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Abstract
The enzymatic activity of acetylcholinesterase (AChE) has been shown to be altered by
environmental contaminants such as metals. However, the available literature illustrates a
background of contradictory results regarding these effects. Therefore, the main purpose of this
study was to investigate the potential of five metal ions (nickel, copper, zinc, cadmium and
mercury) to inhibit AChE activity in vitro. First, to accomplish this objective, the possible
interference of metals as test toxicants in the Ellman’s assay, which is widely used to assess
AChE activity, was studied. The potential influence of two different reaction buffers (phosphate
and Tris) was also determined. The results suggest that the selected metals react with the
products of this photometric technique. It is impossible to ascertain the artefactual contribution
of the interaction of the metals with the technique when measuring AChE inhibition. This
constitutes a major obstacle in obtaining accurate data. The presence of phosphate ions also
makes enzymatic inhibition difficult to analyse. Attending to this evidence, an assay using the
substrate o-nitrophenyl acetate and Tris buffer was used to investigate the effects of metals on
AChE activity. O-nitrophenyl acetate is also a substrate for esterases other than cholinesterases.
It is therefore only possible to use it for the measurement of cholinesterase activity with purified
enzymes or after a previous verification of the absence of other esterases in the sample tissue.
Under these conditions, the results indicate that with the exception of nickel, all tested metals
significantly inhibit AChE activity.

Keywords: Biomarker, acetylcholinesterase, metals, Ellman’s assay, in vitro studies

(Received 17 December 2004; accepted 18 May 2005)

Introduction

Acetylcholinesterase (AChE), a crucial enzyme in the nervous system of vertebrates

and invertebrates, is the functional target of several xenobiotics, some of them have
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pharmacological interest, but also of others, such as pesticides used as agrochemicals

or drugs used in chemical warfare (Carr & Chambers 1996, Porcelli et al. 1999). It is

well established that AChE inhibition is a useful biomarker for organophosphate and

carbamate pesticides both in vivo and in vitro conditions (Key & Fulton 2002).

However, several studies published in the last few decades have demonstrated the

effects of other classes of environmental contaminants on AChE activity of several

species (Labrot et al. 1996, Payne et al. 1996, Guilhermino et al. 1998, Diamantino et

al. 2003). One of these chemical classes is the group of metals that includes several

common environmental contaminants (e.g. cadmium, copper, mercury, zinc).

The studies that have been published regarding the effects of metals on AChE

activity revealed some contradictory results. For instance, mercury has been described

as both an AChE inhibitor (Suresh et al. 1992, Devi & Fingerman 1995) and a

stimulator (Sanz & Repetto 1995). Likewise, after in vitro exposure to copper, Romani

et al. (2003) demonstrated an increase in AChE activity (Vm/Km), while other studies

showed enzyme inhibition (Olson & Christensen 1980). In vitro studies with

aluminium chloride showed an activation of mouse brain AChE (Zatta et al. 2002),

while others reported an inhibition of human serum butyrylcholinesterase (Sarkarati

et al. 1999). In fish, exposure to cadmium has been shown to cause in vitro AChE

inhibition, while no effects or an increase of enzyme activity has been found in in vivo

conditions (Beauvais et al. 2001).

One of the factors that may introduce bias when studying AChE inhibition is the

possibility of interference of metals with the methodologies used to measure AChE

activity. The technique most frequently used to assess cholinesterase activity is the

Ellman’s reaction (Ellman et al. 1961), mainly due to its sensitivity and simplicity. The

principle of this method is the following. Acetylthiocholine is used as a substrate, the

enzyme hydrolyses it into acetate and thiocholine (TCh) and this last compound

complexes with the Ellman’s reagent (DTNB, 5,5?-dithio-bis(2-nitrobenzoic acid)) to

form a mixed disulphide and the yellow chromophore 5-thio-2-nitrobenzoic acid

(TNB) (Figure 1). The colour development due to TNB may then be followed

photometrically at 412 nm.

It is well known that thiol groups provide chemical targets for metals. Given the

described chemical reactions, metals may interfere with Ellman’s technique at least by

reacting with thiol groups of TCh and/or of TNB, decreasing in both cases the final

yellow colour. These interferences may be relevant when measuring the effects of

metals on cholinesterase activity, since they contribute to a decrease of the produced

colour, which may be erroneously interpreted as enzymatic inhibition.

