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Abstract

Mosquitoes have long been recognized as the primary vectors for transmission of malaria and
other epidemic diseases in tropical and subtropical regions. The transient receptor potential
channel, subfamily A, member 1 (TRPA1) channel of mosquitoes plays an important role in
nociception. However, the physiological characteristics of mosquito TRPA1 have not been
systematically studied. Here, TRPA1 from Anopheles gambiae (Ag), Anopheles stephensi (As),
Aedes aegypti (Aa) and Culex pipiens pallens (Cp) were investigated. The responses of
mosquito TRPAls to heat or chemical stimuli were examined with calcium-imaging and
whole-cell patch-clamp methods. Multiple TRPA1 channels have been cloned from disease
vector mosquitoes, and several TRPA1 variants were identified. Fourteen amino acids were
shown to be added at the N-terminus of TRPA1B, a modification that profoundly affected
channel activity. The rates of heat ramps were strictly controlled because it was reported that
the density of heat-evoked current was increased with them. While the rates did not affect
temperature threshold for activation. Mosquito TRPA1 thermosensitivity was found to vary,
and CpTRPA1 was found to have a lower temperature threshold for heat-evoked activation.
Chemosensitivity of TRPA1 channels revealed differences not only between variants but also
among orthologues. Finally, we discovered 3 novel mosquito TRPA1l agonists. Better
understanding of the functional properties of mosquito TRPA1 may permit the design of

improved control methods for mosquito-borne diseases.
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1.1 Background

1.1.1 Disease vector mosquitoes investigated in this project

It is safe to state that mosquitoes are one of the most disliked insects in the environment.
These tiny insects often show up near human residences at dusk. They often buzz around
people’s ears and disturb sleeping while seeking blood meals. Mosquitoes suck peripheral
blood from animals (and humans), causing intense itching and, in some cases, spreading
serious diseases.

These annoying tiny insects are among the deadliest animals in the world. Mosquitoes
bite humans effectively by piercing their sophisticated proboscis under the skin into a blood
vessel. With the proboscis, they also exude chemicals such as histamine to facilitate blood
flow and leave itchy welts afterwards. Sometimes, they leave behind saliva that contains
viruses or parasites that can cause diseases. For example, Anopheles mosquitoes are well
known as the host species that spread malaria. From 200 to 300 million people are infected
every year. Moreover, around 445,000 people died from malarial infection in 2016 (WHO,
2017). The most vulnerable people are children and pregnant women. Continued global
warming may spread the range of these insects, promoting diseases in developing countries.

Anopheles gambiae is one of the most efficient malaria vectors known. It inhabits sub-
Saharan Africa and is investigated in the present project. Although Anopheles gambiae
includes many morphologically identical subgroups, Anopheles stephensi, a primary malaria
vector in India, is not generally included in Anopheles gambiae complexes (Dash et al., 2007).
Due toitsimportance, itis meaningful to include this mosquito species in this research as well.

In 2016, the summer Olympic Games held in Rio de Janeiro were seriously threatened by
Zika fever. This disease is mainly spread via the bite of Aedes mosquitoes. Yellow fever is

spread via Aedes aegypti; it defeated Napoleon’s army in the jungles of Haiti. As one member
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of the 3 most notorious genera of mosquitoes, Aedes aegypti inhabits an enormous territory
in tropical and sub-tropical regions of the world and it deserves to be included in this
mosquito study.

House mosquitoes are also widely distributed in the world except in frigid and desert
zones. Their genus name is Culex and Culex mosquitoes are famous for spreading Japanese
encephalitis virus, which was prevalent in Japan in earlier years. This disease is still epidemic
in some places of mainland China. In Japan, there is concern that this vector might return. In
Japan, the dominant Culex species is Culex pipiens. There are several subspecies of Culex
pipiens inhabiting the Japanese archipelago, such as Culex pipiens pallens, Culex pipiens
molestus, Culex pipiens quinquefasciatus and Culex pipiens vagans. Culex pipiens pallens
originated in Nara prefecture and is the sole temperate mosquito species investigated in this

project.

1.1.2 The host-seeking behavior of female mosquitoes depends on several sensory
modalities

Carbohydrates constitute the primary energy source for mosquito activity in natural
environments. Mosquito carbohydrate intake is mainly from nectars and the juices of ripe or
rotten fruit. Only female mosquitoes possess a strong innate drive to find blood meals, which
provide a protein source for egg development. However, non-blood feeding oviposition was
reported in at least 15 mosquito groups (Clements et al., 1992). They can utilize the reserved
energy for developing eggs for the first spawning after eclosion.

Female mosquitoes sense the presence of potential host animals by detecting carbon
dioxide exhaled by animals, water vapor as well as skin odorants contained in sweat. They

also sense warm temperatures to detect the presence of endotherms (van Breugel et al., 2015;
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Carde, 2015). The attraction of mosquitoes toward potential hosts is initiated by detecting
carbon dioxide emitted from vertebrates through exhaled breath and skin (Omondi et al.,
2015). The fluctuation of carbon dioxide concentrations occurring 10 meters away from a
potential host can trigger a strong attractive response, permitting mosquitoes to track the
source of the carbon dioxide plume using optomotor anemotaxis (Kennedy, 1940).
Meanwhile, the fluctuation of carbon dioxide reduces the threshold of mosquitoes for
responding to skin odorants (Dekker et al., 2005). This facilitates a close approach to the host.
The host-seeking activity of mosquitoes is positively correlated with the ratio of carbon
dioxide and odorant concentrations (Eiras and Jepson, 1991).

Within a distance of 1 to 2 meters, skin odorants play a crucial role for mosquitoes to locate
a host (Lacey et al., 2014). Heat and humidity are the last checkpoints for guiding the landing
of mosquitoes. The antennal sensilla coeloconica of mosquitoes contains thermoreceptors
for sensing both cold and warmth (Davis and Sokolove, 1975). In a recent study, researchers
discovered that transient receptor potential ankyrin 1 (TRPA1) protein is required for
specialized host-selective thermotaxis in mosquitoes. Mutant mosquitoes without the TrpA1
gene showed reduced avoidance of high temperatures (Corfas and Vosshall, 2015), suggesting
that TRPA1 is not necessary for warm temperature-induced attraction in mosquitoes.
Moreover, TrpA1l expression was found in the distal antennal neurons of mosquitoes. When
this gene was expressed in a heterologous system, it responded to heat stimuli up to 37°C. It
is possible that the expression of TrpA1 in small coeloconic sensilla is responsible for the

peripheral thermal responses (Wang et al., 2009).

1.1.3 TRPA1 channel: a candidate for involvement in mosquito avoidance behaviors
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Transient receptor potential (TRP) ion channels play important roles in sensation of thermal
and chemical stimuli (Caterina et al., 1997; Tominaga et al., 1998; Story et al., 2003). TRP
channels were initially cloned from Drosophila melanogaster (Montell and Rubin., 1989).
These nonselective cation channels are located on the plasma membrane of cells. TRP
channels can be divided into seven subfamilies, including TRPV (Vanilloid), TRPA (Ankyrin),
TRPM (Melastatin), TRPC (Canonical), TRPN (NompC), TRPP (Polycystic) and TRPML
(Mucolipin). TRP channels form tetramers and each subunit consists of six transmembrane
domains and cytoplasmic N- and C-termini. The channel pore is located between the fifth and
the sixth transmembrane domains. TRPA1 is the only member of the TRPA subfamily in
mammals, and one distinguishing characteristic of TRPA1 is the extensive repeating of ankyrin
domains in the amino-terminus. TRPA1 is mainly expressed in sensory neurons such as dorsal
root ganglia and trigeminal ganglion neurons (Story et al., 2003). Human TRPA1 structure has
been determined using a single-particle analysis with a cryo-electron microscope at a high
resolution (~ 4 A) in the presence of agonist or antagonist (Paulsen et al., 2015).

TRPAL is required for thermal sensation. Mouse TRPA1 is reportedly activated by low
temperatures (Story et al., 2003). TRPA1 plays a role in high temperature sensation in many
non-mammalian species, including mosquitoes (Hamada et al., 2008; Saito et al., 2012; Kang
et al., 2012). In insects, TRPA1 is required for avoiding noxious heat. In Drosophila, knock
down of TrpA1 significantly compromises the thermotactic behavior of the third instar larvae
(Rosenzweig et al., 2005). Analogously, Aedes aegypti TRPA1 was found necessary to
distinguish the difference between a warm host (~37°C) and a hot object (> 43°C) (Corfas and
Vosshall, 2015). Drosophila larvae exhibited a TRPA1-dependent nociceptive rolling behavior

when they were subjected to a rapid temperature increase (Luo et al., 2016).
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TRPAL1 also serves as a chemical receptor. Electrophilic irritants and pungent substances
such as allyl isothiocyanate (AITC) and cinnamaldehyde potently activate TRPA1 via covalent
modification of critical cysteine residues located in the ankyrin repeat domain and nearby
linker region (Hinman et al., 2006; Macpherson et al., 2007). In a behavioral assay of fruit flies,
a dramatic inhibition of proboscis extension responses was observed when AITC was added
to the sucrose solution. In contrast, loss-of-function mutants of TrpA1 of Drosophila showed
no reduction in proboscis extension responses when sucrose solution was mixed with AITC or
other reactive electrophiles (Kang et al., 2010). Indeed, TRPA1 agonists were found to be
promising repellents for specific animal species such as parasitic mites, mosquitoes and birds

(Peng et al., 2015a; Inocente et al., 2018; Majikina et al., 2018).

1.1.4 The TRPA1 channel has been characterized in many animal species

Metazoan TRP channels have a very ancient origin. The TRPA subfamily was found in
choanoflagellates (Cai, 2008). As expected, TRP channels are shared from simple microbes to
mammals. TRPA1 functions as a polymodal nociceptive sensor for noxious cold (Viswanath et
al., 2003) or hot (Neely et al., 2011; Zhong et al., 2012) temperatures, mechanical stress
(Dunham et al., 2008) and irritant chemicals (Kang et al., 2010). Many researchers have
characterized the function of TRPA channels from diverse animal species. TRPA subfamily
members show very high diversity among arthropod species (Matsuura et al., 2009; Peng et
al., 2015b). Such diversity may have resulted from the evolutionary plasticity of TRPA
subfamily members through multiple gene-gain and -loss events (Kadowaki, 2015). Insects
sense different temperature upon employing different TRP channels. In fruit flies, in addition
to TRPA1, Painless and Pyrexia also play important roles in thermal nociception, although they

are gated by different temperatures (Tracey et al., 2003; Lee et al., 2005). Painless and pyrexia
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are basal TrpAs that diverged from a common ancestral TrpA1 gene. However, they are not
members of the modern TrpAl clade, and neither channel possesses adequate conserved
electrophilic detection residues for chemical nociception (Kang et al., 2010).

Drosophila melanogaster’s TRPA1 has multiple isoforms due to alternative splicing and at
least 4 of them have been identified. The gene structures of these 4 variants differ not only
within the 5’ exon, which encodes the N-terminus but also among the 12™ exon, which
encodes a linker region between the ankyrin repeat domain and transmembrane domain
(Zhong et al., 2012). Drosophila melanogaster TRPA1 splicing variants are expressed in
different tissues and show distinct chemical and thermal sensitivities (Zhong et al., 2012; Kang
et al., 2012; Luo et al., 2016). There are 2 splicing variants of murine Trpal, i.e., Trpala and
Trpalb. TRPA1b loses 30 amino acids because one exon is skipped during translation. TRPA1b
is insensitive to chemical stimuli, but it increases the response of TRPAla to agonists by
working as a chaperone (Zhou et al., 2013). In mosquitoes, TRPA1 variants were only
investigated in Anopheles gambiae, and different N-termini of TRPA1 variants apparently
possessed distinct thermosensitivities and chemosensitivities (Kang et al., 2012; Du et al.,
2015). The question whether this phenomenon is consistent in other disease vector
mosquitoes remains to be answered.

The function of the N-terminal ankyrin repeat domain has been a hotly contended topic in
TRPA1 research. Through studies with channel chimeras, researchers deduced that the
ankyrin repeat domain integrates diverse physiological signals to regulate the conformation
of the channel for activation (Cordero-Morales et al., 2011). Another research group
proposed that the N-terminus acts as a soft spring that directly connects to the channel pore
(Zayats et al., 2013), which agrees with the high-resolution 3D reconstruction model of TRPA1

(Paulsen et al., 2015). However, some physiologists claim that the N-terminal ankyrin repeat
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domain only modulates the responses to chemical or thermal stimuli, but is not necessary for
activation (Survery et al., 2016). In the splicing variants of Anopheles gambiae TRPA1 so far
identified, amino acid differences are observed only at the very end of the N-terminal domain
(Kang et al., 2012). This region was not classified as a portable heat-sensitive module in a
previous study (Cordero-Morales et al., 2011). A better understanding of the significance of
this subtle region might unveil the mechanism by which TRPA1 is activated by temperature

changes.

