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SUMMARY

When grown on high-phosphate medium, the wild-type strain 74A of
N. crassa synthesized two acid phosphatases, as shown by DEAE -
cellulose chromatography. These purified enzymes showed heterogeneity
on PAGE, low specific activities towards PNP-P, molecular weight values
of at least 300000, no deviation from Michaelian behaviour, and great
stability in 50 mM sodium acetate buffer, at pH 5-4, when kept at 54 °C.
These acid phosphatases were synthesized in reduced amounts or not at
all when the mould was grown under conditions of phosphate starvation,
indicating that the level of phosphate also regulates the synthesis of the
high molecular weight enzyme forms. When grown on high phosphate
medium, thepho-3 mutant strain also synthesized two acid phosphatases,
whose purified enzymes showed no pronounced differences when compared
to those synthesized by the wild-type strain in terms of electrophoretic
analysis, specific activities towards PNP-P, molecular weight values, and
Michaelian behaviour. However, one enzyme form had a higher Km value
and a lower heat stability than the corresponding enzyme of the wild-type
strain. Even though the pho-3 locus might not be responsible for an
alteration in the primary structure of the repressible acid phosphatase,
it seems clear that the enzymes synthesized by the mould grown on low-
or high-phosphate medium must share some structural features. Thus,
the drastic differences observed in the molecular properties of the
enzymes synthesized by the mould grown under conditions of phosphate
starvation as opposed to phosphate repression might be due to an effect
exerted by the level of inorganic phosphate in regulating the translation,
post-translational modifications and/or excretion, but not necessarily the
gene-directed synthesis of distinct mRNAs.

1. INTRODUCTION

During phosphate starvation or growth on limiting amounts of inorganic
phosphate, the mould Neurospora crassa derepresses the synthesis of an acid
phosphatase and a number of related enzymes which are reported to be controlled
at the transcriptional level (Metzenberg, 1979) by the same regulatory circuit. This
regulation model, developed from genetic studies, postulates that the first factor
involved in the repression of the gene-directed synthesis of mRNA, mediated by
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at least three genes, is the high phosphate level or a co-repressor derived from it
(Littlewood, Chia & Metzenberg, 1975; Metzenberg & Chia, 1979; Free & Metzen-
berg, 1982). Furthermore, it has also been reported that, for a specified carbon
source, the production and secretion of the repressible acid and alkaline phos-
phatases are dependent on the pH of the growth medium (Nahas, Terenzi & Rossi,
1982; Nahas & Rossi, 1984). Since the repressible acid phosphatase is the only
enzyme that expresses phosphodiesterase activity (Nyc, 1967), all of the acid
phosphatase activity detected when the mould is grown on high phosphate medium
(Kuo & Blumenthal, 1961) is considered to be constitutively synthesized. Thus,
the expression of the different structural genes coding for the constitutive and
repressible acid phosphatases must be under the control of different mechanisms.

In this paper we report that the wild-type strain 74A of N. crassa synthesizes
two acid phosphatases when grown on saturating concentrations of inorganic
phosphate. These two enzymes were synthesized in reduced amounts or not at all
when the mould was grown under conditions of phosphate starvation. The pho-3
mutant strain, which has been shown to carry a mutation in the structural gene
for the repressible acid phosphatase (Nelson, Lehman & Metzenberg, 1976), also
showed a similar pattern of acid phosphatase production under conditions of
phosphate repression except that one enzyme form had an increased Km for the
hydrolysis of PNP-P and reduced heat stability when these properties were
compared to those of the enzyme synthesized by the wild-type strain.

2. MATERIAL AND METHODS
(i) Chemicals

Disodium 4-nitrophenyl orthophosphate (PNP-P) and bis-(4-nitrophenyl) phos-
phate free acid (bis-PNP-P) were purchased from Merck and Sigma, respectively.
All other chemicals were of analytical reagent grade.

(ii) Strains and culture conditions

The wild-type strain St. L. 74A and the pho-3 A mutant (FGSC 3051) used in
this study were obtained from the Fungal Genetic Stock Center, Humboldt
University, Arcata, California. Stock cultures were maintained on slants of
semi-solid Vogel's (1956) medium. Conidia from each strain were grown for 72 h,
at 30 °C and without shaking, on high or low phosphate medium (respectively 5 mM
or 50 /IM phosphate) adjusted to pH 5-6, supplemented with 44 mM sucrose as
carbon source and prepared as previously described (Nahas et al. 1982; Crocken
& Nyc, 1963).

