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Current researches have been carried out to find microorganisms that can produce enzymes for different
biotechnological purposes. Among the enzymes, the microbial phosphatases, responsible for hydrolyzing
phosphoric acid anhydrides and esters, have been often employed in different sectors such as molecular
biology experiments and clinical diagnosis. This work aims to purify and characterize the alkaline phosphatase
produced by Rhizopus microsporus var. microsporus under submerged fermentation. This enzyme was purified
9.9-fold with 13% recovery. The molecular mass for the glycoprotein was 123 kDa estimated with gel filtration
and 128 kDa with sodium dodecyl sulfate polyacrylamide gel electrophoresis, indicating that it is a monomeric
enzyme. Optimal temperature and pH for the alkaline phosphatase was 45°C and 8.5, respectively, with half-
life (z,) of 40 minutes at 50°C. Under alkaline pH, the phosphatase activity was above 50% for 24 hours.
FeCl, increased the phosphatase activity. Alkaline phosphatase hydrolyzed different substrates, especially
p-nitrophenylphosphate, with K of 0.45 and 0.38 mmol 1", in presence and absence of FeCl,, respectively.
Thus, alkaline phosphatase from R. microsporus var. microsporus was characterized, highlighting important
characteristics and, thereby, making possible a future application.

1. INTRODUCTION

Phosphorus is an important macronutrient for all living beings.
Its assimilation by microorganisms depends on the specific
enzymes, as phosphatases (EC 3.1.3), which are able to hydrolyze
phosphorus-containing molecules. Organic phosphorus is a
common source of phosphorus in soil and for many of these
compounds, the phosphorus is linked to a carbon atom through
the ester linkage, which can be hydrolyzed by phosphatase action,
allowing the mineralization of organic phosphate when levels of
free inorganic phosphate in soil are low [1,2]. In general, these
enzymes hydrolyze esters and anhydrides of phosphoric acid
releasing inorganic phosphate throughout different mechanisms of
hydrolysis and substrate specificities [3].
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Considering the classic way, phosphatases can be separated into
alkaline (EC 3.1.3.1) and acid phosphatases (EC 3.13.2), according
to the optimal pH of activity [4]. According to their molecular
characteristics, these enzymes are also classified as (1) alkaline
phosphatase, (2) high molecular mass acid phosphatase (greater
than 90 kDa), (3) low molecular mass acid phosphatase (less
than 50 kDa), (4) purple acid phosphatase (metalloenzyme) and
(5) V-protein phosphatase [5]. Alkaline phosphatase hydrolyzes
different natural and synthetic substrates as adenosine triphosphate
(ATP), adenosine diphosphate (ADP), adenosine monophosphate
(AMP), p-nitrophenyl phosphate, glucose-6-phosphate, glucose-
1-phosphate, glyceraldehyde-3-phosphate and pyrophosphate, due
to its capacity to act in alkaline pH [6].

Phosphatases are enzymes with multiple functions in living
organisms and widely distributed in both prokaryotic and
eukaryotic organisms [7]. In this context, filamentous fungi are
interesting microorganisms because they contribute with different
ecological process as the decomposition of organic molecules and
transformation of N and P, among others [1]. For this purpose,
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fungi are able to produce a myriad of ectoenzymes, including
alkaline phosphatases used in the mineralization of organic
phosphorus. The phosphatase activities observed in soils are the
result of the extracellular enzymes accumulated in soil particles
and intracellular enzymes from microorganisms [8]. The alkaline
phosphatase is an important enzyme for mineralization process
in different environments, especially in alkaline and phosphorus-
limited soils [9]. Some alkaline soils as siderite, found in the
environment as clay ironstone, are Fe-rich and can form extensive
stratified beds [10,11]. Enzymes with the potential to mineralize
these types of soils are an interesting focus of study and, according
to our knowledge, no fungal alkaline phosphatase activated by
iron has been described until this moment.

