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Abstract

Acetylcholinesterases (AChEs) and their genes from susceptible and resistant insects have been
extensively studied to understand the molecular basis of target site insensitivity. Due to the existence
of other resistance mechanisms, however, it can be problematic to correlate directly a mutation with
the resistant phenotype. An alternative approach involves recombinant expression and
characterization of highly purified wild-type and mutant AChEs, which serves as a reliable platform
for studying structure-function relationships. We expressed the catalytic domain of Anopheles
gambiae AChEL (r-AgAChEL) using the baculovirus system and purified it 26,000-fold from the
conditioned medium to near homogeneity. While Ky's of r-rAgAChE1 were comparable for ATC,
ABMTC, PTC, and BTC, Vmax's were substantially different. The 1Csq's for eserine, carbaryl,
paraoxon, BW284C51, malaoxon, and ethopropazine were 8.3, 72.5, 83.6, 199, 328, and 6.59x10%
nM, respectively. We determined kinetic constants for inhibition of r-AgAChE1 by four of these
compounds. The enzyme bound eserine or paraoxon stronger than carbaryl or malaoxon. Because
the covalent modification of r-rAgAChE1 by eserine occurred faster than that by the other compounds,
eserine is more potent than paraoxon, carbaryl, and malaoxon. Furthermore, we found that choline
inhibited r-AgAChEL, a phenomenon related to the enzyme activity decrease at high concentrations
of acetylcholine.
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1. Introduction

Acetylcholinesterases (AChES) play an essential role in neurotransmission at cholinergic
synapses by rapidly hydrolyzing acetylcholine in insects and other animals including humans
(Massoulié et al., 1993). Organophosphorous and carbamate pesticides have been developed
to inhibit AChEs, leading to acetylcholine accumulation and continuous stimulation of the
insect nervous system (Fournier and Mutero, 1994). Because vertebrate AChES are similar in
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structure and function to the insect enzymes, application of these chemical pesticides is strictly
regulated to prevent accidental exposure of people and livestock to these toxicants. On the
other hand, severe resistance has developed in many arthropod species, rendering some existing
insecticides ineffective against crop pests and disease vectors (Oakeshott et al., 2005). This
situation calls for the development of a new generation of chemical compounds highly selective
against the target enzymes in arthropods (Pang, 2006). A Cys residue, located near the active
site of AChEs from insects but not vertebrates, was selectively modified by a series of
irreversible inhibitors (Pang et al., 2009). To further develop these and other compounds, in-
depth understanding of the structure, function, and catalytic mechanism of insect AChEs is
needed.

Insect AChESs have been purified to various degrees from at least twenty insect species for
biochemical and toxicological analyses (Zhu and Zhang, 2005). These enzymes are more
susceptible to inhibition by eserine (physostigmine) than ethopropazine, a relatively selective
butyrylcholinesterase inhibitor. The hydrolytic activity of insect AChEs is also inhibited by
high concentrations of acetylcholine (Marcel et al., 1998), and this phenomenon is known as
“substrate inhibition”. Typically, specific activities of insect AChEs are much lower than those
of vertebrate AChEs. Molecular cloning of AChEs has been achieved in flies, mosquitoes,
aphids, moths, beetles, and cockroaches (Hall and Spierer, 1986; Weill et al., 2002; Gao et al.,
2002; Shang et al., 2007; Kozaki et al., 2008; Kim et al., 2006). Sequence comparison and
phylogenetic analysis indicate that most insects contain two AChE genes (ace-1 and ace-2),
which arose from an ancient gene duplication before the radiation of arthropod species.
Insecticide-insensitive AChEs mainly associate with mutations in ace-1 but not ace-2
(Cassanelli et al., 2006). In Drosophila and other true flies whose ace-1 is lost, AChE2 plays
an indispensable role at cholinergic synapses (Weill et al., 2004). The physiological roles of
AChE1 and AChE2 are largely unclear in other insect species, although one or both have to
function at cholinergic synapses.

Anopheles gambiae isa principal vector of malarial parasites that cause over one million human
deaths each year (Seidlein et al., 1998). This species carries ace-1 and ace-2 but none of their
gene products have been characterized in sufficient detail. One A. gambiae strain carrying
AChE1 (G119S) is insensitive to ten insecticides with resistance ratios similar to those of Culex
pipiens expressing AChE1 (G119S) (Alout et al., 2008). In an effort to develop new strategies
of vector control, we expressed the catalytic domain of wild-type (i.e. susceptible) A.
gambiae acetylcholinesterase-1 (r-AgAChEL) in a baculovirus-insect cell system and
characterized the purified enzyme. Kinetic analysis demonstrated that the active
anticholinesterase metabolite of the insecticide malathion (i.e. malaoxon) strongly inhibited r-
AgAChEL by tight binding and rapid modification of the active site serine residue.
Additionally, choline at concentrations higher than 2 mM inhibited r-AgAChEL.

