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Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) from vertebrates, other than
their predominant acylcholine hydrolase (esterase) activity, display a genuine aryl acylamidase
activity (AAA) capable of hydrolyzing the synthetic substrate o-nitroacetanilide to o-nitroaniline.
This AAA activity is strongly inhibited by classical cholinesterase (ChE) inhibitors. In the
present study, benzalkonium chloride (BAC), a cationic detergent widely used as a preservative
in pharmaceutical preparations, has been shown to distinctly modulate the esterase and AAA
activities of BChEs. The detergent BAC was able to inhibit the esterase activity of human
serum and horse serum BChEs and AChEs from electric eel and human erythrocyte. The
remarkable property of BAC was its ability to profoundly activate the AAA activity of human
serum and horse serum BChEs but not the AAA activity of AChEs. Thus BAC seem to
preferentially activate the AAA activity of BChEs alone. Results of the study using the ChE
active site-specific inhibitor diisopropyl phosphorofluoridate indicated that BAC binds to the
active site of ChEs. Furthermore, studies using a structural homolog of BAC indicated that the
alkyl group of BAC is essential not only for its interaction with ChEs but also for its distinct
effect on the esterase and AAA activities of BChEs. This is the first report of a compound
that inhibits the esterase activity, while simultaneously activating the AAA activity, of
BChEs. q 2000 Academic Press

INTRODUCTION

Cholinesterases (ChEs) are distinguished from nonspecific esterases by their sensi-
tivity to the inhibitor eserine. In vertebrates, two types of ChEs exist, acetylcholinester-
ase (AChE; EC 3.1.1.7) and butyrylcholinesterase (BChE; EC 3.1.1.8) (1). While the
function of AChE is to terminate the signal transmission in cholinergic synapse by
hydrolyzing acetylcholine (2), the precise physiological function of BChE has not
been identified with certainty. Nevertheless, BChE is generally viewed as a backup
enzyme for AChE (3). Since BChE has a wider substrate specificity and inhibitor
sensitivity, it has also been proposed to function as a scavenger of naturally occurring
poisonous compounds targeted at acetylcholine binding sites (4). Additional functions
for AChE and BChE in development, physiology, and disease have been suggested
(5–7). Apart from their predominant acylcholine hydrolase activity (commonly known
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as esterase activity), ChEs also display an aryl acylamidase (AAA) activity catalyzing
the cleavage of the synthetic substrate o-nitroacetanilide to o-nitroaniline and acetate
(8–10). This AAA activity, other than being strongly inhibited by classical ChE
inhibitors, is also susceptible to selective inhibition by serotonin (11–13). An exclusive
feature of the AAA activity in human serum BChE is its several-fold activation by
tyramine (12). A number of possible physiological functions for the AAA activity,
including a role in an amine-sensitive pain mechanism, have been suggested (9).

The catalytic efficiency of ChEs seems to originate from the unique architecture
of their active site. The X-ray structure of AChE (14) and site-directed mutagenesis
of ChEs (15,16) have revealed the active site to be present within a 20 Å deep gorge.
The catalytic triad is present at about 4 Å from the base of the gorge. Several functional
subsites, each characterized by a defined set of amino acids, have been identified.
These include the acyl pocket, the choline-binding pocket, the hydrophobic subsite,
the oxyanion hole, and the peripheral anionic site. This heterogeneity of subsites
explains the existence of multiple inhibitors, including competitive, noncompetitive,
and irreversible ones, despite the deeply placed active site (14,17,18).

Alkylbenzyldimethylammonium chloride, commonly known as benzalkonium chlo-
ride (BAC), is a cationic surface active agent. It is the most widely used preservative
in many ophthalmic solutions, nebulizer compounds, and nasal sprays (19). The
charged part of the molecule interacts with many proteins with high affinity and in
a very specific manner, thereby influencing their functions (20). In neuromuscular
junctions, BAC has been shown to block transmission by acting as an acetylcholine
agonist (21). Since BAC has a quaternary ammonium group (Fig. 1) similar to many
reversible inhibitors of ChEs, it was of interest to analyze its effect on the catalytic
functions of ChEs.

