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a b s t r a c t

In this paper, the inhibition effect of aflatoxin B1 on different species of cholinesterases was investigated
to unravel action mechanism. The inhibition curves of several cholinesterase mutants (obtained by spec-
trophotometric measurements of enzyme activity, pS curves) were analyzed. They showed that this toxin
reversibly inhibits cholinesterases by binding to a peripheral site located at the entrance of the active site
gorge without entering inside the site. Electric eel enzyme revealed the highest inhibition extent with a
eywords:
cetylcholinesterase
flatoxin B1
nzyme
nhibition
iosensor

binding constant estimated to 0.35 �M. This binding prevents the entrance of substrate en route to the
catalytic site and also decreases chemical steps of the reaction at the catalytic site: acetylation is reduced
to the half and deacetylation is reduced to the third. Electric eel acetylcholinesterase was used to settle
an amperometric biosensor. The best detection was obtained by using 0.3 mU enzyme on the electrode
and 0.5 mM ATCh in the solution. The limit of detection was 3 �M corresponding to 20% inhibition.

© 2008 Elsevier B.V. All rights reserved.

eripheral site

. Introduction

Mycotoxins are fungal secondary products commonly present in
ontaminated food or animal feeds that can cause severe illnesses.
he optimal growth temperature of moulds with mycotoxin pro-
uction ranges between 24 and 35 ◦C and thus, affection of crops

s mainly concerns humid and warm zones, principally subtropi-
al and tropical countries (Williams et al., 2004) with important
osses in terms of human health, animal health, and condemned
gricultural products (Shane, 1994). Factors contributing to the
resence or production of mycotoxins in food or feed include
torage and environmental or ecological conditions. Aflatoxins, an
specially aflatoxin B1 (AFB1), are one of the most toxic groups
f mycotoxins. AFB1 is principally produced by Aspergillus flavus

nd Aspergillus parasiticus which afflict amylaceous semen like
rains, maize, peanuts and pistachios. Aflatoxins structure was
rst time described in 1965 (Asao et al., 1965). Acute intoxica-
ion manifests as hepatotoxicity (Cullen and Newberne, 1994). Last

Abbreviations: AChE, acetylcholinesterase; BuChE, butyrylcholinesterase; ATCh,
cetylthiocholine.
∗ Corresponding author. Fax: +33 4 68 66 22 23.

E-mail address: jlmarty@univ-perp.fr (J.-L. Marty).

956-5663/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2008.11.006
severe outbreak of aflatoxicosis in humans took place between
2004 and 2005 in Kenya with over 150 deaths (Azziz-Baumgartner
et al., 2005). Chronic subsymptomatic exposure provokes hep-
atic damage as well as nutritional and immunosuppressive effects
like anorexia and decreased T-cell function (Williams et al., 2004;
Azziz-Baumgartner et al., 2005; Hussein and Brasel, 2001). The
known LD50 values for different animal species range between 0.3
and 10 mg/kg bodyweight (Wogan, 1966) and estimation of LD50
value for humans lies between 2 and 6 mg/kg bodyweight. Thus, a
man with a weight of 70 kg would therefore die from an approx-
imate single ingested dose of 140–420 mg with a probability of
50%.

Besides acute and chronic symptoms of aflatoxicosis, bioacti-
vation of aflatoxin B1 by cytochrome P450 to its highly reactive
aflatoxin-8-9-epoxide results in DNA adducts which induce muta-
genic and carcinogenic effects in a dose-dependent manner. Most
commonly aflatoxin B1 causes liver cancer especially in combina-
tion with other hepatic risk factors like hepatitis B virus infection
(Croy et al., 1978; Muench et al., 1983; Bennett et al., 1981; Foster et

al., 1983; Vinitketkumnuen et al., 1997). Consumption over a long
time increases the risk of developing a hepatocarcinoma due to the
accumulation of aflatoxin B1 in the liver during that life span. Thus,
the WHO-International Agency for Research on Cancer described
naturally occurring mixtures of aflatoxins in the environment to be

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:jlmarty@univ-perp.fr
dx.doi.org/10.1016/j.bios.2008.11.006
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ancerogenic to humans and aflatoxin B1 was placed as a Class 1
arcinogen.