(iii) Preparation of cell extracts and assay procedures.

The harvested mycelium was extracted with sand and 50 /IM sodium acetate
buffer, pH 5-0 (7-5 ml buffer (g mycelium)"1). Extracts were centrifuged for 20 min
at 20000 g, at 4 °C, and the supernatant was used for enzyme assay (crude extract).
Under these extraction conditions, constitutive alkaline phosphatase was prac-
tically destroyed (Nyc, 1967). In addition, under the assay conditions used, it
could not have been detected because it is inactive at pH 5-4 (Kuo & Blumenthal,
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1961). The acid phosphatase assay was carried out as previously described (Nahas
& Rossi, 1984), using 2 ml 6 mM PNP-P or 4 HIM bis-PNP-P as substrates. One unit
of phosphatase activity was denned as 1 /iu substrate hydrolysed min""1. Specific
activities were expressed as units (mg protein)"1. Protein was measured by the
Lowry method, as modified by Hartree (Hartree, 1972), using bovine serum
albumin as standard. Disc electrophoresis was carried out on 7-5% acrylamide
gel as previously described (Davis, 1964). Molecular weights were measured by
gel nitration (Andrews, 1964) using a Sephadex G-200 column (1-5x134 cm),
equilibrated and eluted with 50 mM sodium acetate buffer, pH 5-0, at a flow rate of
105 ml h"1 (3 ml fractions). Yeast alcohol dehydrogenase, bovine serum albumin
and a-chymotrypsinogen A were used as protein standards. The relative heat
stability was determined by incubating the enzyme at 54 °C, in a final volume of
3 ml 50 mM sodium acetate buffer, pH 5-4. At appropriate times, samples were
taken to measure the residual phosphatase activity. Maximum velocity (Fmax)
and Michaelis constant (Km) were determined as Lineweaver and Burk plots
(Lineweaver & Burk, 1934). The apparent inhibitor constant for Pi was determined
as described by Dixon (1953) and the value obtained was compared to that
calculated as Kt = Km (i)/Km& -Km. Interaction constants for substrate (n) and
Pt (n'), which equals the apparent number of Pt bound per enzyme molecule
(Atkinson, Hathaway & Smith, 1965), were determined by the Hill procedure as
described by Koshland (Koshland, 1970). All kinetic constants given in this paper
were obtained from linear-square analysis.

(iv) Enzyme fractionation

All purification steps were carried out at 0-4 °C. PNP-P and bis-PNP-P
phosphatase activities were determined at each stage of purification. The super-
natant of the centrifuged extract was fractionated by ammonium sulphate pre-
cipitation and the phosphatase activity was recovered in the 35—97 % ammonium
sulphate saturation fraction. The precipitate was suspended in a minimal volume
of 10 mM-Tris. HC1 buffer, pH 74, and dialysed for 14 h (with 3 changes of the
buffer) against 8 1 of this buffer. This dialysed fraction was centrifuged for 20 min
at 20000 g and the supernatant was applied to a column (21 x 40 cm) of DEAE-
cellulose (Kuo & Blumenthal, 1961), previously equilibrated with the buffer used
for dialysis. The unabsorbed proteins were eluted with 800 ml of the equilibrating
buffer, at a flow rate of about 100 ml h"1, with 50 ml fractions being collected. The
absorbed proteins were then eluted with a gradient of acetate buffer concentration,
where the mixing chamber contained 1 litre of 10 mM sodium acetate buffer, at pH
5*4, and the reservoir bottle contained 1 litre of 300 mM acetate buffer at the same
pH. Elution was performed at a flow rate of about 70 ml h"1, with 6 ml fractions
being collected.

In an independent experiment (3 replicates), the precipitate recovered in the
35-97 % ammonium sulphate saturation fraction was suspended in a minimal
volume of 50 mM sodium acetate buffer, pH 50, and then dialysed for 18 h (with
3 changes of buffer) against 101 of this buffer. This dialysed fraction was
centrifuged for 20 min at 20000 g and the supernatant was applied to a Sephadex
G-100 column (21 cm x 138 cm) previously equilibrated with buffer used for
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dialysis (Nyc, 1967). Elution was performed with this buffer at a flow rate of 10 ml
per hour with 3 ml fractions being collected.