The investigation on the ability of fungal strains to produce alkaline
phosphatases can be performed using submerged fermentation,
as demonstrated by Coban and Demirci [12] for Aspergillus
ficuum and by Suresh and Das [13] for Aspergillus fumigatus. As
advantages, the composition of the culture medium for SbmF can
be precisely defined; the fermentative parameters as temperature
and pH are easily controlled, facilitating the scale up of the
process; facility of sterilization reducing the contamination; high
yield of the product [14,15]. The use of SbmF allows the control
of the inorganic phosphate (Pi) concentration in the medium. Pi is
an important macronutrient for all organisms and in fungi, the Pi
regulates the expression of phosphate responsive genes as PHO
genes for phosphatases [16]. Different carbon sources have been
used for this purpose, including agroindustrial byproducts and
residues as sugarcane bagasse, oatmeal and wheat bran [17]. In
general, another aspect to be highlighted is the biotechnological
potential of the alkaline phosphatases to be used in molecular
biology experiments, removing 5’-phophate groups in the plasmids
to block its recircularization, as well as in clinical diagnosis and
as biosensor [18].

For an effective understanding of the physiological importance
of the phosphatases in the mineralization process, as well as
for an effective biotechnological application, the biochemical
characteristics of the enzyme should be determined. According to
this, the article describes the purification and characterization of an
iron-activated alkaline phosphatase produced by the filamentous
fungus Rhizopus microsporus var. microsporus.

2. MATERIALS AND METHODS

2.1. Culture Conditions and Preparation of Crude Extracts

The filamentous fungus R. microsporus var. microsporus
(LHO07006) is deposited in the Laboratory of Microbiology of the
Faculty of Philosophy, Sciences and Letters of Ribeirdo Preto,
Sdo Paulo, Brazil. The microorganism was grown in sterile PDA
medium (potato dextrose agar) at 30°C for 68 days and stored
in a refrigerator at 4°C until the use. Submerged fermentation
(SbmF) was performed in 125-ml Erlenmeyer flasks containing
25 ml of Khanna medium [19] added with 0.4 mmol I"' KH,PO, at
pH 6.3 and supplemented with 0.5% (m/v) rye flour as additional
carbon source. The media were autoclaved at 120°C, 1.5 atm for
25 minutes and inoculated with 10° spores ml™!. Afterward, the
cultures were maintained under orbital agitation (100 rpm) at
32°C for 76 hours. After this time, the cultures were harvested

using No.l Whatman filter paper and a vacuum pump. The free
cell filtrate was dialyzed against distilled water for 24 hours at
4°C and used for the determination of the extracellular alkaline
phosphatase activity and purification procedure.

2.2. Determination of Alkaline Phosphatase Activity

The alkaline phosphatase activity was determined discontinuously
using 2.7 mmol 1! p-nitrophenylphosphate (p-NPP) as substrate.
The reaction mixture was composed of 100 ul of enzyme sample
and 100 pl of p-NPP in 100 mmol 1! Tris-HCI buffer, pH 8.5. The
reaction was conducted at 45°C for different periods and it was
stopped with 2 ml of a saturated solution of sodium tetraborate.
The p-nitrophenolate ion was estimated at 405 nm. One unit of
enzyme activity (U) was defined as the amount of enzyme required
to hydrolyze one micromole of substrate per minute under the
assay conditions. All experiments were carried out as triplicates
and the values were expressed as the mean + standard error of the
mean.

2.3. Protein Quantification and Carbohydrate Content

Total protein was quantified according to the method described by
Bradford [20] using bovine serum albumin (BSA) (20—200 mmol
I'") as standard, and expressed as milligram of protein per ml of
sample. The specific enzyme activity was expressed as U/mg of
protein.

The carbohydrate quantification was performed according
to Dubois et al. [21] using phenol sulfuric acid method with
mannose as standard and expressed as percentage of milligram of
carbohydrate content per mg of protein.

All experiments were carried out as triplicates and the values were
expressed as the mean + standard error of the mean.

