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Abstract

Transient receptor potential channel subfamily A member 1 (TRPAL) is a Caz-
permeable cation channel that serves as the primary sensor of environmental irritants,
noxious substances and temperature. Many TRPAL agonists are electrophiles that are
recognized by TRPAL via covalent bond modifications of specific cysteine residues
located in the cytoplasmic domains. TRPAL is also a temperature activated channel
displaying unique species-specific thermo sensitivity. Preceding this work, h owever, a
mechanistic understanding of electrophile sensing by TRPA1 has beenlimited by a lack
of structural information . Moreover, the mechanism by which TRPAL sense temperature
has been elusive.

Using cryo-electron microscopy, we determined the structures of nanodisc -
reconstituted human TRPA1 in ligand free state and in complex with the covalent
agonists JTO10or BITC at 2.8, 2.9, and 3.1 A, respectively. Our structural and functional
studies provide the molecular basis for electrophile recognition by the extraordinarily
reactive Cys621 in TRPAL andgrant mechanistic insights into electrophile -dependent
conformational changes in TRPAL. This work illustrates the fundamental principles of
irritant sensing in humans at the molec ular level and provides a platform for future

drug development targeting TRPAL1. Moreover, we determined the cryo -EM structure of



rattlesnake TRPAL in nanodisc-reconstituted condition at 3.3 A. This structural revealed
a novel N-terminal ankyrin repeat doma in that was not resolved in previous structures.
Our structural and functional studies on rattlesnake TRPAL provides a framework in

understanding the principles of thermo sensitivity in TRPAL.
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1. Introduction

1.1 TRPA1 71T An Introduction
1.1.1 General Introduction to TRP Channels and TRPA1

The ability to sense and respond to noxious environmental stimuli is essential for
the survival of animals. Thesenoxious stimuli can be thermal (heat or cold), mechanical,
or chemical (e.g. capsaicin, mustard oil). In mammals, the sensation of pain, or
nociception, is perceived by a class of primary sensory neurons termed nociceptors,
which originate in the dorsal root ganglia (DRG) and trigeminal ganglia (TG). To date,
many receptors that are responsible to pain sensing have been identified. Among them,
the transient receptor potential (TRP) channels are considered to beasone of the most
important family of receptors, asmany TRP channels arecritically involved in the
generation of pain sensation [1].

By their sequence homology, vertebrate TRP channel superfamily can be split
into two groups, and further, six families. The group 1 consists of TRPA (ankyrin) , TRPC
(canonical), TRPM (melastatin), TRPV (vanilloid) families, group 2 contains TRPML and
TRPP families (Figure 1). The TRP channel superfamily all share similar six
transmembrane segment topology, and most of them are non-selective cation channels.
However, TRP channel families share little homology which givesrise to their distinct

functions throughout the body.
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Figure 1. Phylogenetic tree of human TRP channels.

A phylogenetic tree of TRP channels.Phylogenetic distances were calculated using PAM
matrix. The scale bar represents 0.2 substitutions. Figure adopted from[2].

TRPA1 was first identified in cultured human fibroblasts [3]. It was initially
named ANKTM1 (ankyrin -like transmembrane protein) due to is characteristic 14-16
ankyrin repeat domains in the N-terminus [3]. It was later classified as a TRP channel
and renamed TRPA1[4], and remains the sole member of mammalian TRPA subfamily
to date. In sensory neurons, TRPAL is mainly expressed in small-diameter C- or Ay-
primary afferent fibers of DRG and TG, with slight species-specific expression levels
among mammals [5]. TRPA1 expression often largely overlaps with TRPV1, although
TRPV1-absent TRPAL expressiondoes exist [6]. Noxious heat sensitization triggered by

2



bradykinin has been shown to be dependent on both TRPA1 and TRPV1, demonstrating
their potential ly closerelationship in nociception [7]. It was suggested that the C&*
influx via TRPV1 coul d activate TRPAL. Because of the C#& sensitivity, TRPA1 has also
been suggested to act as an amplifier to TRPV17, 8]. Recently, it was reported that
TRPV1 and TRPAL can form functional hetero-tetramers [9, 10], providing another
interesting aspect to the interplay between thesetwo channels.