2. Materials and methods

2.1. Chemicals

acetylthiocholine iodide (ATC), acetyl-(B-methyl)thiocholine iodide (ABMTC), 1,5-bis(4-
allyldimethylammoniumphenyl)-pentan-3-one dibromide (BW284C51) (Olivera-Bravo et al.,
2005), propionylthiocholine iodide (PTC), S-butyrylthiocholine iodide (BTC), 5,5-dithio-bis
(2-nitrobenzoic acid) (DTNB), choline chloride, eserine hemisulfate, ethopropazine
hydrochloride, and carbaryl were purchased from Sigma-Aldrich (St. Louis, MO). Paraoxon
(0,0'-diethyl p-nitrophenyl phosphate, >99%, the active metabolite of parathion) and
malaoxon (O,0'-dimethyl S-(1,2-dicarbethoxy)ethyl phosphorothioate, >99%) were both
purchased from Chem Service (West Chester, PA).
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2.2. Construction of AQAChE1/pMFH6 and the recombinant baculovirus

The AGAChE1 cDNA clone (BM629847), provided by MR4/ATCC, was completely
sequenced and confirmed to encode a polypeptide identical in sequence to AJQAChEL from the
susceptible strain (Weill et al., 2002). The cDNA sequence was also compared with its gene
to detect sequence variations. The catalytic domain-coding region was amplified from the
cDNA template in a polymerase chain reaction using Advantage cDNA Polymerase Mix (BD
Biosciences) and two oligonucleotide primers (j910: 5'-
GGAATTCACGACAACGATCCGCTG, nucleotides 702-725 and j911: 5'-
ACTCGAGGCTGCTTTCGCACG, reverse complement of nucleotides 2353-2373). The
thermal cycling conditions were 35 cycles of 94°C for 10 s, 45°C for 5 s and 60°C for 4 min.
After electrophoresis, the 1.67 kb product was recovered from the agarose gel and inserted to
pGem-T (Promega). Plasmid DNA was prepared from transformants and verified by complete
sequence analysis. The cDNA fragment, retrieved by EcoRI-Xhol digestion, was cloned into
the same sites in pPMFHG6 to generate AQAChE1/pMFHg. This cloning strategy allows in-frame
fusion with the amino-terminal honeybee mellitin signal peptide and the carboxyl-terminal
hexahistidine tag, both encoded by the vector (Lu and Jiang, 2007). In vivo transposition of the
expression cassette, selection of bacterial colonies carrying the recombinant bacmid, and
isolation of bacmid DNA were performed as previously described (Ji et al., 2004). The initial
viral stock (V) was obtained by transfecting Spodoptera frugiperda Sf21 cells with the bacmid
DNA-CellFECTIN mixture, and its titer was improved through serial infection. The V5 viral
stock, containing the highest level of baculovirus (1~2x108 pfu/ml) was stored at -70°C for
further experiments.

2.3. Expression and purification of r-AgAChEL1l

Sf21 cells (at 2.4x10 cells/ml) in 600 ml of Ultimate Insect Serum-Free Medium (Invitrogen
Life Technologies) were infected with the viral stock at a multiplicity of infection of 5~10 and
grown at 27°C for 75 h with agitation at 100 rpm. After the cells were removed by centrifugation
at 5,000g for 10 min, the culture supernatant was diluted with equal volume of water and the
solution pH was adjusted to 6.3. Seventy-five ml of dextran sulfate-Sepharose CL-6B
(Nakamura et al., 1985), equilibrated in buffer A (0.01% Tween-20, 10 mM potassium
phosphate, pH 6.3), was gently mixed with the protein sample on ice for 1 h. The suspension
was loaded into a column (2.5 cm i.d.x20 cm), washed with 200 ml buffer A, and eluted with
300 ml 1 M NacCl in buffer A. Active fractions were pooled and supplemented with 2 mM
MgCl,, and its pH was adjusted to 7.5. After incubating with 10 ml Concanavalin A-Sepharose
(GE Healthcare Life Sciences) on ice for 1 h, the suspension was loaded into a column, washed
with 50 ml buffer B (0.01% Tween-20, 0.5 M NaCl, 20 mM sodium phosphate, pH 7.5), and
eluted with 250 ml 0.4 M methyl-a-D-mannopyranoside in buffer B. The combined active
fractions were mixed with 3 ml nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) on ice
for 1 h and loaded into a column. After washing with 15 ml buffer C (0.01% Tween-20, 10
mM imidazole, 0.3 M NaCl, 20 mM Tris-HCI, pH 8.0), the bound proteins were eluted with
80, 100 and 250 mM imidazole in buffer C (6.0 ml in each step). The purified enzyme was
stored at -20°C in the presence of 5% glycerol.