FIG. 1. Structure of BAC and its homolog, benzyltrimethylammonium hydroxide.
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In the present paper, we describe the inhibitory action of BAC on the esterase
activities of ChEs from diverse sources such as human serum, horse serum, electric
eel, and human erythrocytes. We further report for the first time the distinct manner
in which BAC inhibits the esterase activity but activates the AAA activity of BChEs.
The putative binding site for BAC on ChEs has been identified using the active
site-specific ChE inhibitor, diisopropyl phosphorofluoridate (DFP). In addition the
structural moiety of BAC that is responsible for its interaction with ChEs has been
identified.

MATERIALS AND METHODS

Materials. Acetylthiocholine iodide (ATCI), DE-52, and procainamide were pur-
chased from Sigma Chemical Co. (St. Louis, MO). Benzalkonium chloride was from
LOBA Chemi Pvt. Ltd, (India); benzyltrimethylammonium hydroxide was from E
Merck (Darmstadt, Germany). o-Nitroacetanilide was prepared as described elsewhere
(22). All other chemicals used were of analytical grade and of the highest purity
available.

Enzymes. Human serum BChE was purified to apparent homogeneity from outdated
plasma as described earlier using DE-52 ion-exchange column and procainamide–
Sepharose affinity columns (23). Horse serum BChE and electric eel AChE were
obtained from Sigma Chemical Co.. Human erythrocyte AChE was extracted from
human erythrocytes as described by Tornel et al. (24).

Effect of benzalkonium chloride. To assess the in vitro effect of BAC on the
esterase and AAA activities of ChEs, the enzymes were preincubated with increasing
concentrations of BAC for 10 min at 378C and then assayed for activity. Control
samples were devoid of BAC.

The inhibition constants Ki and aKi were determined by using the primary Dixon
plot. The values of Ks and aKs were estimated from the secondary replots of the
primary Dixon plot (25).

Enzyme assays. The esterase activities of ChEs were determined according to the
method of Ellman et al. (26) using ATCI as substrate. The AAA activities of the
ChEs were assayed as described earlier (22) using o-nitroacetanilide as substrate.

One unit of cholinesterase activity corresponds to the amount of enzyme which
hydrolyses 1 mmol ATCI per min and one unit of AAA corresponds to 1 mmol of
o-nitroaniline formed per hour, under the standard assay conditions.

Fluorescence spectroscopy. Human serum BChE at a concentration of 15 mg/ml
in 0.1 M potassium phosphate buffer, pH 7.0, in the absence and presence of 10 mM
BAC, was placed at 258C in the cuvette holder of a Hitachi F-2000 fluorescence
spectrophotometer. Then 8-anilino-1-naphthalene sulfonic acid (ANS) was added to
the samples to a final concentration of 0.05 mM. The emission spectra were recorded
with the excitation wavelength set at 380 nm. The excitation and emission bandpasses
were set at 10 nm.

Statistical analysis. The graphs were plotted using the Sigma Plot program. Using
the linear regression analysis of this program the value of slopes and intercepts were
obtained (28).
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RESULTS AND DISCUSSION