1.2 Plan of investigation

1.2.1 Research project questions and objectives

The African malaria mosquito (Anopheles gambiae) is the pre-eminent mosquito model for
analyzing the efficiency and specificity of repellents. The yellow fever mosquito (Aedes
aegypti) is another promising model for carrying out behavioral analysis. Both mosquito
species are well-studied and their whole genomes have been sequenced. In a genome-wide,
multigene phylogenetic analysis, the relationships among a number of disease vector
mosquito species have been revealed. Anopheles gambiae and Aedes aegypti evolved
separately from a common ancestor 147.6 million years ago (mya) (Kamali et al., 2014).
Consequently, these species vary in a number of ways, including physiological characteristics,
suggesting that these 2 species show different responses to mosquito repellents. In addition,
understanding the differences observed in different mosquitos is inadequate because splicing
variants of mosquito TRPA1 have not been systematically compared among different species.
Therefore, my project includes Anopheles stephensi (diverged 30.4 mya from Anopheles
gambiae) and Culex pipiens (diverged 56.9 mya from Aedes aegypti) as indispensable

reference species to unveil how these plastic and dynamic TRPA1 channels have changed
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through the evolutionary processes. Taken together, characterization of TRPA1s from disease
vector mosquitoes could be useful in determining which TRPA1 variant to recruit for a

particular mosquito study.

1.2.2 Hypotheses and aims

In this study, splicing variants of TrpA1 from 4 different mosquito species (Anopheles gambiae,
Anopheles stephensi, Aedes aegypti and Culex pipiens pallens) will be identified. Then, they
will be subcloned into expression vectors and channel properties will be examined using
calcium-imaging and whole-cell patch-clamp methods. Channel properties will be compared
among the 4 mosquito species regarding chemical and thermal responses. The results could
show that there is a diversity of channel properties among splicing variants and also among
species. | will also seek several novel agonists for TRPA1. Therefore, the results of the present
study will supply important information for future behavioral studies using diverse mosquito

species and will also be useful for development of novel mosquito repellents.
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CHAPTER 2

Materials and Methods
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2.1 Animals

Adult mosquito samples of wild-type Anopheles stephensi, wild-type Aedes aegypti, wild-type
Culex pipiens pallens (Nara Prefecture) and pupa of wild-type Aedes aegypti were reared and
provided by Professor Hirotaka Kanuka, Department of Tropical Medicine, Jikei University

School of Medicine.

2.2 Molecular cloning of mosquito TrpA1l
2.2.1 Sub-cloning of Anopheles gambiae TrpA1l
Template plasmid DNA of Anopheles gambiae TrpA1(A) and Anopheles gambiae TrpA1(B)
were kindly provided by Professor Paul Garrity of Brandeis University.

For amplification of Anopheles gambiae TrpA1(A), the sequences of the forward and reverse
primers were designed as follows: 5’-TTTGGATCCACCATGCCTACTCCGCTG-3’ and
5- TAAGCGGCCGCTCATTTGCCAATAGATTTG-3'.

For amplification of Anopheles gambiae TrpA1(B), the sequences of the forward and reverse
primers were designed as follows: 5’-TTAGGATCCACCATGTGGCGCAACTG-3’ and

5-TAAGCGGCCGCTCATTTGCCAATAGATTTG-3'.

2.2.2 RNA extraction

The mosquitoes were fixed in RNAlater solution (Ambion) to preserve the RNA for subsequent
extraction. Total RNA was extracted from the homogenized whole bodies of mosquito
samples using chloroform, 2-propanol and 75% ethanol in turn. Total RNA was finally eluted

in RNAse free Milli-Q water and stored at -80°C.

2.2.3 cDNA synthesis
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The cDNAs of all 3 mosquito species were synthesized from total RNAs (up to 1 ug) using
ReverTra Ace (TOYOBO). For Anopheles stephensi and Aedes aegypti, their cDNA was also

synthesized from total RNA using SMARTScribe Reverse Transcriptase (Clontech).

2.2.4 5’ and 3’ Rapid Amplification of cDNA Ends (RACE)

Primers were designed for 5" and 3’ RACE of Anopheles stephensi, Aedes aegypti and Culex
pipiens pallens according to the genomic sequences of Anopheles gambiae, Aedes aegypti
and Culex pipiens quinquefasciatus, respectively. In 5" and 3’ RACE, Universal Primer A Mix
(UPM), 5'-CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT-3' and Nested
Universal Primer A (NUP), 5'-AAGCAGTGGTATCAACGCAGAGT-3' were used (Clontech).

For Anopheles stephensi, 2 primers, 5'- GTGTACGGCCGAGTGCAGTG-3’ (for the first PCR) and
5’-CTCCCGCGTGCATCCCTTCG-3’ (for the second PCR) were used for 5" RACE. 3’ RACE was
carried out as above except the following 2 primers were used:
5’-TTCACTCGCATCTGCTGGACC-3’ (for the first PCR) and 5'-AAGCTGCTGCACAACTACATGG-3’
(for the second PCR).

For Aedes aegypti, 2 primers, 5’-GGTGAGAATATTGATGCGGTTCC-3’ (for the first PCR) and
5’-CGTCCTTTGCTATCCTTCACC-3’ (for the second PCR) were used for 5" RACE. 3’ RACE was
carried out as above except the following 2 primers were used: 5'-
TTCACTCGCATCTGCTGGACC-3’ (for the first PCR) and 5'-AAGCTGCTGCACAACTACATGG-3’ (for
the second PCR).

For Culex pipiens pallens, 2 primers, 5'-AGAAAGTCCATCTCGCCCAGCATC-3’ (for the first PCR)
and 5’-CATGACGACGTAGAGACCAACCTG 3’ (for the second PCR) were used for 5° RACE. 3’
RACE was carried out as above except the following 2 primers were used:

5’-GGAAAAGGGAACCTTCATCATCAACG-3’ (for the first PCR) and
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5’- CGCAACGATGGAGAACAGACC-3’ (for the second PCR).

2.2.5 Nested PCR

Ordinary PCR can amplify uncharacterized primer binding sites when primer designs are
based on the genomic sequence of closely related species. Hereby, nested PCR was employed
involving 2 or 3 sets of primers to intentionally amplify a secondary or a tertiary target within
the previous run product. This allows the second or the third nested primers to specifically
amplify the intended product from the first round of PCR.

Based on the information read from Untranslated Regions (UTR), nested PCR primers were
designed to clone mosquito TrpA1 step by step.

For Anopheles stephensi, the sequences of the forward and reverse primers were as follows:
5’-TCAGTCGTTCATCAACAGCATC-3’ (A)/ 5'-CATCGAAGGTACAGCAGTAGCAG-3’ (B) and 5’-
ACACACACGTACACGTACAAGCTC-3’ (for the first PCR); 5'-TCAGTCGTTCATCAACAGCATC-3’
(A)/ 5’-CCCAAACCCATCAAGTGCAC-3’ (B) and 5'-TAAGCGGCCGCGTGGCTCCGCTACAGTGC-3’
(for  the second PCR); 5 -CTTGTGTCCTCTGAACGATGC-3’ (A) and 5-
TAAGCGGCCGCACAGTGCCATTCATTTTCC -3’ (for the third PCR).

For Aedes aegypti, the sequences of the forward and reverse primers were as follows: 5'-
CAATCAGACGAAATCCACCACTAGCC-3' (A)/ 5'-CTACTGTAAACCGTCCATCG-3’ (B) and 5'-
CAAAATTCGTTGTCCTGCTG-3’ (for the first PCR); 5-CTCGGATCCACCATGCCAACTCCGCTC-3’
(A)/ 5’-CTCGGATCCACCATGTTACCAATTATGATG-3’ (B) and 5'-
TAAGCGGCCGCCTACTTGCTAATCGACTTG-3’ (for the second PCR).

For Culex pipiens pallens, the sequences of the forward and reverse primers were as follows:
5’-CAACCCCCTACGGAAGAATCGCTAC-3’ (A)/ 5-GTCCACGGTAACCATCGTCCATATCAG-3’ (B)

and 5’-TCTCTCGCATTACTTGCTCATGGACTTG-3’ (for the first PCR);
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5’-CTTGGATCCACCATGCCAACTCCGCTG-3' (A)/
5’-CTCGGATCCACCATGATTAACCGGAAATCAATC-3’ (B) and

5’-TAAGCGGCCGCTTACTTGCTCATGGACTTG-3’ (for the second PCR).

2.2.6 Synthesis of longer Anopheles gambiae TrpA1(B)

Due to the fact that live samples of Anopheles gambiae were unavailable, we had to
synthesize Anopheles gambiae TrpA1(B) with 14 amino acids at the N-terminus (to be
explained in section 3.1). A longer Anopheles gambiae TrpA1(B)-pcDNA3.1(+) plasmid was
synthesized with a HiFi DNA Assembly Cloning Kit (NEB). First, shorter Anopheles gambiae
TrpA1(B) was digested with 2 restriction enzymes to generate 2 linearized fragments. Then,
the coding sequence of 14 amino acids with appropriate flanking overhangs (purchased) was
mixed with 2 enzyme-digested fragments of the linearized vector. Two sets of forward and
reverse primers were designed: 5-CTCTACGACATATGTGGCGCAACTGTGCAC-3' and 5'-
AATCGATAGCGCTCATGTCC-3’ (for amplifying elongated TrpAl N-terminus), plus 5'-
TTAAGCTTGGTACCGAGCTCGGATCCACCATGTTATCTGTTGCTATGTATACACGCAAATCTCTACGA
CATATGTGGCGC-3’ and 5’-
GCGCCACATATGTCGTAGAGATTTGCGTGTATACATAGCAACAGATAACATGGTGGATCCGAGCTC
GGTACCAAGCTTAA-3’" (for amplifying the remainder of the vector sequence). Three
overlapping sequences were assembled to generate a closed longer Anopheles gambiae

TrpA1(B)- pcDNA3.1(+) plasmid.

2.2.7 Examination of PCR product or plasmid DNA containing target gene via sequencing
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For direct sequencing of a PCR product, a DNA sample at 10 ng/uL was sufficient; for
sequencing mosquito TrpA1 within plasmids, a DNA sample concentration around 100 ng/uL
or 200 ng/uL (for 2 different recipes) was sufficient.

Prepared DNA samples were mixed with diluted dye (Big Dye Terminator V 3.1 (SARSTEDT))
and the single primer (1 uM) to be amplified through thermal cycling. The generated product
was spun down and preserved in formamide, which was heat treated at 95°C for 4 min and
then subjected to sequencing with an ABI PRISM 3130x| Genetic Analyzer (Thermo Fisher
Scientific).

The sequencing results were analyzed with DNADynamo (Blue Tractor Software, Ltd). To
determine the intron-exon structure based on the genomic DNA sequence, sequencing data
was further analyzed with Molecular Evolutionary Genetics Analysis (MEGA) (Pennsylvania

State University).

2.2.8 Identification and nomenclature of mosquito TrpA1 variants

The nomenclature of TrpA1 variants differs among research groups. In this project, based on
the nomenclature in a paper on mosquito TrpAl variants (Kang et al., 2012), a readily
comprehensible way was designed to depict complicated mosquito TrpA1 variants. According
to exon location, the upstream exon was named “a”, and the downstream exon was named
“b”. Upper case was used for locating variants in the N-terminus, lower case for locating in
the middle part. N-terminal features are described in advance. In addition, when mosquito
species names were combined with TrpAl to indicate a particular channel, Anopheles
gambiae, Anopheles stephensi, Aedes aegypti and Culex pipiens pallens are abbreviated to Ag,

As, Aa and Cp, respectively.
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2.3 Cell culture

The human embryonic kidney cell line 293 (HEK293) is widely used in cell biology because the
line is readily grown and the cells can be routinely transfected. HEK293 cells were used as
hosts for TRPA1 expression for whole-cell patch-clamp recordings and calcium-imaging.
HEK293 cells were cultured in Dulbecco’s modified Eagle Medium (Wako) supplemented with
10% FBS (BioWest), penicillin-streptomycin (50 mg/mL and 50 units/mL, respectively, Gibco)
and GlutaMAX (2 mM, Gibco). They were passaged at a density of approximately 2.5 x 10° or
5 x 10° cells per 35 x 10 mm FALCON dish 24 or 48 h before transfection. For transfection of
HEK293 cells, 1 ug plasmid DNA in pcDNA3.1 (+) and 0.1 ug pGreen-Lantern 1 vector were
transfected into HEK293 cells using Lipofectamine reagent and Plus reagent (Invitrogen) for
subsequent whole-cell patch-clamp recording. In the case of transfection for calcium-imaging,
0.1 ug pCMV-DsRed vector was transfected instead of pGreen-Lantern 1 vector. All these
components were dissolved in Opti-MEM | (1X, Gibco). After incubation for 3-4 h, HEK293
cells were reseeded on 12 mm cover slips (Matsunami) and further incubated at 33°C in 5%

CO..