2.4. Measurement of protein concentration and enzyme activity

Protein concentrations were determined by a modified Bradford method using a commercial
kit (Pierce) and bovine serum albumin as a standard. AChE activity was measured based on
the modified Ellman method (Zhu and Gao, 1999) using ATC and DTNB in a total volume of
100 pl. Absorbance at 405 nm was monitored immediately for 2 min on a VERSAmax
microplate reader (Molecular Devices). One unit of AChE activity is defined as the amount of
enzyme hydrolyzing one umole of ATC in 1 min.
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2.5. Characterization of the AQAChEL catalytic domain

Optimal pH for the enzymatic reaction was determined by mixing diluted r-AgAChE1L (3 pl,
3.55 ng/ul) with amphoteric buffer (17 ul, 1:5 diluted Polybuffer 96, GE Healthcare Life
Sciences) adjusted to various pH and 80 pl substrate solution. For control, r-rAgAChE1 was
replaced by buffer C (3 ul). After activity measurement, the final pH readings of the test and
control mixtures were taken using a microelectrode (Sentron pH-System). Enzyme-catalyzed
ATC hydrolysis was plotted against pH to reveal the optimal pH of r-AgAChE1. Apparent
molecular mass of r-AgAChE1 was determined by gel filtration chromatography on an HPLC
column and by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under
denaturing or nondenaturing condition. The protein was visualized by Coomassie blue or silver
staining and by immunoblot analysis using anti-(His)s monoclonal antibodies (Qiagen). N-
linked glycosylation was detected by treating the enzyme with 1xglycoprotein denaturing
buffer (Sigma) at 100°C for 10 min. After adding one-tenth volume each of 10xG7 buffer (50
mM sodium phosphate, pH 7.5) and 10% Nonidet P-40, the protein was incubated with 2.5
ul PNGase F (Sigma) at 37°C for 1 h. The reaction mixture, as well as untreated control, was
heated at 95°C for 5 min in the presence of 1xSDS sample buffer containing dithiothreitol
(DTT), separated by SDS-PAGE, and stained with Coomassie blue.

2.6. Kinetics of substrate hydrolysis

The purified r-AgAChEL (36.6 pg/ul) was diluted 1:500 (for ATC, ABMTC, and PTC) and
1:100 (for BTC), and aliquots of the diluted enzyme (20 pl) were separately incubated with
the substrates at various concentrations. Substrate hydrolysis was monitored at room
temperature for 2.5 min in the microplate assay described above. The activity data (mOD/min)
were converted to specific activity (umol/min/mg protein) as follows: (mMOD/minx5xenzyme
dilution factor)/(1.36x10*M-1cm1x0.30cmx[E]), where [E{] = 36.6 pg/ml. Ky and Viay for
each substrate were calculated by fitting the velocity (v) and substrate concentration ([S]) data
to v = Vmax[SI/(Km + [S]) using Prism 3.0 (GraphPad Software Inc).

2.7. Determination of ICsg's and inhibitory kinetic constants

The purified r-AgAChEL (0.244 ng/ul, 10 pl) was separately incubated with BW284C51,
carbaryl, eserine hemisulfate, ethopropazine, malaoxon, or paraoxon (10 ul) at various
concentrations for 10 min at room temperature. The residual activity (v) was determined by
the microplate reader assay for 5 min and plotted against logqp[l]. 1Csq for each inhibitor was
obtained by nonlinear regression analysis of v and logp[I] data using the sigmoidal dose-
response equation (Prism 3.0). Dissociation equilibrium constant (Kq) (i.e. affinity constant
Ka), unimolecular rate constant (k»), and bimolecular reaction constant (k;) for SQAChE1
inhibition were determined according to Hart and O'Brien (1973). Aliquots of the diluted
enzyme (0.157 ng/ul, 10 pl) were individually added to 80 pl ATC-DTNB premixed with 10
ul carbaryl, eserine, malaoxon, or paraoxon at different concentrations. Absorbance at 405 nm
was monitored immediately for 5 min on the microplate reader at fifteen-second intervals. k
was calculated by fitting the A4g5,m and t data to one-phase exponential association equation:
A=A, (1-e k). Then, 1/k and 1/[I] values were plotted and analyzed by linear regression
(Gray and Duggleby, 1989): 1/k is the intercept on 1/k axis whereas Ky is calculated from the
intercept on 1/[1] axis, i.e. —Km/Kg(Kpm+[S]), where [S] (600 uM) and Ky, are for ATC. k; is
calculated from k; = ko/Kgy.

2.8. Effect of acetylthiocholine and choline on r-AgAChEL activity

After the purified enzyme (1.12 ng/ul, 10 pl) was mixed with DTNB (480 uM, 10 ul) and ATC
at various concentrations (18.75-625 mM, 80 ul), absorbance at 405 nm was monitored using
the microplate reader and enzyme-catalyzed substrate hydrolysis was plotted against ATC

concentrations. To test whether the reduction of ATC hydrolysis was due to substrate and/or
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product inhibition, this experiment was repeated by measuring AChE activities at 0 and 30 min
in the presence of 15, 30, 60, or 120 mM ATC. The reaction mixtures (20 ul) were then
transferred into new wells containing 200 pul buffer (control) or ATC at the same concentration.
Rates of absorbance change were directly plotted in a bar graph along with the activity at 0
and 30 min.