Mammalian TRPAL has long been recognized aghe primary sensor for noxious
chemicals that elicit pain, itch, and neurogenic inflammation. These noxious chemicals
vary from pungent irritants such asmustard oil (allyl isothiocyanate, AITC) , garlic-
derived allicin and cinnamaldehyde to the environmental irritant acrolein and
endogenous dgogens including 4 -hydroxynonenal [7, 11-17]. TRPAL is associated with
inflammatory pa in and chronic itch syndromes and is therefore a validated therapeutic
target for treatment of these disease conditions[18-25]. A rare autosomal dominant
channelopathy, Familial Episodic Pain Syndrome (FEPS) wasrecently found to be
associatedwith a TRPA1 gain-of-function mutation, Asn855Ser [26].

Because of the physiological and therapeutic importance of TRPA1, great effort
has been made to understand the mechanisms by which noxious chemicals bind and
activate the TRPA1 channel[12, 27, 28] Studies have shown that many TRPAL agonists
possesselectrophil e moiety which activate the channel via covalent modification of

specific cysteine residues in the cytoplasmic domains of TRPA1[12, 27, 28] Notably,



TRPAL1 electrophile agonists are structurally and chemically diverse and they participate
in both reversible (thiol -Michael adduct formation) and irreversible (nucleophilic SN2
reaction and thiol -Y Oynsaturated aldehyde reaction) cysteine modification reactions
[12, 28]

Activation of TRPAL elicits both pain and itch in animal models. AITC was
found to elicit pain and neurogenic inflammation after intradermal injection through the
activation of TRPA1 [29]. Some agonists, however, activates TRPAL but elicits
physiological effects in a biased manner. Recently, Han et al. discovered amicro-RNA
(miRNA) , miR-711, that binds and activates TRPAL. Electrophysiology results showed
that miR-711and was able to activate TRPAL in both heterologously expressed systems
and cultured DRG neurons. Moreover, a mouse model demonstrated that miR-711
elicits pruritus via interaction and activation with TRPA1 [21]. While the conventional
TRPAL1 activator, AITC can elicit both pain and itch in a dose-dependent manner, miR-
711 only induces itch in mice. The authors speculated that this biased signaling effect is
due to the rapid transient activation by TRPA1 from the extracellular side [21]. More
recently, Liu et al. discovered GNE551, to be a potent noncovalent TRPA1 agonist[30].
Interestingly, although GNE551 elicits pain in mouse models similar to AITC, GNE551 -
induced pain is much less sensitive to antagonist treatment compared to AITC-induced
pain. This also indicates that GNE551 and AITC activates TRPAL through different

pathways. Moreover, a recently characterized TRPA1-activating scorpion toxin showed



a biased signaling behavior where it elicits pain without neurogenic inflammation [31].
Taken together, the notion of biased agonism of TRPAL channels h& been developing
rapidly and may ha ve profound implication to TRPA1 -targeted drug development.
Because of the great interest in physiology and pharmacology on TRPAL, various
topicsregarding TRPAL have been extensively reviewed over the past few years[5, 32

41].

1.1.2 Electrophile Sensing of TRPAL1

The sensing of environmental irritants is considered to be the major functionality
of mammalian TRPAL. Mustard oil (AITC) has been used to elicit acute pan in animal
OOEI OUWEOEwWUT UUwWEwWUT EVUET wPEUwxI1 Ul OUOI EwbOuwi i1 06
from a rat TG cDNA library [13]. This led to the discovery of TRPAL as the ionotropic
receptor of mustard oil and cannabinoids [13]. Shortly after, two notable independent
studies identified several cysteine residues important for electrophile activation of
TRPAL. Using mutagenesisscreening, Hinman et al. located three conserved cysteine
residues (Cys621, Cys641, and Cys665, numbered according to human TRPAL sequence)
underlie electrophile activation of TRPAL1 [12]. Using mass spectrometry and
mutagenesis studies, Macpherson et al. found three cysteine residues (Cys414, Cys421,
and Cys621, numbered according to the human TRPAL sequence) that are important for

electrophile-dependent TRPA1 activation [42]. The cystene residues identified by these



studies, albeit using different experimental methods, did not overlap entirely, but both
indicated a critical role of Cys621 in TRPA1 channel gating by covalentmodification [12,
42]. The critical role of Cys621 is further highlighted by recent studies of multiple

African rodents that evolved to be resistant to environmental irritants [43]. A recently
identified TRPAL agonist, JT010(2-chloraN-(4-(4-ethoxyphenythiazol2-yl)-N-(3-
methoxypropyl)acetamijlées a highly selective and potent activator [44]. Mutagenesis
studies revealed that JTO10 modifies Cys621 with high specificity. JTO10 has been shown
to be a useful validation tool for TRPA1 -specific pain model [45], rendering it a valid
target for structural analysis as well.

