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ABSTRACT: The catalytic domain of the acetylcholinesterases is composed of a single polypeptide chain,
the folding of which determines two subdomains. We have linked these two subdomains by mutating two
residues, 1327 and D375, to cysteines, to form a disulfide bridge. As a consequence, the hydrodynamic
radius of the protein was reduced, suggesting that there is some flexibility in the subdomain connection.
In addition to the smaller size, the mutated protein is more stable than the wild-type protein. Therefore,
the flexibility between the two domains is a weak point in terms of protein stability. As expected from the
location of the disulfide bond at the rim of the active site, the kinetic studies show that it affects interactions
with peripheral ligands and the entrance of some of the bulkier substrates, like o-nitrophenyl acetate. In
addition, the mutations affect the catalytic step for o-nitrophenyl acetate and phosphorylation by
organophosphates, suggesting that this movement between the two subdomains is connected with the
cooperativity between the peripheral and catalytic sites.

The acetylcholinesterases (AChEs,' EC 3.1.1.7) are serine
hydrolases that catalyze the hydrolysis of acetylcholine.
These include some of the most efficient enzymes known
(1). Structural studies have revealed that the AChE active
site is buried in a 20-A-deep gorge (2). At the entrance to
the gorge, there is a nonproductive substrate binding site
known as the peripheral anionic site (PAS), and at the bottom
of the gorge, there is a productive site known as the acylation
site. The main catalytic events are as follows: a substrate
molecule first binds to the PAS (3) and then slides down to
the acylation site, where it is cleaved, with the products
escaping from the protein via the gorge. The gorge is too
narrow to allow the crossing of a substrate molecule en route
to the bottom and a product molecule en route to the exit.
Consequently, their trafficking between the two sites leads
to complex kinetics that provides informative data relating
to substrate hydrolysis across a wide range of concentrations,
as at very high concentrations this results in a traffic-jam
effect that leads to inhibition (4, 5).

Despite the AChEs being some of the most studied
enzymes, the significance of conformational changes in
relation to substrate hydrolysis remains puzzling. Rearrange-
ments within the protein have mainly been used to explain
the exit of the products. An opening in the so-called omega
loop [residues 67—94 in Torpedo californica AChE
(TcAChE)] to produce a “back door” was proposed on the
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basis of molecular dynamics simulations (6). Likewise, a
route for exit of the second product, acetate, was proposed
just behind the “acyl pocket” (7), involving the loop of
residues 279—291, which is disordered and thus flexible in
the structure of 7cAChE complexed with a galanthamine
derivative (8). Moreover, the residual catalytic activity seen
for a complex of AChE with the gorge-capping mamba
venom toxin, fasciculin (9—13), can maybe be explained by
molecular breathing. Later molecular dynamics studies have
provided further evidence of loop movements creating doors
for product exit (/4—17). In contrast, much evidence has
suggested that conformational changes are not involved
during substrate hydrolysis. Kinetic models can describe the
data without assuming classical conformational motions (4, 18).
Resolved crystal structures in the absence and presence of
ligands do not reveal backbone variations: a low AChE
activity has been recorded within the crystal, where most of
the backbone motions are prevented by the tight molecular
packing (/9) and despite a substantially decreased level of
diffusion, due to reduced water content. Omega loop fixation
by the introduction of an additional disulfide bond (G80C/
V431C in Torpedo marmorata AChE) did not impair
substrate hydrolysis (20—22). Therefore, the conformational
movements beyond changing side chain positions remain
controversial.

We recently engineered another disulfide bond between
1327 and D375 (1287 and G335, respectively, TcAChE
numbering) in Drosophila AChE, to improve the use of the
enzyme in biosensors for detection of insecticide residues.
This disulfide bond provides greater stability, measured as
resistance to high temperature, to organic solvent, to urea,
and to protease digestion (23). The C327—C375 disulfide
bond is located at the rim of the active site gorge, where it
links two subdomains that participate in the walls of the
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FIGURE 1: Position of the new disulfide bridge (I327C—D375C).
The backbones of the two subdomains are presented in two different
colors, considering D356 as the border. Atoms of the two cysteines
are depicted as red spheres. Amino acids of the catalytic site (serine
238 and histidine 480) are highlighted.

active site (Figure 1). Here we analyze the consequences of
this link for protein structure and activity.