To prove that product inhibition does occur, acetate, choline, or both (10 pl) at different
concentrations, as well as a buffer, was mixed with the same amount of r-AgAChEL1 (1.12 ng/
ul, 10 pl) for 5 min at room temperature. After the substrate solution (80 ul, 60 uM DTNB and
750 uM ATC) was added, the enzyme activities were determined immediately using the
microplate assay and plotted against product concentrations.

3.1. Features of A. gambiae AChE1 cDNA and gene

The full-length cDNA, 3,574 bp long, contains an open reading frame ranging from nucleotides
276-2441 (Fig. S1). The 5’ untranslated region corresponds to exon 1, exon 2, and 5’ end of
exon 3 of the gene. The sizes of introns 1-3 (954, 3925 and 1938 bp) are significantly longer
than those of introns 4-8 (86, 79, 86, 66, 107 bp). The rest of exon 3 encodes a 24-residue signal
peptide for secretion and, along with exon 4, encodes a Ser/Ala-rich pro-region. Since its
counterpart was absent in the purified Schizaphis graminum AChE1 (Gao and Zhu, 2001), we
suspect proteolytic processing also occurs in the maturation of A. gambiae pro-AChE1. Exons
5-8 encode the entire catalytic domain, followed by a carboxyl-terminal tail critical for self-
association and membrane anchorage. Exon 9 encodes the tail and 3’ untranslated region (1118
bp). The AATAAA motif near the 3’ end may act as the signal for polyadenylation. A
comparison of the cDNA and gene sequences revealed eight synonymous substitutions.

3.2. Production of the catalytic domain of A. gambiae AChE1 (r-AgAChE1)

To express the enzyme for functional analysis, we amplified the region coding for the catalytic
domain which is defined as D122NDP...CESS873. Based on our sequence comparison (data
not shown), D122 corresponded to the first residue of mature D. melanogaster AChE2 and the
third residue of processed S. graminum AChE1 (Gao et al., 2002). While C870 was kept for
forming a possible disulfide bond, we deleted the hydrophobic tail starting at A574 to prevent
the recombinant enzyme from associating with cell membrane. The PCR product, after
digestion with EcoRI and Xhol, was inserted into the same sites to yield AQAChE1/pMFH6.
Complete sequence analysis showed one synonymous change caused by Tag DNA polymerase.
The recombinant plasmid was used to generate a viral stock through transposition, transfection
and serial amplification. Under the optimal conditions, r-AgAChE1 was secreted by the
baculovirus-infected Sf21 cells at a final concentration of 1.54 pg/ml and 80.6 U/ml. Following
an ion exchange step, the captured protein was eluted from the polycationic resin in an enriched
form free of medium components or nucleic acids that interfere with affinity chromatography.
A fifteen-fold increase in specific activity was achieved using Concanavalin A-Sepharose
(Table 1). Similar to the ion exchange step, A. gambiae AChE1 strongly associated with the
resin and came off the column in a large volume. The recombinant protein in pooled fractions
tightly bound to the Ni2*-NTA agarose and while 80-100 mM imidazole efficiently removed
loosely associated proteins, most r-AgAChEL remained attached to the column until 250 mM
imidazole was applied. The eluted enzyme (0.48 mg) was essentially pure and recognized by
the monoclonal antibodies against the hexahistidine tag (Fig. 1). The isolated A. gambiae
AChEL1 had a high specific activity of 523 U/mg, while the overall purification factor and yield
were 26,000-fold and 51.8%, respectively (Table 1).

Insect Biochem Mol Biol. Author manuscript; available in PMC 2010 September 1.
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3.3. Biochemical properties of r-AgAChE1

The calculated M; and isoelectric point of r-AgAChEL are 62,921 Da and 5.97. Deduced from
the inserted cDNA sequence, mature r-AgAChE1 has the following amino acid sequence:
GIHDNDPL ...PCESSIL EHHHHHH®83, in which the underlined portion is identical to
residues D122 through S873 of A. gambiae AChE1 (Fig. S1). There are three predicted N-linked
glycosylation sites (N®2, N455, and N°12) in the sequence but no O-linked glycosylation site.
The enzyme contains the catalytic triad comprising $202, E328 and H442, as well as the
hydrophobic residues (W87, W17, y124 133 \\235 291 F293 F332 335 and W434) fining
the active site gorge. Six absolutely conserved Cys residues may form three disulfide bonds
(C70-C97, C156.C269 and C404-C525), While C289 is located at the entry point of the active site
in insect AChE1s (Pang, 2006), Cys°>2 of the adjacent subunits may form an interchain
disulfide linkage.