The discovery that electrophile sensing by TRPAL1 takes place through covalent
modification of cysteine residues on the cytoplasmic side of the TRPAL poses an
intriguing question . The eukaryotic cytosol is rich in cysteine-containing antioxidants
(e.g. ~ 5 mM glutathione) that react with electrophiles to alleviate oxidative stress [46],
which suggests that process of electrophile detection by TRPALlis much more efficient
than that by cysteine-containing antioxidants. Therefore, TRPA1 must have developed a
high -performing and sophistic ated electrophile sensing apparatus, which is critical for
nociceptive signaling in humans [27]. However, the molecular basis for its high
reactivity remains unclear. It is also worthy to note that while the electrophilic agonists
of TRPAL have great diversity in chemical stru cture (Figure 2), it is also unclear how

Cys621 canundergo different types of covalent modifications by a range of structurally



diverse electrophiles and how such covalent modifications might trigger channel

activation (Figure 3).
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1.1.3 Species-specific Temperature Sensitivity of TRPA1

In mammals, the ability to sense temperature change is enabled by the
expression of agroup of TRP channels that can be activated by either cold or heat. TRP
vanilloid (TRPV) 1-4, namely thermoTRP channels are well-known for their role in
sensing noxious heat[47]. Nonetheless, the role of TRPA1 plays in temperature sensing
has been controversial. Even before TRPAL was identified to be sensitiveto noxious
compounds, it was already suggested that mouse TRPAL is a putative sensor for
noxious cold temperature [4]. Interestingly, f unctional comparison of TRPA1 among
invertebrate and vertebrate species showed great diversity in thermal sensitivity.

Human TRPA1 was shown to be either activated by cold or displays a U-shaped thermo

9



sensitivity where it can be activated by either warm or cold temperatures [48]. Rodent
TRPA1 was clearly shown to be activated by cold [4, 42, 49] In sharp contrast,
heterologously expressed chicken and snake TRPAL is activated by heaf50, 51}
Heterologously expressed zebrafish TRPAL could be activated by bothheat and cold,
but TRPA1-knockout zebrafish do not exhibit behavioral animalities in responseof heat
or cold [52]. These discrepancies suggest that the physiological role of temperature
sensitivity of TRPAL needs to be further scrutinized.

Evolutionary analysis pointed out that the chemical sensing can be traced down
to an ancient modality of TRPAL, but it remains unclear whether the ancestral TRPAL
was temperature sensitive. Comparative analysis suggests that TRPA1 and TRPV1 ce
evolved their temperature sensing capabilities allowing adaption to changing thermal
environments [38]. While heat-induced response of TRR/1 remains relatively conserved
among species, TRPA1 has been tuned to lean teither chemical or temperature
modalities in different species (Figure 4). In mammals, for example, TRPA1 has high
electrophile chemical sensitivity while temperature sensitivity is relatively low. In
insects and vertebrate ectotherms, however, the chemical sensitivity was downgraded to

a minimum to enhance temperature signaling of TRPA1[53].

10
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Figure 4: Evolutionary scheme of TRPA1 and TRPV1.

TRPA1 was likely appeared first as a polymodal sensor for temperature and chemicals.
Subsequertly, TRPV1 emerged as a heat sensor. MYA: million years agoFigure adopted
from [38]

Mouse TRPAL was the first TRPA1 homolog found to be temperature sensitive.
Story et al. reported that the mouse ortholog TRPA1 could be activated in the sub-
TRPM8 rangetemperature (<17 °C)[4]. However, contradictory results were soon
reported to either support [11, 54]or to dispute [55] the notion of cold activation of
rodent TRPAL. Furthermore, several studies of TRPA1 knockout mice lines resulted in a

lack of clear evidence of TRPA1 acting as a temperature sensor in vivo8, 56, 57] as the

11



knockout mice displayed no clear abnormal phenotype in terms of temperature
regulation.

