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Acid phosphatases play important roles in algae
metabolism such availability/recycling of inorganic
phosphate and autophagic digestive processes.
Chemicals released into the environment from
agricultural activities and through industrial and
urban wastes, may impair algae enzyme activity. The
aim of this work was to evaluate the in vitro activation/
inhibition effect of ten metals, commonly present as
contaminants in soil and water, on the acid
phosphatase extracted from the green algae
Pseudokirchneriella  subcapitata. Results
demonstrated that Hg, Al, Mo, Pb, Se and Cd inhibited
the enzyme activity in 56.3, 54.5, 30.6, 25.5, 23.1 and
11.5%, respectively. This corresponds to the
maximum percentage of effect attained at the metal
concentrations tested (0.02-2.0 mM). On the other
hand, Cu, Zn, Ni and Cr exhibited an increment on
phosphatase activity equal to 95.5, 87.6, 77.6 and
42.8%, respectively. Kinetic parameters values were
calculated for the metals that showed highest effects.
Thus, Ki (inhibition constant) and Kd (dissociation
constant) values equal to 0.0400 and 0.0016 mM
were determined for Hg and Cu, respectively. A non-
competitive inhibition mechanism was attributed to
the former. Results improved the understanding of
the basic events of the impact of metals at
biochemical levels in primary producers organisms.
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1 INTRODUCTION

As a result of anthropogenic activities such as industrial processing and agriculture
practices, metal pollution has become one of the most serious environmental problems.
The main concern associated with the presence of these pollutants is due their immutable
nature (ALKORTA et al., 2004). The transport of these chemicals from contaminated soils to
water bodies, followed by the adverse effects to the biota, is a result of two mechanisms:
waterborne runoff (El KHALIL et al., 2008) and lixiviation (BONTEN, ROEMKENS & BRUS,
2008). For example, the application of Cu-based fungicides resulted into increased copper
concentrations in agricultural soils. Copper migrating through contaminated soils poses a
risk for water quality (KOMAREK et al., 2009). Although the use of mercury has been reduced
in the last decades, concentrations of this metal were found in sludges (TSAKOU, ROULIA
& CHRISTODOULAKIS, 2001; OLIVEIRA et al., 2007). Mercury presents in sludges used as
fertilizier is prone to be transported to aquatic compartments after soil incorporation (SLOAN
et al., 2001). Algae and aquatic invertebrates are able to accumulate the metal and transfer
it to higher levels of the food chain (GORSKI et al., 2008; TSUI & WANG, 2004).

Drainage of industrial and urban effluents are also responsible for the contamination
of aquatic compartments by metals like Zn, Al, Fe and Zn (JORDAO et al., 2002).

The potential toxicity of metals in water may have detrimental effects on biochemicals
processes of aquatic organisms including algae, an important component of primary
production and thus the entire aquatic food chain.

Algal acid phosphatase plays important roles in metabolism such as decomposing organic
phosphates into free phosphates and organic compounds. Several other functions have been
attributed to algal acid phosphatases such as participation in autophagic digestive processes,
hydrolysis of phospholipid materials (COOPER, BOWEN & LLOYD, 1974), fertilization (breakdown
of plasmalemma and absorption of flagella) (BRATEN, 1975), releasing of inorganic phosphate
from the extracellular medium (SOMMER & BLUM, 1965) recycling of inorganic phosphate for its
reassimilation (THEODOROU et al., 1991), endomembrane recycling (DOMOZYCH, 1989)
and spore differentiation (TSEKOS & SCHNEPF, 1991).

In this work, was compared the inhibitor/activator effect of ten metals on the acid
phosphatase extracted from Pseudokirchneriella subcapitata. This unicellular chlorophyceae
(green) alga, present in the aquatic and terrestrial compartments (KEDDY, GREENE &
BONNELL, 1995), has been widely used in studies of agriculture pollutants effects (JONSSON
et al., 1998; MUNKEGAARD, ABBASPOOR & CEDERGREEN, 2008) and recommended
by regulatory national (GHERARDI-GOLDSTEIN et al., 1990; JONSSON and MAIA, 1999)
and international (OECD, 1984) agencies as a test organism. Moreover, the investigation
was focused on two selected metals that showed highest effects
(Hg and Cu) by determining enzymatic parameters of their inhibition and activity increase.