2.4. Purification of Alkaline Phosphatase

The crude filtrate containing alkaline phosphatase was loaded
on DEAE-Cellulose chromatographic column (2 X 12 cm)
equilibrated with 10 mmol 1! Tris-HCI buffer, pH 7.5 (buffer
A) and eluted by a linear gradient of NaCl (0—500 mmol 1)
in the same buffer. The 3 ml fractions were collected at a flow
rate of 0.9 ml minutes™!. Fractions with alkaline phosphatase
activity were pooled (25 ml), dialyzed against 5 1 distilled water
at 4°C for 24 hours, with 3 water exchanges, lyophilized and
suspended in the buffer A added with 500 mmol "' NaCl, and
loaded on Sepharose CL-6B chromatographic column (1 x 70
cm) equilibrated using the same buffer. The 1-ml fractions were
eluted using the same buffer at a flow rate of 0.3 ml minutes™'.
The fractions with phosphatase activity were pooled (16 ml),
dialyzed for 24 hours against 5 | distilled water at 4°C, with
3 water exchanges, and used for electrophoretic analysis and
enzyme characterization.

2.5. Denaturing Electrophoresis (SDS-PAGE)

The purified samples were analyzed by polyacrylamide gel
electrophoresis in denaturing conditions (12% SDS-PAGE) [22]
using the PowerPac™ (Bio-Rad®) power supply adjusted to 100
v and 40 mA. 187 pg of the purified protein sample were applied.
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After running for 90 min, the protein band in the gel was stained
with Coomassie Blue Silver G-250 solution [23]. The Precision
Plus Protein “Kaleidoscope” Standards (BIO-RAD®) was used as
molecular mass marker with molecular mass ranging from 10 to
250 kDa.

2.6. Determination of the Native Molecular Mass

The native molecular mass for alkaline phosphatase was estimated
using the Sepharose CL-6B chromatographic column (1 x 70
cm) as described above. The B-amylase (200 kDa), alcohol
dehydrogenase (150 kDa), BSA (66 kDa) and carbonic anhydrase
(29 kDa) were used as molecular mass makers.

2.7. Influence of the Temperature and pH on Enzyme Activity

Influence of the temperature on the activity of alkaline phosphatase
was evaluated using temperature ranging from 30°C to 70°C, at pH
8.0. The thermal stability, using aqueous solution, was determined
at a temperature ranging from 40°C to 60°C, for different periods
(5-280 minutes). Aliquots were taken off for each predetermined
period and kept in an ice bath until the enzyme assay.

The influence of pH on enzyme activity was analyzed using 100
mmol 17! citric acid buffer (pH 3.0-4.0), 100 mmol I"! sodium
acetate buffer (pH 4.5-6.5) and 100 mmol 1! Tris-HCI buffer (pH
7.5-9.0), at 45°C. The stability to pH was assayed using the same
buffers at a pH range from 3.0 to 10.0 at 4°C for different periods
(5 minutes to 24 hours). The enzymatic samples were added in the
ratio of 1:1 (v/v) to the buffers. After incubation, aliquots of 100 pl
were used to determine the residual enzymatic activity.

All experiments were carried out as triplicates and the values were
expressed as the mean =+ standard error of the mean.

2.8. Effect of Different Compounds on Alkaline Phosphatase
Activity

The effects of chemical compounds on alkaline phosphatase
activity were determined by adding 1 mmol I"' of salts (AgNO,,
BaCl,, CaCl,, CoCl,, CuCl,, CuSO,, FeCl,, Fe(SO,),, HgCL, KCI,
KH,PO,, MgCl,, MgSO,, MnCL, MnSO,, NaCl, NaF, NH,CI,
NH,F, and ZnSO0,), B-mercaptoethanol, ethylenediaminetetraacetic
acid (EDTA), SDS and urea, 0.01% and 0.02% (v/v) of Triton
X-100 and Tween-20, and 1% and 2% (v/v) of acetone, acetonitrile,
ethanol, isopropanol, methanol and n-butanol. The enzymatic
reactions were conducted at 45°C and pH 8.5. All experiments
were carried out as triplicates and the values were expressed as the
mean =+ standard error of the mean.

2.9. Hydrolysis of Different Substrates by Alkaline Phosphatase

The hydrolytic activity of the alkaline phosphatase on the substrates
B-glycerophosphate, ATP, phytic acid, D-fructose-6-phosphate,
D-glucose-1-phosphate, D-glucose-6-phosphate and p-NPP was
analyzed according to the Heinonen and Lahti methodology [24].
The inorganic phosphorus released was estimated at 355 nm. One
unit of enzyme activity was defined as the amount of enzyme
required to produce 1 umol of inorganic phosphorus per minute
under the assay conditions. All experiments were carried out as

triplicates and the values were expressed as the mean = standard
error of the mean.