The role of temperature activation of human TRPAL1 has been disputed and
many groups have reported contradictory results over the past decade [32] under
different experimental conditions. Recently, Chen et al. reported a side-by-side analysis
of TRPAL from human, mice, and rats. Interestingly, they found that under identical
conditions, rodent TRPA1 showed cold activation while primate TRPA1 channels were
insensitive to thermal stimuli [58]. To add more controversies to the issue, Mopathi et
al. reported that purified human TRPAL inserted in lipid bilayers displays an inherent
U-shaped thermosensitivity, in which it can be activated by both cold and hot
temperatures [48]. In conclusion, the solid evidence in which human TRPAL is involved
in temperature sensing still awaits further elucidation .

Soon after the discovery of mouse TRPA1,DrosophilamelanogastefRPA1
(dTRPAL1) ortholog was cloned and found to be a heat activated channel. Like the mouse
TRPAL, dTRPAL was sensitive to AITC and electrophilic compounds. In stark contrast
to mouse TRPAL, however, dTRPA1 was found to be able to be activatedby a warm
temperature between 27-29 °C [59]. In vivo experiments showed that the thermal
activation of dTRPAL plays a crucial role in chemotaxis and temperature preference in

both larvae [60] and adult flies [61]. Many behavioral studies suggested that dTRPA1

12



functions as both a detector and contributes to avoidance of heat and noxious chemicals
[60-62].

It is critical for insects to distinguish between the activation of TRPA1 by
electrophiles and by heat. Insects achieve this discrimination through the spatially
localized splice variant isoforms of TRPAL. For example, there has bea two identified
dTRPAL variants, namely dTRPA1A and dTRPA1B, which differ by alternative N -
termini. While both isoforms exhibit similar electrophile sensitivity, the TRPA1A
isoform is significantly less therm osensitive, with the temperature coefficient (Quo)
values being ~9 and ~116, fod TRPA1A and dTRPA1B, respectively [59]. Moreover, the
less thermal sensitive TRPA1A is mainly expressed in proboscis, where the
chemosensitive neurons are located. In comparison,dTRPALB is expressed within the
head of the fly where temperature sensors are located[59]. This spatial difference in
dTRPAL isoform expression helps the fly process and respond to chemical and
temperature stimuli properly.

Some insects use thermal signal to locate wam-blooded animals for prey. Those
organisms use similar strategy like Drosophilato effectively separate the TRPAL thermal
and chemical signals. The malaria host, Anophelegiambiagfor example, expresses two
splice variants of TRPA1 (AQTRPA1A and AgTRPA1 D) with different Q 0 values [63].
This diverse TRPA1 variant expression pattern and their functio nal fine-tuning is

required not only for localization of the prey, but also avoidance of high noxious
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temperatures for mosquitos [64] . In addition, since mosquito TRPA1 can be robustly
activated by electrophiles, it can also serve as a potential target for development of
effective mosquito repellents [63].

The studies onthermo sensitivity of vertebrate ectotherms were pioneered by
David Julius and colleagues Many species in the Vipeaidaefamily , including rattlesnakes
and rat snakes, possess the abilities of infrared visionwhich they use to detect warm-
blooded prey even in dark. Thesevipers are able to superimpose visible and infrared
vision in the brain and it enables them to track their prey with great precision and speed
[65]. The snakeinfrared vision is mediated by a highly specialized loreal pit organ
to be the infrared sensor and is highly vascularized, densely innervated by primary
afferent nerve fibers from the trigeminal (TG) nerves. Gracheva et al.chose the western
diamondback rattlesnake (Crotalus atro} and rat snake as subjects of interest, because
they possess the pit organ and is highly effective in terms of infrared vision [51].
Interestingly, by transcriptome analysis and in situ hybridization, significantly high
levels of TRPA1 expressionwere found in rattlesnake TG nerves, while only low TRPA1
expression was found in DRG neurons [51]. As a comparison, TRPV1, a closely related
TRP channel, was found in both TG and DRG neurons. The rattlesnake TRPA1 was
subsequently cloned for characterization. It was then demonstrated that rattlesnake

TRPAL is sensitive to heat with the threshold at 27.6 °C with a Q0= 13.7, when
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heterologously expressed in HEK293cells [51]. Interestingly, rattlesnake TRPA1 showed
a significantly lower sensitivity to AITC compared to mammalian TRPAL, despite the
conserved cysteines being present in snake TRPAL genesThis inverse relationship
indicated the process ofevolutionary tuning of chemo- versus thermosensation of
TRPAL in different species [51].

