevent any invertase synthesis during subsequent steps. To determine the total enzyme content, cells were
incubated with tyrocidine (100 jig/ml) for 30 min at 37 C before invertase was assayed. External invertase
activity was assayed in identical samples of whole cells which were not treated with tyrocidine. Internal
invertase activity was calculated as total enzyme minus the extracellular activity. All values given were
corrected by use of blanks which were treated in the same way except that the invertase assay was terminated
immediately upon addition of the substrate. In duplicate experiments, even less external invertase (0.030) was
detectable in acid-treated cells.

TABLE 5. Distribution of acid phosphatase in normal and acid-treated conidiaa

Total External enzyme Internal enzyme
Sample enzyme Amt Amt

Normal conidia
Control 1.235 0.272 22 0.958 78
Incubated 1.077 0.280 26 0.797 74
Incubated + cycloheximide 1.074 0.271 25 0.803 75

Acid-treated conidia
Control 0.729 0.047 6 0.682 94
Incubated 0.679 0.034 5 0.645 95
Incubated + cycloheximide 0.689 0.049 7 0.640 93

a Wild-type conidia were collected, and one portion was subjected to the usual acid treatment. Fructose was
added to both normal and treated cells to a final concentration of 10 mM. Samples of control cells were
maintained at 4 C while identical samples were incubated for 60 min at 37 C. A third series of samples was
incubated for the same period in the presence of cycloheximide. Following the incubations, cycloheximide was
added to all samples to prevent any enzyme synthesis during subsequent steps. Total acid phosphatase content
was assayed in cells treated with tyrocidine. External enzyme was determined in untreated cells, and the
internal enzyme was calculated as total enzyme minus the extracellular activity. All values were corrected by
use of blanks which were treated in the same way except that the phosphatase assay was terminated
immediately upon the addition of substrate. Assays were conducted as described in Materials and Methods.
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treatment, the extracellular acid phosphatase
was almost completely inactivated, but only a
slight loss of the internal enzyme occurred.
No restoration of the extracellular acid phos-
phatase was observed under conditions where
substantial invertase regeneration was taking
place.

Inhibitors of RNA synthesis. It was of
interest to determine whether invertase regener-
ation in treated conidia depended upon the
synthesis of messenger RNA or could proceed
with preexisting messenger; a number of poten-
tial inhibitors of transcription were used to
investigate this question. Neither invertase re-
generation nor RNA synthesis was inhibited by
alpha-amanitin (20 mg/ml), 5-fluorouracil (5
mM), or actinomycin D (50,g/ml) even after
preincubation for 30 min with these com-
pounds. Nor did preincubation of conidia with
0.5% ethylenediaminetetraacetic acid (10 min
at 37 C in phosphate buffer) render either RNA
synthesis or invertase regeneration sensitive to
inhibition by actinomycin D. These results
strongly suggest a very poor penetration of
actinomycin D through either the cell mem-
brane or the nuclear membrane, as noted by
others (15, 18, 20, 22, 23), because effective local
concentrations even lower than 5,ug/ml would
be expected to cause almost complete inhibition
of transcription.

Rifamycin is a potent inhibitor of RNA syn-
thesis in bacteria but is not effective in eukary-
otes. However, certain rifamycin derivatives
have been found to inhibit RNA synthesis in
higher organisms (10). Accordingly, three ri-
famycin derivatives, rifamycin AF-013, rifamy-
cin AF-05, and rifamycin AF-ABDP-cis, were
tested to see whether they would inhibit tran-
scription in Neurospora. None of these com-
pounds significantly inhibited the incorporation
of uracil by conidia. Furthermore, conidia were
found to germinate and grow at 25 or 37 C in
medium containing each of these inhibitors (100
,ug/ml); therefore, it is concluded that they are
ineffective as inhibitors of transcription in
whole cells of Neurospora. The failure of these
agents to inhibit RNA synthesis in conidia is
probably a permeability problem (19), because
they are each quite effective in inhibiting all or
certain of the three RNA polymerase species of
yeast (2) and animals cells (10) when tested in
vitro.