2.10. Determination of Kinetic Parameters

The Michaelis-Menten constant (K ), maximum velocity (V)

and k_/K_were determined for the purified alkaline phosphatr;asxe
using p-NPP (0.1-2.5 mmol ") as substrate in both, presence and
absence of FeCl,. The reactions were conducted at 45°C, pH 8.5.
The values of K_, ¥ and k_ were determined using the SigrafW®
software [25]. All experiments were carried out as triplicates and
the values were expressed as the mean =+ standard error of the

mean.

3. RESULTS

3.1. Enzyme Production and Purification

The Figure 1A depictures the DEAE-Cellulose chromatographic
profile for the extracellular alkaline phosphatase. A single peak
with enzymatic activity was eluted with 141 mmol 1! of NaCl
demonstrating that alkaline phosphatase interacted with the resin.
Fractions with alkaline phosphatase activity were pooled, dialyzed,
lyophilized and loaded into Sepharose CL-6B chromatographic
column, and a single peak with alkaline phosphatase activity was
observed (Figure 1B). After these chromatographic procedures,
the alkaline phosphatase was purified 9.9-fold with recovery of
13% (Table 1).

3.1. Molecular Mass Determination and Carbohydrate
Content

The native molecular mass of the alkaline phosphatase was 123
+ 1.8 kDa estimated with gel filtration using Sepharose CL-6B
chromatographic column. In addition, the Figure 2 depicts the
12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) profile for the purified alkaline phosphatase
through DEAE-Cellulose and Sepharose CL-6B chromatographic
columns. A single protein band with apparent molecular mass of
128 + 0.7 kDa can be observed (lane C).

The carbohydrate content was estimated as 57 = 0.6%
characterizing the alkaline phosphatase as a glycoprotein.

3.3. Effects of Temperature and pH on Alkaline Phosphatase
Activity

The activity of the purified alkaline phosphatase produced by R.
microsporus var. microsporus was the highest at 45°C (Figure
3A). The purified alkaline phosphatase was able to maintain its
activity above 80 + 0.6% for 210 minutes at 40°C (Figure 3B).
Phosphatase activity was reduced to 55 + 1.8% in the same period
at 45°C. When the phosphatase was maintained at 50°C and 60°C,
the half-life (z,)) was 40 and 5 minutes, respectively.

According to the Figure 3C, the high alkaline phosphatase activity
was obtained at pH 8.5. Considering the enzyme stability to pH
(Figure 3D), the enzymatic activity of the alkaline phosphatase
was kept close to 90 + 0.8% at pH 8.5 throughout the period
analyzed. At pH 10.0, the enzymatic activity was reduced with 7,
of 4 hours.
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Figure 1: DEAE-Cellulose (A) and Sepharose CL-6B (B) chromatographic profile for the extracellular alkaline p-nitrophenylphosphatase activity from R.
microsporus var. microsporus. (m) alkaline p-nitrophenylphosphatase activity; (o) Absorbance 280 nm.

Table 1: Purification of extracellular alkaline phosphatase produced by R. microsporus var. microsporus.

Yield
Steps Vol (ml) Activity (Total U) Protein (mg) e oSfI:)ro tein) %) Purification (fold)
0
Crude extract 90 1980 191.6 10.33 100 1
DEAE-cellulose 25 1160.8 25.74 45.09 58.6 43
Sepharose CL-6B 16 257.6 2.51 102.6 13 9.9

The SbmF was performed using Khanna medium with initial pH adjusted to 6.3, with addition of 0.5% (w/v) rye flour as additional carbon source, for 76 hours at 32°C under orbital

agitation (100 rpm). SA: specific activity.