2.4 Calcium-imaging

A Fura-2 calcium-imaging method was employed to check the approximate responses of
heterologously expressed TRPA1 channels to extracellular stimuli. Calcium-imaging was
performed 18-30 h after transfection. The extracellular standard bath solution was the same
as described in the Electrophysiology section below. Chemical and thermal stimuli were
applied in the same manner as described in whole-cell patch-clamp recording. Cytosolic-free
Ca?* concentrations in HEK293 cells were measured by dual-wavelength fura-2 (Molecular

Probes, Invitrogen Corp). Fura-2-acetoxymethyl ester (5 uM) was loaded 1 h before recording,
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and it was excited at 340/380 nm with emission at 510 nm. Fura-2 fluorescence was recorded
with a CCD camera, Cool Snap ES (Roper Scientific/Photometrics). Data were acquired using
imaging processing software (IPlab Scanalytic) and analyzed with ImageJ (National Institutes
of Health) and Excel (Microsoft). The viability of HEK293 cells was confirmed by responses to

5 uM ionomycin (Sigma-Aldrich).

2.5 Electrophysiology

To measure membrane potentials and currents in HEK293 cells transfected with a desired
plasmid DNA, whole-cell patch-clamp recording was used. This technique was utilized to
determine the response of TRPA1 to a particular compound, the temperature threshold for
heat- or cold-evoked activation and the gating mechanism of mosquito TRPA1 channels.
Whole-cell patch-clamp recordings were performed 18 to 30 h after transfection. The
extracellular standard bath solution contained 140 mM NaCl, 5 mM KCI, 2 mM MgCl;, 2 mM
CaCly, 10 mM HEPES and 10 mM glucose at pH 7.4 adjusted with NaOH. The intracellular
pipette solution contained 140 mM KCI, 5 mM EGTA, and 10 mM HEPES at pH 7.4 adjusted
with KOH. HEK293 cells on cover slips were mounted in an open chamber. Chemical
stimulation was applied by superfusing a bath solution containing a reagent of interest.
Thermal stimulation was applied by increasing the ambient temperature with preheated bath
solution. For some experiments that required a varying speed of temperature rise, the length
and curvature of perfusion tubes were modified and the height difference between the liquid
level and the open chamber was also adjusted to permit more rapid temperature increases.
For the experiment of peptide overexpression, 1.63 mg of the 14-amino-acid-long peptide
(sequence: MLSVAMYTRKSLRH; molecular weight = 1694.802) was purchased from SCRUM

company. The peptide powder was dissolved in dimethyl sulfoxide (DMSO) to make 10 mM
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stock solution. The stock solution was further added into the pipette solution for preparing
different concentrations. Recording started 2 to 3 min after making a whole-cell configuration
for diffusing pipette solution into HEK293 cells to achieve steady state (Oliva et al., 1988).
Data were sampled at 10 kHz and filtered at 5 kHz for analysis (Axopatch 200B amplifier with
pCLAMP software, Molecular Devices). Membrane potential was clamped at -60 mV and

voltage ramp-pulses from -100 to +100 mV (0.5 s) were applied every 5 s.

2.6 Western blotting
2.6.1 Construction of a Myc-tagged plasmid with a double gly-gly-gly-ser linker
In preliminary experiments, we constructed 2 Myc-C-AgTrpA1-pcDNA3.1(+) plasmids by
ligating AgTrpAl inserts with empty 2 Myc-C-pcDNA3.1(+) vectors. AgTrpAl inserts were
amplified from AgTrpA1-pcDNA3.1(+) plasmids. The sequences of the forward and reverse
primers were as follows: 5-CATGCCTACTCCGCTGTACTTAATTCATAG-3° and 5'-
TAAGCGGCCGCTCATTTGCCAATAGATTTG-3’ for 2 Myc-C-AgTrpAlAa (3759 bp), 5-
CATGTTATCTGTTGCTATGTATACACGC-3’ and 5'-TAAGCGGCCGCTCATTTGCCAATAGATTTG-3’
for 2 Myc-C-AgTrpA1Ba(L) (3639 bp), 5-CATGTGGCGCAACTGTGCACAAC-3' and 5'-
TAAGCGGCCGCTCATTTGCCAATAGATTTG-3’ for 2 Myc-C-AgTrpA1Ba(S) (3597 bp). The 2 Myc-
C-pcDNA3.1(+) vector was digested with EcoRI (NEB), and then the sticky ends were blunted
using T4 DNA polymerase (NEB). Later, both insert and vector were digested with Notl (NEB).
Finally, linear AgTrpA1 inserts and linear 2 Myc-C-pcDNA3.1(+) vectors were ligated using
Ligation high Ver.2 (TOYOBO).

Linear Myc-tagged AgTrpAl plasmids with double gly-gly-gly-ser linkers were directly

amplified from 2 Myc-C-AgTrpA1-pcDNA3.1(+) plasmids. An extra sequence for coding the

27



double gly-gly-gly-ser linker was included in the common reverse primer. The sequences of
the forward and reverse primers were as follows:

5- CATGCCTACTCCGCTGTACTTAATTCATAG-3’ and 5'-
GAGCCGCCTCCGCTTCCGCCTCCCAAGTCCTCTTCAGAAATGAGCTTTTGCTCCATATCAAGCTTCAA
GTCC-3’ for 2 Myc-C-linker-AgTrpA1Aa (9222 bp), 5'-CATGTTATCTGTTGCTATGTATACACGC-3’
and 5’-
GAGCCGCCTCCGCTTCCGCCTCCCAAGTCCTCTTCAGAAATGAGCTTTTGCTCCATATCAAGCTTCAA
GTCC-3’ for 2 Myc-C-linker-AgTrpA1Ba(L) (9102 bp), 5-CATGTGGCGCAACTGTGCACAAC-3’
and 5’-
GAGCCGCCTCCGCTTCCGCCTCCCAAGTCCTCTTCAGAAATGAGCTTTTGCTCCATATCAAGCTTCAA
GTCC-3’ for 2 Myc-C-linker-AgTrpA1Ba(S) (9060 bp). These linear plasmid PCR products were
treated with T4 Polynucleotide Kinase (NEB) and self-ligated using Ligation high Ver.2

(TOYOBO).

2.6.2 Protein isolation

HEK293 cells in a 10-cm dish were transfected with 4 ug of plasmid DNA and incubated
overnight. Whole cell extracts of HEK293T cells were collected by scraping in RIPA lysis buffer
(Cell Signaling Technology). Cytosolic and membrane fractions were isolated using a
subcellular protein fractionation kit according to the manufacturer’s protocol (Thermo Fisher
Scientific). Protein concentration was quantified with the Lowry assay (Bio-Rad), and a
standard curve was prepared with 5 pL of different dilutions of BSA (0, 1.25, 2.5, 5 and 10
ug/uL diluted in RIPA buffer). The absorbance of protein samples was used to fit the
calibration curve to quantify protein concentration with a Nanodrop (Thermo Fisher

Scientific). Proteins (30 pg) from whole cell, cytosolic and membrane fractions were used.
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These proteins were denatured with 4x Laemmli Sample Buffer (Bio-Rad) and 100 mM DTT at

95°C for 5 min before resolution using an 8% SDS-PAGE gel.

2.6.3 Plasma membrane protein biotinylation

HEK293 cells in a 3.5-cm dish were transfected with 1 ug plasmid DNA and incubated
overnight. The HEK293 cells were washed with PBS and incubated twice with 0.5 mg/mL EZ-
link-NHS-LC-Biotin (Abcam) for 10 min each. Cells were washed with quenching buffer (100
mM glycine in PBS, pH 7.3) and washed with PBS. Cells were collected and lysed in 1x TNE
buffer with 1% NP-40 and complete protease inhibitor cocktail (lysis buffer). Biotinylated
proteins were precipitated overnight using 10 uL Dynabeads MyOne Streptavidin T1 (Thermo
Fisher Scientific) with agitation at 4°C. Beads were washed 3 times with 100 pL lysis buffer at
room temperature. Beads (10 uL) and eluates were denatured with 2x Laemmli Sample Buffer

(Bio-Rad) and 100 mM DTT at 95°C for 5 min before resolution on a 6% SDS-PAGE gel.

2.6.4 Western blot and normalization of relative protein amount

For Western blot experiments, electrophoresis was run at 120 mV for 1.5 hours. The SDS-
PAGE gel was then transferred to a mini format, 0.2 um PVDF membrane with Trans-Blot
Turbo (Bio-Rad) for 10 min (25 V, 1.3 A). Non-specific sites were blocked by incubating the
membrane in PBS-T containing 3% BSA. Primary antibodies were used to incubate the
membrane overnight. They included: anti-Myc (MBL Life science): 1/5000; anti-B-actin
(Sigma-Aldrich): 1/2000 diluted in PBS-T containing 1.5% BSA for isolated protein samples;
anti-Myc: 1/1000 diluted in PBS-T containing 1.5% BSA for biotinylated protein samples).
Secondary antibody was incubated with the membrane for 1 h (anti-mouse HRP (Cell Signaling

Technology): 1/1000 diluted in PBS-T containing 1.5% BSA). Protein bands were detected with
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the use of Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare) and a
LAS-3000 mini image analyzer (Fujifilm). Quantification of Western blot bands was performed

using Image J software (National Institutes of Health).

2.7 Chemicals
To test the chemosensitivity of mosquito TRPA1, the most common TRPA1 ligand allyl
isothiocyanate (AITC) and the well-known natural mosquito repellent citronellal were utilized
in most experiments. Both compounds were dissolved in DMSO to make 1 M stock solutions.
To screen potential mosquito TRPA1 agonists, the following 23 compounds were tested: 1.
a-Terpineol, 2. Nerol, 3. Carvacrol, 4. 2-(2-Butoxyethoxy) ethyl acetate (2-BEA), 5. Linalool, 6.
Limonene, 7. Citral, 8. B-Caryophyllene, 9. 3,7-Dimethyl-6-Octenal, 10. Diallyl Disulfide, 11.
decanal. 12. octanal, 13. nonanal, 14. lauric acid, 15 undecanoic acid, 16. decanoic acid, 17.
nonanoic acid, 18. octanoic acid, 19. hexanoic acid, 20. heptanoic acid, 21. butyric acid, 22.
valeric acid and 23. propionic acid. These compounds were dissolved with organic solvents to
make 1 M stock solutions (except for B-Caryophyllene stock solution that was made 0.91 M).
[-Caryophyllene was dissolved with 91% DMSO + 9% Ethanol. Compound numbers 11-23
were dissolved with 100% ethanol. The rest of the compounds were dissolved with 100%

DMSO.

2.8 Statistical analysis

Data are presented as means + standard error of mean (S.E.M). Statistical analysis was

performed by unpaired Student’s t-test. Statistical significance is defined as: *, p < 0.05; **, p

<0.01 and ***, p<0.001.
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CHAPTER 3

Results
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3.1 Cloning and identification of TrpA1 variants from Anopheles gambiae, Anopheles
stephensi, Aedes aegypti and Culex pipiens pallens

To identify the splicing variants of TrpA1 genes, we performed 5’- and 3’-RACE to identify the
most upstream and downstream exons that coded protein. First, the genomic sequences of
target mosquito species were examined to design PCR primers for the 5’- and 3’-RACE. The
amplified PCR products obtained by 5’-RACE were sequenced to identify the splicing variants
of TRPA1 and potential initiation codons for each splicing variant were identified afterwards.
The PCR products of 3’-RACE were also sequenced to identify the termination codons. Finally,
PCR primers for amplifying entire coding regions of each splicing variant were designed.

As a result, several different splicing variants were identified (Fig. 1.1). Similar to
Drosophila TrpA1, alternatively spliced exons at the N-terminus and in the middle of the TrpA1
gene were found. In the present study, upstream or downstream exons are designated as “A”
and “B”, respectively. In addition, the N-terminal and middle portions of alternative splicing
exons are designated with uppercase and lowercase letters, respectively (Fig. 1.1). Two
splicing variants of AgTrpA1 cloned by Kang et al (2012) were named TrpAlAa and TrpAlBa
in the present study. Nevertheless, examination of a genomic sequence database of
Anopheles gambiae revealed the exon corresponding to “b” in the middle of the TrpA1 gene,
suggesting that it was potentially included in the transcripts. In addition, TrpA1 was newly
cloned from Anopheles stephensi, Anopheles aegypti and Culex pipiens pallens in the present
study. Two kinds of splicing variants were identified from Anopheles stephensi and Culex
pipiens pallens (TrpA1Ab and TrpA1Ba). Moreover, 3 kinds of splicing variants were identified
from Aedes aegypti (TrpA1Ab, TrpAl1Ba, and TrpA1Bb) (Fig. 1.1).

