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Dear Editor

Acetylcholinesterase (AChE) hydrolyzes the neurotransmitter acetylcholine at cholinergic
synapses in the central nervous system (Toutant, 1989). Inhibition of the enzyme in insects
could lead to the death of insects rapidly; thus AChE has been a molecular target for
developing insecticides.

Organophosphates and carbamates represent two major classes of AChE inhibitors used as
insecticides in agriculture and public health. Mosquitoes carry two AChE genes, ace-1 and
ace-2, encoding AChE-1 and AChE-2 proteins, respectively (Weill et al,, 2002; Radic &
Taylor, 2006; Bourguet et al., 1996). In Anopheles gambiae and most other mosquitoes it
appears that AChE-1 is primarily responsible for the nervous system cholinesterase activity
(Weill et al., 2002). Accordingly, public health concerns have directed most interest toward
the AChE-1 protein.

Mosquitoes transmit a number of diseases in animals and humans, including dengue, zika
virus infection and malaria that affect millions of people each year (Enserink, 2008; Wilder-
Smith et al., 2016). Controlling the disease-transmitting mosquito, An. gambiae, has proven
to be a successful strategy to reduce malaria transmission (Killeen et al.,, 2007, Enserink,
2008). However, the emergence of resistant strains against AChE-targeting pesticides poses
a significant challenge to mosquito control-based public health strategies (Ramphul et al.,
2009; Djogbenou et al., 2009). One challenge in developing new AChE-targeting pesticides
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is minimizing mammalian toxicity. A crystal structure of AGAChE could be very useful to
develop safe anticholinesterase insecticides that feature high selectivity for inhibition of
AgAChE over human AChE (hAChE). Here, we reported a crystal structure of AQAChE of
the malaria mosquito.

The AgAChE catalytic domain (CD) was expressed using Pichia cells. Purified recombinant
AgAChE CD was concentrated to 5 mg/mL protein. The crystals were grown by a hanging-
drop vapor diffusion method. The parameters of the crystals and data collections were listed
in Table S1 (supplemental information). The structure was determined by the molecular
replacement method using a mouse AChE structure (PDB code, 2ha?2), and refined to 3.40 A
resolution. The detailed method for protein expression, purification, crystallization and data
processing were described in the supplemental information. The final model contains two
protein molecules in an asymmetric unit and yields a crystallographic R value of 17.6% and
an Reree Value of 21.7%. No residues are in disallowed regions of the Ramachandran plot as
defined with MolProbity (Chen et al.,, 2010) (Table S1 in the supplemental information). The
biological molecules are two alternative dimers based on analysis using protein interfaces,
surfaces and assemblies service, PISA (Krissinel & Henrick, 2007). Here we named dimers
1 and 2. Dimer 1 (Fig. 1A) is a new form of AChE dimers that has not been previously
reported in any AChE structures and dimer 2 (Fig. 1B) is same as the previously reported
AChE dimer form, called 4-helix bundle (FHB) (Dvir et al., 2010) as seen in structures of
mouse AChE, 7orpedo californica AChE (TcAChE) and human hAChE.

In dimer 1, molecule interactions involve more than 10 salt bridges formed by R207, R210,
R338, R341, D171, D342, D377, D461, and E462 (Fig. 2A), more than 10 other hydrogen
bonds and many hydrophobic interactions that involve L204, F331, L335, A373, L374,
L378, V455 and A458 . The total surface area buried at dimer 1 interfaces, calculated using
PISA (2692.6 A2), is bigger than those at dimer 2 interfaces (1940.9 A2). To investigate why
dimer 1 is only found in the AGAChE, we superposed AgAChE CD structure and four other
AChE structures and the results demonstrated that other enzymes lack more than two third
of residues required to form salt bridges (Fig. 2B), which is likely the main reason why
AgAChEs from other species do not form dimer 1. The finding of a new dimer form is
interesting; however, we cannot make any conclusions if this new dimeric form is
biologically significant because 120 residues of the N-terminal part are missing in the
crystallized enzyme and this N-terminal part could interact with the interface involved in
dimer 1 formation.

Each monomer of AgAChE has three intramolecular disulfide bonds, between C228 and
C255, C414 and C427, C562 and C683, which are conserved across AChE structures. We
used the program Dali (Holm et al., 2006) to compare the CD of AgGAChE with those of
other species in the PDB. rmsd values ranged from 1.2 A (7TcAChE 2wg2) to 1.5 A (mouse
AChE, 2ha2) to 1.6 A (hAChE, 4ey4) to 1.7 A (AgAChE homology model, 2azg) to 1.9 A
(Drosophila AChE, 1909). The common fold cores (the typical a/g hydrolase fold) of AChE
structures from different species are very well superposed. However some significant
conformational changes in other regions are seen among AChE structures from different
species (Fig. 3A). The conformations of active site residues are significantly different from
the previously deposited homology model (Pang, 2006) (Fig. 3B). However, the active site
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residue conformations of AGAChE are similar to those in 7cAChE except a few residues,
including C447, Y489 and D602, showing noticeable differences from their corresponding
sites with Y288, F330 and Y442, respectively in 7cAChE (Fig. 3C).

AgAChE is a glycoprotein. After diligently considering the preferred glycans of yeast
glycosylation system and observed Fo-Fc and 2Fo-Fc electro density maps, we modeled 2
N-acetyl glucosamine molecules that link residue N220 of the structure. The glygosylation
site is different from that reported previously, but the linkage is similar (Engdahl et a/,
2015).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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dimer 1 dimer 2

Figurel.
Dimer 1 (A) is the newly reported dimer herein, and dimer 2 (B) is the FHB dimer seen also

in other AChE structures. Surface presentations of possible biological molecules are shown
in upper panels and cartoon presentations of the structure are illustrated in the bottom
panels.
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Figure 2.
(A) Salt bridges in the intermolecular interface of dimer 1 in structure are shown with

dashed lines, the involved residues are shown in sticks, and other part of the dimer is shown
in cartoon presentation. (B) Superposition of AGAChE chain A (A, green), hAChE (H, 4ey4,
blue), mouse AChE (M, 2ha2, brown), TcAChE (T, 2wg2, grey), and Drosophila AChE (D,
109, cyan). The left panel shows the residues (in sticks) of the four other structures
structurally aligned with the residues involved in salt bridge formation in AQAChE CD
dimer 1; the right panel shows the residues in AGAChE CD involved in salt bridge formation
and the aligned residues from other AChEs (black background: same residues, grey
background: similar residues).
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Figure 3.
(A) Superposition of a previously deposited AGAChE homology model (pdb code: 2azg,

yellow), hAChE (4ey4, blue), mouse AChE (2ha2, brown), 7cAChE (2wg2, grey),
Drosophila AChE (1909, orange) and AgAChE CD chain A (green). The main chain
conformational differences are pointed by arrows. (B) Comparison of the previously
deposited AGAChE homology model and AgAChE CD structure (chain A). The blue and red
spheres represent an ammonium ion and a water molecule, respectively. (C) Comparison of
TcAChE and AgAChE CD structure (chain A). The side chain conformational differences in
the region close to the active center (6 A around the putative ACh binding site) are shown.
Residues showing a significant conformational difference with AGAChE equivalent residues
in TcAChE structure are labeled with grey italic fonts.
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