3.5. Effect of Different Compounds on Alkaline Phosphatase
Activity

The enzymatic activity of alkaline phosphatase was not
significantly altered by most of the different salts used at 1 mmol
I! (Table 2). However, the enzyme activity was inhibited 37%—
39% in the presence of AgNO,, CuCl, and CuSO,, 56 + 0.5% in
the presence of NH,F, and 79 & 0% by NaF. KH,PO, also inhibited
the phosphatase activity (=54 + 0.5%). The 1 mmol 1" FeCl,
promoted an increase (+12 + 1.6%) in enzyme activity.

According to this, the influence of different FeCl, concentrations
on enzyme activity was analyzed (Figure 4). The addition of 0.4
mmol I”! FeCl, stimulated the enzyme activity 1.2-fold if compared
to the analysis without its addition.

The alkaline phosphatase activity was kept above 80 + 1.6% in the
presence of EDTA and -mercaptoethanol. In addition, the activity
was significantly inhibited by 1% acetonitrile (—30 + 1.7%),
but kept its activity above 80% for the other solvents. At 2% of
solvents, the enzyme activity was reduced to 50%—54% except for
the isopropanol (Table 3). The enzyme also kept its activity above
80% in both concentrations of the surfactants Triton X-100, SDS
and Tween 20.

3.7.Hydrolysis of Different Substrates by Alkaline Phosphatase
and Kinetic Parameters

The alkaline phosphatase from R. microsporus var. microsporus
was able to hydrolyze different substrates (Table 4). The highest

hydrolysis was observed for the synthetic substrate p-NPP (6.2
+ 0.8 U ml™"), followed by ATP (5.7 £ 0.9 U ml™") and glucose-
I-phosphate (4.2 £ 0.3 U ml™"). Hydrolysis of the phytic acid
was reduced (0.7 £ 0.1 U ml™). The hydrolysis of the substrate
D-glucose-1-phosphate  was higher than that observed for
D-glucose-6-phosphate and D-fructose-6-phosphate.

The K and V__ values for the hydrolysis of the p-NPP by the
alkaline phosphatase were estimated as 0.45 mmol 1" and 3.95
U/mg of protein, respectively, in the absence of FeCl,, and 0.38
mmol "' and 5.12 U/mg of protein in the presence of this salt. The
catalytic efficiency (k_/K ) was 1.52-fold higher in the presence
of 0.4 mmol I"' FeCl,.

4. DISCUSSION

The use of submerged fermentation for the production of
phosphatases by filamentous fungi has been reported. For this
purpose, different carbon sources have been used, including
expensive sources as xylan [26] and p-nitrophenylphosphate
[13], and agroindustrial byproducts as wheat bran [17]. In spite
of the use of agroindustrial byproducts, this is the first time
that rye flour is used as carbon source targeting the production
of a fungal alkaline phosphatase. Rye flour presents calcium,
potassium, sodium and phosphorus as mineral constituents [27]
and the presence of phosphorus was demonstrated to be positive
for phosphatase production by R. microsporus [28]. Phosphorus
impacts directly upon the production of phosphatases and for
many filamentous fungi, the regulation of genes encoding
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Figure 2: 12% SDS-PAGE profile for extracellular alkaline phosphatase from

R. microsporus var. microsporus purified through chromatographic columns.

Proteins were stained by Coomassie Brilliant Blue R-250. Lane A, molecular

weight marker BIO-RAD®; lane B, protein bands after DEAE-Cellulose; lane

C, alkaline phosphatase band after Sepharose CL-6B (187 pg of protein were
applied).

phosphatases is similar to that described for Saccharomyces
cerevisae where the PHO genes are upregulated. In the
presence of ideal intracellular Pi concentration, the PHO genes
are repressed while these genes are expressed under low Pi
concentration [29].

The cultivation of the fungus R. microsporus var. microsporus
under submerged fermentation by using Khanna medium with
0.4 mmol I"' KH,PO,, supplemented with 0.5% (w/v) rye flour,
pH 6.3, for 76 hours at 32°C, as determined through preliminary
studies (unpublished data), allowed the recovery of the alkaline
phosphatase activity (21.7 + 0.6 U ml ") secreted into the culture
broth. However, the fermentative parameters for maximal
alkaline phosphatase production changed according to the
microbial source. For instance, Guimaraes et al. [26] cultured
the fungus Aspergillus caespitosus into Segato Rizzatti (SR)
medium, pH 6.0, at 40°C for 72 hours, obtaining an activity of
4.5 U ml". The fungus Aspergillus flavus Indian Type Culture
Collection (ITCC) 6720 produced 12 U ml™" of phosphatase in
Mustard cake medium with initial pH 6.3, at 32°C for 76 hours
[30].