3. RESULTS AND DISCUSSION

When grown on high phosphate medium, the wild-type strain 74A of Neurospora
crassa synthesized two acid phosphatases as shown by the profile of elution from
the DEAE-cellulose column with a gradient of acetate buffer concentration
(Fig. 1). These two enzymes showed heterogeneity on 7-5 % PAGE at pH 8-3, very
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Fig. 1. Chromatography on DEAE-cellulose of acid phosphatases synthesized by the
wild-type strain 74A of N. crassa (155 units) grown for 72 h by standing in high
phosphate medium at 30 °C. The enzymes, purified through ammonium sulphate
fraetionation, were applied to the column (146 units) and the unabsorbed proteins were
eluted with 800 ml of the equilibrating buffer (not represented in the figure). The
column was then eluted with a gradient of acetate buffer concentration as described
in Material and Methods (flow rate of 60 ml h"1 with 6 ml fraction being collected).
# , absorbance at 280 nm and O, enzyme activity over PNP-P.

low specific activities over PNP-P (about 11 and 16 units, mg 1 for enzymes I and
II, respectively) as compared to that described earlier (Kuo & Blumenthal, 1961),
and Molecular Weight values of at least 300000 when determined by exclusion
chromatography on Sephadex G-200 columns (Nyc, 1967). The double reciprocal
plots of initial velocities, at pH 54, as a function of PNP-P concentration gave
straight lines and Hill coefficients equal to one for both enzymes, indicating no
deviation from Michaelian behaviour (Levitzki & Koshland, 1969). The Km values
for this substrate were 4-7 x HT4 M (n = 0-97) and 42 x 10~4 M (n = 098) for
enzymes I and II, respectively. Furthermore, these two enzymes showed great
stability in 50 mM sodium acetate buffer, at pH 5-4, when heated at 54 °C, despite
the fact that the time course for the inactivation of enzyme II did not follow simple
first-order kinetics (Fig. 2). The unexpected Km values and heat stability for these
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enzymes could be explained by the low degree of enzyme homogeneity or by the
growth of the mould under different physiological conditions (Kuo & Blumenthal,
1961). Activity corresponding to repressible acid phosphatase (mycelial bound and
with activity on bis-PNP-P) was eluted from the DEAE-cellulose column with
the equilibrating buffer in contrast to the two enzymes synthesized by the mould
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Fig. 2. Thermal stability of acid phosphatases synthesized by the wild-type and pho-3
mutant strains grown for 72 h by standing in high phosphate medium at 30 CC. Each
enzyme fraction, partially purified through chromatography on DEAE-cellulose (see
Fig. 1), was incubated at 54 °C, pH5-4, and the remaining enzyme activity was assayed
with PNP-P as substrate at 37 °C. • , enzyme I synthesized by the wild-type strain;
# , enzyme I' synthesized by the pho-3 mutant strain; • , enzyme II synthesized by
the wild-type strain and O, enzyme II' synthesized by the pho-3 mutant strain.

grown on high-phosphate medium (for details, see Material and Methods). Thus,
if enzymes I and II were constitutive, i.e. if they were also synthesized by the mould
when grown on limiting amounts of inorganic phosphate, their elution with a
gradient of acetate buffer concentration should have a profile similar to that shown
in Fig. 1. Fraction I, however, was practically suppressed (Fig. 3) and a new
fraction was identified (IA). Furthermore, the recovery in units of the fraction I I
was significantly lower (about three-fold less) than that observed for the enzyme
fraction II (Fig. 1) synthesized by the mould grown on high phosphate medium.
Because the enzyme fraction IIA showed lowered heat stability (Fig. 4), we can
consider it to be a new molecular specie or to have undergone structural
modifications during synthesis when the mould was grown on low-phosphate
medium. It can also be seen that the heat stability of fraction IA was similar to
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that of fraction I and that the fraction eluted from the column with the
equilibrating buffer was heat-activated under the experimental conditions used.