An additional question when assessing the effects of metals on cholinesterase

activity is the buffer choice due to possible interactions between buffer components

and metals. In this respect, inorganic buffers such as phosphate, which is generally

used either in the sample preparation and/or during the enzymatic assay, can be

problematic since metals may be chelated by phosphate ions. In fact, removal and

immobilization of aqueous divalent metal cations in the presence of phosphates have

been described (Weil & Glaum 2001, Sugiyama et al. 2003), as well as the release of

protons upon chelation or precipitation of metal-buffer complexes. In corroboration,

some studies revealed no AChE inhibition while testing various metals (e.g. cadmium,

iron) when the samples were prepared in phosphate buffer, even with high

concentrations of metals, making necessary the use of an alternative buffer (Tris-

HCl) (Najimi et al. 1997). Considering this, zwitterionic buffers (e.g. organic amines
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derivatives) should be a better alternative since, besides having other properties they

are weak metal binders (Stevens 1992).

The effect of metals on AChE activity is a major issue due to its implications in

biomonitoring studies (particularly in polluted environments where several classes of

chemicals may be present) and in toxicity tests with metals when using AChE as effect

criteria. Considering this, the main purpose of this work was to investigate the possible

interference of metals as test toxicants with the Ellman’s assay used to measure AChE

activity. Therefore, the in vitro effects of five metal ions (zinc(II), nickel(II),

copper(II), cadmium(II) and mercury(II)) were independently investigated in

separated steps of the Ellman’s technique. Furthermore, potential buffer influence

in the assessment of the effects of metals on AChE activity was also investigated in two

separate stages of the experimental procedure: on the sample preparation and on the

Ellman’s solution. Two different buffers, phosphate and Tris, were chosen to

accomplish this purpose. Finally, an assay using the substrate o-nitrophenyl acetate

and Tris buffer was used to confirm the putative inhibitory effects of metals.

Materials and methods

Chemicals

The chemicals potassium dihydrogen phosphate, di-potassium hydrogen phosphate,

tris(hydroxymethyl)aminomethane (Tris), zinc chloride, nickel chloride hexahydrate,

copper chloride dihydrate, cadmium chloride hydrate and o-nitrophenol were

purchased from Merck (Darmstadt, Germany). Mercury chloride, bovine serum

albumin, reduced glutathione, dimethyl sulfoxide, acetylthiocholine iodide and

DTNB were acquired from Sigma Chemical Co. (St Louis, MO, USA). The substrate

o-nitrophenyl acetate was from Research Organics (Cleveland, OH, USA).

S S NO2
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O2N

COO-

C S CH2 CH2 N+(CH3)3

O

H3C

-S CH2 CH2 N+(CH3)3C

O
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O2N -S NO2
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5,5'-DITHIO-BIS(2-NITROBENZOIC ACID)
(DTNB)

5-THIO-2-NITROBENZOIC ACID
(TNB)

Figure 1. Ellman’s chemical reaction used to assess cholinesterase activity.
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TCh preparation. TCh was prepared by enzymatic digestion of acetylthiocholine.

Drosophila melanogaster AChE (5 units ml�1) was incubated with acetylthiocholine in

25 mM Tris buffer, pH 7.0 for 2 h. The reaction was stopped by enzyme denaturation

through 5 min of heating at 958C. The final concentration of TCh in the cuvette

reaction solutions was 65.709/0.44 mM, assessed using reduced glutathione as

standard.

TNB preparation. TNB was first prepared by incubation of a concentrated DTNB

solution in 0.1 M phosphate buffer, pH 9.0 or 25 mM Tris buffer, pH 9.0. After

dilution in both types of buffers at pH 7.2 for phosphate and pH 7.0 for Tris, the final

concentration of TNB in the cuvette reaction solutions was 8.3519/0.266 mM at

258C. This value was calculated through TNB molar absorption coefficient (o), being

considered to be the value of 14.15�/103 M�1 cm�1, at 258C, as described by Eyer et

al. (2003).

Enzyme

Truncated cDNA encoding soluble wild type D. melanogaster AChE was expressed

with the baculovirus system (Chaabihi et al. 1994). Secreted AChE was purified and

stabilized with 1 mg ml�1 bovine serum albumin as reported by Estrada-Mondaca

and Fournier (1998).