The crude filtrate containing alkaline phosphatase was used for
purification procedures and after two chromatographic steps, the
factor of purification obtained was higher than the value observed
(1.5-fold) for the purification of the alkaline phosphatase produced
by A. fumigatus, with 46% recovery [13]. On the other hand, the
acid phosphatases from A4. caespitosus and Aspergillus nidulans
were purified 33.4-fold and 120-fold with recovery of 14.7% and

3.8%, respectively [31,32]. Currently, the chromatography is the
most powerful procedure for protein isolation considering the
selectivity and recovery. However, it can be influenced by different
factors, as the presence of particulate material in the samples,
protein concentration and its physical-chemical properties,
contaminant properties and characteristics of the chromatography
medium [33].

The efficiency of the purification procedure was confirmed
with SDS-PAGE analysis that presented a single protein band
corresponding to the extracellular alkaline phosphatase. The
molecular masses for alkaline phosphatase produced by R.
microsporus var. microsporus estimated by gel filtration and SDS-
PAGE were similar, indicating that this enzyme is a monomer,
differing from that reported for the alkaline phosphatases from
A. caespitosus (dimer) [26] and Neurospora crassa (tetramer)
[34]. The molecular mass of the alkaline phosphatase from R.
microsporus var. microsporus were similar to the values obtained
for the enzymes produced by Scytalidium thermophilum (132
kDa) [35] and by Humicola grisea var. thermoidea with molecular
mass of 126 kDa [36].

Different fungal alkaline phosphatases have also been reported
as glycoprotein, as the enzymes produced by A. caespitosus
with 56% carbohydrate content [26] and by N. crassa with
40% of carbohydrate content [34], as observed for the alkaline
phosphatase from R. microsporus var. microsporus. The
glycosylation of proteins is an interesting characteristic that
protects the molecule under adverse conditions, as found by
extracellular enzymes.

Temperature and pH of the enzyme activity are important
parameters to be analyzed aiming not only to characterize the
enzyme, but also targeting future applications. Under this view,
the optimal temperature observed for the activity of alkaline
phosphatase from R. microsporus var. microsporus resembles
those described for the enzyme produced by A. fumigatus,
which presented better activity between 40 and 45°C [37].
On the other hand, the best alkaline phosphatase activity from
Penicillium citrinum was obtained at 60°C [38]. The increase in
the temperature affects the degree of agitation of the molecule
allowing an increase in the enzyme activity, but above a limit
value, the protein molecule is denatured and the catalytic activity
is depleted. Around 60%—-70% of the enzymatic activity was
maintained when the alkaline phosphatase from R. microsporus
var. microsporus was incubated at 45°C, an optimal value for the
enzyme activity, for long periods.

The optimal value of pH for the alkaline phosphatase activity (8.5)
was lower than that reported by Guimaraes et al. [35] for the conidial
(10.0) and mycelial (9.5) phosphatases from S. thermophilum. On
the other hand, phosphatase activity remained strictly acidic for
A. fumigatus and P. citrinum, with highest activity at pH 5.5 and
4.8, respectively [37,38]. The pH affects the ionization degree of
the molecule increasing or reducing the enzymatic activity. The
stability observed at pH 8.5, the best pH value for activity, is
attractive, allowing conduction of the reaction under this condition
for a long period. Both the stability to temperature and pH can be
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Figure 3: Influence of temperature at pH 8.0 (A) and pH at 45°C (C), thermal (B) and pH stabilities (D) for alkaline phosphatase
activity from R. microsporus var. microsporus. 100% corresponds to 14.38 U ml™" (A); 16.09 U ml™' (B); 14.38 U ml™' (C); 12.06
U ml™" (D). (m) citric acid buffer pH 3.0-4.0, (@) sodium acetate buffer pH 4.5-6.5 and (A ) Tris-HCI buffer pH 7.5-9.0. The
experiments were performed in triplicate and the standard errors varied between 0 and 1.8.