The acid phosphatases considered to be constitutive and repressible can also be
fractionated by molecular exclusion chromatography (Nyc, 1967). As expected
(not shown), acid phosphatases I and II were eluted as a single fraction (approx-
imately 80-90 % of the enzyme activity units added to the column were recovered
in the eluate) and the molecular weight of the repressible enzyme was about 47000,
as determined by exclusion chromatography on Sephadex G-200 (Nyc, 1967). It

50 100
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Fig 3. Chromatography on DEAE-cellulose of acid phosphatases synthesized by the
wild-type strain 74A of N. crassa (78 units) grown for 72 h by standing in low phosphate
medium at 30 °C. The enzymes, purified through ammonium sulphate fractionation,
were applied to the column (58 units) and the unabsorbed proteins and the repressible
acid phosphatase were eluted with 800 ml of the equilibrating buffer (not represented
in the figure). The column was then eluted with a gradient of acetate buffer
concentration as described in Material and Methods (flow rate of 64 ml h"1 with 7 ml
fractions collected). Enzyme activity in each fraction was assayed with PNP-P and
bis-PNP-P as substrates. Only the enzyme fraction eluted with the equilibrating buffer
shows bis-PNP-Pase activity. OJ absorbance at 280 nm and # , enzyme activity over
PNP-P.

seems that fraction 1 (Fig. 5) corresponds to the acid phosphatases synthesized
by the mould when grown on high-phosphate medium, because, in addition to
having a high molecular weight, they do not hydrolyse bis-PNP-P. However,
recovery of fraction 1, measured in units, was about 8 % of the total amount
submitted to chromatography. If the enzyme fractions retained by DEAE-cellulose
(Fig. 3) consisted exclusively of high-molecular-weight molecules, this value should
have been at least twice as high. In addition, 30% heat activation was observed
for this fraction (Fig. 6), indicating that, although its molecular weight is high,
it is eluted from the DEAE-cellulose column with the equilibrating buffer (Fig. 3).
Fraction 2 practically showed the same heat lability (Fig. 6) when residual
phosphatase activity, was measured on PNP-P (24 min half-life) or on bis-PNP-P
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(19 min half-life). It seems evident that the deviation from 1st order kinetics shown
in the crude extract for PNP-P hydrolysis (Fig. 6) is due to molecular forms that
do not hydrolyse bis-PNP-P. The hydrolytic activity of fraction 2 on both PNP-P
and bis-PNP-P was unaffected by 10 mM-CaCl2 or 5 mM-MgCl2, even though the
hydrolysis of both substrates was inhibited by CuSO4 and Pi. This inhibitory effect
was greater when hydrolytic activity was measured on PNP-P. This enzyme
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Fig 4. Thermal stability of acid phosphatases synthesized by the wild-type strain grown
for 72 h by standing in low phosphate medium at 30 °C. Each enzyme fraction, partially
purified through chromatography on DEAE-cellulose, was incubated at 54 °C, pH 5-4,
and the remaining enzyme activity was assayed with PNP-P as substrate at 37 °C.
O, enzyme fraction eluted with the equilibrating buffer; • , enzyme IA and # ,
enzyme IIA. For details see Material and Methods and Fig. 3.

fraction showed no deviation from Michaelian behaviour (Levitzki & Koshland,
1969) for PNP-P or bis-PNP-P hydrolysis, with the respective Km values being
1-6 x 10~4 M (n = 104) and 13 x 10~3 M (n = 0-96) when determined at pH 54. The
same Kt value at pH 54 (30 x 10~4 M) was obtained for the Pt inhibition of the
hydrolytic activity toward PNP-P or bis-PNP-P. The same interaction constant
value was also obtained for inorganic phosphate when the inhibition was measured
toward 2 mil PNP-P (»' = 104) or 2-5 mM bis-PNP-P (»' = 102) at pH 54. These
results indicate that the hydrolysis of PNP-P and bis-PNP-P can be catalysed by
the same active site of the enzyme.
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These results clearly indicate that in cultures supplemented with limiting
inorganic phosphate concentrations the mould does not synthesize, or only
synthesizes reduced amounts of, the high-molecular weight enzyme forms. Under
these culture conditions, in addition to stimulating the synthesis of reasonable
amounts of a low-molecular-weight enzyme, the molecular changes at the trans-
lational and/or post-translational level needed for enzyme excretion lead to a
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Fig. 5. Chromatography on Sephadex G-100 of acid phosphatases synthesized by the
wild-type strain 74A of N. crassa (55 units) grown for 72 h by standing in low phosphate
medium at 30 °C. The enzymes, purified through ammonium sulphate fractionation,
were applied to the column (40 units) and the proteins eluted with 50 HIM sodium
acetate buffer, pH 5-0 (flow rate of 10 ml per hour with 3 ml fractions being collected).
O, absorbance at 280 nm; # , enzyme activity towards PNP-P and • , enzyme activity
towards bis-PNP-P.