Reactivity of metals with phosphate buffer

To investigate the potential reactivity of metals with phosphate buffer, the experi-

mental procedure was divided in two phases. In the first phase, experiments were

designed to choose the most suitable buffer (phosphate or Tris) for sample

preparation; in the second phase, the possible interference of Ellman’s solution

prepared in phosphate buffer on AChE activity measurements was investigated.

Buffer choice for sample preparation. In independent experiments, several metal

concentrations (up to a maximum final concentration of 10�3 M) were added to

each of the tested buffers (0.1 M phosphate buffer, pH 7.2 or 25 mM Tris buffer, pH

7.0). Precipitation was observed for all metals after their addition to phosphate buffer.

Therefore, in all the subsequent experiments, Tris buffer (25 mM, pH 7.0) was used

for sample preparation. In addition, other ions that may be present in AChE samples

were previously discarded by exclusion on Sephadex G25 chromatography (PD10,

Amersham) to prevent possible interferences with the tested metals.

Possible interference of Ellman’s solution prepared in phosphate buffer with AChE

activity measurements: to investigate this hypothesis, the effects of metals on AChE

activity were assayed using two Ellman’s reaction mixtures. One of the mixtures was

prepared in phosphate buffer and the other in Tris buffer. A similar approach was used

in the fractionated colorimetric experiments of the reactivity of metals with TCh and/

or TNB.

Assessment of AChE activity by using Ellman’s assay

AChE was incubated for 15 min with each metal, using three different concentrations

(0.1, 1 and 10 mM) at 258C. Remaining activities were estimated after ten-fold
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dilution in phosphate (0.1 M, pH 7.2) or Tris (25 mM, pH 7.0) buffers containing

472.5 mM acetylthiocholine and 315.0 mM DTNB. Activities were recorded by

measurements of colour development at 412 nm.

Reactivity of metals with TCh and/or TNB

Colorimetric assays were carried out to investigate the reaction between metals and

TCh and/or TNB. Metal concentrations (0.01, 0.1 or 1 mM, similar to those present

in the revealing solutions of the previous Ellman’s assays) were added to TCh

(65.709/0.44 mM) in independent experiments. Free TCh was immediately estimated

at 412 nm by its reaction with DTNB (315.0 mM). To examine the possible reaction

between metals and TNB, three concentrations (0.01, 0.1 or 1 mM) of each metal

were added to a solution of TNB (8.3519/0.266 mM) in independent assays, and

absorbances were immediately measured at 412 nm.

Reactivity of metals with o-nitrophenyl acetate and/or o-nitrophenol

The possible interference of metals either with the substrate o-nitrophenyl acetate

(putative conversion into o-nitrophenol) or with o-nitrophenol was investigated. The

final concentrations of metals in the cuvette mixture reactions were always 0.01, 0.1

and 1 mM. The substrate o-nitrophenyl acetate was tested at the concentration of

1 mM in 25 mM Tris, pH 7.0 (after dilution of a concentrated solution of 1 M in

dimethyl sulfoxide). For o-nitrophenol, the molar extinction coefficient at 405 nm was

determined in control conditions (in the absence of metals) (o�/2.014�/

103 M�1 cm�1 at pH 7.0 and 258C) and possible interference by the tested metals

was assessed through significant changes to this value.

Assessment of AChE activity by using o-nitrophenyl acetate as substrate

The inhibition of AChE activity was assessed by incubating the enzyme during

15 min, at 258C, with 0.1, 1 or 10 mM of each metal. Remaining activities were

recorded following ten-fold dilution with 1 mM o-nitrophenyl acetate in 25 mM Tris

buffer, pH 7.0. Colour developments, due to production of o-nitrophenol, were

followed at 405 nm.

Data analysis

Differences among the effects of treatments of metals and buffers on AChE activity

(measured by Ellman’s assay), on TCh and/or TNB concentrations were analysed

with two-way analysis of variance (ANOVA), followed by Dunnett comparison test

when applicable (Zar 1996). For some of the tested samples, precipitation was

detected, and thus those concentrations were excluded and not considered in the

statistical analysis. The analysis of data comparing the effects of different buffers on

the Ellman’s assay (in the absence of metals) was performed using a two-tailed

Student’s t-test. Data from o-nitrophenyl acetate assays were analysed through one-

way ANOVA and Dunnett comparison test. Figures present data as percentages in

relation to the respective control values (in the absence of metals) and not values upon

which statistics were based; standard errors (SE) were calculated after an arcsine data
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transformation to normalize the variable distribution and reconverted to percentages.