justified by the high degree of glycosylation of the extracellular
alkaline phosphatase from R. microsporus var. microsporus.
Enzyme stability is an important parameter to be considered
targeting the potential of application. In this sense, the commercial
alkaline phosphatase from calf intestine has high specific activity,
but its use is limited due to the low thermal stability observed,
which hinders the transport, storage and application of this
enzyme [39]. The alkaline phosphatase from R. microsporus var.
microsporus can be considered as an alternative to overcome this
situation.

The enzymatic activity can also be affected by different chemical
compounds. The divalent ions Mg, Zn"? and Mn" have been
reported as activators of the alkaline phosphatase activity from
H. grisea var. thermoidea and S. thermophilum [35,36], differing
from the data obtained for the activity from R. microsporus var.
microsporus phosphatase, which was reduced in presence of these
ions. Additionally, AgNO,, CuCl,, CuSO,, NH,F and NaF were
the main inhibitors of the enzyme activity. NH,” and NaF were
also reported as inhibitors of alkaline phosphatase activity from R.
microsporus var. rhizopodiformis and A. fumigatus, respectively
[37,40].

On the other hand, addition of FeCl, increased the alkaline
phosphatase activity, especially at 0.4 mmol I"'. That is probably
because there are enough ions to supply the enzyme demand,
turning the substrate hydrolysis more efficient [41]. Enzyme
activation by iron can be an advantage for microorganisms living
in the environment containing iron. Fe minerals can be found in
reducing conditions such as FeS, and FeCO, in acid soil as pyrite
and alkaline soil as siderite, respectively [10]. Microorganisms
and Fe oxides coexist in soils, providing possibilities of mutual
interaction, where minerals can provide nutrients as Fe, P and S,
while microbial community acts on mineral weathering [10]. The
mineralization of organic phosphorus in soil containing Fe can be
facilitated if the phosphatase is activated by Fe in spite of the low
concentration of soluble Fe.

The EDTA is able to form stable complexes with various divalent
metal ions, but there was no significant reduction in enzymatic
activity of the alkaline phosphatase from R. microsporus var.
microsporus, demonstrating that this enzyme did not depend on
a specific divalent ion. The B-mercaptoethanol acts by disrupting
enzyme disulfide bonds that may cause a decrease in the catalytic
activity of the enzyme. However, the residual activity remained



22 Ornela and Guimaraes: Journal of Applied Biology & Biotechnology 2020;8(04):16-25

Table 2: Effect of different compounds on alkaline extracellular phosphatase activity from R.

microsporus var. microsporus.

Compounds
(1 mmol I'")

Without
AgNO,
BaCl,
CaCl,
CoCl,
CuCl,
CuSO,
EDTA
Fe,SO,
FeCl,
HeCl,
KCl1
KH,PO,
MgCl,
MgSO,
MnCl,
MnSO,

NaCl

NaF
NH,Cl1

NH,F

4
ZnSO,
Urea

B-mercaptoethanol

Relative activity (%)
100

61.8+0.5
99.2+3.1
84.8+0
88.5+0.5
63.7+0.5
63.7+1
95.7+1.6
96.7+0.5
1122+ 1.6
86.3+0.5
87+0.5
46.3+0.5
86.7+1
60+ 1
77.4+0.5
87.0+0.5

89.6 1

21.5+0
88.5+1.6
448+0.5
88.5+0.5

82.4+1.0

912+ 1.6

The values correspond to the media of three experiments performed at 45°C and pH 8.5. The 100% corresponds to 18.41 U ml .

above 90% with this compound indicating that such interactions
are not essential for the catalytic activity. The enzyme activity
was not affected substantially by Triton X-100 and Tween
20. Organic solvents may increase the solubility of non-polar
substrates and decrease water-dependent secondary reactions
and surfactants, interfering in polar and nonpolar bonds of the
protein [42].