In the course of cloning procedures, | found that the N-terminal regions of previously

reported AgTRPA1B and AaTRPA1B were truncated. As shown in Figure 1.2 and 1.3,
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methionines were found 14 amino acids upstream of previously reported methionine by Kang
et al (2012) in Anopheles gambiae and Aedes aegypti. A methionine was also found 9 amino
acids upstream of a previously reported methionine in Culex pipiens pallens. Notably, these
newly found methionine codons are located upstream of a previously reported one in the
same reading frame; and these methionine codons are also in the vicinity of the upstream
termination codons (Fig. 1.3). In addition, newly identified portions were well conserved
among the 4 species. Thus, it is highly possible that these additional amino acids exist in the
mosquito TRPA1 (Fig. 1.2 and 1.3). Therefore, truncated TRPA1(B) reported by Kang et al
(2012) is designated as TRPA1B(S), and TRPA1B with newly identified amino acids in the N-
terminus is designated as TRPA1B(L) when comparing these 2 different clones in later sections.
Otherwise, | designated TRPA1B as TRPA1B(L) when it was used in electrophysiological

experiments.
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Figure 1: Identification of TrpA1 variants from Anopheles gambiae, Anopheles stephensi,
Aedes aegypti and Culex pipiens pallens

1.1a

AgTrpAlAa (3747 nucleotides, 1248 amino acids)

AgTrpA1Ba (3627 nucleotides, 1208 amino acids)

1.1b

AsTrpA1Ab (3759 nucleotides, 1252 amino acids)

AsTrpA1Ba (3639 nucleotides, 1212 amino acids)

ATG TGA
11c

AaTrpA1Ab (3741 nucleotides, 1246 amino acids)

AaTrpA1Ba (3624 nucleotides, 1207 amino acids)

ATG TGA
AaTrpA1Bb (3621 nucleotides, 1206 amino acids)

ATG TGA
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1.1d

CpTrpA1Ab (3735 nucleotides, 1244 amino acids)

CpTrpA1Ba (3603 nucleotides, 1200 amino acids)

ATG TGA

Figure 1.1 Schematic exon-intron structures of TrpA1 variants of disease vector mosquitoes.
The naming of different splicing variants is based on the new nomenclature. (a) AgTrpAlAa
and AgTrpA1Ba. (b) AsTrpA1Ab and AsTrpA1Ba. (c) AaTrpA1Ab, AaTrpA1Ba and AaTrpA1Bb.

(d) CoTrpA1Ab and CpTrpA1lBa.
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Long An. gambiae E'_SVAIY TRKSLRP‘WRNCAO—-RNGFT IATPLKIPVNWSRVLRLQGSARINAEEVLQAA
An. stephensi i._SVAIY TRKSLRI"WRNCSQ—-RSGFT IATPLKIPVNWSRVLRLQGSARINTEEVLQAA
Long Ae. aegypti i._Pl .YSRKSLS(;LRNGYR—-GNTLS ITTPLKIPANWTRVLRLHPSARINPAL ILQAA
Cx. p. paIIensj———I INRKS IRQMFRNYRTNPNHPLS IATPLKTPATWSRVLRLQPSTRINPEHLLEAA

_________________________ - - [

{Short An. gambiae: RNCAQ-—RNGFT IATPLKTPVNWSRVLRLQGSAR INAEEVLQAA \‘;
i Short Ae. aegypti | LRNGYR-—GNTLSITTPLKIPANWTRVLRLHPSARINPALILQAA !
E Bt Lk koo ERE S S S 2 S 2 Z*S**i
:\ . . . _K_a_ng et al., Nature (_2_(_)12) ,,:

14 amino acids

4
———

Figure 1.2 Amino acid sequence alignment of the N-terminus of mosquito TRPA1(B). Black

dash line cycled amino acid sequences were reported by Kang et al in 2012.
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An,gambiae ATT GAA CCC --- ATC ATC CTA TAC TAC ACT TCA AGT - - - --- GCA GCT

An.StephenSi TGA GCC CAA --- TCA CAA TAC CCA AAC CCA TCA AGT - -- - -- GCA CCC

*
AeAegyptl AAC CGT CCA --- TCG TTA GCA GAA TTT ACA GCG TCC TGA ATC GAT CAT

*
. p. CG6G TAA CCA TCG TCC ATA TCA GGT GTT ATC TCG AGC --- ATT GAA AAT
Cx. allens
First methionine Second methionine
An,gambiae AAT - - - €CTG - - - TTA TCT GTT GCT TAT ACA CGC AAA TCT CTA
L S v A Y T R K S L
An,stephenSI AAT - - - CcCC - - - TTA TCC GTT GCT TAT ACA CGA AAA TCC CTT
L S v A Y T R K S L
Ae.Aegyptl ACT CGA CTA - - - TTA CCA ATT ATG TAC AGC CGG AAA TCA CTC
L P 1 M Y s R K s L
Cx.p.pallens AAC AGA ATT TGA TAT CTA CCT GTT ACA ATT AAC €CGG AAA TCA ATEC
= 1 N R K S 1
Third methionine

Angamb,’ae CGA CAT TGG CGC AAC TGT GCA CAA CGG AAC GGG TTC ACG
R H w R N c A Q R N G F T
An.stephensi CGA CAC TGG CGC AAC TGT TCG CAA CGA AGC GGA TTC ACG
R H w R N c S Q R S G F T
AeAegyptl AGT CARA CTA CGA AAC GGC TAC CGA GGG AAC ACA cTCc TCG
s Q L R N G Y R G N T L s
CX.p‘pallens AGA CAG TTT €G6T AAC TAT CGC ACA AAT CCA AAT CAT €CCG TTG AGT
R Q F R N Y R T N P N H P L s

Figure 1.3 DNA sequence alignment of the beginning of TrpA1(B) from 4 mosquito species
(genomic sequence of Anopheles gambiae, 5° RACE result of the other 3 species).

Methionine codons are red highlighted, and the upstream stop codons are green highlighted.
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3.2 The temperature threshold for heat activation was not affected by the rate of
temperature increase

The purpose of the present study was to compare the thermal responses of splicing variants
of TRPA1 from 4 different species. However, before starting such a comparative analysis, |
examined whether the speed of the heat ramp affected the thermal responses of mosquito
TRPA1, including activity (the current density) and sensitivity (temperature threshold for
activation). AgTRPA1Ba(S) was used for this purpose since it was reported to be activated by
heat stimulation in a previous study (Kang et al, 2012). AgTRPA1Ba(S) was transiently
expressed in HEK293 cells and whole-cell ionic currents against heat stimulation were
measured. Since the temperature threshold for activation of AgTRPA1Ba(S) was reported to
be 24.8 °C (Kang et al. 2012), the temperature of the bath solution was cooled down to about
15°C prior to heat stimulation (Fig. 2.1). The rates of heat ramps were changed, and the
current density and temperature threshold for activation were calculated from heat-evoked
ionic currents obtained from AgTRPA1Ba(S) expressed in HEK293 cells. The speed was
calculated by measuring the time for a linear 10°C temperature rise (Fig. 2.1). Figure 2.2 shows
that the current density of AgTRPA1Ba(S) to heat stimulation was increased with the speed
of heat increase, while its temperature threshold for activation was not affected. These
observations clearly indicated that the heat ramp speed should be constant throughout my
investigation. Therefore, all the heat-stimulation experiments in this project followed the

protocol with a temperature increase speed of approximately 1.5°C/sec.
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Figure 2 Effect of the rate of temperature change in the heat-activation of mosquito

TRPA1
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Figure 2.1 Heat-evoked currents recorded from HEK293 cells expressing ASTRPA1Ba(S). An
example of a linear 10°C temperature rise during TRPA1 activation (highlighted with red color

in the temperature trace).
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Figure 2.2 The relevance between current density or temperature threshold for heat

activation and temperature increase rate at 2 different basal temperature. At a basal

temperature of 15°C, there was a positive correlation between the rate of temperature

increase and the heat-evoked current density. In addition, there was a slightly negative

correlation between the rate of temperature increase and the temperature threshold for heat

activation. All the data were recorded and measured from HEK293 cells expressing

AgTRPA1Ba(S).
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3.3 Addition of 14 amino acids to the TRPA1B N-terminus attenuated the channel activity

It appeared that AgTRPA1Aa and AgTRPA1Ba showed distinct channel sensitivities to heat
stimuli. | hypothesized that the differences in sensitivities might be due to differences in the
N-termini (Kang et al., 2012) and that such differences might determine specific channel
properties observed in TRPA1B channels with or without a short peptide at the N-terminus.
Therefore, | investigated whether the additional 14 amino acids in the N-termini of
AgTRPA1Ba and AaTRPA1Ba played an important role in modulating channel properties. The
activities of TRPA1Ba(S) and TRPA1Ba(L) were compared in Anopheles gambiae (Fig. 3 a & b)
and Aedes aegypti (Fig. 3 ¢ & d). With application of heat stimuli or high concentrations of
citronellal, the maximal currents were recorded and the current densities were compared.
Surprisingly, the addition of 14 amino acids to the N-terminus of TRPA1Ba significantly
attenuated the density of heat- and citronellal-evoked currents in both mosquito species.
From comparative sequence analysis shown in Figure 1, TRPA1Ba(L) is likely to exist in
mosquito species. Therefore, | used TRPA1Ba(L) in all 4 mosquito species in further

electrophysiological experiments.
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Figure 3 Effects of an additional 14 amino acids at the N-terminus of TRPA1Ba on channel
properties. Heat-induced current (a) and 5 mM citronellal-evoked current (b) were recorded
from naive HEK293 cells expressing AgTRPA1Ba(S) or AgTRPA1B(L); heat-induced current (c)
or 3 mM citronellal-evoked current (d) were recorded from naive HEK293 cells expressing
AaTRPA1Ba(S) or AaTRPA1B(L). In both Anopheles gambiae and Aedes aegypti, TRPA1Ba(L)
generated significantly reduced heat or chemically evoked currents compared with

TRPA1Ba(S). All values are means + S.E.M; n = 5; *, P <0.05; **, P < 0.01; ***, P <0.001.
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3.4 Including 14-amino-acid-long peptide into pipette solution did not change the channel
activity.

Given that channel activity was low when the 14 amino acids were added to the N-terminus
of TRPA1Ba (section 3.3). | wondered by which mechanism such a short peptide could affect
the channel activity of TRPAL. | therefore dissolved this peptide into pipette solution to
achieve different intracellular concentrations to mimic the circumstance that the peptide is
overexpressed in HEK293 cells expressing AgTRPA1Ba(S). | maintained the intracellular
concentrations of this peptide at different levels, 1 uM, 10 uM or 100 uM in a whole-cell
mode, and then measured the size of heat-evoked current. Intriguingly, addition of this 14-
amino-acid-long peptide in HEK293 cells did not cause any significant change in the density
of heat-evoked currents. Moreover, the densities of heat-evoked currents were still
significantly larger than the ones recorded from HEK293 cells expressing AgTRPA1Ba(L) (Fig.
4). As a result, | thought that smaller currents evoked by heat in the cells expressing

AgTRPA1Ba(L) were not caused by the binding of the 14 amino acids to the channel.
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Figure 4 Effects of intracellularly diffusing dissociative 14-amino-acid-long peptide on
thermosensitivity of AgTRPA1Ba(S). Heat-evoked currents were recorded from naive HEK293
cells expressing AgTRPA1Ba(L) or AgTRPA1Ba(S) with a certain concentration of dissociative
14-amino-acid-long peptide intracellularly. Adding 1 pM, 10 uM or 100 uM peptide into
HEK293 cells expressing AgTRPA1Ba(S) did not significantly affect heat evoked currents, while
the densities of the currents evoked by heat remained significantly larger than that of

AgTRPA1Ba(L). All values are means + S.E.M; n = §; *, P < 0.05; **, P < 0.01.
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3.5 A short alternative splicing exon between ankyrin repeats and the transmembrane
domain is not important for AaTRPA1 temperature sensing

Among 4 mosquito species, 2 different TRPA1B isoforms were solely identified in Aedes
aegypti. The difference between AaTRPA1Ba and AaTRPA1Bb is an amino acid stretch that is
37 or 36 amino acids long in the intracellular region that is located between the last ankyrin
repeat and the first transmembrane segment (Fig. 1.1 c). This structure resembles the
alternative splicing variants of TRPA1 found in Drosophila melanogaster. In Drosophila, this
intracellular region has been reported to be critical for TRPA1 responses to heat stimuli
(Zhong et al., 2012). Therefore, the effects of a single alternative splicing exon of TRPA1B
(TRPA1Ba and TRPA1Bb) to heat stimulation were examined in Aedes aegypti. Calcium-
imaging experiments with Fura-2 were employed to check the responses of AaTRPA1Ba and
AaTRPA1Bb to heat stimuli. The 2 channels responded similarly to heat stimulation (Fig. 5.1).
To compare their activities in detail, the current densities against heat stimulation were
compared using a whole-cell patch-clamp method. There was no significant difference
between these 2 splice variants (Fig. 5.2). Hence, the amino acids located near the first
transmembrane domain do not appear to have significant roles regarding the activity of
TRPAL in Aedes aegypti. In later experiments, AaTRPA1Bb was mainly used for comparison

with other TRPA1 variants.
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Figure 5 AaTRPA1Ba and AaTRPA1Bb possess similar thermosensitivity.
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Figure 5.1 Fura-2 calcium-imaging testing the heat responses of AaTRPA1Ba and

AaTRPA1Bb. HEK293 cells expressing AaTRPA1Ba and AaTRPA1Bb were subjected to a hot

bath solution to elevate the temperature from room temperature to near 42°C. Blue traces

represent the real-time temperature change during calcium-imaging. One min after heat

stimulation, 1 mM AITC (green bar) was applied for 2 min as a positive control. lonomycin (5

uM) (black bar) was applied in the last 2 min to confirm the viability of HEK293 cells.
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Figure 5.2 Whole-cell patch-clamp recording testing heat responses of AaTRPA1Ba and
AaTRPA1Bb. Quantification of current densities activated by increasing bath solution
temperature from 15°C to near 42°C using HEK293 cells expressing AaTRPA1Ba or AaTRPA1Bb
in whole-cell patch-clamp recording. No significant difference was found. All values are means

+ S.E.M, n =9 for AaTRPA1Ba, n = 21 for AaTRPA1Bb.
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3.6 Splicing variants of mosquito TRPA1 showed distinct thermal responses.

