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A B S T R A C T

The common bed bug, Cimex lectularius, possesses a cholinesterase expressed exclusively in the salivary gland
(ClSChE). In this study, we investigated the molecular forms, tissue distribution patterns and biochemical
properties of ClSChE and showed that ClSChE exists as a soluble monomeric form or a soluble dimeric form
connected by a disulfide bridge. Immunohistochemical analysis confirmed that ClSChE was expressed in the
epithelial cells of both the salivary gland and the duct. In addition, the secretion of monomeric ClSChE through
the proboscis during feeding was confirmed by western blotting using a ClSChE-specific antibody. To predict the
role of ClSChE injected into the tissue of an animal host, we analyzed the extent of hydrolysis of acetylcholine
(ACh) by ClSChE by ultra-performance liquid chromatography-tandem mass spectrometry. ClSChE binding to
ACh was not clearly resolved in the binding assay format used in this study, probably due to the weak but
detectable ACh-hydrolytic activity of ClSChE. Nevertheless, kinetic analysis revealed that ClSChE possesses
extremely low Km (high affinity to ACh) and Vmax values. These findings suggest that ClSChE functions virtually
as an ACh-sequestering protein by having a very strong affinity to ACh but an extremely long turnover time.
Given that ACh regulates a wide variety of host physiologies, we discuss the tentative roles of ClSChE in blood
vessel constriction and itch/pain regulation in the host.

1. Introduction

The common bed bug, Cimex lectularius, is an obligatory hemato-
phagous pest that hosts on most mammals, including humans. It causes
emotional distress, sleeplessness and anxiety in people with infestations
in their dwellings because of irritating bites and allergic skin reactions
(Doggett et al., 2012). Bed bugs were thought to be eradicated after
World War II by the use of effective synthetic insecticides such as DDT;
however, a significant increase in the number of bed bug infestations
has been reported recently in developed countries, including the United
States, Europe, Australia and Canada (Hwang et al., 2005; Koganemaru
and Miller, 2013).

Acetylcholinesterase (AChE, EC 3.1.1.7) regulates the level of the
neurotransmitter acetylcholine (ACh) by hydrolyzing it into acetate and

choline (Ch) in the nervous systems of both vertebrates and in-
vertebrates (Toutant, 1989). In most insects, two AChEs (AChE1 and
AChE2) are encoded by two different loci, which diverged from a du-
plication event that occurred long before the split of ecdysozoa (Kim
and Lee, 2017; Weill et al., 2002).

Interestingly, the bed bug uniquely possesses three genes encoding
different cholinesterase (ChE) types [AChE1, AChE2 and salivary gland-
specific cholinesterase (SChE)] (Seong et al., 2012). According to
phylogenetic analysis, all three bed bug ChEs were categorized into a
large clade of invertebrate ChEs. ClAChE1 was classified into the insect
AChE1-type clade, whereas ClAChE2 was categorized into the insect
AChE2-type clade (Seong et al., 2012). ClSChE was categorized into the
clade containing the nematode and arachnid AChE1, which is closely
located in an insect AChE1-type clade.
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In our previous study, ClAChE1 was widely distributed as a gly-
cosyl-phosphatidylinositol (GPI)-anchored dimeric form and a soluble
dimeric or monomeric form in both the central nervous system and
peripheral nervous system, whereas ClAChE2 was found as a GPI-linked
dimer in the CNS (Seong et al., 2012). Comparison of the catalytic
properties of in vitro-expressed ClAChE1 and ClAChE2 verified that
ClAChE1 has higher catalytic activity than ClAChE2 (Hwang et al.,
2014). Unlike AChEs, however, ClSChE was predicted to be present as a
soluble form mostly in the salivary gland and to have negligible cata-
lytic activity (Seong et al., 2012). Based on this, ClSChE was previously
suggested to be involved in the sequestration of ACh or Ch in the host
blood/tissue when secreted into an animal host during blood feeding
(Seong et al., 2012). However, it remains unknown why ClSChE, with a
putative function of ACh sequestration rather than ACh hydrolysis, has
evolved in the bed bug salivary gland, and what its function is. Unlike
ClSChE, a salivary ChE with high ACh-hydrolyzing activity has been
recently reported in the southern cattle tick, Rhipicephalus microplus
(Temeyer and Tuckow, 2016).

ChEs with sequestration function but with little catalytic activity
have been reported in various invertebrates. It was reported that AChE1
from Apis mellifera (AmAChE1) (Kim et al., 2012) and AChE3 from
Bursaphelenchus xylophilus (BxAChE3) (Kang et al., 2011) exist as so-
luble forms expressed in non-neuronal tissues. These AChEs have little
or low catalytic activity, like ClSChE, and play a role as a bio-scavenger
like vertebrate butyrylcholinestease (BChE), which provides a chemical
defense. The soluble AChE from Drosophila melanogaster is also involved
in sequestration of toxic chemicals as a bio-scavenger (Kim et al., 2014).
The tick salivary lipocalin, although it is not a ChE, sequesters hista-
mine and serotonin, thereby regulating host immune system
(Sangamnatdej et al., 2002).

In an attempt to elucidate the physiological function of ClSChE in
detail, we investigated its molecular properties and histological ex-
pression patterns in the salivary gland by employing various techni-
ques, including sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE) in conjunction with western blotting and
immunohistochemistry. In addition, the secretory nature of ClSChE was
confirmed via in vitro membrane feeding experiment. The sequestra-
tion/hydrolytic aspect of ClSChE was examined using an ACh assay
based on ultra-performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS).