Due to its high toxicity, the U.S. Food and Drug Administration
reated a standard regulating the aflatoxins amount in food. It set
he maximal value of overall aflatoxin B1 affliction at 20 ppb in
rains and at 0.5 ppb in milk (U.S. Food and Drug Administration,
995. Sec. 555.400) and European Union set limits of total aflatoxin
oncentration in groundnuts and cereals intended for direct human
onsumption to 4 ppb (commission regulation no 466/2001 of 8
arch 2001).
In order to monitor and to regulate the food trade market in

ccordance to the established standards, routine analysis systems
re required. Currently, qualitative and fast analysis of aflatoxin B1
races is commonly carried out by ELISA immunoassays (Micheli
t al., 2005; Piermarini et al., 2007; Zollner and Mayer-Helm,
006). On the other hand, quantification is usually made using gas
hromatography–mass spectrometry, thin-layer chromatography,
iquid chromatography–mass spectrometry or high-performance
iquid chromatography after extraction of aflatoxin B1 from
ontaminated food samples (Zollner and Mayer-Helm, 2006;
ugita-Konishi et al., 2006). However, sample analysis by these con-
entional methods is quite expensive and time consuming.

Recent reports suggest that biosensors using cholinesterase as
iological component may be used to detect aflatoxin B1: afla-
oxicosis has been correlated to a diminution of acetylcholine
urnover in rat brain (Egbunike and Ikegwuonu, 1984), aflatoxin
1 inhibits acetylcholinesterase with a non-competitive inhibition
attern (Cometa et al., 2005) and further, a colorimetric biosen-
or using electric eel acetylcholinesterase was recently described
Arduini et al., 2007). The attempt of our study was to understand

ore about the mode of aflatoxin B1 action. We first wanted to
stablish if acetylcholinesterase (AChE) is inhibited by aflatoxin B1
t the same concentration range as it is known to induce acute
oxic symptoms to humans. The second objective was to unravel
he mechanism of AChE inhibition by steady state kinetic mea-
urements and by using in vitro mutagenesis. The third attempt
as to develop a field-compatible biosensor and to determine the
etection limit.

. Experimental procedures

.1. Materials

Drosophila melanogaster AChE (Dm-AChE) were produced in bac-
lovirus system and purified as already described (Chaabihi et al.,
994). Mutants were obtained as previously described (Boublik
t al., 2002). Human AChE (Hu-AChE), human BuChE (Hu-BuChE)
nd Electrophorus electricus AChE (Ee-AChE) were purchased from
igma Chemical Co. (St. Louis, MO, USA). Torpedo californica AChE
Tc-AChE) was kindly supplied for Lilly Toker and Israel Silman. Afla-
oxin B1 (MW: 312) and acetylthiocholine (MW: 289) were from
igma. Aflatoxin B1 was dissolved in ethanol (1 mM) and subse-
uent dilutions were made in water.

.2. Kinetics

Hydrolysis of ATCh was measured using the Ellman method
Ellman et al., 1961). Briefly, the activity of the enzyme at 25 ◦C
as evaluated by following the absorbance at 412 nm in 25 mM
hosphate buffer, pH 7 for 1 min after the addition of the sub-

trate to the mixture containing buffer, Ellman reagent, enzyme and
FB1. Chemical hydrolysis of substrate was subtracted. Substrate
oncentrations range was 10 �M to 300 mM, with a minimum of
wo repetitions per concentration value. The tested AFB1 concen-
rations were 1, 10, 50 and/or 100 �M, depending on the reaction.
electronics 24 (2009) 2119–2124

Data were analysed using the model and equation of Stojan et al.
(2004a,b) for ATCh hydrolysis inhibition. Fittings were performed
by multiple non-linear regressions using the program GOSA-fit
(www.bio-log.biz).

2.3. Immobilization of Ee-AChE on electrodes and biosensor
measurements

The electrodes were modified with cobalt-phthalocyanine as
mediator (Gwent Electronic Materials, UK). 3 �L of a 1:1 mixture
of polyvinylalcohol and the enzyme solution were automatically
deposited on the working electrode surface with a micropipette
and polymerized under neon light at 4 ◦C for 3 h. Sensors were then
left in the dark at 4 ◦C for at least further 24 h.