Despite recent reports that human TRPAL can act as a heat sensor even without
its cytoplasmic ankyrin repeat domain [66], efforts have been made over the years to
identify a temperature sensor module throughout the whole channel protein. As
introduced in section 1.1.1, TRPA1 contains long 1416 ankyrin repeats in its N-terminus.
More interestingly, rattlesnake TRPA1 was heat sensitive, whilemammalian TRPA1 was
shown to be cold-sensitive, despite rather high sequence similarity (human and
rattlesnake TRPA1 share 61%amino acid sequence identity and 85% similarity) [67].
Taking advantage of this diversity , Cordero-Morales et al. utilized chimeric studies to
further dissect the heat sensing module in TRPAL1[68]. By investigating a series of
chimeras between human, rattlesnake, rat snake and drosophila TRPAJ, they identified
that the heat sensitivity can be conferred solely by N-terminal ankyrin repeat domain
(ARD). Specifically, ankyrin repeat AR10-15 can confer the majority of heat sensitivity,
while the AR3-8 alone could not bring heat sensitivity alone but could enhance the
sensitivity with the presence of ARD 10-15. Based on these resultsCordero-Morales et

al. termed AR 10-15 as the primary heat sensing module, with AR 3-8 as the enhancer
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module [68] (Figure 5). Furthermore, many studies have supported the notion of the
ARD as heat sensing module in TRPAlas well [59, 69, 70]

Utilizing mutational screening and patch -clamp electrophysiology, Jabba et d.
identified that three single mutations on AR6, most notably Ser250Asn, can
independently reverse mouse TRPAL thermo sensitivity from cold to warm sensitive
while did not significantly affect ing other channel behavior such as chemical sensitivity
and channel expression [67]. All temperature depende nce altering mutations they
reported clustered on AR6, which suggestedthe critical role of AR6 in thermal

sensitivity.

Cysteines

Figure 5: TRPAL heat sensing modules.

Ankyrin repeats in red indicates the primary heat sensing module, and the pink
indicates enhancer modules. Reactive cysteines are represented as stars. Adopted from
[68]
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The molecular mechanism by which TRPA1 and other thermoTRP channels
respond to heat remains controversial. Clapham and Miller proposed that the
temperature-dependent gating of TRP channels are driven by changes i heat capacity
and partial unfolding [71]. This theory predicted that TRP channels should be both heat
and cold activated. To date, however, there has been only one reporton such dual
thermosensitivity in TRP channels[48]. Additionally, it was proposed that 40 -80
residues (10-20 residues per protomer for tetrameric TRP channels)are required to
undergo change in solvation statesin order to generate a sufficient heat capacity change
for channel gating [71]. Given the high sequence homology among TRPA1homologs, it
was also believed that the speciesspecific difference in thermo sensitivity properties are
likely a result of differences in allosteric coupling mechanisms between the temperature
sensor and the gate, and not from the differences between strictural rearrangements
upon temperature change [72]. In conclusion, the specific heda sensitivity of rsTRPAL

renders it an interesting subject for structural studies.

1.1.4 Previous Structural Studies of TRPA1

In 2015, Paulsen et al[73] reported th e first cryo-EM structure s of human

TPRA1. These structures were one of the first sub6 A cryo-EM structures reported,
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several unexpected features First, a TRRIlike helix domain was found in close position

to the Pre-S1 helix, after the transmembrane helix S6. Given that the TRFike helix is
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positioned between the pore and electrophile binding site, the authors believed that the
TRP-like helix is likely to be the nexus for allosteric coupling [73]. Second, a long
tetrameric coiled coil domain was found beneath the helix bundle gate, located in the C-
terminus of the protein. The coiled -coil is stabilized by extensive interaction with

ankyrin repeat domain, as well as the inositol hexaphosphate additive which was
previously reported to stabilize channel activity [74]. The ankyrin repeats 12-16
maintains extensive interaction with coiled -coil and was thus resolved in the structures,
while the N-terminal AR1-11 remained to be resolved. Taken together, the structures

provided us with a framework for future TRPAL structure and functional studies.