The alternative splicing in the middle linker region of TRPA1 did not alter the activity of
AaTRPA1 (section 3.5). Thus, the significance of the N-terminal difference was investigated in
this section. | first compared the density of the currents evoked by heat. TRPA1B showed
much larger current densities than those of TRPA1A from Anopheles gambiae, Anopheles
stephensi and Culex pipiens pallens, but not from Aedes aegypti. Among them, the current
density of CoTRPA1Ba was the largest (Fig. 6 a). Moreover, temperature thresholds for heat-
evoked activation of each mosquito TRPA1B were compared because temperature thresholds
for heat evoked TRPA1A currents were too small to be analyzed. Three tropical mosquito
species, Anopheles gambiae, Anopheles stephensi and Aedes aegypti had similar temperature

thresholds of 28.5 + 0.7, 30.3 + 0.9 and 32 + 0.8°C, respectively. The sole mosquito species

living in the temperate zone, Culex pipiens pallens, collected in Nara Prefecture, had a

remarkably low temperature threshold of 21.8 + 0.7°C (Fig. 6 b).
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Figure 6 Divergent thermosensitivities of TRPA1 variants among different mosquito species.

(a) Quantification of current densities activated by increasing bath solution temperature from



15°C to near 42°C using HEK293 cells expressing AgTRPA1Aa, AgTRPA1Ba, AsTRPA1AD,
AsTRPA1Ba, AaTRPA1Ab, AaTRPA1Bb, CpTRPA1Ab or CpTRPA1Ba. TRPA1 variants from the
same species were closely ranged. (b) Average temperature thresholds for heat activation
were measured and calculated from the current traces of AgTRPA1Ba, AsTRPA1Ba,

AaTRPA1Bb and CpTRPA1Ba. Means + S.E.M of temperature threshold for heat activation are

labeled on the corresponding bars of the chart. 10 < n < 60 each; **, P <0.01; ***, P<0.001.
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3.7 Splicing variants of mosquito TRPA1 also showed different chemical responses.

AITC and citronellal are TRPA1 agonists that reportedly induce feeding deterrence in
Drosophila melanogaster through activation of TRPA1 (Kang et al., 2010; Du et al., 2015). Here,
| investigated the effects of these 2 compounds on splicing variants of multiple mosquito
TRPA1s by expressing them in HEK293 cells. Increasing concentrations of AITC (0.008 to 1 mM)
or citronellal (0.1 to 3 mM) were applied to HEK293 cells expressing each splicing variant from
4 mosquito species. There was no apparent difference in the sensitivity to the 2 chemicals in
the examined mosquito TRPA1s. Those data are consistent with the fact that both chemicals
are electrophiles except for AaTRPA1Ab in which 1 mM AITC-induced currents were smaller
than those induced by 0.2 mM AITC. It could be partly explained by desensitization because
AITC induced large current responses. The more detailed comparative analyses
demonstrated that AgTRPA1Aa and AgTRPA1Ba showed similar sensitivities to both chemicals,
whereas the chemical sensitivity of AsSTRPA1Ab was lower than that of AsTRPA1Ba (Fig. 7).
On the other hand, TRPA1Ab of Aedes aegypti and Culex pipiens pallens exhibited higher
sensitivities to both chemicals than AaTRPA1Bb and CpTRPA1Ba. When the sensitivities of
both splicing variants of TRPA1 were combinatorically compared among species, TRPA1 of
Aedes aegypti and Culex pipiens pallens had much higher sensitivities compared to those of
Anopheles gambiae and Anopheles stephensi. These data suggested that Aedes aegypti and
Culex pipiens pallens experienced similar evolutionary paths that were different from those
of Anopheles gambiae and Anopheles stephensi. Indeed, a phylogenic tree of mosquitoes

(Kamali et al., 2014) supports this idea.
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Figure 7 Comparison of chemosensitivities among TRPA1 variants and orthologues of
mosquitoes (a) Quantification of TRPA1-mediated current densities activated by 0.1, 0.3, 1 or
3 mM citronellal. (b) Comparison of TRPA1-mediated current densities activated by 0.008,

0.04, 0.2 or 1 mM AITC. All values are means + S.E.M, 5 < n << 12 each.
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3.8 Western blotting analysis of the expression levels of AgTRPA1 in HEK293 cells

As shown in the above sections, splicing variants of TRPA1 showed variable responses to
chemical and heat stimuli. These differences could result from both the variations in the
expression levels on the cell membrane and/or channel properties of splicing variants of
TRPA1l. To quantify the amounts of TRPA1l proteins, Western blotting analyses were
performed. It was not feasible to examine the expression levels in HEK293 cells for all the
identified splicing variants of mosquito TRPA1. Therefore, | chose 3 representative TRPA1
variants of Anopheles gambiae (AgTRPA1Aa, AgTRPA1Ba(L) and AgTRPA1Ba(S)) for the
comparison of expression levels. First, Myc-tagged AgTrpA1 plasmids were constructed. Then,
2 Myc tags were added at the N-terminus of each TRPA1 channel protein. And, a double gly-
gly-gly-ser linker was added between the AgTRPA1 N-terminus and 2 Myc tags to avoid effects
of folding in the secondary structure (Fig. 8.1).

In the Western blotting experiments, the amounts of protein in the extracts from whole
cells, cytoplasm and membranes of AgTRPA1Aa, AgTRPA1Ba(L) and AgTRPA1Ba(S) were
examined. AgTRPA1 with a molecular weight of approximately 130 KDa was detected with an
antibody against Myc (Fig. 8.2 a). The amount of AgTRPA1 proteins was normalized to those
of B-actin (~42 KDa) for comparison. With the integrated data from 3 independent Western
blotting experiments, TRPA1/B-actin ratios of different cellular portions were determined.
Protein amounts of AgTRPA1Aa and AgTRPA1Ba(S) were similar whereas that of AgTRPA1Ba(L)
tended to be lower than those of the former 2 splicing variants in the extracts. To examine
the effects of addition of Myc at the N-terminus of TRPA1 on channel properties, currents of
Myc-tagged AgTRPA1 channels were compared with those of untagged AgTRPAL. Heat or a
high concentration of citronellal was applied to HEK293 cells expressing each AgTRPA1l

channel, and maximum peak currents were compared. Quantified peak current densities
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were summarized not only for comparing the significance of adding Myc-tags, but also for
comparing the correlation between current densities and expression levels revealed in the
Western blotting analyses. No significant difference between Myc-tagged AgTRPA1l and
untagged AgTRPA1 was observed in the citronellal-evoked currents (Fig. 8.3 a). On the other
hand, the densities of heat-evoked currents for Myc-tagged AgTRPA1Ba(L) were significantly
larger than those for the untagged one. Such a significant alteration of thermosensitivity was

not found in either Myc-tagged AgTRPA1Aa or Myc-tagged AgTRPA1Ba(S) (Fig. 8.3 b).
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Figure 8 Expression levels of variants of AgTRPA1 in HEK293 cells analyzed with western

blotting.

Myc tags

Figure 8.1 A schematic depiction of Myc-tagged TRPA1 channel protein. Grey colored
domains belong to the original TRPAL. Each red rectangle represents a gly-gly-gly-ser linker.

Each yellow five-pointed star represents a 10 amino-acid-long Myc sequence.
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Figure 8.2 Quantification of the amounts of protein for AgTRPA1Aa, AgTRPA1Ba(L) and
AgTRPA1Ba(S) in HEK293 cells. (a) Proteins were extracted from HEK293 cells transfected
with vectors containing AgTRPA1 tagged with Myc sequences at the N-terminus. Proteins
were extracted from whole cells, cytoplasm and membrane. AgTRPA1 was detected with
antibody against Myc. (b) The amounts of AgTRPA1 protein were normalized to those of [3-

actin. All values are means + S.E.M, n = 3.
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Figure 8.3 Effects of the Myc sequence in the N-terminus of AgTRPA1 on channel properties.

3 mM citronellal-evoked currents (a) and heat-induced currents (b) were recorded from naive

HEK293 cells expressing AgTRPA1Aa, AgTRPA1Ba(L) and AgTRPA1Ba(S) with or without Myc

tags. All values are means + S.E.M; 5 < n << 20 each; **, P < 0.01.
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3.9 Plasma membrane localization of AgTRPA1

AgTRPA1Ba(L) and AgTRPA1Ba(S) differ by 14 amino acid residues. Previous Western blotting
results indicated that there might be a difference in the expression levels between these 2
channels on the plasma membrane. To investigate the membrane expression levels of
different variants in detail, TRPA1-expressing HEK293 cells were biotinylated and the amounts
of TRPA1 on plasma membrane were examined. Three Myc-tagged constructs of AgTrpAl
plasmids were transfected into HEK293 cells and then heterologously-expressed plasma
membrane proteins were conjugated with biotin. After biotin labelling, plasma membrane
proteins of AgTRPA1 were pulled down with streptavidin-beads and immunoreacted with the
primary antibodies against Myc. Both AgTRPA1Aa and AgTRPA1Ba(L) were confirmed to
translocate to the plasma membrane to a similar degree (Fig. 9), which is consistent with the
results of Western blotting for AgTRPA1 channels in the plasma membrane portion (Fig. 8.2).
However, when the amounts of AgTRPA1Ba(L) and AgTRPA1Ba(S) on the plasma membrane
were compared, AgTRPA1Ba(S) showed much higher expression level than AgTRPA1Ba(L) (Fig.
9). The protein samples of AgTRPA1 from the eluate of whole-cell lysates were examined with
Western blotting as a control. Relative protein amounts for AgTRPA1Ba(S) in cell lysates were
also larger than AgTRPA1Ba(L), suggesting that the difference in the expression on the plasma
membrane resulted from the difference in protein expression in the cells. The difference was
also observed in regular Western blotting analysis (Fig. 8.2), indicating the reliability of this
result. Furthermore, the difference in the protein levels between AgTRPA1Ba(S) and
AgTRPA1Ba(L) could explain the difference in the current densities between the 2 variants

(Fig. 3) to some extent.
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Figure 9 Quantification of the amounts of plasma membrane protein for AgTRPA1Aa3,
AgTRPA1Ba(L) and AgTRPA1Ba(S) in HEK293 cells. (a) The biotinylated membrane surface
protein samples of AgTRPA1 (pull) were examined along with AgTRPA1 samples from the
eluate of cell lysate (input). AgTRPA1 was detected with an antibody against Myc. (b) The
amounts of AgTRPA1 proteins from the membrane surface and cell lysate were normalized to

the AgTRPA1Ba(S)-pull sample.
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3.10 Screening of potential mosquito repellents

TRPA1 is well-known to be activated by electrophilic compounds such as AITC and
cinnamaldehyde. However, these conventional TRPA1 agonists are pungent compounds that
irritate the skin, making them unappealing to most users. By quantifying the potencies of
conventional TRPA1 agonists with a whole-cell patch-clamp method, | found that mosquito
TRPA1 currents evoked by citronellal were comparable to those evoked by a strong
electrophile, AITC (Fig. 7) as reported previously for citronellal for AgTRPA1 (Du et al., 2015).
Therefore, | wondered if there were alternative compounds activating mosquito TRPA1, and
| particularly focused on plant-derived compounds that are known to have anti-insect or anti-
fungi efficacy.

Because screening with a whole-cell patch-clamp method is time-consuming, | screened
those natural compounds described in section 2.7 with a fura-2 calcium-imaging method
instead. Among 23 candidates examined, | found that octanal, nonanal and decanal potently
activated AgTRPA1L. These have been used commercially as components in perfumes and in
flavor production for the food industry. Intriguingly, these 3 linear chain aldehydes have
molecular structures similar to that of citronellal, and the difference is in the number of
carbons in the main chain (Fig. 10.1). Fura-2 calcium-imaging experiments results are shown
in APPENDIX 2. With regard to the other candidate mosquito repellents, carvacrol somehow
increased intracellular calcium concentrations even in non-transfected HEK293 cells partly
due to the high concentration (1 mM) used. Citral caused a slight increase in intracellular
calcium concentrations. 3-caryophyllene and diallyl disulfide increased intracellular calcium
concentrations, too, although the increases were not as large as octanal, nonanal or decanal.
Thus, | chose the 3 aldehydes for further analyses using a patch-clamp method. | also chose

AgTRPA1Ba(S) for this analysis. | observed that large currents were activated by citronellal

60



through AgTRPA1Ba(S). Representative traces of the AgTRPA1Ba(S) currents activated by
octanal, nonanal or decanal are shown in Figure 10.1. Interestingly, the channels were rapidly
inactivated even in the presence of these compounds like in the citronellal-evoked currents
(Fig. 10.1) possibly due to the desensitization after large activation.