The electrodes were then measured using a potentiostat in 10 ml
of 100 mM phosphate buffer, pH 7 at 30 ◦C. ATCh was added to the
buffer solution and it was hydrolysed by the immobilized enzymes.
The mediator cobalt-phthalocyanine oxidised the product of the
ATCh hydrolysis (thiocholine) and it was thus, reduced. The reox-
idation of the mediator in the working electrode at +100 mV vs.
Ag/AgCl pseudo-reference electrode generated a current that was
linked to a flatbed recorder. In this work, the stability of the elec-
trodes was checked by adding consecutively a fixed amount of
substrate several times. Only when the current was the same after
at least three measurements, the electrodes were considered sta-
ble and were incubated in phosphate buffer containing AFB1. The
decrease in the substrate steady state current after addition of AFB1
was used to evaluate the inhibition extent. All measurements were
accomplished with a minimum of two repetitions.

3. Results

3.1. Inhibition type and binding site

Regarding the literature, the kinetics of inhibition were ana-
lyzed using Dm-AChE because the pS curve displays activation and
inhibition by substrate, allowing the estimation of some param-
eters describing substrate binding and hydrolysis (Stojan et al.,
2004a,b; Colletier et al., 2006). It has been found that AFB1 inhib-
ited cholinesterase activity in the �M range. However, no effect
could be reported on the enzyme activity when pre-incubating
acetylcholinesterase with AFB1 since it remained constant along
the measurement time (5 min after addition of the last reaction
component). Thus, AFB1 reversibly inhibits Dm-AChE, as it has been
recently reported for Ee-AChE (Arduini et al., 2007). According to
this result, the steady-state inhibition kinetics of AFB1 was analyzed
by mixing enzyme, substrate and AFB1 and measuring the activity
for 1 min.

The AFB1 binding model was analyzed using the model for
acetylthiocholine (ATCh) hydrolysis with inhibitor involvement
(Scheme 1). In this model, the substrate initially binds to the periph-
eral site (PAS), mainly consisting of Trp321 (Dm-AChE numbering),
at the entrance of the active-site gorge, thereby resulting in the
complex SpE. Gliding down the gorge to the catalytic site results
in the formation of a Michaelis addition complex (ES), thus, set-
ting free the peripheral site for another substrate molecule to give
a ternary complex (SpES). At this point, the enzyme is acetylated
(acetylated enzyme, EA, and SpEA) and choline is then released. In
the next step, a water molecule approaches to the esteratic bond and
induces deacetylation to regenerate the free enzyme (E). However,

the binding of another substrate molecule to the peripheral site
of the Michaelis complex, leading to SpES, may block the choline
exit. Substrate binding at the peripheral site of the acetylated
enzyme usually increases deacetylation (a > 1). However, the sub-
strate molecule bound to the peripheral site can also enter deeper

http://www.bio-log.biz/
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cheme 1. Kinetic scheme used to analyse aflatoxin inhibition. ‘E’ represents the fre
ound to the peripheral site, it is written on the left of ‘E’ with the subscript “p” adde

E’ (ES). Thus, SpEAS means that a substrate molecule is at the peripheral site and a
or inhibitors was reduced for AFB1 by discarding the parts of the inhibitor binding

n the gorge of the acetylated enzyme (KLL) thus, giving the EAS
omplex. At this stage, no water molecule can approach the ester
ond and, as a consequence, the substrate molecule completely
locks deacetylation. Finally, if another substrate molecule binds to
he peripheral site, a ternary complex between acetylated enzyme
nd two substrate molecules is formed (SpEAS). The derived ini-
ial rate equation for this model has been described in Stojan
t al. (2004b).

Reversible inhibitors of AChE bind on the peripheral anionic
ite (PAS) and/or on the catalytic anionic site (CAS). Both bind-
ng positions prevents substrate hydrolysis either by corking the
ntrance to the active site (binding to PAS) or by the occupation
f the choline binding site at the bottom of the gorge. The com-
lete scheme corresponding to the binding to these two sites and

ts corresponding initial rate equation has been deeply detailed
n Fekonja et al. (2007). Both binding sites can be distinguished

ith the fitting of the data by considering the presence of each
omplex: when the complexes IpE, IpES and IpEA are required for
he fitting, the inhibitor binds to the peripheral site, but when the
omplexes EI, SEI are necessary, the inhibitor binds to the catalytic
ite. Whether all complexes are necessary, the inhibitor binds to
oth sites. The simplest model that fits on AFB1 inhibition data of
ubstrate hydrolysis catalyzed by Dm-AChE was described as the
inding of AFB1 to the peripheral site (Fig. 1A, Scheme 1, Eq. (1))
ith an affinity estimated to 2.39 �M. Using an equation for the
odel of AFB1 binding in the catalytic site did not improve the fit-

ing, showing that inhibition only results from the binding to the
ntrance of the active site, i.e. at the PAS. This binding impeded
he entrance of substrate to the catalytic site, reduced deacetyla-
ion and increased the hindrance of choline exit thus, inhibiting
he substrate hydrolysis. As substrate binds on the PAS before
ntering into the catalytic site, AFB1 behaved as a competitive
nhibitor.