EXPERIMENTAL PROCEDURES

Protein Production and Purification. Engineering a di-
sulfide bond at positions 327 and 375 was pursued because
the distance between the two Cf atoms is 3.77 A and the
two amino acids are not conserved in the cholinesterase
family. Mutations of 1327 and D375 to cysteines were
introduced by site-directed mutagenesis using the Quick-
Change XL kit by following its instruction (Stratagene). The
formation of the disulfide bond was confirmed by titration
with Ellman’s reagent in the presence of 6 M urea (23). The
cDNAs encoding DmAChHE and its cc-mutant were expressed
with the baculovirus system (24). For both of these proteins,
we expressed a soluble dimeric form deprived of a hydro-
phobic peptide at the C-terminal and with a three-histidine
tag replacing the loop from amino acid 103 to 136 using
single-strand mutagenesis (25). This external loop is at the
opposite side of the molecule with respect to the active site
entrance, and its deletion affects neither the activity nor the
stability of the enzyme. The same was true with the truncated
C-terminal peptide. Secreted AChEs were purified to ho-
mogeneity using the following steps: ammonium sulfate
precipitation, ultrafiltration with a 10 kDa cutoff membrane,
affinity chromatography with procainamide as a ligand, NTA-
nickel chromatography, and anion exchange chromatography
(26). Residue numbering followed that of the mature protein,
with T. californica AChE numbering as a reference.

Enzyme Activity. The concentrations of the enzymes were
determined by active site titration using high-affinity ir-
reversible inhibitors (27). The progress of substrate hydrolysis
was followed at 25 °C in 25 mM sodium phosphate buffer
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(pH 7) containing 1 mg/mL bovine serum albumin (BSA).
Hydrolysis of acetylthiocholine (ATCh), an analogue of the
neurotransmitter that allows easy detection of the reaction
product, was studied spectrophotometrically at 412 nm using
the method of Ellman et al. (28), at substrate concentrations
ranging from 2 M to 300 mM, in 1 cm path length cuvettes.
The activity was measured for 1 min after addition of the
enzyme to the reaction mixture. The experiments in the
presence of different reversible inhibitors were performed
under the same conditions as the control experiments without
them. Scheme 1 and the corresponding equation (see the
expression for A in the Appendix, and ref 29) were used to
describe the dependence of initial enzyme activity at different
substrate concentrations (pS curves) in the absence and
presence of inhibitors. Hydrolysis of o-nitrophenyl acetate
in 25 mM phosphate buffer (pH 7) and 5% DMSO was
monitored by the formation of o-nitrophenolate at 405 nm,
with the Michaelis—Menten equation used for the analysis.

The inhibition of DmAChE by carbamates and organo-
phosphates can be considered irreversible during the first 15
min. The disappearance of free enzyme follows second-order
kinetics. The rate of inhibition was estimated by incubating
the enzyme with various insecticide inhibitors (see Table 1)
at 25 °C in 25 mM phosphate buffer (pH 7). The variations
in the activity of the remaining free enzyme over time were
estimated by sampling aliquots at various times and recording
the remaining activities with 1 mM ATCh, since the
remaining activity was proportional to the remaining free
enzyme concentration. Kinetic studies were performed with
at least three concentrations of inhibitor. The values of k;
were estimated by multiple nonlinear regression analysis,
where the initial inhibitor concentration and time were
independent variables. Data were collected until the standard
deviation of the k; value became less than 10%.