The AChE activity increased from pH 5.5 to 7.0 and remained at a high level from pH 7.0 to
8.5 (Fig. 2). While the activity peaked at pH 8.5, spontaneous substrate hydrolysis occurred at
pH 8.1 and became severe as pH increased. The optimal pH for the enzymatic reaction is
7.0-7.5.

The purified enzyme had an apparent molecular mass of 65 and 130 kDa on SDS-PAGE gels
under reducing and nonreducing conditions, respectively (Fig. 3A). This suggested that the
recombinant protein existed as a homodimer stabilized by an interchain disulfide bridge. The
native protein eluted from the HPLC gel filtration column at 12.2 min (Fig. 3B), corresponding
to an apparent M, of 60 kDa. While this is significantly lower than the estimate (130 kDa) from
the nonreducing SDS-PAGE analysis, we suspect that the native enzyme had interacted with
the column and the direct interpretation based on retention time was erroroneous. The
association status of r-AgAChE1 remained unclear since the homodimer may associate with
each other non-covalently, as demonstrated in mammals (Massoulié et al., 2005).

In order to examine whether or not A. gambiae AChEL is glycosylated, the purified enzyme
was treated with N-glycosidase and analyzed by SDS-PAGE under reducing conditions (Fig.
4). The mobility increase indicated that the recombinant protein was posttranslationally
modified. In contrast, after the enzyme had been treated with O-glycosidase, there was no such
change (data not shown). These data are consistent with predictions based on the amino acid
sequence.

3.4. Substrate and inhibitor specificities of A. gambiae AChE1l

We determined the kinetic parameters of A. gambiae AChE1 using a panel of four substrates
at various concentrations and found that the enzyme-catalyzed hydrolysis generally followed
the Michaelis-Menten Kinetics (Fig. 5). As revealed by the comparable Ky, values (Table 2),
A. gambiae AChE1 seemed to bind these artificial substrates with similar affinity. On the other
hand, the Vhax's for these reactions were significantly different: 622.0£12.9, 467.8+7.1, 460.8
+3.4and 70.1+0.6 U/mg for ATC, ABMTC, PTC and BTC, respectively. The relative catalytic
efficiencies of ATC, ABMTC and PTC, as indicated by their Vn,x/Kp ratios (9.34, 8.95 and
10.34, respectively), are similar to each other but are 9.9- to 11.5-fold as high as that of BTC
(0.90). Acetylcholine (rather than butyrylcholine) is likely the natural substrate of A.
gambiae AChEL.

3.5. Inhibition kinetics

AChE was strongly inhibited by eserine, carbaryl and paraoxon, and less strongly by
BW284C51 and malaoxon (Fig. 6). The ICsq of ethopropazine (65.9 pM) was approximately
200, 330, 790, and 910 times as high as those of malaoxon (0.328 pM), BW284C51 (0.199
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uM), paraoxon (83.6 nM) and carbaryl (72.5 nM), respectively (Table 3). The other carbamate,
eserine blocked 50% of A. gambiae AChEL activity at a low concentration of 8.27 nM.

To characterize further the sensitivity of r-AgAChEL1 to inhibition by different cholinesterase
inhibitors, we determined kinetic parameters for eserine, carbaryl, paraoxon and malaoxon
(Fig. 7 and Table 4). The dissociation constants (K4's) indicated that eserine (0.26 + 0.02 uM)
or paraoxon (1.00 £ 0.14 uM) bound r-AgAChEL1 tighter than carbaryl (4.70 + 1.63 uM) or
malaoxon (5.85 + 0.79 uM). The Michaelis complex of r-AgAChE1 and eserine converted to
an acyl-enzyme intermediate at a rate (ky: 3.02 + 0.21 min-1) higher than that of carbaryl (1.84
+0.37 min'1), malaoxon (1.37 + 0.14 min‘1) or paraoxon (0.79 + 0.07 min1), eserine has the
highest k; value (k;: 11.74 uM-1min-1) and is more potent than the other three inhibitors (k;:
0.24-0.83 uM-Imin-1). The k; values of these four compounds have a similar order as their
IC50's do.