2 MATERIAL AND METHODS
2.1 MATERIAL

p-Nitrophenylphosphate (pNPP; code N-9389) was obtained from Sigma Chemical
Co. (St. Louis, MO). Stock solutions of Al(SO,),, CdCl,.2H,0, CuSO,5H,0, CrCl, HgCl,,
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NaSeO,.5H,0, (NH,),Mo,0,,.4H,0, Ni(NO,), Pb(NO,), and ZnCl, were prepared in Milli-Q
water. All the other reagents were also AR grade.

2.2 ORGANISMS AND GROWTH CONDITIONS

Unicellular green algae Pseudokirchneriella subcapitata was maintained and
subcultured in an inorganic liquid medium prepared as recommended by OECD (1984).
Cultures were grown in 250 mL flasks sealed with cotton bungs and containing 200 mL of
sterilized medium. The flasks were incubated in a controlled temperature chamber
(20 £2°C) under a continuous white fluorescent light of 3,000-4,000 lux and manually shaken
twice a day. Every 40-60 days, a new stock culture maintained at 4°C (in dark) was prepared
by inoculating approximately 5 x 10 cells mL* (JONSSON & AOYAMA, 2007).

2.3 HARVESTING AND PREPARATION OF EXTRACTS

All centrifugation procedures were carried out at 4°C. Exponential phase
organisms were harvested by centrifugation at 4,000 r.p.m. for 5 min in a Beckman J2-
21 refrigerated centrifuge (rotor SER# 7644, JA-20) and washed twice with 0.1 M sodium
acetate buffer, pH 5.0. The algae pellet (3,1 g wet weight) was suspended in 12.4 mL of
0.1 M sodium acetate buffer (1:4 w/v) and the cell suspension was submitted to the cell
disruption procedure for phosphatase extraction as described previously (JONSSON
and AOYAMA, 2007): the sample was frozen at —20°C , thawed at room temperature and
submitted to a probe sonication at 0°C (ice bath) for 50 s followed by 20 s interval
(1 cycle) with an amplitude of 70 (Vibra Cell, Sonics Materials Inc., 45 mm tipped probe).
This procedure was repeated twice. The resultant cell disrupted suspension was
centrifuged at 10,000 r.p.m. for 20 min and the supernatant fluid (extract) was used for
acid phosphatase activity determination.

2.4 ASSAY OF PHOSPHATASE ACTIVITY

Acid phosphatase activity was routinely assayed at least in duplicate by incubating
the enzyme with pNPP as substrate and measuring the p-nitrophenol (pNP) produced
as previously described (PRAZERES, FERREIRA & AOYAMA, 2004). The enzyme activity
was determined in a final volume of 1 mL containing 0.1 M sodium acetate buffer (pH
5.0) and 10 mM substrate. After incubation for 40 min at 37°C, the reaction was terminated
by the addition of 1 mL of 1 M NaOH. The pNP released was measured at 405 nm in a
UNICAM 8625 UV/VIS spectrophotometer. For the initial velocity (V) determination, the
amount of pNP produced was calculated using a molar extintion coefficient of
18,300 M*cm* (CHAIMOVICH & NOME, 1970). Units (U) of enzymatic activity are defined
as umoles of pNP released per min.

2.5 EFFECT OF METALS CONCENTRATIONS
The enzyme activity was determined in the absence (control) or in the presence of

three concentrations (0.02, 0.2 and 2.0 mM) for each metal. Before the determination of
enzyme activities, the enzyme was preincubated for 20 minutes at 37°C in the presence of
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the metals ions. After this time, the reaction was initiated by the addition of 10 mM substrate
and incubated for 40 min as described previously.

Data were analyzed by One Way ANOVA module (conjoint analysis) of the
Statgraphics® Plus Version 2 software package (STATGRAPHICS..., 1995). Ap value <0.05
was considered as significant.