To determine whether the mutation predominantly affected
the affinity of the insecticide or formation of a covalent bond
with the catalytic serine, we compared the initial rates
obtained from the activity measurements of ATCh hydrolysis
in the presence of paraoxon by both the wild type and the
mutated enzyme. For the analysis, we used our two-binding-
site model, allowing ATCh and paraoxon to interact with
either site, both with the free and with the acetylated enzyme
(Scheme 1). Additionally, we measured the time course of
product formation in the presence of paraoxon until these
curves became parallel to the x axis, but virtually within the
linearity of curves without paraoxon. In the progress curve
analysis, we used the same reaction scheme that was enlarged
by the steps for irreversible enzyme inhibition when paraoxon
was bound to the active site (see the scheme in the
Appendix). The analysis itself was carried out by fitting the
time course for product formation, obtained by numerical
integration of model specific differential equations, to the
experimental progress curves and checked by using the
derived explicit progress curve equation (see the Appendix).
To find the solution that would adequately reproduce all our
kinetic data, we kept in the progress curve analysis the
parameters as determined from the initial rate data. Thus,
only k; and e = f are left to be evaluated.

Estimation of the Hydrodynamic Sizes of Proteins. Four
types of analyses were performed to estimate the relative
sizes of the wild type and cc-mutant of DmAChHE. (i)
Electrophoresis of native AChEs using 4 to 25% polyacry-
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Scheme 1: Substrate Hydrolysis by Cholinesterases in the Presence of a Reversible Inhibitor that Competes at the Peripheral
Anionic and the Catalytic Site of the Free and Acetylated Enzyme*
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“ Abbreviations: E, free enzyme and its complexes; S, substrate; I, inhibitor; SpE and IpE, substrate and inhibitor bound to the peripheral anionic
site, respectively; ES and EI, substrate and inhibitor bound to the catalytic site, respectively; EA, acetylated enzyme and its complexes.

Table 1: Effects of the cc-Mutation on the Second-Order Rate Constants
for the Carbamoylation and Phosphorylation of the Active Site Serine by
Various Pesticide Inhibitors

ki (uM~! min™")

wild type cc-mutant ratio

Carbamates
carbaryl 0.055 0.058 1.05
propoxur 0.58 0.5 0.86
aldicarbe 0.02 0.031 1.55
pirimicarbe 0.19 0.052 0.27

Organophosphates

dichlorvos 2.25 19.74 8.77
terbufos oxon 0.008 0.024 3.00
methamidophos 0.0008 0.004 5.00
monocrotophos 0.007 0.025 3.57
omethoate 0.016 0.07 4.38
paraoxon 0.97 13.52 13.94
malaoxon 1.02 4.1 4.02
profenofos 0.074 0.59 7.97
coumaphos 3.8 37 9.74
azinphos methyl oxon 26 74 2.85

lamide gradient gels was performed, according to the
technique of Hames (30), at 200 V for 16 h in Tris-borate
buffer (pH 8) containing 0.1% deoxycholate, as a nondena-
turing detergent. The active DmAChE forms were detected
by their enzymatic activities using the method of Karnovsky
and Roots (37), and the molecular weight protein standards
were stained using Coomassie Brilliant Blue. (ii) Sodium
dodecyl sulfate (SDS) gel electrophoresis was performed on
10% acrylamide gels, and the migration was followed at 50
V and room temperature. (iii) Gel filtration was performed

with Sephacryl S-300 and S-200 in 25 mM phosphate buffer
(pH 7). (iv) Dynamic light scattering was carried out using
a nanosizer dynapro MS/X apparatus from Protein Solutions
Inc. The measurements were taken at a wavelength of 825.7
nm with a detection angle of 90°. Proteins were presented
as a particle mass.