All statements of significant differences were based on a�/0.05.

Results

Effect of metals and interference of buffers on AChE activity measured by Ellman’s assay

The AChE activity measured after 15 min of incubation with metals showed

inhibitory effects (Figure 2). These inhibitory effects were statistically significant for

all tested concentrations in both reaction buffers, except for 0.1 mM Cd2� in

phosphate buffer. For Zn2�, Cu2� and Cd2�, precipitation was visible at the highest

tested concentration (10 mM) with phosphate buffer. Samples incubated with 1 mM

Hg2� precipitated in both reaction buffers.

Differences of AChE activity between the two buffers within each metal treatment

were only significantly different for Cd2� and Hg2�. Furthermore, with the exception

of Ni2�, the interaction between buffers and metals were statistically significant and

Figure 2. Inhibitory effect of metals on AChE activity (percentage of control values in the absence of

metals) assessed with Ellman’s assay: (A) experiments in phosphate buffer; (B) experiments in Tris buffer.

Each metal was tested at three different concentrations: 0.1, 1 and 10 mM. Results are the mean of three

replicates9/SE. a, Presence of precipitates in samples.

Do metals inhibit acetylcholinesterase (AChE)? 365

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



affected AChE activity for all the other metals (Table I, first column corresponding to

statistical analysis of the two factor effects on AChE activity).

Also, when comparing AChE inhibition between the two buffers (Figure 2A and B),

a higher inhibitory effect with Tris buffer was observed, in comparison with the effect

obtained in phosphate buffer (with exception of Ni2� and Zn2� at the lowest

concentration). These effects did not arise from an interaction between the buffer and

the enzyme since the results obtained for AChE activity in control conditions (in the

absence of metals) indicated no significant differences between assessments with

Ellman’s assay in phosphate (517.09/6.4 mM min�1 ml�1 enzyme) and in Tris

(543.09/23.4 mM min�1 ml�1 enzyme) buffers (t(4)�/1.071, p �/0.05).

Reactivity of metals with TCh and/or TNB

Reactivity of metals with TCh was estimated by a decrease in absorbance, upon metal

addition to a solution containing TCh and DTNB. This assessment revealed high

levels of precipitation with phosphate as the reaction buffer at 10 mM for all the tested

metals, except for Ni2�. High levels of precipitation at 1 mM Cu2� and Hg2� with

both reaction buffers were also observed (Figure 3). All the tested metals at the

assayed concentrations significantly reacted with TCh decreasing the measured

absorbances. In addition, the absorbances were significantly affected by the two

tested buffers for all metals, and by metal treatments�/ buffer interaction, but only

when testing Cd2� (Table I, second column corresponding to statistical analysis of the

two factor effects on TCh concentration). The percentage of complexed TCh was

strongly enhanced when testing Cu2�, Cd2� and Hg2�, mainly for the higher

concentration with Tris as reaction buffer (Figure 3A and B).

All metals reacted with TNB (Figure 4) but this effect was strongly influenced by

the significant interaction with buffer for most of the tested metals, with the

exceptions of Ni2� and Hg2� (Table I, third column corresponding to statistical

analysis of the two factor effects on TNB concentration). No decreases in the

measured absorbances (not graphically represented) were observed for Ni2� at

10 mM. Attending to both buffer conditions, only 1 mM of this metal significantly

affected TNB concentration. Hg2� strongly reacted with TNB, leading to a

significant decrease of the measured absorbances, using phosphate or Tris buffers.

No observable precipitation occurred when assaying TNB at all tested concentrations

of this metal. Cu2� at 1 mM significantly interfered with TNB in phosphate buffer,

and at 10 mM but only in Tris buffer. The measured absorbances of TNB were

diminished in phosphate buffer at 0.1 and 1 mM Zn2� and in Tris buffer at 10 mM.

Cd2� at 10 mM in phosphate buffer was the only metal that produced perceptible

precipitation in the experiments with TNB. A significant depletion of TNB with

0.1 mM in phosphate buffer and with 10 mM in Tris was observed for this metal

(Figure 4A and B).