The quantified results of whole-cell patch-clamp recordings indicated that these linear
chain aldehydes activated AgTRPA1 in a dose-dependent manner, especially AgTRPA1Ba(S).
Dose-dependent activation of AaTRPA1Ba(S) was also observed, although the current density
was not as great as the ones with AgTRPA1Ba(S) (Fig. 10.2), suggesting these compounds

could differently act on different mosquito species.
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Figure 10 Octanal, nonanal and decanal are potential mosquito repellents.
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Figure 10.1 Molecular structures and representative AgTRPA1Ba(S) activating traces of
octanal, nonanal and decanal. (a) Molecular formula of octanal, nonanal, decanal and
citronellal. Representative traces of activation of AgTRPA1Ba(S) with 3 mM citronellal is
shown. (b) Octanal, nonanal and decanal were screened for their capacities to activate
AgTRPA1Ba(S) with both a fura-2 calcium-imaging method and a whole-cell patch-clamp

method. Representative traces for AgTRPA1Ba(S) are shown.
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Figure 10.2 Effects of octanal, nonanal and decanal on AgTRPA1 and AaTRPA1l
(@) Octanal and nonanal activated AgTRPA1l in a dose-dependent manner. (b) Octanal,

nonanal and decanal activated AaTRPA1Ba(S) in a dose-dependent manner. All values are

means + S.E.M; 4 < n << 10 each.
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CHAPTER 4

Discussion
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In this project, | acquired specimens of 3 important genera of mosquitoes. | planned to clone
and identify multiple TRPA1 isoforms for a systematic comparison that has not yet been
conducted. | was then involved in preliminary studies with newly identified TRPA1 variants to
investigate whether these channels were sensitive to thermal or chemical stimuli. Further
whole-cell patch-clamp studies indicated differences in both thermosensitivity and
chemosensitivity among species. Distinct channel properties might result from different
channel structures, and | found several critical determinants responsible for different TRPA1
channel properties. In addition, expression levels of mosquito TRPA1 on the cell membrane
were examined to support my speculation regarding the underlying reasons for divergent
channel properties. These discoveries should provide clues to help researchers better
understand how mosquitoes evolved their sensory systems. Moreover, by characterizing the
properties of mosquito TRPA1, development of specific agonists activating mosquito TRPA1

should be possible.

4.1 Molecular cloning of splicing variants of TRPA1 from disease vector mosquitoes

Previous research has utilized Anopheles gambiae as a model animal in which the AgTRPA1
channel was investigated (Hamada et al., 2008; Wang et al., 2009; Kang et al., 2010). In the
light of discoveries of multiple splicing variants of Drosophila melanogaster TrpA1 (Zhong et
al., 2012; Kang et al., 2012), new research areas were opened for analysis because fruit flies
and malaria mosquitoes are genetically close. Several splicing variants of AgTrpAl were
recently discovered and have been characterized (Kang et al., 2012; Du et al., 2015). Using
total RNA from 3 disease vector mosquito species, | performed molecular cloning. Different
TrpA1 transcripts of mosquitoes were cloned and sequenced. | also examined the genomic

region of the same or closely related mosquito species in the vicinity of the TrpA1 locus to
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identify which exons encoded for these transcripts. Several highly conserved putative exons
from Anopheles stephensi, Aedes aegypti and Culex pipiens pallens were determined. The
amino acids encoded by different exons in the same region are barely aligned. Unlike the
situation in which alternative splicing of the first 3 exons led to 2 different transcripts of
AgTrpAl (Fig. 1.1 a), the N-terminal 97 amino acids are encoded by exons 1 and 2 for
AgTrpAl1Aa whereas the N-terminal 56 amino acids are encoded by exon 3 for AgTrpA1Ba. In
the remaining 3 mosquito species, 2 additional alternatively spliced downstream exons were
discovered. An exon (111 base pairs long) that encoded 37 amino acids was found in the
transcripts of AsTrpA1Ba, AaTrpA1Ba and CpTrpAlBa. Another exon (108 base pairs long)
encoding 36 amino acids was implicated in the transcripts of AsTrpA1Ab, AaTrpAlAb,
AaTrpA1Bb and CpTrpA1Ab (Fig. 1.1 b-d). Theoretically, 4 distinct proteins are predicted from
the combination of exons in these transcripts resembling the case of Drosophila melanogaster
TrpAl (Zhong et al., 2012). The results of my cloning work showed that just 2 or 3 transcripts
were detected from each species, and all the variants of TrpA1A have the 108-base pair long
exon. Thus, they were named TrpA1Ab. It is unclear why there is only 1 unique TrpAlAa

instead of the ubiquitous TrpA1Ab in Anopheles gambiae.

4.2 The structural determinants that modulate mosquito TRPA1 channel properties

TRPAL1 is activated by temperature changes as well as certain chemical compounds. Many
regions of the TRPA1 channel contribute to its sensitivity to thermal or chemical stimuli. The
critical determinants for TRPA1 modulation remain controversial. Electrophiles are known to
activate most TRPA1 channels through covalent modification of cysteine residues in the
ankyrin repeat domain (Hinman et al., 2006; Macpherson et al., 2007). The putative EF-hand

between ankyrin repeat domains 11 and 12 was reported to be involved in intracellular
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calcium-dependent activation of TRPA1 (Doerner et al. 2007; Zurborg et al. 2007). On the
other hand, 3 negatively charged residues near the outer pore vestibule were found
important for extracellular calcium-dependent heat-evoked activation in the green anole
lizard TRPA1 (Kurganov et al., 2017).

In mosquito and fruit fly TRPA1s, different regions among the isoforms are located in the
N-terminus and in the linker region between an ankyrin repeat domain and transmembrane
domains, but no alternate amino acid changes were observed in the ankyrin repeat domain
(Hamada et al., 2008). It was reported that the linker region is important for thermal sensation
in Drosophila melanogaster TRPA1 (Zhong et al., 2012). While such comparisons can be
conducted only in Aedes aegypti, | did not observe a significant difference in heat-evoked
responses (Fig. 4), suggesting that the linker region is not critical for temperature sensitivity
in mosquitoes. In order to examine the contribution of this linker domain to the heat-
sensitivity in other mosquito TRPA1 proteins, chimeric channel studies are required. Here, |
chose not to focus on the distinct linker regions in TRPA1 of Anopheles stephensi and Culex
pipiens pallens. Therefore, the observed differences in channel properties are probably due
to the varying length of the N-termini as reported in arthropods. Furthermore, the
significantly different channel activities between TRPA1Ba(L) and TRPA1Ba(S) of Anopheles
gambiae and Aedes aegypti may support my hypothesis that the N-terminus of TRPA1B is
critical for modulating channel activity. TRPA1Ba(S) losing 14 amino acids showed large heat-
and chemical-activated currents, again implying the N-terminal domain of mosquito TRPA1 is

a crucial structural determinant.

4.3 Different thermosensitivities and chemosensitivities of TRPA1s among disease vector

mosquitoes
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4.3.1 The biogeoclimates of mosquito habitats confer distinct temperature-sensing
properties to TRPA1B orthologues.

Functional diversity exists in thermosensitive TRP channels. TRPA1 orthologues were found
to have distinct thermosensitivities in different species. Rodent TRPA1 was initially reported
to be cold sensitive (Story et al., 2003) although some groups reported no temperature
sensitivity of mouse TRPA1L. In the case of human TRPA1, temperature sensitivity was not
reported although there is a report showing that mutation in human TRPA1 causes pain
sensation in a cold environment, suggesting the involvement of TRPA1 in cold-evoked events
in some ways. Indeed, a group showed involvement of N-terminal proline hydration in TRPA1
sensitization in a cold environment. On the other hand, fruit fly TRPA1 was reported to be
activated by warm temperatures (Saito and Tominaga, 2015). Even though these 4 mosquito
species seem closely related, | readily observed differences in TRPA1 properties. First of all,
when TRPA1A and TRPA1B were compared in the same species, TRPA1B showed larger heat
responses than did TRPA1A (Fig. 5 a). This could be partly due to differences in the expression
sites between TRPA1A and TRPA1B, as expression of the corresponding orthologues in
Drosophila were reported to occur in the proboscis and elsewhere in the brain, respectively
(Kang et al., 2012). Further, | summarized the temperature thresholds for heat stimulation of
TRPA1B of each species and found that the TRPA1ls of tropical mosquitoes (Anopheles
gambiae, Anopheles stephensi and Aedes aegypti) had higher temperature thresholds
(around 30°C) than did Culex pipiens pallens (21.8°C) mosquitoes that inhabit Nara prefecture
with a cooler climate (Fig. 5 b). This difference suggests that Culex pipiens pallens has
acclimated to a lower temperature so that it possesses a weaker thermal tolerance than the
tropical mosquitoes. It is consistent with the observation that 30°C is sufficient to adversely

affect adult longevity, oviposition rates and egg hatch rates of Culex pipiens pallens (Oda et
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al., 2002). The 21°C temperature is similar to that of silkworm TRPA1 and that determines
their diapause phenotype (Sato et al., 2013). Coincidently, Culex pipiens pallens females also
exhibit diapause, but Culex pipiens quinquefasciatus and Culex pipiens molestus inhabit
warmer areas without diapause (Oda et al., 1987). It would be interesting to characterize the
thermosensitivity of TRPA1 from the other 2 Culex pipiens species to elucidate the internal

relation between TRPA1 and diapause.

4.3.2 Different evolutionary trajectories render divergent mechanisms for chemical
sensation in mosquitoes.

Arthropods possess different repertoires of TRP channels compared to vertebrates (Saito and
Tominaga, 2015). Arthropod species have the most diversified TRPA1 subfamily members
because they exhibit extensive evolutionary plasticity (Kadowaki, 2015). The evolutionary
origin of many disease vector mosquitoes was revealed in 2014, and Anopheles gambiae and
Anopheles stephensi are closely related sister taxa that split 30.4 mya. On the other hand,
Aedes aegypti and Culex pipiens are in a basal clade that diversified 56.9 mya. All these species
share a common ancestor dated to 147.6 mya (Kamali et al., 2014). Each mosquito species
studied in this project has at least 2 splicing variants of TRPA1. Two major differences could
be found between these mosquito species from 2 clades. First, the multiple comparisons in
section 3.7 indicated that there might be differences between these 2 clades in their abilities
tosense chemicals. AaTRPA1 and CpTRPA1 were capable of detecting very low concentrations
of AITC and citronellal while Anopheles TRPA1 could not. Second, TRPA1A of Aedes aegypti
and Culex pipiens pallens were found to be more chemosensitive than TRPA1B, which is the
opposite in Anopheles mosquitoes. The amino acid alignment of TRPA1 indicates that the

critical conservative cysteine residues located in the ankyrin repeat domain are mostly
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conserved in all the variants of the 4 mosquito species (APPENDIX 1). | speculate that there
might be other important residues outside of the N-terminal region that play important roles

in modulating and regulating chemical sensitivity.

4.4 TRPA1 expression in a heterologous expression system

In previous studies of insect TRPA1, investigators chose a Xenopus oocyte system for
heterologous expression partly because lower temperature conditions were preferable for
the ion channels from poikilothermic animals. In this project, | employed HEK293 cells to
conduct whole-cell patch-clamp recordings.

When diverse current sizes are recorded from HEK293 cells, normally it is thought to be the
consequence of different expression levels of variants of TRPAl. Nevertheless, if the
difference between two channels is very slight, it is puzzling to have a significant difference
in current size. Is a small current size due to a poor expression level? In section 3.8, | measured
the expression levels of Myc-tagged AgTRPA1Aa, AgTRPA1Ba(L) and AgTRPA1Ba(S). The
channel properties of Myc-tagged AgTRPA1 and untagged ones were also compared. When |
compared the expression levels of Myc-tagged AgTRPA1Aa and AgTRPA1Ba, it became clear
that the negligible thermosensitivity of TRPA1Aa could not be explained by its expression on
the cell membrane (Fig. 7.2 b & 7.3). When | compared the protein expression of AgTRPA1Ba(L)
and AgTRPA1Ba(S), the situation became puzzling because the difference in current densities
was parallel to the membrane expression levels. Therefore, | cannot rule out the possibility
that the difference between longer and shorter TRPA1B results from different expression
levels. Furthermore, | employed a straightforward method by which the 14-amino-acid-long
peptide could be diffused inside HEK293 cells. Hence, the peptide overexpression condition

could be simulated. Even high intracellular concentrations of such a peptide in HEK293 cells
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did not alter the thermosensitivity of AgTRPA1Ba(S), suggesting that smaller currents evoked
by heat in the cells expressing AgTRPA1Ba(L) were not caused by the binding of the 14 amino
acids to the channel. Upon subsequently performing a biotinylating assay of plasma
membrane protein, the expression level of AgTRPA1Ba(S) on the HEK293 cell membrane was
much higher than that of AgTRPA1Ba(L). This would explain why both thermosensitivity and
chemosensitivity of AgTRPA1Ba(L) were significantly lower. The mechanism by which 14
amino acids at the N-terminus of TRPA1 alter the expression level of TRPA1 on the plasma
membrane remains to be clarified. | also compared Myc-tagged AgTRPA1 channels with
untagged AgTRPA1 channels, and heat or a high concentration of citronellal was applied to
generate a maximal current. No significant difference was found in citronellal-evoked
currents, while the current density recorded from HEK293 cells transfected with an
AgTrpA1Ba(L)-Myc-tagged plasmid was significantly larger. It is difficult to explain the cause
of this phenomenon, but it highlights the importance of the TRPA1 N-terminus for thermal

sensitivity.