RESULTS

Effects of the C327—C375 Disulfide Bridge on the Size of
the Protein. We first hypothesized that the increased stability
of the mutant could be due to the formation of a higher
degree of polymerization. This could involve the formation
of a tetramer, since new cysteines are located at the protein
surface. To test this, we estimated the size and hydrodynamic
volume of the mutant. Gel filtration, SDS gel electrophoresis
without a reducing agent, and nondenaturing electrophoresis
showed that the cysteines introduced did not form new
intersubunit interactions in the mutants. However, as we did
not find slowly migrating species, we would be surprised to
find the reverse. Namely, by native electrophoresis, the cc-
mutant migrated faster than the wild type. This could not be
explained by a charge modification due to the mutation of
an aspartic acid to a cysteine, since the mutant should migrate
slower toward the anode. Therefore, it was possible that the
mutation reduced the size of the protein. This hypothesis
was tested using different methods for comparing the
hydrodynamic volumes of the cc-mutant and the wild type.
In native gradient gel electrophoresis, the proteins migrate
until they remain stuck by the gel mesh. The wild-type
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FIGURE 2: Effects of the new disulfide bridge (I327C—D375C) on the hydrodynamic volume of the protein assessed by native gel gradient
electrophoresis. The middle lane of each picture shows the position of the mutant, and the other two lanes contained wild-type AChE. The
gel is stained for AChE activity under native conditions, and the molecular mass markers are stained with Coomassie Brilliant Blue. A
SDS—PAGE gel is presented as a reference for the migration under denaturing conditions.
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FIGURE 3: Size exclusion chromatography using Sepharose S300

gel. The mutant is delayed compared to the wild type and should
thus be smaller.

protein migrates as a 140 kDa protein, corresponding to the
dimeric form of DmAChHE (32). In repeating this analysis
with six batches of the enzyme from different productions
and purifications, we found the cc-mutant always ran faster
than the wild type, suggesting that the addition of the
disulfide bond did indeed compact the protein (Figure 2).
To verify that this smaller size originates from the tertiary
structure of the protein, rather than from the length of the
polypeptide, SDS—PAGE was performed under denaturing
conditions. As one can see in Figure 2, the migration rates
of these two proteins do not differ. This also excludes the
possibility of an undesired charge-altering mutation during
the mutagenesis.

Changes in electrophoretic mobility under native condi-
tions can originate from factors other than the size of a
protein. These could arise from the charge affinity with the
gel or with other components present in the system. Although
these factors were theoretically eliminated by long-term
electrophoresis in a gradient gel (more than 16 h), we could
not eliminate their participation in the differential migration
of the mutants.

We then performed size-exclusion chromatography. Five
analyses were performed independently, i.e., with different
protein batches, obtained from two mutagenesis experiments,
using either Sephacryl S300 or S200 gel. In each comparative
experiment, the mutant appeared to be smaller than the wild-
type protein (Figure 3). Finally, dynamic light scattering, a
technique used to assess the volume of a protein, was used.
The hydrodynamic radius of the mutant was 4.15 £ 0.5 nm,
with that of the wild type being 5.03 & 0.7 nm, again the
mutant always smaller that the wild type.

Enzyme Activity Effects. Surprisingly, the mutations in-
troduced did not significantly affect the hydrolysis of the
substrate ATCh. The rate of hydrolysis by 1 nM enzyme at

1 mM ATCh in 25 mM phosphate buffer (pH 7) at 25 °C
was estimated to be 1060 £ 215 s™! using several organo-
phosphates as titrating agents (triazophos oxon, coumaphos
oxon, and azinphos methyl oxon). A very similar rate was
obtained under the same conditions for the wild type (976
+ 206 s71).

To determine whether the disulfide bridge affects the
trafficking of the substrate and product molecules in the
active site gorge, we analyzed the pS curves according to a
previously suggested model that takes into account (i) the
presence of two substrate binding sites, (ii) the hindrance of
choline exit when the peripheral site was occupied by a
substrate molecule, (iii) the acceleration of deacylation by a
substrate molecule bound at the peripheral site, and (iv) the
block of deacetylation when a second substrate molecule was
attached to Trp83 (Trp84 for the Torpedo enzyme) at the
catalytic anionic site, or when the active site was fully
occupied (Scheme 1) (33).

Kinetics analyses were performed in the presence of
various substrates (ATCh, butyrylthiocholine, and o-nitro-
phenylacetate), products (choline), and inhibitors specific for
the peripheral site (propidium, aflatoxin, and Triton X-100)
or specific for the catalytic site (edrophonium).