2.6 ENZYMATIC PARAMETERS IN PRESENCE OF Hg AND Cu
2.6.1 Determination of the median effect concentration (Ec,,)

The compound concentration that promotes 50% of enzyme activity alteration (EC, )
and its 95% confidence limits was calculated by adjusting the regression curve data
(% activity vs. concentration) from enzyme activity at 13 — 15 doses of each pollutant. The
results were analyzed by a Simple Regression program with a Statgraphics® Plus Version 2
software package (STATGRAPHICS..., 1995).

2.6.2 Kinetics constants

¢ Inhibition constant (Ki)
Enzyme was assayed at eight concentrations (0.03-10.0 mM) of pNPP as substrate in
the absence or in the presence of Hg at three concentrations. Lineweaver-Burk plot
was fitted in order to demonstrate the kind of inhibition (competitive or non-competitive).
This experiment was also performed in order to compare the inhibitor effect of the
surfactant linear alkylbenzene sulphonate (LAS) and Hg (JONSSON, PARAIBA &
AOYAMA, 2009). The Enzyme Kinetics Module contained in the SigmaPlot software
package was used to calculate the K, value (SIGMAPLOT..., 1993).

e Dissociation constant (Kd)
Lineweaver-Burk plot was used to determine the Cu-enzyme dissociation constant by
plotting the reciprocal of velocity versus the reciprocal of copper concentration (1/[Cu]),
as described by DIXON and WEBB (1979). YOUNGS, SUNDARAMOORTHY & GOLD
(2000) have also applied this method to determine the dissociation constant for the
Cd-Mn-peroxidase complex.

The results were analyzed by a Simple Regression program with a Statgraphics®
Plus Version 2 software package (STATGRAPHICS..., 1995).

3 RESULTS AND DISCUSSION
3.1 EVALUATION OF METAL EFFECTS

When the enzyme was preincubated in the presence of the metals, the order of inhibition
at the higher concentration tested was Hg>Al>Mo>Pb> Se>Cd. On the other hand, Cu, Zn, Ni
and Cr exhibited an increment on phosphatase activity equal to 95.5, 87.6, 77.6 and 42.8%,
respectively (Table 1). ANOVA test showed that among the ten metals tested, half of them altered
significantly (p<0.05) the enzyme activity. Among these, only Cu demonstrated significantly activator
effect at all the concentrations tested.
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TABLE 1 - METAL EFFECT ON P. subcapitata ACID PHOSPHATASE ACTIVITY

Relative activity (%)
Metal 0.02 mM 0.2 mM 2mM
Al 106.50 (2.56) 94.89 (2.90) 45.48 (5.03)*
Cd 88.85 (3.46) 92.42 (1.20) 88.94 (2.35)°
Cu 159.62 (31.62)* 195.46 (25.42)* 153.85 (37.06)*
Cr 104.04 (7.53) 104.80 (7.17) 142.84 (2.13)*
Hg 80.27 (4.83) 62.29 (5.80) 43.66 (9.15)*
Mo 104.49 (10.66) 112.38 (9.93) 69.39 (2.40)
Ni 109.37 (5.32) 147.14 (8.68) 177.58 (5.41)
Pb 97.06 (4.35) 98.35 (1.98) 74.48 (6.23)
Se 89.56 (1.02) 78.66 (3.20) 76.92 (7.92)
Zn 143.83 (24.35) 187.58 (49.90)* 179.59 (41.74)

Enzyme activity was determined as described in “Materials and methods”, in the absence or in the presence
of the pollutants at the indicated concentrations. The activity in the absence of these chemicals was considered
as control (100%). Each value of relative toxicity was based on duplicate analysis from two experiments.
Values in parenthesis are standard deviations.

aCd was tested at 0.5 mM instead 2 mM.

* Denotes statistically significant difference (p<0.05) from the control.

3.2 STUDIES WITH Hg AND Cu
3.2.1 EC,, Determination

In order to calculate the EC, of inhibition for Hg and the EC, of activation for Cu
experiments were performed at different concentrations of these pollutants with 10 mM pNPP
as substrate.