Reactivity of metals with o-nitrophenyl acetate and/or o-nitrophenol

No chemical interaction was observed between any of the metals and o-nitrophenyl

acetate (F(6,14)�/2.433, p �/0.05). Experiments performed for each metal to

investigate possible chemical degradation of the product o-nitrophenol indicated

that only Cu2� at 10 mM significantly reduced the measured absorbance in about

366 M. F. Frasco et al.
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Table I. Statistical analysis results.

AChE activity TCh concentration TNB concentration

F d.f. p F d.f. p F d.f. p

Ni2� treatments 18.84 3,16 B/0.0005 6.791 3,16 B/0.005 6.670 3,16 B/0.005

Buffers 2.039 1,16 n.s. 58.52 1,16 B/0.0005 202.2 1,16 0.0005

Two-way Ni2� treatments�/buffers 1.165 3,16 n.s. 0.8083 3,16 n.s. 0.8345 3,16 n.s.

Cu2� treatments 541.1 2,12 B/0.0005 1657 1,8 B/0.0005 25.54 3,16 B/0.0005

Buffers 2.253 1,12 n.s. 9.685 1,8 B/0.025 75.88 1,16 B/0.0005

Two-way Cu2� treatments�/buffers 5.209 2,12 B/0.025 0.08004 1,8 n.s. 19.74 3,16 B/0.0005

Zn2� treatments 149.5 2,12 B/0.0005 16.60 2,12 B/0.0005 13.77 3,16 B/0.0005

Buffers 2.816 1,12 n.s. 21.93 1,12 B/0.001 256.1 1,16 B/0.0005

Two-way Zn2� treatments�/buffers 25.69 2,12 B/0.0005 0.6590 2,12 n.s. 3.904 3,16 B/0.05

Cd2� treatments 96.12 2,12 B/0.0005 257.0 2,12 B/0.0005 10.32 2,12 B/0.0025

Buffers 18.05 1,12 B/0.0025 202.0 1,12 B/0.0005 46.76 1,12 B/0.0005

Two-way Cd2� treatments�/buffers 10.04 2,12 B/0.005 108.2 2,12 B/0.0005 6.166 2,12 B/0.025

Hg2� treatments 1065 2,12 B/0.0005 3039 1,8 B/0.0005 241.8 3,16 B/0.0005

Buffers 31.85 1,12 B/0.0005 17.02 1,8 B/0.005 80.50 1,16 B/0.0005

Two-way Hg2� treatments�/buffers 49.25 2,12 B/0.0005 0.5626 1,8 n.s. 2.802 3,16 n.s.

Significant effects (p ) and degrees of freedom (d.f. numerator degrees of freedom, denominator degrees of freedom) for AChE activity assessed with Ellman’s assay, TCh

and TNB concentrations due to metal treatments (each first row), reaction buffers (each second row) and the interaction of these two factors given by the two-way

ANOVA metal treatments�/buffer (each third row).

n.s., No statistically significant differences (p �/0.05).
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50% of the control value. Thus, this concentration was not included in the statistical

analysis for Cu2�.

Assessment of AChE activity using o-nitrophenyl acetate as substrate

When using o-nitrophenyl acetate as substrate for the assessment of AChE activity, all

metals apart from Ni2� (F(3,11)�/0.4336, p �/0.05) significantly inhibited this enzyme

(Figure 5). Statistical analysis showed that only Cd2� (F(3,11)�/46.85, p B/0.0005)

had no significant effect at the lower concentration of 0.1 mM. Cu2� (F(2,9)�/36.89,

p B/0.0005) at 0.1 and 1 mM significantly inhibited the enzyme. Zn2� (F(3,11)�/

88.29, p B/0.0005) and Hg2� (F(3,11)�/398.4, p B/0.0005) had a significant influence

on AChE activity at all tested concentrations. As indicated by the previous results,

inhibition levels, measured using acetylthiocholine and Ellman’s assay, were higher

than those determined with o-nitrophenyl acetate. This later technique required an

enzyme solution around seven times more concentrated than the former. However,

this feature is not responsible for the different inhibition levels observed since