v
[Et]

= k3 · k2 · [S](
k3·Kp·KL · 1+[S]

Kp
+ [S]

Kp ·KL
+ [S]2

Kp2 ·KL
+ [S]·[I]

Kp ·Kip ·KL
+ [I]

Kip

)
(

1+ b·[S]
Kp

+ d·[I]
Kip

) +
[S]·k2·

(
1+

(
[S]
Kp

+ [S]
Kp ·KL

1+

Trp321, located at the entrance of the active site gorge is an

ssential residue of the PAS of Dm-AChE (corresponds to Trp279
n the Tc-AChE used for structural analysis). The binding of AFB1
o this site was verified by mutating this amino acid to alanine and
he inhibition of the mutant by AFB1 was examined (Fig. 1B). Below
0 �M of AFB1 no inhibition could be observed, confirming that the
E, ‘EA’ the acetylated enzyme, ‘S’ the substrate and ‘I’ the inhibitor. When a ligand is
E). When a ligand is bound at the catalytic site, the symbol is written on the right of

substrate molecule at the catalytic site of acetylated enzyme. The general scheme
catalytic site.

S]2

2 ·KLL
+ [S]

Kp
· [I]

Kip ·KLL
+ [I]

Kip

))

c· [I]
Kip

(1)

binding of aflatoxin on the peripheral site was responsible for the
inhibition observed with the wild type.

3.2. Sensitivity of cholinesterases to aflatoxin B1

Four species of AChE (beside Dm-AChE) were examined to
find an acetylcholinesterase enzyme that reveals a high sensitiv-
ity towards AFB1. At AFB1 concentration ranging from 1 to 10 �M,
inhibition was observed for all tested species except for Hu-BuChE
(Fig. 1C–F). Hu-BuChE did not have a tryptophan in the PAS site,
which was consistent with the lack of inhibition obtained even at
100 �M AFB1.

The affinity constants for the binding of AFB1 at the periph-
eral site (Kip values) for Hu-AChE and Tc-AChE were in the same
range than those obtained for Dm-AChE (∼5 �M, Table 1). The
lowest Kip for the three inhibited enzyme species corresponded
to Ee-AChE (0.5 �M). The effect of AFB1 on several Drosophila
enzymes with mutations located at the entrance of the active site
(R70V, Y71A, Y71D, Y71K, Y73A, W321L, W321N, W321del, L328F,
Y370A) by fast screening of the hydrolysis of 1 mM ATCh at afla-
toxin B1 concentrations of 1 and 10 �M was analyzed. However,
anyone of these AChEs did not show more sensitive than Ee-AChE to
AFB1.

3.3. Determination of the lowest aflatoxin B1 concentration
detectable using an amperometric biosensor

Among all of examined AChEs, Ee-AChE was found to be
inhibited by the lowest AFB1 concentrations and was used for
developing the enzymatic biosensor. Initially, the optimal substrate

concentration was established. The maximum inhibition was

observed between 200 �M and 1 mM ATCh. At higher concentra-
tions, reference and aflatoxin B1 curves converge as expected for
a competitive inhibitor and further, substrate inhibition appears.
Hence, no inhibition by the toxin could be observed at high sub-
strate concentrations (Fig. 1). On the other hand, below 10 �M



2122 T. Hansmann et al. / Biosensors and Bioelectronics 24 (2009) 2119–2124

F ophila melanogaster-AChE. (B) Drosophila melanogaster-AChE peripheral site mutant. (C)
H . ATCh concentration in �mol per litre; v/Et: substrate turnover, velocity/total enzyme
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ig. 1. Representation of the AFB1 inhibition curves for six AChE species. (A) Dros
uman-AChE. (D) Human-BuChE. (E) Electric eel AChE. (F) Torpedo californica AChE
oncentration in s−1.

easurements cannot be made because of the substrate deple-
ion by enzyme hydrolysis during the experiment. Thus, a substrate
oncentration of 500 �M was chosen to obtain the maximum of
nhibition (Fig. 2). Since detection values for inhibition by toxins
an be quite variable, at least 20% inhibition is required to be sure
f the authenticity of the results obtained which corresponds to a
oncentration of 3 �M AFB1.