1.2 Cryo-electron Microscopy: Principles and Common Practices
1.2.1 Introduction

Throughout modern history, structural biology has contributed substantially to
our understanding of how biological systems work [75]. To date, three major techniques
are available for structural biology: X -ray crystallography, nuclear magnetic resonance
(NMR) spectroscopy, and electron microscopy (EM). X-ray crystallography has been the
most prominent structural biology method over the past few decades, which contributed
majority of atomic coordinates of biomolecules in the Protein Data Bank (PDB)[75].
However, crystallizing protein has been challeng ing, especially for membrane proteins.

The trial-and-error processis tedious and does not always succeed. NMR has been very
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successful in resolving the conformational ensembles of protein s or nucleic acids, yet the
size limit renders NMR difficult for str uctural studies for large protein sand complexes.

Historically, EM has beena very useful tool in virology, pathology, microbiology
and other fields that investigates the ultrastructure of relatively large specimens, such as
tissues, cells and organelleq[76]. Determining macromolecular structures by EM has
been a chd enging task over the past decades as it poses a few unique challengeskFirst,
the electron beam mug be confined in a high vacuum due to their scattering effect with
air, thus the sample to be imaged experiencesvacuum-induced dehydration, which is
usually devastating to biological samples. Moreover, because of the weak interaction
between electrons andsmall atoms including carbon, oxygen, nitrogen, etc., biological
samples are usually stained by heavy metal before they could be visible under EM.

In 1974, Taylor and Glaser demonstrated that biomolecules can be maintained in
a frozen hydrated state during EM imaging and was able to achieve better than 3
resolution diffraction [77, 78] Later, Dubochet et al. developed the plunge freezing
technique, where the sample solution is applied on a holey carbon-coated grid and
subsequently blotted with a filter paper [79, 80] The blotting process removed most of
the sample from grid, creating an extremely thin layer of sample solution in the holes by
surface tension. The grid was then immediately plunged into liquid ethan e cooled by
liquid nitrogen, during which sample is frozen into a vitreous, amorphous ice with

biomolecules embedded in it [79]. The frozen grid is maintained in liquid nitrogen
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temperature and was transferred into an electron microscope for imaging. This method
is still widely used in sample preparation nowadays, but many of the steps have been
automated.

The second challenge electron microscopists facedwas the severe radiation
damage caused by high-energy electrons. In a 300keV EM, the electrons travel at a
fraction of speed of light and carry high energy. Inevitably, the interaction between
electrons and biomacromolecules damages the sample. For that eason, the low-dose
imaging scheme was developed for radiation damage-prone samples. However the low -
dose schemeresulted in a poor signal-to-noise ratio (SNR) of the images. With such a
low SNR (and low image contrast), it was not possible to observe high-resolution
features of biomolecules from raw micrographs. Frank et al. overcame this problem by
averaging many images of the same molecule viewed from the same angle, thus
increasing the SNR andproviding a better contrast[81]. Moreover, by combining many
single images of a same molecule viewed from many angles, it was possible to
reconstruct a 3D model from those noisy 2D images of a molecule. The methods to
perform plunge-freezing purified sample in vitreous ice, micrograph collection in low -
dose, and the 3D reconstruction from individual 2D images, became what we now term
Richard Henderson shared 2017 NobelPrize in Chemistry for their contribution in the

development of cryo -EM.
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In 1995, Henderson predicted that the single particle cryo-EM would be able to
achieve atomic resolution [82] . In the past six or seven years,thanks to the development
in new techniques, the resolution of cryo-EM 3D reconstruction was able to advance
from 30-50 A resolution in the 2000s, to 122 A resolution most recently [83]. Since 2014,
the revolutionary advancement in cryo-EM has been made pasible by mainly three
breakthroughs: the development of direct electron detection (DED) cameras, the
development of Bayesian image processing algorithms, and the automation in data
collection strategies[76, 84}