Figure 3. Reactivity of metals with thiocholine (TCh), expressed as a percentage of complexed TCh

concentration: (A) experiments in phosphate buffer; (B) experiments in Tris buffer. Each metal was tested at

three different concentrations: 0.1, 1 and 10 mM. Results are the mean of three replicates9/SE. a, Presence

of precipitates in samples.
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Figure 4. Reactivity of metals with TNB, expressed as a percentage of TNB concentration depletion: (A)

experiments in phosphate buffer; (B) experiments in Tris buffer. Each metal was tested at three different

concentrations: 0.1, 1 and 10 mM. Results are the mean of three replicates9/SE. a, Presence of precipitates

in samples; b, samples where no TNB depletion occurred.

Figure 5. Inhibitory effect of metals on AChE activity (percentage of control values in the absence of

metals) assessed with o-nitrophenyl acetate in Tris buffer. Each metal was tested at three different

concentrations: 0.1, 1 and 10 mM. Results are the mean of three replicates9/SE. c, Samples where metal

interfered with o-nitrophenol.
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degradation of both substrates occurred at the same enzyme concentration range

(mM ml�1) while metals were tested at mM concentrations.

Discussion

Use of phosphate buffer should be avoided in the assessment of AChE activity in the presence

of metals

The majority of the results showed higher AChE inhibition levels when Tris was used

to prepare the Ellman’s reaction solution, in comparison with the inhibition found in

phosphate buffer. These results indicate that the measurement of AChE activity using

phosphate buffer may underestimate the effects of metals when tested in vitro. Our

findings comply with the known ability of metals to form complexes with phosphate

anions (Ayati & Madsen 2000, Sugiyama et al. 2003). Furthermore, complex

interactions may occur between phosphates and metals in the presence of TCh,

producing high levels of precipitation, as discussed below. Therefore, the use of

phosphate buffer should be avoided when studying the effects of metals in this type of

in vitro assays.

Use of acetylthiocholine (which is metabolized into TCh) and DTNB (which is converted

into TNB) should be avoided when assessing AChE activity in the presence of metals

The results of the reactivity between metals and TCh and/or TNB revealed that all

tested metals tend to react (with different affinities) with thiol groups present in TCh

and TNB. Cu2�, Cd2� and Hg2� possess the highest affinities for thiol groups as

shown by the elevated reactivity with TCh and TNB, while Ni2� and Zn2� were the

metals that showed lowest affinity. The presence of all tested metals chemically

decreased the respective free concentrations and the resultant yellow colour. There-

fore, the real potential of metals to inhibit AChE enzyme is masked.

The large formation of complexes between metals and TCh accounted for most of

the observed precipitates and hindered the measurement of activity. The lack of

precipitation with 1 mM Cu2� or Hg2� when testing TNB, in contrast with what

occurred by assaying TCh reactivity (in Tris buffer), suggests a large formation of

complexes with TCh that seem to be displaced by increasing the metal concentrations.

The reaction between Cu2� and TCh is well supported by the histochemical method

of Koelle and Friedenwald (1949), further modified by Karnovsky and Roots (1964),

which is widely used for localizing cholinesterase activity in histology or in gel

electrophoresis. Accordingly, the strong reducing agent TCh reacts with the cupric ion

(Cu2�) giving rise to a white precipitate (Koelle’s cuprous (Cu�) thiocholine iodide

precipitate). Thus, it is possible to hypothesize a similar oxidizing action by the other

tested metals, always in accordance with the different affinities for thiol groups showed

by each metal. In addition, according to Tsuji and Larabi (1983), the chloride salt of

cuprous thiocholine is soluble, whereas the iodide salt of cuprous thiocholine, which

was the result of the reaction of Cu2� and TCh used in the assays, produced

precipitation.

In the case of TNB, the loss of colour may be due to reoxidation back to DTNB.

The oxidation of two thiol groups can occur via two one-electron transfers with

subsequent dimerization of the two cysteinyl radicals forming a disulfide (Giles et al.

2003). Thus, the tested metal cations might function as electron acceptors of the
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reduced thiol group of TNB, forming reduced ions and cysteinyl radicals able to

dimerize and appear as DTNB. At the highest concentration of Ni2�, no significant

decrease in the measured absorbance of TNB was observed. It was referred by

Tomlinson et al. (1981) that this metal ion can react with DTNB. The resultant

complex behaves as an activator of acetylthiocholine hydrolysis, which lead to the false

initial identification of Ni2� as an activator of AChE. This type of reactivity might

support the results of the interaction between this metal ion and TNB obtained in the

present study.