4.5 Activation of TRPA1 channels by linear chain aldehydes

Development of novel effective mosquito repellents is crucial for controlling mosquito-borne
diseases. Three linear chain aldehydes (octanal, nonanal and decanal) were found to potently
activate AgTRPAL. Those aldehydes differ in the number of carbons in the main chain. The
conventional mosquito TRPA1 agonist citronellal (3,7-dimethyloct-6-en-1-al) has 2 more
methyl groups in the side chain and one more double bond in the main chain compared with
octanal, the 8-carbon aldehyde. Aldehydes act as electrophiles to covalently modify cysteine
residues within the ankyrin repeat domain to activate TRPA1 (Hinman et al., 2006;

Macpherson et al., 2007). The sensitivity of TRPA1 to aldehydes might depend on the length
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of the backbone because different current sizes were recorded in AgTRPA1Ba(S) in response
to the same concentrations of octanal or nonanal (Fig. 8.2 a). The stability of the aldehydes in
the lipid bilayers might play a role. Because the currents evoked by these aldehydes were
smaller in AaTRPA1Ba(S) than in AgTRPA1Ba(S), it would be worth measuring the effects of
these chemicals on AaTRPA1Ab since the subsequent characterization of TRPA1 indicated
that AaTRPA1Ab is more sensitive. | also tested octanoic acid, nonanoic acid and decanoic
acid in which the formyl group of the corresponding aldehydes is substituted with a carboxyl
group. However, no appreciable changes in intracellular calcium concentrations were
detected (APPENDIX 2). On the other hand, the aforementioned fatty acids were reported to
activate human TRPA1 and fire ant TRPA (Terada et al., 2011; Wang et al., 2018). These facts

suggest species-specific modulation of TRPA1 orthologues for detecting noxious stimuli.

4.6 Limitations of the work to date and future perspectives

Convincing data were obtained in this study by conducting whole-cell patch-clamp
experiments with heterologously expressed mosquito TRPA1l. However, | had only one
opportunity to perform an experiment with a potential repellent in vivo (data not shown). For
behavioral experiments investigating the differences of thermosensitivity and
chemosensitivity among mosquito species, no progress has been made so far. Therefore,
further behavioral analyses are absolutely necessary to support my in vitro data. In addition,
although Western blotting and biotinylation experiments have been performed to determine
the expression level of TRPA1 on the cell membrane, the mechanisms by which these amino

acids affect protein expression on the membrane remain mysterious.

4.7 Conclusions
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In this project, | successfully cloned multiple splicing variants of TRPA1 from disease vector
mosquitoes including Anopheles stephensi, Aedes aegypti and Culex pipiens pallens. TRPA1
splicing variants had not been studied across different mosquito species prior to this
investigation. | discovered here that there are an extra 14 amino acids in the N-termini of
AgTRPA1B and AaTRPA1B. | also employed a whole-cell patch-clamp method to investigate
which part of the channel modulates its properties. | found that the thermosensitivity of
TRPAL1 reflects the thermal tolerance for the climate in which each species lives. In addition,
| demonstrated that different TRPA1 expression levels on the cell membrane do not explain
the divergent channel properties. Finally, | undertook the screening of potential mosquito
repellents from plant-derived chemical compounds using fura-2 calcium-imaging. Three linear
chain aldehydes structurally similar to citronellal were found to be novel mosquito TRPA1
agonists. In the future, the results of this project could be extended using mosquitoes for
behavioral analysis to unravel the mechanism by which TRPA1 functions in the regulation of

mosquito host-seeking and avoidance behaviors.
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s - R 1 ao- e - e

ANK1 ANK2

SVKDSKGRTAAHORARRNRVNLTF THEOGGHLNAODIGNT PLHBAVENDSLDALEFLL
SVKDSKGRTAAHORAARNRVN I LTF IHEOGGHLNAODUNGN T PLHEAVENDSLDALEFLL
NILTFIHEOGGDLNAODE
i 0sfrralironanrr vy Ll T ROdG DT NGO DMEGN T PLRLAVEN DS LDALEF L
SVKDSKGRTAAHQAAARNRVNILTF I HEOGGRLNAQDMEGNTPLEMAVENDS LDALEFLL)
SVKDSKGRTAAHQAAARNRVNILTF THEOGGHNAODMEGNT PLHEAVENDSLDALEFLL
NILTFIHEOGGDLNAODE
NILTFIHEOGGDLNAQDE
=8 0 HralonAARNR YT LA [ BB DL NBODMEGN T PLRLAVEN DS LDALEFLL

ANK3 ANK4

KKLAPVHLATERNKVE
KKLAPVHLATEGNKVY
K1 PVATNI LNDKKLAPVHLATELNKVKGLOVMGKYRERT DI 00GGEHGRTALHLAAT YD
[DIQ0GGEHGRTALHLAATYDN
KKLAPVHLATEGNKVE
KKLAPVHLATESNKVE@LOVMGKYREVIDIQQGGEHGRTALHLAATYDN
KIPVATNILNDKKLABVHLATELNKVKGLOVMGKYREMT DI 00GGEHGRTALHLAAT YD
KIPVATNILNDKKLAPVHLATE LNKVKGLOVNGKYREQT DI QOGGEHGRTAL HLAALY D
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AgTRPAlAa
AsTRPA1Ab
AaTRPA1Ab
CpTRPA1Ab
AgTRPA1Ba
AsTRPAlBa
AaTRPAlBa
AaTRPA1Bb

CpTRPA1Ba

AgTRPAlAa
AsTRPA1Ab
AaTRPA1Ab
CpTRPA1Ab
AgTRPA1Ba
AsTRPAlBa
AaTRPAlBa
AaTRPA1Bb
CpTRPA1Ba

AgTRPAlAa
AsTRPA1Ab
AaTRPA1Ab
CpTRPA1Ab
AgTRPA1Ba
AsTRPAlBa
AaTRPAlBa
AaTRPA1Bb
CpTRPA1Ba

AgTRPAlRa
ASTRPA1Ab
RaTRPA1Ab
CpTRPA1Ab
AgTRPA1Ba
ASTRPA1Ba
RaTRPA1Ba
RaTRPA1BDb

CpTRPAlBa

238
239
238
240
198
198
198
198
195

298
299
298
300
258
258
258
258
255

358
359
358
360
318
318
318
318
315

418
419
418
420
378
378
378
378
375

ANK5

EECARILISEFGACPRKPCNNGYYPIHEAAKNASSKTMEVFFQWGESKGCTREEMISFYD)

EECARILISEFGACPRKPCNNGYYPIHEAAKNASSKTMEVEFFQWGESKGCTREEMISFEYD

EECARILISEFGACPREPCNNGYYPIHEAAKNASSKTMEVFFQWGESKGCTREEMISFYD)
EECARILISEFGASPRKPCNNGYYPIHEAAKNASSKTMEVFFQWGESKGCTREEMISEYD

EECARILISEFGACPRKPCNNGYYPIHEAAKNASSKTMEVFFQWGESKGCTREEMISFEYD)

EECARILISEFGACPRKPCNNGYYPIHEAAKNASSKTMEVFFQWGESKGCTREEMISFYD

EECARILISEFGACPREPCNNGYYPIHEAAKNASSKTMEVFFQWGESKGCTREEMISFYD)
EECARILISEFGACPRRPCNNGYYPIHEAAKNASSKTMEVFFQWGESKGCTREEMISFYD

EECARILISEFGASPRKPCNNGYYPIHEAAKNASSKTMEVFFQWGESKGCTREEMISFYD

ANK6 ANK7

SEGNVPLHSAVHGGDIKAVELCLKSGAKI STQQHDLSTPVHLAAAQGAIEIVKLMF
SEGNVPLHSAVHGGDIKAVELCLKSGAKI STQQHDLSTPVHLAAAQGAIEIVKLMF

SEGNVPLHSAVHGGDIKAVELCLKSGAKISTQQHDLSTPVHLAAAQGAIEIVKLME]

SEGNVPLHSAVHGGDIKAVELCMKSGAKISTQQHDLSTPVHLAAAQGAIBIVKLME
SEGNVPLHSAVHGGDIKAVELCLKSGAKISTQQHDLSTPVHLAAAQGAIEIVKLMF

SEGNVPLHSAVHGGDIKAVELCLKSGAKI STQQHDLSTPVHLAAAQGAIEIVKLMF

SEGNVPLHSAVHGGDIKAVELCLKSGAKISTQQHDLSTPVHLAAAQGAIEIVKLME]

SEGNVPLHSAVHGGDIKAVELCLKSGAKISTQQHDLSTPVHLAAAQGAIEIVKLME]

SEGNVPLHSAVHGGDIKAVELCMKSGAKISTQQHDLSTPVHLAAAQGAIBIVKLME
ANKS

LEKRISLNCTDIQKMTPLHCAAMFDHPEIVEYLVREGADINZ RSPLLLSESRGGH]
LEKRISLNCTDIQKMTPLHCAAMFDHPEIVEYLVREGADINA RSPLLLSESRGGH]

[OFKRISLNCTDIQKMTPLHCAAMFDHPEIVEYLVQEGADINALDKENRSPLLLSASRGGHW|

LEKRISLNCTDIQKMTPLHCAANFDHPEIVEYLVQEGADINALDKENRSPLLLSASR

LEKRISLNCTDIQKMTPLHCAAMFDHPEIVEYLVNEGADINA RSPLLLSESRGGH]
LEKRISLNCTDIQKMTPLHCAAMFDHPEIVEYLVEGADINA RSPLLLSESRGGH]

[OFKRISLNCTDIQKMTPLHCAAMFDHPEIVEYLVQEGADINALDKENRSPLLLSASRGGHW|

OFEKRISLNCTDIQKMTPLHCAAMFDHPEIVEYLVQEGADINALDKENRSPLLLSASRG

LEKRISLNCTDIQKMTPLHCAANFDHPEIVEYLVQEGADINALDKENRSPLLLSAS

ANK9 ANK10

RTVML TR LGAN TS LK DN SRV LHLY IMNGGEL DE FAKEVERTOSEMY LLOL LNEKDDH
R TVMLTRLGANT SLKDENSRNVLHLY THNGG DEFAKE VRIS YL OLLNER DD
L IRLGANTSLKDVNSRNVLHLY IMNGGRLDEFAKEVSETOSERY LT LNEKD)
L TRLGAN gL KDVNS RNV ALY TMNGGRL DE FAKEVSRITOS RV L 10T
RTVMAL IRLGANT SLKDENSENVLHLY IMNGGELDEFAKEVSTOSEMY LLOLLNEKDDE
R TVMT TRLGANT SLKDENSRNVLHLY THNGG DEFAKE VRIS YL OLLNERDDR
L IRLGANTSLKDVNSRNVLHLY IMNGGRLDEFAKEVSETOSERY LLEL LNEKD
LIRLGANTSLKDVNSRNVLHLY IMNGGRLDEFAKEVSETOSEY LLT LNEKT)
. TR LGAN TBLKDVNSRNVLHLY IMNGGRLDEFAK@VS@TOSEMY LLOL
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AgTRPAlAa
ASTRPA1AD
AaTRPA1Ab
CpTRPA1Ab
AgTRPA1Ba
ASTRPA1Ba
AaTRPA1Ba
AaTRPA1BDb

CpTRPA1Ba

AgTRPAlAa
AsTRPAlADb
AaTRPAlADb
CpTRPA1Ab
AgTRPAlBa
AsTRPAlBa
AaTRPAlBa
RAaTRPA1BDb
CpTRPAlBa

AgTRPAlAa
AsTRPA1ADb
AaTRPA1ADb
CpTRPAlAb
AgTRPA1Ba
AsTRPA1Ba
AaTRPA1Ba
AaTRPA1Bb

CpTRPA1Ba

AgTRPAlAa
ASTRPA1ADb
AaTRPA1Ab
CpTRPA1Ab
AgTRPA1Ba
AsTRPA1Ba
AaTRPA1Ba

AaTRPA1BDb

478
479
478
480
438
438
438
438
435

538
539
538
540
498
498
498
498
495

598
599
598
600
558
558
558
558
555

658
659
658
660
618
618
618
618

ANKT11 ANK12

GCSPLHYASREGHIRSLENLIRLGACINLKNNNNESPLHFAARYGRYNTVRQLLDSEKGT]

GCSPLHYASREGHIRSLENLIRLGACINLKNNNNESPLHFAARYGRYNTVRQLLDSEKGT]