3.6. Inhibitory effect of ATC and choline at high concentrations

Since substrate inhibition is acommon feature of insect AChEs, we tested if the enzyme activity
of r-AgAChEL is affected by ATC at high concentrations. Fig. 8A confirmed the phenomenon
by showing an activity decrease in the presence of ATC (> 0.4 M). Since we do not know the
acetylcholine concentration at synaptic gaps of any insects, the physiological relevance of such
inhibition is unknown at this time. As a matter of fact, neither is it clear whether substrate itself
(rather than product or both substrate and product) causes the activity loss. To confirm the
inhibition and address the latter question, we repeated the experiment by measuring substrate
hydrolysis at 1 and 30 min. At four different concentrations of ATC, there was always a
significant activity reduction at 30 min and a large increase of substrate hydrolysis after the
reaction mixtures were diluted in fresh buffer (Fig. 8B). In other words, the enzyme (not active
in the presence of ATC and products at 30 min) was disinhibited by dilution of one or more of
the reaction constituents. To distinguish between substrate and product inhibition, we also
diluted the reaction mixtures in substrate solutions at the same concentrations and observed
greater activity recovery. Since the substrate concentration did not change (substrate
consumption in the first 30 min was negligible), the disinhibition appeared due to reaction
component(s) rather than ATC, possibly acetate or choline. Therefore, we directly examined
whether or not acetate and/or choline negatively impacted r-AgAChEL. Neither acetate
(0.5-100 mM) nor buffer caused any significant decrease in activity, whereas choline at 2, 5,
20 and 100 mM led to approximately 10, 20, 50 and 100% activity loss, respectively (Fig. 8C).
Inclusion of acetate at the same concentration had no additive effect.

4. Discussion

Since insecticide-insensitive AChEs mainly associate with mutations in ace-1 (Cassanelli et
al., 2006; Alout et al., 2007), we expressed the catalytic domain of AChE1 from A. gambiae,
a major vector of malarial parasites. The purification procedure, taking approximately 8 h to
finish, had an overall yield of 52% and was successfully used for isolating r-AChEs from other
insect species (Zhao et al., unpublished data). Baculovirus-insect cell systems have been
developed to produce AChEs, in most cases for mutation analysis (Anthony et al., 1995; Harel
et al., 2000; Walsh et al., 2001; Chen et al., 2001; Kim et al., 2007; Shang et al., 2007; Carlier
et al., 2008). Our system, which takes advantage of an efficient signal peptide and strong
affinity binding of r-AgAChEL to Ni-NTA agarose, provides highly purified r-AgAChEL in
sufficient amount for structural analysis and potential development of a new generation of
selective insecticides that target the sulfhydryl group of in arthropod AChEs (Pang, 2006; Pang
et al., 2009).

We selected to express the catalytic domain of AQAChE1 because of the following reasons.
AChEs from D. melanogaster, Nasonia vitripennis, and Apis mellifera contain no or only a
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few residues between signal peptide and catalytic domain (data not shown). BLASTP search
using the putative pro-region of AQAChEL as query has not revealed significant sequence
similarity beyond mosquitoes (data not shown). However, this region shares a feature with the
processed part of S. graminum AChEZX: high abundance in hydrophilic and charged residues
(Fig. S1 and Gao et al., 2002). While function of the pro-segment (longer than 200 residues in
some cases) is unclear at this time, structural flexibility caused by this hydrophilic segment
can be detrimental to the structural analysis.

The recombinant AQAChEL1 had an apparent molecular mass of 65 kDa and formed a dimer.
Its specific activity towards ATC is 523 U/myg, significantly higher than AChEs from other
orders of insects. This is consistent with the notion that AChEs from dipteran species are more
efficient in hydrolyzing acetylcholine and its surrogate (Toutant, 1989). At its optimal pH of
7.0-7.5, r-AgAChEL hydrolyzes ATC much faster than BTC. The ratio of Vj5«'s for BTC and
ATC was 0.09, lower than that of D. melanogaster (0.56) (Gnagey et al., 1987) or Diabrotica
virgifera (0.1) (Gao at el., 1998) but higher than that of Schizaphis graminum (0.03) (Gao and
Zhu, 2001) and Rhyzopertha dominica (0.032) (Guedes et al., 1998). Therefore, AChEs from
different insect species differ in their relative specificity toward ATC and BTC even though
they all prefer ATC.

Since Ky values of an enzyme partly reflect its binding affinity toward different substrates, it
is surprising that r-AgAChE1 has similar Ky, (44.5 ~ 78.0 uM) for ATC, ABMTC, PTC, and
BTC. Perhaps future studies will reveal structural features of the substrate binding site which
accommodates the substrates with different acyl groups. An alternative explanation could be
that the subdomain flexibility of r-AgAChEL is unusually high (Stojan et al., 2008). As a result
of the small Ky, variations, differences in catalytic efficiency (Vmax/Km) of r-AgAChEL to
certain extent represent variations in Ve (Table 2): while hydrolysis of ABMTC (Vimax/Km:
8.95) and PTC (10.34) was equally efficient, -rAgAChE1 catalyzed ATC breakdown (9.74)
twelve times as efficiently as with BTC (0.90).

Additional evidence for A. gambiae AChEL being an esterase of acetylcholine rather than
butyrylcholine was obtained from our inhibition analyses. Ethopropazine, a relatively selective
inhibitor of butyrylcholinesterases, had an 1Csq of 6.59x10% nM, much higher than that of
malaoxon (328 nM) or BW284C51 (199 nM), relatively specific inhibitors of AChEs (Table
3). BW284C51, however, was not as potent as paraoxon (83.6 nM), carbaryl (72.5 nM) or
eserine (8.3 nM), inhibitors that covalently modify the reactive site Ser residue in r-AgAChEL.