The cc-mutation had practically no effect on the hydrolysis
of substrate ATCh or butyrylthiothiocholine (Figure 4 and
Table 2). However, for the hydrolysis of o-nitrophenylacetate,
the apparent K, was decreased (20%) and the k. was
increased (30%), thus making the cc-mutant more efficient
(Figure 4). When the inhibitors were tested, there was no
effect of the cc-mutation on product inhibition or of the active
site-directed reversible inhibitor edrophonium. In contrast,
the cysteine bridge introduced at the rim of the active site
gorge affected the binding of ligands specific for the
peripheral anionic site. The K;j of propidium increased from
5.7 nM to 0.4 uM, while the equivalent parameter for Triton
X-100 decreased from 0.4 to 0.07%; the K; for aflatoxin
increased from 6 to 14 uM (Figure 4).

In chemical terms, the carbamates and organophosphorus
compounds use the same reaction pathways as acetylcholine
does. The catalytic serine located at the bottom of the active
site is carbamoylated or phosphorylated, in the same way it
is acetylated by acetylcholine. As decarbamoylation and
dephosphorylation take a long time, measuring the remaining
activity upon exposure with these compounds permits an
estimation of their rates of serine acylation. The rate constant
for carbamoylation by four selected agents did not signifi-
cantly change with the cc-mutation. However, it is clear from
Table 1 that the second-order overall phosphorylation rate
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FIGURE 4: Dependence of the initial enzyme activity at different substrate concentrations (pS curves) for the wild type and the 1327C/
D375C mutant in the presence of the substrates acetylthiocholine and butyrylthiocholine, the product choline, and edrophonium, an inhibitor
specific for the catalytic site, and some inhibitors specific for the peripheral anionic site (propidium, TX-100, and aflatoxin). The fitting of
the v/Et vs. [S] curves in the presence of o-nitrophenyl acetate was performed according to the Michaelis—Menten equation.

constant is substantially increased for all of the organophos-
phates that were tested, and especially for paraoxon.

To determine whether the affinity or formation of the
covalent bond is changed by the mutation, we compared the
initial rates of ATCh hydrolysis by the two enzymes in the
presence of paraoxon (Figure 4). It turned out that the affinity
of paraoxon toward PAS is better for the cc-mutant (Kj, =
0.8 uM) than for the wild type (Kj, = 35.1 uM). On the
other hand, the partition coefficient for the reversible
paraoxon binding between the peripheral and the catalytic
sites is some 6 times in favor of the wild type (K. for the
cc-mutant, 1.84; Kj. for the wild type, 0.31), although the
affinity of paraoxon for the catalytic site (K;Kj) remained
better in the cc-mutant (1.5 uM vs 11 gM). In addition to
the affinity ratio at the active site (7.5), the first-order

phosphorylation rate constant was also 3.5 times faster in
the cc-mutant. All these constants are included in the values
of the bimolecular phosphorylation constants, and those
which were calculated from the progress curve analysis (k;,
Ki, and Kj) agree well with the values from dilution
experiments (see Table 2). Consequently, the increased
sensitivity of our cc-mutant was predominantly due to
increased affinity and also to a rather small increase in the
phosphorylation rate. It should be stressed that we have
confirmed these findings by progress curve analysis using a
numerical integration method and checked by fitting the
explicit equation (see the Appendix and Supporting Informa-
tion) to the set of time-dependent product formation curves
of wild-type and cc-mutant DmAChE in the presence of
paraoxon.
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Table 2: Characteristic Kinetic Constants for the Hydrolysis of ATCh
by the Wild Type and the cc-Mutant of DmAChHE in the Absence and