The influence of different sources of phosphorus on the phosphatase
activity has been reported, where inorganic phosphate is able
either to inhibit the enzyme activity or to repress the enzyme
expression [43]. The sensitivity to the repression by phosphate
in an extracellular medium may suggest that this is phosphorus-

scavenger enzyme with nutritional role. On other hand, Buainain
et al. [36] reported an alkaline phosphatase activity from H. grisea
var. thermoidea unaffected by inorganic phosphate, indicating that
the alkaline phosphatases can present different functions in the
organisms and in the environments.

Phosphatases are known as enzymes able to act on different
substrates. Under this aspect, the best action of the enzyme
was observed on the synthetic substrate p-NPP. In addition, the
hydrolysis of glucose-1-phosphate was higher than that observed
for glucose-6-phosphate, indicating a possible preference of
the alkaline phosphatase to remove the phosphate groups in the
position C-1 of the substrates. The acid phosphatase produced by
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Figure 4: Influence of different concentrations of FeCl, on alkaline phosphatase activity produced by R.
microsporus var. microsporus. 100% corresponds to 18.41 U ml™". The experiments were performed in
triplicate and the standard errors varied between 0 and 1.0.

Table 3: Effect of different solvents and surfactants on extracellular alkaline phosphatase

activity from R. microsporus var. microsporus.

Relative activity (%)
Compounds
1 % (v/v) 2% (vIv)

Without 100 100
Acetone 87.6+0.6 46.1£0.6
Acetonitrile 709+ 1.7 48.4+0.6
Ethanol 82+ 1.7 453+0.6
Isopropanol 86.8+0.6 72+1.1
Methanol 86.4+ 1.1 43.7+0.6
n-Butanol 81.2+0.6 40.4+0.6

0.01% (v/v) 0.02% (v/v)
Triton X-100 90+ 0.6 81.3+0.6
Tween 20 90.9 +0.6 82.2+0.6

1 mmol 1! 5 mmol I'!
SDS 86+ 1.6 82.4+0.5

The values correspond to the media of three experiments performed at 45°C and pH 8.5. The 100% corresponds to 18.41

Uml.

A. caespitosus and the alkaline phosphatases from H. grisea var.
thermoidea and S. thermophilum also presented preference for the
synthetic substrate p-NPP [31,35,36].

According to the kinetic parameters, the alkaline phosphatase was
more efficient when FeCl, was added to the reaction, with high
affinity for the p-NPP as substrate. This fact is reinforced by the

k_, value, which was larger in the presence of the salt. Buainain et
al. [36] found K = 0.33 mmol I"" and V= 89 U/mg of protein
for the alkaline phosphatase from H. grisea var. thermoidea, while
Morales et al. [44] reported K _=0.35 mmol 1" and V=241 U/
mg of protein for the enzyme from N. crassa. Guimaraes et al. [35]
reported K = 0.10 and 0.11 mmol 1", and ¥ = 0.79 and 3.77
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Table 4: Hydrolysis of different substrates by alkaline phosphatase from R.
microsporus var. microsporus.

Substrates Enzyme activity (U ml™)
p-NPP 6.2+0.8
Phytic acid 0.7+0.1
ATP 57+0.9
Glucose-1-phosphate 42+0.3
Glucose-6-phosphate 22+0.1
Fructose-6-phosphate 23+0.1
B-glycerophosphate 2.0+0.1

U/mg of protein for conidial and mycelial alkaline phosphates
produced by S. thermophilum.

5. CONCLUSION

The fungus R. microsporus var. microsporus was able to produce
a monomeric alkaline phosphatase activated by iron, which can
be an important advantage for filamentous fungi growing in an
iron-rich environment as some alkaline soil types, allowing better
phosphorus uptake. The better catalytic efficiency in presence of
iron is an evidence for this adaptation. The stability to temperature
and pH highlights the potential of the enzyme for future application
and indicates possible new studies with applied focus. This aspect
is reinforced by the high residual activity observed in presence
of solvents, surfactants, f-mercaptoethanol and urea. This first
report of an iron-activated alkaline phosphatase is an important
contribution for understanding of the phosphatase diversity and
future application in the bioremediation of the alkaline soil.
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