The k; values for eserine, paraoxon and malaoxon (Table 4) are larger than but in the same
order as those reported previously (Alout et al., 2008) (4.201, 0.266, 0.210 pM-Imin1). The
difference is probably due to systematic errors: we used highly purified AQAChEL catalytic
domain whereas mosquito extracts contain components (e.g. AChE2 and other esterases) that
may preferentially sequester the inhibitors and interfere with their binding to AQAChEL.

A reduction in enzyme activity at high substrate concentrations, known as substrate inhibition,
is a feature of many insect AChEs (Toutant, 1989). Depending on the species source of the
enzyme, substrate inhibition can be seen at concentrations ranging from 50 uM to 10 mM
(Zhuand Clark, 1994; Gao and Zhu, 2001). In our studies with r-rAgAChE1 substrate inhibition
occurred at around 0.4 M (Fig. 8A), thus we questioned its physiological relevance.
Nonetheless, this surprising observation led us to evaluate it at lower concentrations of substrate
(15-120 mM ATC) and determine whether disinhibition of r-AgAChE1 was influenced by
reagent dilution (Fig. 8B). Dilution while maintaining ATC at the same concentration clearly
demonstrated a role of reaction constituent(s) other than the substrate in the suppression of
AChEL activity and led to the discovery that choline, one of the hydrolysis products of
acetylcholine, is at least partly responsible for the activity loss (Fig. 8C). Similar inhibition by
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choline was observed when we studied r-AChE1 from the greenbug Schizaphis graminum
(Zhao at al., unpublished results).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AChE acetylcholinesterase

ATC acetylthiocholine iodide

ABMTC  acetyl-(B-methyl)thiocholine iodide

PTC propionylthiocholine iodide

BTC butyrylthiocholine iodide

DTNB 5,5-dithio-bis(2-nitrobenzoic acid)

OoP organophosphorous compounds

BW284C51 1,5-bis(4-allyldimethylammoniumphenyl)-pentan-3-one dibromide
HPLC high performance liquid chromatography

Ni-NTA nickel-nitrilotriacetic acid

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

r-AgAChE1 recombinant A. gambiae acetylcholinesterase-1 catalytic domain

Insect Biochem Mol Biol. Author manuscript; available in PMC 2010 September 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Jiang et al.

A

kDa

250
150

100
75

50

37

25

20

15

kDa

Page 12

250 -
150 -

100 -
TS -

50 -

37 -

25 -
20 -

15 -

Insect Biochem Mol Biol. Author manuscript; available in PMC 2010 September 1.

Fig. 1. Electrophoretic separation of A. gambiae AChE1 samples from different purification steps
on 10% SDS-polyacrylamide gels followed by silver staining
(A) and immunoblot detection (B) The pre-stained molecular weight markers (lane M), the
culture supernatant (lane 1), and proteins eluted from dextran sulfate-Sepharose (lane 2),
Concanavalin A-Sepharose (lane 3), and Ni2*-NTA agarose (lane 4) columns were separated
on the gel under reducing condition. Recombinant A. gambiae AChE1 was detected using
monoclonal antibodies against its carboxyl-terminal hexahistidine tag.
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Fig. 2. Effect of pH on acetylthiocholine hydrolysis by purified A. gambiae AChE1

As described in Materials and Methods, 3.0 pl aliquots of the purified enzyme or buffer were
mixed with amphoteric buffers (17 pl, adjusted to various pH) and 80 pl substrate solution.
After activity and pH measurements, enzyme-catalyzed ATC hydrolysis (o—o), which is equal
to the activity difference between test (¥ --- ¥) and control (A - - - A), is plotted against pH
and vertical bars indicates standard errors of the means (n = 3).
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Fig. 3. Determination of the association status of A. gambiae AChE1 by 7.5% SDS-PAGE and HPLC
gel filtration chromatography

(A) The purified protein was treated with SDS sample buffer with (left panel) or without (right
panel) dithiothreitol, separated on SDS gel, and visualized by Coomassie blue staining. (B)
The purified A. gambiae AChE1 was separated on the HPLC gel filtration column calibrated
with molecular weight standards. The elution times for 670 kDa thyroglobulin, 158 kDa bovine
v-globulin, 44 kDa chicken ovalbumin, 17 kDa equine myoglobin, and 1.35 kDa vitamin B12
were 7.50, 9.97, 11.28, 12.98, and 15.13 min, respectively. The activity in the fractions (o—
o) were measured and shown as mean + S.E. (n = 3), along with the absorbance at 214 nm

(—)
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Fig. 4. Deglycosylation of A. gambiae AChE1 by N-glycosidase F

The purified enzyme was treated with buffer (lane “C”) or PNGase F (lanes 1 and 2), separated
by 10% (A) or 7.5% (B) SDS-PAGE under reducing condition, and visualized by Coomassie
Blue staining (A) and monoclonal antibodies against the hexahistidine tag (B). Sizes and
positions of the molecular weight markers are indicated on the right.