Presence of Peripheral Site Inhibitor Propidium and Active Site Inhibitor

Paraoxon
wild type cc-mutant
Acetylthiocholine (initial rates)
ky (s7h 413.7 £36.2 507.4 +35.7
K, (mM) 0.182 £+ 0.023 0.229 £+ 0.033
K1 5.21 +£2.02 491 +1.38
Kiy 171.6 £ 23.7 170.5 + 27.5
ky (s7h 61550 + 18782 51188 + 11082
a 3.19 £ 0.26 275+ 0.23
b 0.045 £0.012 0.028 £+ 0.009
kead K = kol Kp/Ky, (M7 s71) 6.48 x 107 4.46 x 107
Propidium (initial rates)
Ki (nM) 57+03 443 4+ 39
c 3.67+0.11 1.22 £0.19
d 0.013 £ 0.001 0.0037 £ 0.0006
Paraoxon (initial rates)
K (uM) 351+11.7 0.804 £+ 0.275
Ki. 0.313 £0.0147 1.84 £ 0.95
Ko not present not present
c a a
d b b
K = KiK. (uM) 11.0 0.15
Paraoxon (progress curves)
ki (s7h 0.16 4+ 0.003 0.54 +0.01
e=f 0.056 £ 0.001 0.156 £ 0.0004
ki/Ki/Ki. (uM™! min~") 0.86 22.0
Paraoxon (dilution experiments)
kphosphorylalion (/4M7] minil) 0.97 13.52

“The constants were determined in a multistep analysis in the order
listed in the table. The previously determined constants were then fixed
in the subsequent steps. The overall second-order phosphorylation rate
constant is given for the comparison with the value obtained from the
initial rate data combined with progress curve data.

DISCUSSION

Mechanism of Stabilization by the Disulfide Bond. Disul-
fide bonds are common to many extracellular proteins, where
they stabilize the folded protein conformation according to
several mechanisms. They serve to stabilize the native
conformation by lowering the entropy of the unfolded form
(34). This mechanism should not apply to cholinesterases,
since their denaturation is irreversible. Disulfide bonds also
stabilize proteins, because they increase their packing load,
with a reduction in the volume and number of cavities that
are energetically unfavorable due to a loss of van der Walls
contacts. Thus, proteins from thermophilic species have fewer
and smaller cavities than their mesophilic counterparts (35—39).
Although this mechanism cannot be totally excluded, it is
quite improbable for cholinesterases, since the active site is
a large open cavity in the core of a protein filled with water
molecules. The mechanism for a decreased rate of unfolding
(40, 41), however, appears appropriate because cholinest-
erases denature irreversibly. An additional disulfide bond
would decrease the entropy of the folded forms and would
then reduce the probability of unfolding though the molten
globule intermediate.

AChE Should Be in Its Compact Form in the Crystal. The
distance between the two CS atoms of 1327 and D375 in
the resolved crystal structure of native DmAChE (PDB entry
1Q09) is 3.77 A. This is a suitable distance for the formation
of a disulfide bridge upon mutation of both residues into

Stojan et al.

cysteines. In silico mutation and dynamics showed no change
in the backbone structure, suggesting that the disulfide bond
did not influence the conformation of the protein in the
crystal. In solution, the disulfide bond makes the protein more
compact because the hydrodynamic radius decreases from
5.0 to 4.2 nm. It appears that the conformation of the mutant
with the newly introduced disulfide bridge in a buffer solution
resembles the crystal conformation of the wild type. This is
consistent with the very similar kinetics of ATCh hydrolysis
in solution and with the observation of the activity and
substrate trafficking following crystal soaking in a solution
with the substrate or with analogues (5).

The Disulfide Bond Affects the Binding of Ligands Specific
for the Peripheral Site. Ligand binding to the peripheral site
is modified by the presence of the disulfide bond. For
example, the affinities for propidium and aflatoxin decreased,
the affinities for TX-100 and paraoxon increased, and the
affinity of ATCh for the peripheral site remained unchanged.
One can hypothesize that this is a direct effect, because of
the differences in size, mobility, and charge between the side
chains of Cys and Ile or Asp residues, but one can also
consider the effect to be indirect, because the newly
established disulfide bridge could change the architecture of
the entrance into the active site. Sometimes, peripheral site
ligands are difficult to “see” in crystal structures, even if
the packing problem is overcome. A selective change in the
affinity of the compacted form for the distinct ligands might
be an explanation.