DISCUSSION
Chang and Trevithick (4) observed that

mid-log-phase mycelia have a 10-fold greater
specific activity of invertase than do conidia. In
this paper it was demonstrated that, when

conidia are simply incubated with a carbon
source, approximately a 60% increase in inver-
tase activity occurs within 1 h. Since the
increase in invertase was prevented by cy-
cloheximide, it apparently represented de novo
enzyme synthesis. This synthesis had to utilize
endogenous substrates and demonstrates that
conidia were already in a highly active meta-
bolic state long before germination occurred.
The transport systems for phenylalanine (19),
thymidine, and deoxyadenosine (14) of conidia
were also found to increase dramatically long
before germination, showing approximately a
100% increase in 1 h.
The use of tyrocidine and similar related

polyene antibiotics to reveal intracellular 'n-
zymes in Neurospora is a valuable techrP4ue.
Scott and Metzenberg (16) showed that .yroci-
dine was efficient in exposing a cryptic com-
partment of aryl sulfatase in conidia. In the
present study, it was observed that pretreat-
ment of cells with dimethylsulfoxide, which
makes alpha-glucosidase available for assay in
yeast (1), partially exposed intracellular alka-
line phosphatase, but not nearly as thoroughly
as did tyrocidine. Further evidence that tyroci-
dine acts at the membrane level was provided
by the observation that it completely prevented
both sulfate accumulation and the retention of
preexisting pools of intracellular sulfate in both
conidia and mycelia (Marzluf, unpublished
data).
The present findings have shown that inver-

tase, acid phosphatase, and the constitutive
alkaline phosphatase differ markedly in their
cellular distributions, displaying approximately
a 90, 25, and 2% extracellular localization,
respectively. Acid phosphate, however, has
been shown to consist of two distinct forms (21),
and it would be interesting to know their
individual distributions within the cell.

Acid treatment was shown to destroy exter-
nal invertase and acid phosphatase almost com-
pletely and also to cause loss of some of the
intracellular activity of each of these enzymes.
When such treated conidia were incubated in
the presence of a suitable carbon source, consid-
erable invertase was regenerated, but no resto-
ration of acid phosphatase activity was found.
The regeneration of extracellular invertase was
clearly not due to a reassociation of enzyme
subunits or other type of renaturation of the
inactivated enzyme, because protein synthesis
was required for this process. Nor did the
regeneration of extracellular invertase occur by
the secretion of preexisting intracellular en-
zyme, but rather involved considerable de novo
synthesis of invertase. Our results showed that
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cycloheximide not only inhibited synthesis of
additional invertase but also prevented any
secretion of the intracellular enzyme still pos-
sessed by the treated conidia. This result sug-
gests that the processes of synthesis and secre-
tion may be coupled in some manner, or that
the synthesis of some accessory protein may be
required for invertase secretion.
Acetate was found to inhibit invertase regen-

eration and the transport of uracil, leucine, and
glucose completely (8). This result suggests that
it has a general cellular effect, perhaps exerted
at the membrane level. It has been suggested
that acetate mimics the effect of dinitrophenol
in Bacillus subtilis, perhaps by uncoupling
oxidative phosphorylation (17), a mechanism
that possibly could also explain its various
effects in Neurospora. The complete inhibition
of invertase regeneration by 2-deoxyglucose is
interesting, particularly in view of the sugges-
tion (6, 7) that this sugar analogue may prevent
the synthesis of the carbohydrate moiety of
mannan proteins in yeast protoplasts. In such
protoplasts, 2-deoxyglucose prevented the ap-
pearance of invertase and acid phosphatase,
which are both mannan proteins, but not the
appearance of alkaline phosphatase, which is
not. Neurospora invertase is also a glycoprotein
and was found to contain about 11% mannose
and 3% glucosamine (9, 13). It has been sug-
gested that the carbohydrate moiety of glycosy-
lated proteins may determine the extracellular
fate of the protein (24).

It has been difficult to obtain a clear answer
concerning whether or not invertase regenera-
tion requires transcription, presumably to pro-
duce a messenger RNA which encodes inver-
tase. The various potential inhibitors of RNA
synthesis tested were found to be unsatisfactory
for studies with Neurospora conidia, apparently
because of their poor permeability. Because
mannose and glucose depress invertase regener-
ation and because the synthesis of invertase is
also known to be controlled by repression in-
volving these same sugars (10), this can be
viewed as indirect evidence that invertase re-
generation requires transcription. However, the
repression of invertase synthesis exerted by
glucose and mannose is only presumed to act at
the level of transcription and conceivably could
be involved in translational control.
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