Insect Biochem Mol Biol. Author manuscript; available in PMC 2010 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jiang et al.

Page 16

ol aee=== T ) Ly ]
-0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05

1/[S]

Fig. 5. Determination of the enzymatic properties of A. gambiae AChE1 using four different
substrates

Hydrolysis of ATC (o—ua), ABMTC (e---e), PTC (A—A) and BTC (m- - -m) by the purified
enzyme was measured as described in Materials and Methods. Each point on the double
reciprocal plot represents mean + S.E. (n = 4). Ky and Vpnax values for each substrate were
derived from v versus [S] plot (data not shown) by the nonlinear regression analysis.
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Fig. 6. Inhibition of r-AgAChE1 by organophosphates, carbamates and other compounds at various
concentrations

After incubation with its inhibitors for 10 min at 25°C, the purified enzyme was reacted with
ATC-DTNB and monitored by a microplate reader at 405 nm. The residual activities, shown
asmean £ S.E. (n=3), are plotted against the inhibitor concentrations. Ethopropazine (¥ — V),
BW284C51 (o- - -0), eserine (0—9), carbaryl (A --- A), paraoxon (o—aua), and malaoxon
(e—e).
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Fig. 7. Determination of Kq and ky values of four inhibitors against r-AgAChE1

Aliquots of the diluted enzyme (10 ul, 1.12 ng/ul) were individually added to 80 ul ATC-DTNB
premixed with 10 ul carbaryl (¥ ---¥), eserine (4- - -4), malaoxon (o—o), or paraoxon
(o—n) at different concentrations. Absorbance at 405 nm was monitored immediately on the
microplate reader at fifteen-second intervals for 5 min and the readings were used to derive
k's by curve fitting [A = A, (1-e K9)]. Then, 1/k and 1/[I] values were plotted and analyzed by
linear regression as described in Materials and Methods.
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Fig. 8. Activity of r-AgAChEL1 activity influenced by acetylthiocholine and choline

A Effect of substrate concentrations was investigated using ATC as described in Materials and
Methods. A cubic spline curve is used to fit the data (mean + SEM, n=3). B) Effects of reaction
time, ATC concentration, and dilution solution on the enzyme activity were studied according
to the experimental design (section 2.8). Grey bar, 0 min; white bar, 30 min; shaded bar, diluted
with buffer; black bar, diluted with substrate at the same concentration. Whiskers indicate
standard errors of the means (n = 3). C) Effect of buffer control, acetate, choline, or a mixture
of acetate and choline on r-AgAChE1 was tested as described in Materials and Methods.
Residual activity data (mean = S.E., n=3) were plotted against concentrations of acetate or
choline and data points in individual groups are connected by straight lines.
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Table 2
Kinetic parameters of recombinant A. gambiae AChE1"

substrate Ky (uM) Vmax (U/Mg) VK (L-mg - min) Kege X10-% (min’t)
ATC 63.85 + 3.23 622.0 £12.9 9.74 3.91+0.08

ABMTC 52.30+1.70 467.8+7.1 8.95 2.94+0.04
PTC 44.49 +1.10 460.8 + 3.4 10.34 2.90+0.02
BTC 77.96 + 1.43 70106 0.90 0.44+0.00

Results are presented as the mean + S.D. (n=4). Correlation coefficients (rz) for the four substrates are 0.98-1.00 on the double-reciprocal plot. Turnover
rates (Kcat) are calculated based on the molecular mass (62,921 Da) and maximum velocity (Vmax) of r-rAgAChEL.
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IC5 of carbamates, organophosphates, and other compounds towards recombinant A.

gambiae AChE1"

carbamate 1Cg, (M) 2
carbaryl (7.25 +0.47)x10° 1.00
eserine (8.27 +0.75)x10°° 0.99

BW284C51 (1.99 +0.26)x1077 0.99

ethopropazine (6.59 +0.48)x10°° 0.99
malaoxon (3.28 +0.38)x10”7 0.99
paraoxon (8.36 +0.87)x10°® 0.99

*
Results are presented as the mean + S.D. (n=3). r2; average correlation coefficient.
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Table 4
Inhibition constants of carbaryl, eserine, paraoxon, and malaoxon
Ka (hM) ki (eMmin™) k, (min™) r?
carbaryl 470+ 1.63 0.440 £ 0.023 1.84 +0.37 0.982
eserine 0.26+0.02 11.740 +0.223 3.02+0.21 0.999
malaoxon 5.85+0.79 0.242 +0.008 1.37+0.14 0.996
paraoxon 1.00+0.14 0.830 + 0.045 0.79+0.07 0.988

r2: correlation coefficient of the linear regression (p-value < 0.0001)
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