GCSPLHYASREGHIRSLENLIRLGACINLKNNNNESPLHFAARYGRYNTVRQLLDSEKGT]

GCSPLHYASREGHIRSLENLI@®LGACINLKNNNNESPLHFAARYGRENTVRQLLDSEKGT]

GCSPLHYASREGHIRSLENLIRLGACINLKNNNNESPLHFAARYGRYNTVRQLLDSEKGT]

GCSPLHYASREGHIRSLENLIRLGACINLKNNNNESPLHFAARYGRYNTVRQLLDSEKGT]

GCSPLHYASREGHIRSLENLIRLGACINLKNNNNESPLHFAARYGRYNTVRQLLDSEKGT]

GCSPLHYASREGHIRSLENLIRLGACINLKNNNNESPLHFAARYGRYNTVRQLLDSEKGT]

GCSPLHYASREGHIRSLENLI@®LGACINLKNNNNESPLHFAARYGRENTVRQLLDSEKGT]
* *

ANK13 ANK14

FIINESDGEGLTPLHIASOEGHTRVVQLLLNRGALLHRDHNGRNPLHLAAMSGYRQTIEL
FIINESDGEGLTPLHIASOEGHTRVVOMLLNRGALLHRDHNGRNPLHLAAMSGYTQTIEL

FIINESDGEGLTPLHIASKEGHTRVVQLLLNRGALLHRDHNGRNPLHLAAMSGYTQTIEL|

FIINESDGEGLTPLHIASKEGHTRVVQLLLNRGALLHRDHNGRNPLHLAAMSGYTQTIEL|

FIINESDGEGLTPLHIASOEGHTRVVQLLLNRGALLHRDHNGRNPLHLAAMSGYRQTIEL
FIINESDGEGLTPLHIASEGHTRVVOMLLNRGALLHRDHNGRNPLHLAAMSGYTQTIEL

FIINESDGEGLTPLHIASKEGHTRVVQLLLNRGALLHRDHNGRNPLHLAAMSGYTQTIEL|

FIINESDGEGLTPLHIASKEGHTRVVQLLLNRGALLHRDHNGRNPLHLAAMSGYTQTIEL)|

FIINESDGEGLTPLHIASKEGHTRVVQLLLNRGALLHRDHNGRNPLHLAAMSGYTQTIEL

ANK15 ANK16

LHSVHSHLLDQVDKDGNTALHLATMENKPNAVVLLLSLGCKLLHNYMDMSAIDYAIYYKY]
vV coxL ANy MOMEATDYAT Y YKY

LHSVHSHLLDQVDKDGNTALHLATMENKPNAVVLLLSLGCKLLHNYMDMSAIDYAIYYKY]

LHSVHSHLLDQVDKDGNTALHLATMENKPNAVVLLLSLGCKLLHNYMDMSAIDYAIYYKY]

LHSVHSHLLDQVDKDGNTALHLATMENKPNAVVLLLSLGCKLLHNYMDMSAIDYAIYYKY]
LHSVHSHLLDQVDKDGNTALHLATMEN| ES LGCKLLHNYMDMNAIDYATIYYKY]

ANK17

PEAALAMATHEER SERVMALKS DKHECY TLAL 1ASMPRVFEAVODNCT TKANCKKDSKST]
PEAALAMATHEERSEEVMALKSDKHPCVTLALIASMPRVFEAVQDNCT
PEAALAMATHEERSEE
PEAALAMATHEER SEEVMALKS DKHECY TLAL 1ASMPRVFEAVODNC T TKANCKKDSKSE]
EVMALKSDKHPCVTLALIASMPRVFEAVQDN

< 3 CI
PEAALAMATHEERSBEVMALKSDKHPCVTLALIASMPRVFEAVQDNCIBKANCKKDSKSE]
* *
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AgTRPAlAa
AsTRPA1Ab
AaTRPA1Ab
CpTRPA1Ab
AgTRPA1Ba
ASTRPA1Ba
AaTRPA1Ba
AaTRPA1Bb
CpTRPA1Ba

AgTRPAlAa
AsTRPA1Ab
AaTRPA1Ab
CpTRPA1Ab
AgTRPA1Ba
ASTRPA1Ba
AaTRPA1Ba
AaTRPA1Bb

CpTRPA1Ba

AgTRPAlAa
AsTRPA1Ab
AaTRPA1Ab
CpTRPA1AD
AgTRPAlBa
AsSTRPA1Ba
AaTRPAlBa
AaTRPA1Bb

CpTRPA1Ba

AgTRPAlAa
AsTRPA1Ab
AaTRPA1Ab
CpTRPA1AD
AgTRPA1Ba
ASTRPA1Ba
AaTRPA1Ba

AaTRPA1Bb

718
719
718
720
678
678
678
678
675

778
778
777
779
738
738
737
737
735

834
838
833
830
794
798
793
793
786

894
898
888
888
854
858
848
848

Linker region
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AgTRPALAa 954 EDOlG T YV LE [LOTL TKV LMV S LT IAFGLAF Y TLLSKVS
ASTREALAb 958 rDOlGT YVVME L 1 LOTLTKVLEVF S LT TAFGLAF Y TLLSKVS R
Rl 0= D0V G T ¥V VME LE T LOTLIKVLTVES TL T TAR GLAF Y TLLSKy S AEl
CpTRPALAbL 948 Y S G

AgTRPAlBa 914 3 6T VVMFLEILQTL IKVIMVFS LI IAFGLAFY I LLSKVS .
AsSTRPAlBa 918 FDONGI YVVMFLEILQTLIKVLMVFS LI TAFGLAFY ILLSKVS Nl
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CpTRPA1Ba 904 3 SBYVVMFLEILQTLIKVLTVESILITAFGLEFY I LLSKEGEiels!

pore-loop ™6

NSNS NP RN < - S T PSR TF SMMLGEMDENGTYVOPY e Pigps F
NS NPNSE RN < S S T PS LR TFSMMLGEMDENGTY VOP Y e PPs
USSP < - S T PMS L LRTFSMMLGEMDMLGTYVOPY YR MY PTPS FINT LCLFMI LMPT LLMNLL)
CpTRPALAb 1005 RTFSMMLGEMDFLGTYVQPY YRR 1B FMTIMPTLIMNL )
AgTRPAlBa 971 RTFSMMLGEMDFNGTYVOPYEAqE PPs

[}
rz
9]
192}
—
o}
=

2
=

NS AINECMEP Rl - S 1 P S L LRTFSMMLGEMDENGTYVOP YNl PEPRPSH]
PSSRl < - S S T PMS LR TFSMMLGEMDILGTYVOPY VORI P T PS FINT LCLEMILMPT LLMNLL)
PRt TN S S 1 PMS L LRTESMMLGEMDMLGTYVOPY VSN Y P T PSFI LCLEMI LMPTLLMNLL)
RTFSMMLGEMDFLGTYVQPY YRR 1 B FMTIMPTLIMNLL)

CpTRPA1Ba 961 EjaSERSgUSHR

e NN NN CRN VRN T GL.AVGDIESVRRNAQLKRLAMQVVLHTELERKLPOQMWLEMVDKMELIEY PNEKKCKLGE]
R UN N NN T GLAVGDIESVRRNAQLKRLAMQVVLHTELERKLPOMWLEMVDKMELIEY PNEKKCKLGEF
AEUN NNV RNVl T GLAVGDIESVRRNAQLKRLAMQVVLHTELERKLPOQMWLEMVDKMELIEY PNEKKCKLGE]

(6 <NNN DN T GLAVGDIESVRRNAQLKRLAMQVVLHTELERKLPOQMWLEMVDBINELIEY PNEKKCKLGE]

pXe NN NRERNNVENN T GLAVGDIESVRRNAQLKRLAMQVVLHTELERKLPOQMWLEMVDKMELTIEY PNEKKCKLGE]

U RN RS T GL.AVGDIESVRRNAQLKRLAMQVVLHTELERKLPOQMWLEMVDKMELIEY PNEKKCKLGEF

AU NRCERN NV T GLAVGDIESVRRNAQLKRLAMQVVLHTELERKLPOQMWLEMVDKMELIEY PNEKKCKLGE]

AU B2 NN T GL.AVGDIESVRRNAQLKRLAMQVVLHTELERKLPOQMWLEMVDKMELIEY PNEKKCKLGEF

[9olnzNzNR NN T GT.AVGDIESVRRNAQLKRLAMQVVLHTELERKLPOQMWLEMVDERINELTEY PNEKKCKLGE]

AgTRPALAa 1131 DY VP LEKOKRKLE
AsSTRPALAb 1135 Miuiiyeyynereclcasy NWE DY VIR L EKQKRKLR ALD@OHQLLRLI]
sl e 1Dy KGG T DEVLONNE DY VY TE LEK QKRKLRE THS AL DIOHOLLRL
CPTRPALAD 1125 R GG 1DFvLDgNED Y]V TELEK QKRKTRETGSALIROROLLRL]
ATRPALBa 1091 DYV LEKOKRKLE
ASTREA1Ba 1095 gDV EKORRKLE R TolA L DHOHOT LR LT
Rl s LR P T DYKGG T D VLONNE DYV TE LEK OKRKLRE THS AL DIOHOLLRL
O R RLLl 15 v LRk P T DD YK GG T DF VL DNNE DYV TELEKOKRKLRE TS A LDROHOL LR LT
CpTRPALBa 1081 R GG 1DV LDBE DYlV T E LEKQKRKLRE 1GSALDROHOLLRL]
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AgTRPAlAa
ASTRPA1Ab
AaTRPA1Ab
CpTRPA1Ab
AgTRPAlBa
ASTRPAlBa
AaTRPAlBa
AaTRPA1Bb
CpTRPA1Ba

AgTRPAlRAa
ASTRPA1Ab
AaTRPA1Ab
CpTRPA1Ab
AgTRPA1Ba
ASTRPA1Ba
AaTRPAlBa

RAaTRPA1Bb

SRRy O Tk TEADDVDE GRS DK BERE MR s s s R TRKKLEA MRS ks TR
SECRvOxve T TEADDVDEGRrs DR BRI N R R s prTrik L Sl s Pk TR
1188 o Brcrfc-
SRR Oz 1 TEAD DV DE G RTCr e e S /55 PR TRKKLRAAMS EIKS]
SRR OKvE Tk TEADDVDEGR TS DR BRI RS s PRTRKK LSS FNKS TRK
1155 R - e & s 11EN- ¢ el BN
1148 o Brcefc-
1148 o Breefle-
SRR O 1 TEA DD DE YRR CREMEE R s 15 PR IRKKLRAAMS FIKS]

1249 *
1253 *
1247 *
1245 *
1209 *
1213 *
1207 *
1207 *
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AgTRPAlAa
AgTRPAlBa
AsTRPA1Ab
AsTRPA1Ba
AaTRPAlAb
AaTRPA1Ba
AaTRPA1Bb
CpTRPA1Ab
CpTRPA1Ba

AgTRPAlAa
100
99
94
92
82
79
79
79
80

100
90
97
80
84
83
78
83

% amino acid identity
AgTRPA1Ba AsTRPAlAb AsTRPA1Ba AaTRPAIAb AaTRPA1Ba AaTRPA1Bb CpTRPAIAb CpTRPA1Ba

100
97
84
82
82
81
82

100
79
85
83
17
83

100

97 100

99 98 100

84 81 81 100

79 86 84 97 100

Appendix 1. Protein sequence alighnment of AgTRPAl1Aa, AsTRPA1Ab, AaTRPA1Ab,

CpTRPA1Ab, AgTRPA1Ba, AsTRPA1Ba, AaTRPA1Ba, AaTRPA1Bb and CpTRPA1Ba.

(a) Ankyrin repeats are labeled with black or grey bars, linker region is labeled with a red bar,

transmembrane domains are labeled with blue bars, pore loop is labeled with a green bar.

Asterisks note the reported conserved residues for electrophile detection. (b) Amino acid

identity of the above TRPA1 protein.
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Fura-2 ratio 340/380
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ionomycin

8 -
7 4
o 6 A
3
S5
3 1 mM dially disulfide 1 mM decanal
-
<
o3
g
2
1
0 - T T T T T T )
0 100 200 300 400 500 600 700
Time (s)
8 ionomycin
S 7
< s
1 mM decanal
3 5
2
e 34
o~
g 3
I
2
1
0 4 ' v T T ,
0 100 200 300 400 500
Time (s)
] ionomycin
) 1 mM octanal 1 mM nonanal
0 100 200 300 400 500 600 700
Time (s)
ionomycin
1 mM lauric acid 1 mM undecanoic acid
0 100 200 300 400 500 600 700
Time (s)

89



Fura-2 ratio 340/380

Fura-2 ratio 340/380
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Appendix 2. Representative calcium imaging traces for testing the effects of the chemicals
(section 2.7) on AgTRPA1Ba(S). Octanal, nonanal and decanal evoked great increase in
intracellular calcium concentrations, and citral also evoked slight increase in intracellular
calcium concentrations in cells expressing AgTRPA1Ba(S). Two other pungent compounds, B-
caryophyllene and diallyl disulfide, could evoke increase in intracellular calcium

concentrations as well.