Allostery between the Peripheral Site and the Catalytic
Site. It has been shown that binding of some ligands at the
peripheral site can increase the rate of phosphorylation (42, 43)
and sulfonylation (44) and that some mutations at the
peripheral site may do the same (45). Kinetic data obtained
with different cholinesterases have also been interpreted as
an increase in the level of serine deacetylation upon binding
of the substrate to the PAS. Strong evidence has come from
studies of decarbamoylation in the presence of a substrate
analogue (46), and from analysis of simultaneous effects on
substrate hydrolysis by various inhibitors (46). All of these
suggest a sort of cooperativity between the peripheral and
catalytic sites. The analysis of the cc-mutant data produced
a new indication for this phenomenon, since we saw an
increase in the extent of catalysis of o-nitrophenyl acetate
and an increase in the phosphorylation rate. Our interpretation
may provide a structural model for allostery in the cholinest-
erases, but it might also be considered more widely. We
suggest that there is complementary breathing between the
two DmAChE domains, bordered by Asn356. Some key
residues for the catalysis, such as the active site serine, are
situated in the N-terminal domain, while others, such as the
histidine of the catalytic triad, are in the C-terminal domain
(Figure 1). Thus, the breathing affects the relative positions
of these essential residues and consequently the catalytic
efficiency. Binding of a ligand to the peripheral site may
stabilize a conformation different from that of the free
enzyme.

The Disulfide Bridge Increases the Sensitivity to Orga-
nophosphate Compounds. We have shown previously that
the introduction of the C327—C375 disulfide bond in
DmAChE does not affect protein production but does
increase protein stability (23). Here, we show that this
mutation also increases sensitivity to organophosphates
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Scheme Al: Substrate Hydrolysis by the Cholinesterases in the Presence of an Irreversible Inhibitor that Competes at the
Catalytic Site and the Peripheral Anionic Site of the Free and Acetylated Enzyme“
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“ Abbreviations: E, free enzyme and its complexes; S, substrate; I, inhibitor; SpE and IpE, substrate and inhibitor bound to the peripheral anionic
site, respectively; ES and EI, substrate and inhibitor bound to the catalytic site, respectively; EA, acetylated enzyme and its complexes; E*, irreversibly

inhibited enzyme.

without significantly affecting ATCh hydrolysis and car-
bamoylation. It appears consistent that only phosphorylation
is enhanced in a more compact enzyme. Considering the
breathing of the enzyme molecule, it appears that organo-
phosphorous compounds that form a pentahedral adduct
induce less relaxation in the mutant than in the wild type.
This, in turn, preserves energy to conduct the organophos-
phate toward the transition state.

Finally, it should be noted that organophosphate pesticides
are widely used in crop protection, to control various pests,
such as insects, acarids, and nematodes. They can be detected
with biosensors using AChE as the biological element (47).
The enzyme should be easy to produce and should be stable
and sensitive. All of these characteristics are improved by
introduction of a new disulfide bridge, so the 1327C/D375C
mutant of DmAChHE is especially interesting for use in
biosensors.

APPENDIX

Kp and K; are the dissociation constants for the binding
of substrate and inhibitor to the peripheral anionic site,
respectively. Ky, Ky, KiL, and Kj 1 are the partition coef-
ficients for the reversible binding between the peripheral
anionic site and the catalytic site. k», k3, and k; are the rate
constants, and a—f are the proportional factors.

The derived explicit equation for the time course of
product formation, neglecting the depletion of substrate and
inhibitor, is as follows:
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SUPPORTING INFORMATION AVAILABLE

Progress curves for the hydrolysis of substrate at various

concentrations by the wild type and cc-mutant of DmAChE
in the absence and presence of paraoxon, where the differ-
ence between the theoretical curves when calculated by the
explicit equation (Appendix) or by a numerically integrated
system of differential equations is shown. This material is
available free of charge via the Internet at http://pubs.acs.org.
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