When data from both metals were adjusted by linear regression they generated
logarithmic-x model curves (y=a+blnx) in which the activity decreased or increased in
function of the concentration, respectively for Hg and Cu. The calculated EC_, and 95%
confidence limits from the curves are shown in Table 2.

Figure 1 shows the effect Cu concentration in non-preincubated and preincubated
system demonstrating the increase of activity only for the last system. Such difference was
not observed for the inhibition by Hg where the non—preincubated and the incubated samples
did not promote appreciable difference in the degree of inhibition.

TABLE 2 - ENZYMATIC PARAMETERS FOR P. subcapitata ACID PHOSPHATASE IN
PRESENCE OF Hg AND Cu

Parameter Hg Cu

ECs (MM) inhibition 0.0850 (0.0640 - 0.1170)*
activation -

Ki (mM) 0.0400 (0.0280 — 0.0530)

Kd (mM) -

0.0018 (0.0016-0.0019)

0.0016 (0.0013-0.0019)

*Values in parentheses are 95% confidence limits.
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FIGURE 1 — ACID PHOSPHATASE ACTIVITY IN PRESENCE OF Cu
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Phosphatase activity was measured at several Cu concentrations in preicubated (®) and non-preicubated
(O) tubes containing the enzyme plus the metal. In the former, enzyme was preincubated for 20 minutes at
37°C in the presence of the metal (1% step). After this time, the reaction was initiated by the addition of 10 mM
substrate and incubated for 40 min (2" step). In non-preincubated system the 1% step was not performed.
The activities (%) are relatives to the controls (without Cu) activities which were considered as 100%.

3.2.2 Kinetic Constants

The K value (Table 2) for Hg was determined by nonlinear regression analysis from
[S] versus V curves at three concentrations of the pollutant agent. A non-competitive inhibition
mechanism was obtained for Hg as showed in Figure 2.

The dissociation constant value for the complex Cu-enzyme is shown in Table 2.

In this work ten metals were tested in order to evaluate their in vitro effects on
P. subcapitata acid phosphatase. Preincubation condition was used in order to verify the
real effect on the enzyme avoiding any protection by the substrate that could occur in non
pre-incubated system. Although the concentrations tested were higher than those present in
environmental samples, the results of the screening study shown in Table 1 lead to choose
the chemical agents that exhibited more powerful effects in order to conduct more specific
studies. Mercury and copper demonstrated such behavior and allowed to determinate inhibition
and activation parameters, respectively. The reason for chosen the former was due Hg was
the most inhibitor at all the concentrations tested, followed by Al that showed notable inhibition
only at the highest concentration tested. A comparative effect of five metals and LAS as
inhibitors of the enzyme were previously reported (JONSSON, PARAIBA & AOYAMA, 2009).
Although Zn and Cu increased strongly the activity at similar range, it was selected the
second for the complementary studies. This choice was due to the recognized high toxicity
of Cu to algae species (LEVY et al., 2009) and because this metal, together with Cd and Hg,
has the lowest maximum concentration limit in aquatic compartments (CONAMA, 2005).

In previous works were showed the inhibitory modulation of P. subcapitata acid
phosphatase activity by Hg in dependence on the metal concentration (JONSSON & AOYAMA,
2007; JONSSON, PARAIBA & AOYAMA, 2009). This work compares the enzymatic response
by several inhibitors and activators metals in function of the concentration.
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FIGURE 2 - LINEWEAVER-BURK PLOT FOR Hg NON-COMPETITIVE INHIBITION
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The enzyme activity was determined as described in “Materials and methods”, at several substrate
concentrations in the absence (Q), and in the presence of 0.01 (m), 0.03 (A) and 0.13 (¢) mM Hg .

The degree of in vitro inhibition of phosphatases by Hg has been described for some
organisms. According with PATNI and AARONSON (1974), the estimated concentration of Hg
that inhibits 50% of algal acid phosphatase activity is close to that determined in the present
work. This inhibition is of similar order of magnitude to that reported for the enzyme extracted
from crabs (CHEN et al., 2000).