The inhibitory effect of BAC on the esterase activity of ChEs from different sources
was concentration dependent (Fig. 2). BChEs from human and horse serum were more
sensitive to inhibition by BAC than AChEs from electric eel and human erythrocyte. In
all cases the inhibition was found to be reversible as the original activity was com-
pletely restored on dialysis of the BAC-inhibited enzymes against buffer devoid of
BAC (data not shown). The rates of ATCI hydrolysis at variable substrate concentra-
tions in the absence and presence of several concentrations of BAC were determined.
From the pattern of lines in a Dixon plot (Figs. 3A–3D) it was determined that BAC
behaved as a “mixed inhibitor” of all the ChEs. This implies that BAC can bind to
the free enzyme, as well as to the enzyme–substrate complex. The slopes of the
Dixon plot were linear and hence the inhibition is of the “linear-mixed” type. As the
lines of the Dixon plot intersect each other above the X-axis, the inhibition is a
mixture of the competitive and the noncompetitive type. The secondary replot of the
Dixon plot, i.e., slopes versus 1/[ATCI], was linear and does not pass through the
origin (inserts in Figs. 3A–3D). Hence the competitive inhibition is of the partial
type. Since the replot of the intercepts of the Dixon plot versus 1/[ATCI] is linear,
the noncompetitive inhibition is of the pure type. Thus, the mode of BAC inhibition
of ChEs is “partial competitive–pure noncompetitive type of mixed inhibition.” The
equilibrium scheme for this type of mixed inhibition can be described as

FIG. 2. Effect of BAC on the esterase activity of ChEs. Human serum BChE (V), horse serum BChE
(M), electric eel AChE (n), and human erythrocyte AChE (,) were incubated with varying concentrations
of BAC for 10 min at 378C. After incubation, the residual activities as percentages of control were
determined using ATCI as substrate as outlined under Materials and Methods. The activity observed
in the absence of BAC corresponds to control activity (100%). Each point is the average of three
independent determinations.
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FIG. 3. Dixon plot for BAC inhibition of ChEs esterase activity: human serum BChE (A), horse
serum BChE (B), electric eel AChE (C), and human erythrocyte AChE (D). The concentrations of the
substrate ATCI were 5 mM (V), 1 mM (M), 0.6 mM (n), 0.2 mM (,), and 0.1 mM (L) for human
serum BChE; 2 mM (V), 1 mM (M), 0.6 mM (n), 0.3 mM (,) and 0.1 mM (L) for horse serum BChE;
and 0.8 mM (V), 0.4 mM (M), 0.2 mM (n), and 0.1 mM (,) for electric eel and human erythrocyte
AChE. The X-axis value corresponding to the point of intersection of the highest ATCI concentration
line with the lowest ATCI concentration line gives the Ki, while the point of intersection of the 5 mM
ATCI line with the X-axis gives the value of aKi. The insert shows the secondary replot of slopes (m)
and 1/V intercepts (v) from the Dixon plot against 1/[ATCI]. Each point represents the average of three
independent determinations.
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constant Ki (dissociation constant of the EI complex into free E and I) and aKi

(dissociation constant of the ESI complex into ES and I) were determined from the
primary Dixon plot (Figs. 3A–3D). The constants Ks (dissociation constant of the ES
complex into free E and S) and aKs (dissociation constant of the ESI complex into
EI and S) were determined from the secondary replots of the Dixon plot (inserts in
Figs. 3A–3D). The estimated values of these parameters are given in Table 1.

An interesting observation was the activation of the AAA activity associated with
human and horse serum BChEs by BAC (Fig. 4). Surprisingly, the detergent did not
have any effect on the AAA activity associated with AChEs from electric eel or
human erythrocyte. The results indicate that BAC preferentially activates the AAA
activity associated with BChEs alone.

Previous studies have shown that tyramine exclusively activates the AAA activity
in human serum BChE, but to cause a four fold activation, a concentration as high
as 1 mM of tyramine was required (13). From Fig. 5, it is clear that BAC is a more
powerful activator of human serum AAA. Further, unlike tyramine, which has no
effect on the esterase activity of human serum BChE, BAC causes a simultaneous
inhibition of the esterase activity. Classical ChE inhibitors inhibit both the esterase
and the AAA activities of human serum BChE, while indolamines such as serotonin
specifically inhibit the AAA activity. Although the active sites of both esterase and
AAA activities are distinct but overlap each other (29), BAC is able to differentially
modulate the two activities. This is the first report of a compound that modulates the
esterase and AAA activities of human serum BChE in a distinct manner.