. Discussion

.1. Binding site of aflatoxin B1
As previously discussed, AFB1 inhibits AChEs by binding at the
eripheral site, located at the entrance of the active site gorge (at
he tryptophan residue). It obstructs the entrance of the active site,
ubstrate cannot enter to the catalytic site and choline cannot exit
s proposed by the steric blockade model (Szegletes et al., 1998).

Fig. 2. Biosensor sensitivity. Inhibition of Ee-AChE immobilized on electrode as func-
tion of alfatoxin concentration and amount of enzyme immobilized on the electrode
(1 mU corresponds to 1 fmol enzyme).
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These results emerged from the following observations: (1) Addi-
tion of a binding step of AFB1 inside the active site did not improve
the description of inhibition, i.e. did not improve the fitting, which
suggests that AFB1 does not slide to the catalytic site. (2) Mutation
of Trp321 to alanine in Dm-AChE abolishes inhibition at 10 �M and
100 �M AFB1 does not inhibit Hu-BuChE. We may hypothesize that
aflatoxin B1 does not enter into the active site because it is too big,
especially when considering that its hydrophilic shell may further
enlarge its size. Thus, aflatoxin is added to the list of ligands which
bind on the peripheral site of cholinesterases such as propidium,
gallanine or fasciculin (Bourne et al., 2003).

4.2. Comparison of binding constants with toxic doses to humans

One of the goals of this study was to address if cholinesterase
inhibition plays a role in aflatoxicosis. Since no precise data of
toxic amounts are available for humans, the of aflatoxin B1 for
peripheral site (Kip) of Hu-AChE (13 �mol/l) was compared to the
known LD50 values for different animal species ranging between
1 and 32 �mol/kg bodyweight (Wogan, 1966). Actually, this value
is in the same range, suggesting that acetylcholinesterase may be
inhibited in vivo during aflatoxicosis. However, AFB1 is not homo-
geneously distributed in the body, but it accumulates in the liver,
although neither reaches the muscles, nor the brain that contain
the highest AChE density (Wogan, 1966). Aflatoxin B1 has been
reported to inhibit other enzymes such as trypsin, amylase, lipase
or cytochrome P450 (Guerre et al., 1997; Uwaifo, 1980) and aflatox-
icosis has been associated with reduced activity levels of several
enzymes (Osborne and Hamilton, 1981). Furthermore, some afla-
toxin B1 metabolites are known to form adducts with proteins
by conjugation with the �-amino group of lysines. Thus, acetyl-
cholinesterase represents one of few investigated enzymes whose
activity is affected by AFB1 binding. Consequently, inhibition of
acetylcholinesterase may not be significantly involved in aflatox-
icosis etiopathology since hepatic, nutritional and immunologic
symptoms are predominant.

4.3. Sensitivity of the biosensor

Attempting to create an AFB1 biosensor in the environment,
the best conditions for a strong inhibition of Ee-AChE with small
amounts of AFB1 were investigated.

Using the AChE biosensor, the minimum concentration of AFB1
detectable was 3 �M, corresponding to 1 mg/L. Regarding the fact
that the European limit lays at 2 ppb (2 �g/kg) in grain and peanuts,
it would be necessary to extract AFB1 from 0.5 kg of the crop sam-
ple and to concentrate the extract down to 1 mL or less. Thus, the
sensitivity of Ee-AChE should be increased by mutagenesis to create
an optimized biosensor able to facilitate the detection of AFB1 in
the environment, compared to ELISA-immunoassays or chromato-
graphic methods.

5. Conclusions

This paper confirms previous report claiming the inhibition of
AChE by aflatoxin B1 (Cometa et al., 2005; Arduini et al., 2007). How-
ever, this inhibition does not seem to be involved in aflatoxicosis.
The inhibition mechanisms of AFB1 were investigated using steady
state kinetic measurements and in vitro mutagenesis. Experimen-
tal data suggests that inhibition comes from the binding of AFB1
on the peripheral site, located at the entrance of the active site.

Binding constant has been found to depend on the enzyme source.
Among studied enzymes, electric eel enzyme was the most sensi-
tive with an affinity estimated to 0.35 �M. This enzyme was used
for the development of a field-compatible biosensor. Its detection
limit was estimated to 3 �M.
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