2. Materials and methods

2.1. Insect rearing

The bed bug population (Florida strain) was fed once a week on
human blood using an in vitro rearing system as described previously
(Yoon et al., 2008). The bed bugs were kept in insect breeding jars (SPL,
Pocheon, Korea) with loosely rolled filter papers as hiding places under
environmental conditions of 27 ± 1 °C, 70% relative humidity and a
16 h:8 h light:dark cycle. Seven-day-old (post adult emergence) females
were used for all experiments. For isolation of the salivary gland and
salivary duct, female bed bugs were anesthetized by cooling, and then
anatomized in cold PBS containing 0.1% Tween-20 (PBST, pH 7.4)
buffer.

2.2. Determination of ClSChE molecular forms

To determine the molecular form of ClSChE, 40 salivary glands were
isolated from bed bugs and homogenized in 0.1M Tris-HCl (pH 7.8)
with or without 0.5% Triton X-100 (v/v) to extract protein. After cen-
trifugation at 12,000× g for 10min at 4 °C, the supernatant was col-
lected from the homogenates and then filtered by glass wool to remove
excess lipids. Next, 15 μg of the proteins extracted with or without
Triton X-100 were separated by SDS-PAGE (4–12% gradient gel,
Invitrogen, Carlsbad, CA, USA) in a vertical electrophoresis unit (Novex

mini cell, Invitrogen). For western blot analysis, the gel was electro-
blotted to a Hybond-N nitrocellulose membrane (GE Healthcare,
Pittsburgh, PA, USA) at 40 V/200mA for 70min and then the mem-
brane was blocked for 30min at room temperature with 5% fat-free
milk in PBST buffer. Each nitrocellulose membrane sheet was incubated
with anti-AChE1 polyclonal antibodies [the AChE1-specific polyclonal
antibody was used as a ClSChE-antibody as it showed a strong reactivity
to purified ClSChE (Seong et al., 2012)] at 1:5000 dilutions in PBST
buffer overnight at 4 °C. After washing with PBST buffer, the mem-
branes were incubated with 1:5000-diluted horseradish-peroxidase
conjugated anti-rabbit IgG secondary antibody (Pierce Bio-Technology,
Rockford, IL, USA) for 1 h. The antigen-antibody complex on the bands
was visualized using a chemiluminescence kit (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) according to the manufacturer's in-
structions. For reducing conditions, 40mM β-mercaptoethanol was
mixed with the protein sample before separation by SDS-PAGE.

2.3. Immunohistochemical analysis of ClSChE

Whole-mount immunohistochemistry was conducted to visualize
the distribution of ClSChE in the salivary gland and salivary duct, which
were fixed with Bouin's fixing solution for 20min at room temperature.
The tissue was washed six times for 3 h using PBST and then dehydrated
through a diluted ethanol series (10min each in 20, 40, 60, 80 and
100% ethanol diluted in PBST) followed by 100% acetone for 10min. It
was rehydrated through a graded ethanol series (10min each in 100, 60
and 20% ethanol) and washed three times in PBST for 10min each. The
salivary gland was incubated in the ClSChE-antibody diluted 1:50 for
24 h at 4 °C on a rotator. After three washes, the sample was incubated
with secondary antibody (Anti-Rabbit Alexa 568, Invitrogen) diluted
1:400 in PBST at 4 °C for 24 h. After three washes, the salivary gland
was mixed with Vectashield H-1200 (DAPI) (Vector Laboratories,
Burlingame, CA, USA) for nuclear staining and mounted on slide glass.
The whole-mount sample was photographed on a Zeiss Laser Scanning
Microscope 710 (Carl Zeiss, Oberkochen, Germany).

2.4. Analysis of ClSChE secretion during feeding

Artificial feeding chambers containing 3-ml heated (32 °C) PBS in-
stead of human blood were used to obtain secreted crude ClSChE. Fifty
female bed bugs starved for one week were released over the membrane
in the feeding chamber and fed with PBS in a dark place. After 30min,
the bed bugs were removed, and the leftover PBS containing bed bug-
secreted proteins in the feeding chamber was collected and con-
centrated using Ultra Amicon YM-30 (Millipore, Bedford, MA, USA) at
4 °C. The concentrated bed bug-secreted crude protein sample was se-
parated by SDS-PAGE, and the ClSChE in the sample was detected by
western blotting as described above (see ‘Determination of ClSChE
molecular forms’). The protein content of the concentrated secreted
proteins was determined by the BCA method. The concentration of
ClSChE in the bed bug-secreted proteins was estimated to be approxi-
mately 15% of the total protein based on the protein composition of bed
bug saliva (Fig. 1 of Francischetti et al., 2010), in which the proportion
of each protein band was estimated by densitometric analysis using the
ImageJ program (https://imagej.nih.gov/ij/).

2.5. ACh and Ch quantification by UPLC-MS/MS

Choline chloride and acetylcholine chloride (Sigma, St. Louis, MO,
USA) were separately dissolved in distilled water to prepare various
concentrations of choline chloride (1, 5, 10, 50 and 100 ppb; 9.6, 48,
96, 480 and 960 nM) and acetylcholine chloride (1, 5, 10, 50 and
100 ppb; 6.85, 34.3, 68.5, 343 and 685 nM) as standards.

UPLC–MS/MS analyses were carried out using a Shimadzu LCMS-
8060 triple quadrupole mass spectrometer coupled with a Nexera X2
liquid chromatograph system (Shimadzu, Kyoto, Japan).
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