The difference in susceptibility to BAC activation of AAA in BChE and AChE
could be attributed to the sequence differences found in these two enzymes at or near
the active site gorge (30). Modeling studies on ChEs have revealed the presence of
six conserved aromatic amino acid residues that line the active site gorge of AChE.
These six residues are absent in the corresponding region of BChE. Also, the acyl
pocket, the choline binding pocket, and the hydrophobic subsites are larger in BChE,
but are constrained in AChE due to the presence of bulky aromatic residues (31).
Thus, BChE and not AChE may undergo a conformational change upon binding of
BAC. This conformational change could be the reason for the preferential activation
of the AAA activities in BChEs.

TABLE 1

Kinetic Parameters for BAC Inhibition of Esterase Activity of ChEs

Ki (mM) aKi (mM) Ks (mM) aKs (mM)

Human serum BChE 1.03 4.66 0.64 0.81
Horse serum BChE 1.87 9.14 0.37 3.19
Electric eel AChE 4.16 12.16 0.068 0.19
Human erythrocyte AChE 32.28 58.68 0.18 0.35

Note. Inhibition constants Ki and aKi were calculated from the primary Dixon plot as described in Fig.
3. The value of Ks is the inverse of the X-axis intercept of the secondary replot of the intercepts from
the Dixon plot versus 1/[ATCI] concentration, and aKs is the inverse of the replot of the slopes of the
Dixon plot versus 1/[ATCI] concentration (inserts in Figs. 3A–3D).
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FIG. 4. The effect of BAC on the AAA activities of ChEs: human serum BChE (V), horse serum
BChE (M), electric eel AChE (n), and human erythrocyte AChE (,). The ChEs were incubated with
increasing concentrations of BAC for 10 min at 378C and then they were assayed for AAA activity using
o-nitroacetanilide as substrate. The activity observed without the addition of BAC corresponds to 100%
activity. Each point represents the average of three independent determinations.

Evidence for a conformational change in BChE upon BAC binding comes from
the studies using the fluorescence probe ANS studies. The fluorescence spectrum of
ANS bound to human serum BChE in the absence and presence of BAC is shown
in Fig. 6. The fluorescence of ANS upon binding to BChE shows an emission
maximum at 515 nm. The emission maximum shifts to 499 nm in the presence of
BAC. This shift in the emission maxima from a higher wavelength to a lower wave-
length (blue shift) indicates that in the presence of BAC, BChE undergoes a conforma-
tional change such that its hydrophobic surface is exposed to a greater extent compared
to the enzyme in the absence of BAC (32).

To identify the putative binding site for BAC on ChEs, the IC50 values and pseudo-
first-order rate constant for DFP (an active site-specific irreversible inhibitor of ChEs)
inactivation of the esterase activity of ChEs in the absence and presence of BAC
were calculated. In the presence of BAC, the IC50 values for DFP inhibition were
increased for all of the ChEs analyzed (Table 2). This indicates that BAC, by binding
to the active site of ChE, prevents DFP from interacting with the enzyme. Further
confirmation of the masking effect by BAC comes from the pseudo-first-order rate
constants, K1 , for DFP inactivation of ChEs. The K1 values were reduced in assays
performed in the presence of BAC (Table 2). Reversible inhibitors are known to bind
to the choline-binding subsite by a combination of columbic and van der Waals’
forces. Smaller alkyl substituents of these inhibitors bind by van der Waals’ force to
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FIG. 5. Comparison of activation of AAA activity associated with human serum BChE by BAC and
tyramine. The BChE enzyme was incubated with increasing concentrations of BAC (v) or tyramine (m)
for 10 min at 378C and then they were assayed for AAA activity using o-nitroacetanilide as substrate.
The activity observed without the addition of BAC/tyramine corresponds to 100% activity. Each point
represents the average of three independent determinations.