Historically, electron micrographs were recorded and collected using films,

w hich were subsequently developed, digitized and subject to computational analysis .
The films had an acceptableperformance and were able to produce 3D reconstructions
at sub-nanometer resolution [85], but it was difficult to push the resolution further and
handing films was tedious thus limiting the throughput of structure deter mination. In
the late 1990s, the chargecoupled device (CCD) cameras were introduced to electron
microscopy and allowed data to be collected digitally and automatically . CCD cameras
only detect photons so incoming electrons must be converted to photons by hitting a
phosphor screen and elicit fluorescence for CCD camera to capture. Because of this
conversion process, CCD cameras has a relatively low detective quantum efficiency
(DQE) compared to films which is characterized by the fraction of signals retained by a

camera at a certain spaial frequency. The introduction of direct election detection (DED,
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or DDD, direct detection devices) cameras revolutionized the cryo-EM imaging process
and pushed the resolution to sub-4 A in the early 2010s[86]. DED cameras are designed
to detect charging events upon receiving an electron with much higher spatial and
temporal accuracy, resulting a substantially higher DQE comparing to CCD cameras.
Moreover, the high frame rate DED camera could achieve enabled two major
advantages: electron counting, and movie recording [76]. The DED camera could
process electron eventsat a speed fast enough to track every single electron that hits the
camera, providing resolution to a pixel, and even sub -pixel level, which even further
elevates DQE in both low- and high-1 Ul @gUl OEadé w! awUli EQUEDPOT w?00VYDI
consists of dozens of framesover the timespan of a few secondsinstead of a single
micrograph, while still retaining enough information in each frame for processing, it
facilitated many novel image processing techniques to improve image quality and
recover more high-resolution information [87]. Most importantly, it enabled the in silico
correction of beam-induced motion, i.e. subtle sample movements caused byelectron
beam [87], as well asmovie processing, which allowed allows dose fractionation and
weighing to mitigate radiation damage [88]. Taken together, the application of DED
cameras made obtaining atomic resolution for many proteins possible.

The second major advancement on high resolution cryo-EM was the
development of novel image p rocessing algorithms. A very high sample homogeneity

and accurate image alignment are required for high -resolution 3D reconstruction. Thus,
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the classification and alignment of particle images are critical for a successful 3D
reconstruction. Becausecryo-EM images typically have very low SNR and potentially
high heterogeneity, Frank and his colleagues developed a maximum likelihood based
probabilistic approach to properly classify and align those images [89]. In 2012 anovel
Bayesian approach to cryo-EM image processing was proposed by Scheresand later
implemented in RELION softwar e [90, 91]. Unlike the maximum likelihood approac h,
the Bayesian approachgives uncertainty to each classification and alignment
assignment. Subsequently, the uncertainty for each assignment was optimized to be
reduced throughout repeated iterations. Using this method, the accuracies in image
classification and alignment were much improved and resulted in a higher resolution 3D
reconstruction [90]. The introduction of Bayesian approach and DED camera coincided
around the same time and pushed single particle cryo-EM to atomic resolution.

As discussed before, large amount data is required to obtain ahigh-resolution
EM reconstruction due to sample heterogeneity and low SNR in single particle images.
Typically, thousands of micrographs in high quality are needed for one single
reconstruction, which were collected over a timespan of days. Before the data collection
could be automated, a highly skilled and patient operator was required for data
collection. Luckily, this problem was alleviated by the development of several
automated data acquisition methods such as SerialEM[92], Leginon [93], autoEMation

[94], and more recently, EPU (FEI) and Latitude S (Gatan). Thesesoftware packages
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have reduced the time and financial costs to EM data acquisition and made large-scale

datasets accessible.

1.2.2 Common workflow of cryo-EM

Compared to X-ray crystallography, which requires samples with very high
homogeneity and stability, requirements for sample quality in cryo -EM studies are less
demanding, allowing for structural determination of proteins with  relatively higher
instability and flexibility. In our experience, however, the biochemical behavior of the
sample must be optimized to obtain a sub-3A reconstruction. Al though sub-optimal
sample quality can often be offset by simply collecting more data, the current scarcity
and costin accessing high-end electron microscopes often discourages prolonged data
collection. Thus, preparing sample to the highest purity and hom ogeneity should still be
considered the top priority in single particle 3D cryo -EM reconstruction. Moreover,
batch-to-batch consistency is necessary in order to optimize cryo-EM sample freezing
conditions so that structures in complex with different ligand s/binding partners, etc.,
may be obtained. [95]. It is critical to maintain consistency throughout different
preparations to allow proper interpretation among these data. The sample should
appear to be homogeneous by size exclusion chromatography (SEC), SD$AGE, and
when possible, negative stain EM [96] before one proceeds to preparecryo-EM samples.