homodimeric form (Jacobs, Nyc & Brown, 1971). We may postulate that, although
regulated by the extracellular Pt level, the synthesis of the stored or excreted
enzyme forms (which may represent distinct primary structures) may be turned
on through independent regulatory circuits (Metzenberg, 1979; Oshima, 1982).
However, results obtained with the mutant strain pho-3 seem to indicate a different
pathway. This strain has been characterized as carrying a mutation at the locus
that specifies the primary structure of the acid phosphatase considered repressible
(Nelson et al. 1976), since it synthesizes small amounts of an enzyme that, in
addition to having an increased Michaelis constant for bis-PNP-P hydrolysis, is
more heat labile than the enzyme synthesized by the wild type strain. When grown
on high-phosphate medium, the mutant strain pho-3 also synthesized two acid
phosphatases which could be easily identified by elution on DEAE-cellulose with
gradient of acetate buffer concentration, whose profile was identical to that
observed for the wild-type strain (Fig. 1). These enzyme fractions, designated I '

https://doi.org/10.1017/S0016672300022230 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300022230


Regulation of acid phosphatase synthesis in Neurospora crassa 247

and II ' , showed no pronounced differences when compared to the enzymes
synthesized by the wild-type strain in terms of electrophoretic analysis, specific
activity towards PNP-P and molecular weight. No deviation from Michaelian
behaviour was observed for PNP-P hydrolysis (Levitzki & Koshland, 1969), and
the Km values obtained for this substrate (37 x 10~4 M (n = 096) and 83 x 10~4 M

150 -

45
Time (min)

Fig. 6. Thermal stability of acid phosphatases synthesized by the wild-type strain
grown for 72 h by standing in low phosphate medium at 30 °C. Each enzyme fraction,
crude extract or partially purified through chromatography on Sephadex G-100
(Fig. 5), was incubated at 54 °C, pH 54, and the remaining enzyme activity was
assayed, unless specified, with PNP-P as substrate at 37 °C. O, enzyme 1; O, crude
extract; # , enzyme 2 and • , enzyme 2 assayed using bis-PNP-P.

(n = 102) for enzymes I ' and II ' , respectively) seem to indicate that the value for
enzyme I I ' is enhanced when compared to that shown by the corresponding enzyme
fraction synthesized by the wild-type strain. The most striking data, however, were
those observed for the heat stability of these enzymes (Fig. 2). If an alteration in
the heat stability of a protein clearly indicates a change in its molecular structure,
this does not necessarily signify that this alteration occurs at the amino acid
sequence level. If alteration in amino acid sequence were obligatorily implied, the
locus nuc-1 could not have a role in regulating the synthesis of the phosphorus
family enzymes at the transcriptional level as well as in ribosomal RNA synthesis
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(Stellwag & Metzenberg, 1984) because the nuc-1 mutant strain synthesizes a more
heat-labile nuclease than that synthesized by the wild-type strain (Hasunuma &
Ishikawa, 1972). In any case, the results reported here do not support the
hypothesis that the acid phosphatases synthesized by the mould grown on high
phosphate medium are molecular entities totally different from the enzyme
synthesized by the mould grown on low phosphate medium because, even though
they may not have the same amino acid sequence, they must share some structural
features. Thus, it is possible but speculative that the wild-type products of the loci
nuc-2, preg, nuc-1 and the other nuc genes reported (Forsthoefel & Mishra, 1983;
Mishra & Forsthoefel, 1983) might have a function in the control of translation,
post-translational modification and/or excretion of acid aphosphatase and related
enzymes synthesized by the mould N. crassa grown on low-phosphate medium. In
this case, the amount of Pt available may not be responsible for shutting off or
turning on the gene-directed synthesis of distinct mRNAs. Even the pho-3 gene
product might be involved in regulating the translation, post translational modifi-
cation and/or excretion of the acid phosphatase, since the mutant strain grown
on low phosphate medium showed, besides a reduced excretion of this enzyme
(Nelson et al. 1976), an elution profile from the DEAE-cellulose column identical
to that observed for the wild-type strain (Fig. 3), except that a low level of activity
towards bis-PNP-P was detected in the enzyme fraction eluted with the
equilibrating buffer.
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