adjacent hydrophobic regions and larger alkyl substituents react beyond the choline-
binding pocket and, in fact, interact with groups at the esteratic site or regions
peripheral to both sites (33). Similarly, binding of BAC to the choline-binding pocket
could cause conformational changes through its alkyl group either at the esteratic site

FIG. 6. ANS fluorescence spectrum of human serum BChE in the absence (. . .) and presence (—)
of BAC as detailed under Materials and Methods. The emission spectra were recorded with the excitation
wavelength set at 380 nm. The excitation and emission bandpasses were set at 10 nm.
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TABLE 2

IC50 Values and Pseudo-first-order Rate Constant (K1) for DFP Inhibition of Esterase Activities of
ChEs in the Absence and Presence of BAC

IC50 (M) K1 (min)21

2BAC 1BAC 2BAC 1BAC

Human serum BChE 1.75 3 1028 6.85 3 1028 0.101 0.032
Horse serum BChE 5.45 3 1028 9.98 3 1028 0.050 0.019
Electric eel AChE 7.75 3 1026 15.81 3 1026 0.055 0.026
Human erythrocyte AChE 14.86 3 1027 19.34 3 1027 0.029 0.027

Note. The concentrations of BAC used in assays performed in the presence of the detergent were 5 3
1027 M with human serum BChE and horse serum BChE and 5 3 1026 with electric eel AChE and
human erythrocyte AChE. The concentrations of DFP used for the determination of K1 were 5 3 1028

M with human serum BChE and horse serum BChE, 8 3 1026 M with electric eel AChE, and 1.5 3
1025 M with human erythrocyte AChE.

or in regions away from it. Such conformational changes might be the reason for the
observed decrease in K1 for DFP inactivation of ChEs in the presence of BAC. Similar
protection of ChEs by the nonionic detergent Triton X-100 and the zwitterionic
detergent 3-([3-cholamidopropyl]dimethylammonio)-1-propanesulfonate against inac-
tivation by organophosphates has been reported (24,27).

The structural feature of BAC (Fig. 1) includes a quaternary ammonium group
(analogous to cationic substrates/reversible inhibitors of ChEs), a hydrophobic region
(lent by the alkyl chain linked to the quaternary ammonium group), and an aromatic
group (lent by the benzyl group). Thus the ability of BAC to modulate the catalytic
functions of ChEs would depend upon the relative importance of its ionic or hydropho-
bic group to interact with similar regions of the enzymes. The importance of hydropho-
bicity in BAC–ChE interaction is exemplified by studies using a structural homolog
of BAC. The benzyltrimethylammonium hydroxide (BTAH) is a homolog of BAC
where a methyl group replaces the alkyl group of BAC (Fig. 1). This compound did
not show any effect on the catalytic functions of any of the ChEs studied (data not
shown). Also, BTAH could not protect the ChEs against DFP inactivation. Thus,
BAC would possibly modulate the catalytic functions of ChEs through hydrophobic
interaction (via its alkyl group) with the active site hydrophobic region of ChEs.

To summarize, it has been demonstrated that the cationic detergent BAC reversibly
inhibits the esterase activity of ChEs in a mixed manner. Although BAC has been
documented to be a neurotoxin (34), its mode of action was unclear. The present
investigation indicates that inhibition of ChEs could be a possible mechanism by
which BAC exerts its neurotoxic effect. The characteristic property of the detergent
is its preferential activation of the AAA activity in BChEs alone. Furthermore, this
is the first report of a compound that distinctly modulates the esterase and AAA
activities of BChE in opposite ways. The alkyl group of BAC and the active site
hydrophobic region of BChE seem to play a central role in this differential modulation.
The ability of BAC to preferentially activate AAA in BChEs can also be used to
differentiate BChE from that of AChE. Most importantly, as BAC inhibits the esterase
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activity alone, it can be used as a tool to probe the possible physiological roles of
AAA activity of BChEs.
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