Combination of thiol groups and phosphate ions renders enzyme inhibition difficult to analyse

Depending on the different metal affinities for thiol groups, and on their ability to

form stable complexes with phosphates, diverse chemical interferences arose when

using Ellman’s assay to assess AChE activity in the presence of metals. The high

affinity of Hg2� for thiol groups may explain the apparent minor formation of

complexes with phosphates in relation to the other metals. In this case, the complete

AChE inhibition observed was clearly affected by the interaction between Hg2� and

the chemicals used in the Ellman’s assay. The previous mentioned precipitation at

1 mM of this cation rendered by TCh reactivity seems to have been intensified in the

presence of phosphates in combination with high levels of TCh, originating

precipitation also at 10 mM. Cd2� clearly reacted with TCh and TNB decreasing

the measured absorbances. These interferences were more obvious when Tris was

used as buffer due to the large formation of complexes with phosphates (always

precipitating when testing Cd2� at 10 mM in phosphate buffer). The reaction

between Cu2� and TCh was evident by the high decrease in absorbance as well as by

the occurrence of precipitation, namely at 1 mM in Tris buffer (though it also

precipitated at this concentration in phosphate buffer). However, in the previous

experiment of AChE inhibition, at 1 mM Cu2� there was no precipitation, suggesting

that TCh concentration was not enough to produce precipitated complexes with this

particular metal (in contrast with what occurred with Hg2�). Even so, when

phosphate buffer was present, in both types of experiments, Cu2� at 10 mM

precipitated, which suggests more complicated interactions between this buffer,

TCh and the metal. The lack of precipitation in the majority of the experiments with

TNB in phosphate buffer, suggested that the presence of TCh might enhance the

interactions involving these two compounds and metals and, thus, the potential

formation of precipitates. The precipitation of Zn2� at 10 mM only when both TCh

and phosphates were present seems to support this hypothesis.

Copper reacts with acetate and o-nitrophenol

When AChE activity was measured with Ellman’s method in the presence of Cu2�,

the reaction colour changed from yellow to orange indicating that other chemical

reactions may have occurred. These results may be due to the reduction of Cu2� to

copper(I) (Cu�). Cu� cations may then react with carboxylic acid anions to form

copper complexes. These complexes react with oxygen producing the red copper(I)

oxide (Cu2O). These reactions are continuously occurring and are autocatalytic

(Cano et al. 1999). In these experimental conditions, the reduction of Cu2� to Cu�

could be due to chemical interactions of the first cation with TCh and/or TNB.

However, the reaction between Cu2� and TCh precipitates as copper thiocholine as
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described above. Using o-nitrophenyl acetate as a substrate, no changes in colour

occurred despite the liberation of acetate during the enzymatic reaction. These

findings suggest that TNB used in the Ellman’s assay may support the reduction of

Cu2� to Cu�. In addition, no change in colour was observed in the two experiments

with TCh and TNB, supporting that the hypothesized reactions responsible for the

alteration in colour require the presence and activity of the enzyme. Thus, it is possible

that the reduced Cu�, after reaction with TNB, reacted with the acetate produced

during the enzymatic degradation of acetylthiocholine giving rise to Cu2O. The

precipitate, characteristic of this compound, was not observed probably because of its

low concentration. Even so, the mixture of its red colour and the yellow from the

remaining TNB may account for the final visible colour.

From all the tested metals, Cu2� at the concentration of 10 mM was the only one

that significantly reacted with the product o-nitrophenol. This concentration was not

considered for statistical analysis, since the interference may also depend on their

chemical concentrations available in the reaction medium.