Essential —SH groups that would be present in the enzyme are able to interact with Hg
and other heavy metals which can explain the observed inhibition (VAN ASSCHE & CLIJSTERS,
1990). The substitution of an essential metal, which is deficient in the protein, by a toxic metal,
would be another mechanism of inhibition (OMAR, 2002). Non-competitive inhibition promoted
by Hg has been also described for other enzymes (WELLS, PAYTON & PROUDFOOT, 1994;
ARAUJO, SILVA & HASSON-VOLOCH, 1996; SHUBO et al., 2001).

Copper ion has been generally known as an inactivator of enzymatic reactions systems,
including acid phosphatases (GRANJEIRO et al., 1997; GRANJEIRO et al., 1999). In the
presence of Cu, the cleavage of pNPP was increased when the metal was preincubated with
the enzyme, as was demonstrated in this work. TSEKOVA and GALABOVA (2003) and BOUNIAS
et al. (1996) also reported that Cu activated the acid phosphatase in crude extracts from fungi
and insects. A preliminary study (data not showed) suggested that the metal protects the enzyme
against thermal inactivation. This fact would explain the observed activation when the system
is preincubated. The protection by copper and other metals against the inactivation of some
enzyme was also documented (TROTMAN & GREENWOOD, 1971; YOUNGS,
SUNDARAMOORTHY & GOLD, 2000; BALDRIAN & GABRIEL, 2002).

4 CONCLUSION

Among the various metals tested, Hg and Cu exhibited higher degree of inhibition and
increment of acid phosphatase activity, respectively. The former affected the enzyme
in a non-competitive manner. In this inhibition mechanism, the presence of the inhibitor
causes a change in the structure of the protein interfering with the enzyme-substrate affinity
and consequently decreasing the hydrolysis velocity.
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The low EC_, and Kd values demonstrated the high sensitivity of the enzyme crude
extract to Cu, as well as, the strong capacity in binding the metal. These properties would be
useful as a tool to detect Cu in natural waters and other environmental samples if a method
of extraction and concentration of the metal is available. Similar studies with Zn would be
performed in order to determinate enzymatic parameters and evaluate its activator property
as a promising biomarker. The results presented in this work increase the understanding of
the mechanisms underlying impact of toxic metals at biochemical levels in primary producer
organisms.

RESUMO

EFEITO DE DEZ METAIS SOBRE A FOSFATASE ACIDA DE ALGA E DETERMINACAO DE PARAMETROS
ENZIMATICOS NA PRESENCA DE MERCURIO E COBRE
O objetivo deste trabalho foi avaliar o efeito ativador/inibidor in vitro de dez metais, comumente presentes como
contaminantes da &gua e solo, sobre a fosfatase acida extraida da alga cloroficea Pseudokirchneriella subcapitata.
Os resultados demonstraram que Hg, Al, Mo, Pb, Se e Cd inibiram a atividade enziméatica em 56,3, 54,5, 30,6,
25,5, 23,1 e 11,5%, respectivamente. Isto corresponde a porcentagem méaxima de efeito atingida nas concentragdes
testadas (0,02-2,0 mM). Por outro lado, Cu, Zn, Ni e Cr exibiram incremento na atividade fosfatasica equivalente
a 95,5, 87,6, 77,6 e 42,8%, respectivamente. Valores de parametros cinéticos foram calculados para os metais
gue evidenciaram maior efeito. Assim sendo, os valores de Ki (constante de inibicdo) e Kd (constante de
dissociagao) foram equivalentes a 0,0400 e 0,0016 mM, respectivamente para Hg e Cu. Mecanismo de inibi¢do
ndo competitiva foi atribuido para o primeiro. Os resultados enriquecem a compreensao de eventos béasicos
associados a impactos de metais em niveis bioquimicos de produtores primarios.

PALAVRAS-CHAVE: ENZIMA; FITOPLANCTON; POLUENTES; Pseudokirchneriella subcapitata;
TOXICIDADE.
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