Hg2�, Cd2�, Cu2� and Zn2� inhibit AChE

The results of AChE activity measured with Ellman’s assay suggested high levels of

inhibition for almost all of the tested metals. However, with this technique it was

impossible to ascertain the artefactual contribution of the interaction of the metals

with the technique, in the measurement of AChE inhibition. This constitutes a major

obstacle in obtaining accurate data. In this work, an alternative method to assess the in

vitro effects of metals on AChE activity was used. With o-nitrophenyl acetate as

substrate and comparing AChE inhibition levels with those obtained by the Ellman’s

assay it was possible to verify the interference of metals with this last method, since

AChE inhibition levels were lower and no precipitation occurred when using o-

nitrophenyl acetate. These results may be explained by the inexistence of sulfhydryl

reagents and thiol interchange reactions, avoiding in this way the complex reactivity of

metals. Although metals do not react with the substrate acetylthiocholine, they highly

interfered with the enzymatic reaction products of Ellman’s assay. These interferences

depend on the available metal after enzyme incubation and on TCh and TNB

concentrations produced during the enzymatic reaction. The accurate and reliable

establishment of reaction blanks was not possible due to the complexity of these

chemical interferences. When using the substrate o-nitrophenyl acetate, AChE

converts the substrate in a product that can be photometrically followed. Any possible

interference is easier to detect, but may vary depending on the chemical concentra-

tions able to react. Furthermore, o-nitrophenyl acetate is a substrate for esterases

other than cholinesterases. It is, therefore, only possible to measure cholinesterase

activity with purified enzymes or after a previous verification of the absence of other

esterases in the sample tissue. This could constitute an added difficulty in routine

AChE measurements. However, enzymatic characterization is often a prerequisite to

the use of cholinesterase activity in field surveys and as effect criteria in laboratory

studies (Pessah & Sokolove 1983, Sturm et al. 1999, Rodrı́guez-Fuentes & Gold-

Bouchot 2004). The disadvantage of using o-nitrophenyl acetate as a substrate is

related with the lower enzymatic affinity for it, in comparison with acetylthiocholine,

requiring higher concentration of enzyme in the samples subjected to analysis.

Measurements of AChE activity with o-nitrophenyl acetate made it possible to
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conclude unmistakably that all the metals significantly inhibit AChE with the

exception of Ni2�. The fact that Ni2� does not inhibit AChE activity is important

since one of the standard AChE purification techniques uses histidine residues as an

affinity tag, genetically engineered in recombinant proteins, which bind with high

affinity Ni2� ions immobilized on chelating resins (Paborsky et al. 1996). In addition,

in the development of biosensors the oriented and reversible immobilization of

proteins is based on the ability of Ni2� to bind a histidine tail on the recombinant

enzyme (Andreescu et al. 2001).

From an ecological point of view, the tested metal concentrations (minimum of

6 ppm for Ni2� and maximum of 2000 ppm for Hg2�) may be considered high.

However, they are relevant due to three main reasons. First, in polluted environments

such as estuaries and mining areas, it is possible to find concentrations of metals in the

ppm range. For example, values of more than a thousand ppm of copper or zinc and

more than a hundred ppm of cadmium have been found in sediments and suspended

matter (Irato et al. 2003, Smolders et al. 2003, Usero et al. 2003). These

environmental compartments can act as a source of metals when environmental

conditions change (e.g. pH, sediment redox potential). Second, metals accumulate in

the tissues of organisms, where they may reach considerably higher concentrations

than those found in the surrounding medium. For instance, high concentrations of

metals were found in chironomids (196 ppp cadmium, 5177 ppm zinc, 227 ppm

copper) (Smolders et al. 2003), in marine bivalve molluscs (60 ppm cadmium, 3700

ppm zinc, 643 ppm copper) (Ahn et al. 1996) and in soil invertebrates (152 ppm

cadmium, 488 ppm zinc, 567 ppm copper) (Cortet et al. 1999). Third, single metal

concentrations were tested in this study, whereas complex mixtures of metals normally

occur in the environment, therefore, toxicological interactions (e.g. additive,

synergistic) are likely to occur in these conditions.

For the stated reasons, tissues for AChE determination may contain considerable

amounts of metals, which may interfere with measurements of the enzymatic activity if

the Ellman’s method is used, as demonstrated in the present study.

In conclusion, the findings of the current study demonstrate that the metal ions of

mercury, cadmium, copper and zinc inhibit AChE activity. In addition, they show that

it is preferable to use the assay with o-nitrophenyl acetate as substrate to assess the

effects of metals on AChE than the Ellman’s method. Moreover, the effects of metals

on AChE should be taken into consideration when using this enzyme as an

environmental biomarker, particularly in environments polluted with several classes

of chemicals.
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