To obtain homogenous sample, one may need to find the optimal
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expression/purification procedures, buffer conditions, protein concentration, etc. For
macromolecular complexes, one may need glutaraldehyde crosslinking, GraFix
crosslinking [97] and other crosslinking methods to stabilize complex formation.

The biomacromolecule specimen must be vitrified on a sample support grid
before imaging. The most common type of grid is of copper material, coated with a
holey carbon film on which the sample will vitrify within holes, forming a thin layer of
ice. To deal with the inherent instability and beam -induced motion of vi treous ice in
holey carbon films, an additional thin ( ~2 nm) amorphous carbon or graphene [98] may
be coated on top of the holey carbon film, providing additional support for sample.
Additionally, a more mechanically stable ma terial, such as gold may be used as grid and
film material [99]. Affinity -coated grids can also be used when necessary100]. Before
sample is applied, the grids are rendered hydrophilic by a glow discharger or a plasma
cleaner. Sample vitrification is generally performed by a semi-automatic plunger system
such as Vitrobot (Thermo Fisher), EM GP (Leica), or Cryoplunge (Gatan). On these
machines, the environment in which the sample is applied on the grid and blotting is
performed can be specifically controlled, allowing consistency, r eproducibility and
requirements for special sample treatment.

Before a grid is considered suitable for data collection, one must confirm that the
grid is in high quality, which is referred to as screening. A proper vitrified specimen is

usually characterized by a layer of amorphous ice thick enough to accommodate
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particles while shield ing them from the air-water interface, and thin enough to allow
high resolution signal to passthrough. The particles should appear to be homogenous to
eye, and the density of particles needs to beappropriate . Occasionally the particles may
adopt a preferred orientation, most often caused by interaction with air -water interface.
This issue can be overcome by increasing ice thickness, addition of lowconcentrations of
detergent, or by using a continuous support grid [101].

To obtain high-resolution 3D reconstructions, high quality images must be
acquired. To date, a fewsoftware packages are available that allow automated data
collection which greatly eases the workload for large dataset acquisition. Still many
aspects regarding microscope and data acquistion strategy must be taken account to
ensure high data quality. First, the microscope optics must be properly aligned to ensure
proper optical conditions, including but not limited to the proper use of condenser
aperture, minimalization of astigmatism and coma. As for data acquisition strategies,
specific parameter regarding data collection, such asthe use of obgctive aperture and
energy filter, proper magnification (which determines the pixel size, and in turn

determines the resolution cutoff), dose rate, frame number, etc. must be optimized.
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2. Structural Basis of Electrophile Irritant Sensing by
Human TRPAL1 lon Channel

2.1 Biochemical Optimization and Structural Determination of
Human TRPAL1 for Cryo-EM

Using homolog screening assessed by sizeexclusion chromatography (SEC),
fluorescence size exclusion chromatography (FSEC)nd negative-stain single particle
election microscopy, Paulsenet al. identified that human TRPAL1 is the best
biochemically behaving construct among 10 TRPA1 homologs [73, 102] and most
suitable for cryo -EM structural studies.

In order to study the activation mechanisms of hTRPAL by structurally and
chemically different ligands, we conducted cryo -EM experiments in the presence of a
reversible covalent agonist benzyl isothiocyanate (BITC) found in the seeds of the
papaya plant [103], and the synthetic JTO10 compound which selectively modifies
Cys621 through an irreversible SN2 reaction [44]. BITC was chosen because it activates
hTRPAL in a similar manner to AITC while contains abulkier benzyl ring and can

therefore be more easily identified and modelled in cryo-EM maps [12].
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Figure 6: Biochemical and initia | cryo-EM characterization of human TRPAL.

(A) representative SEC profile of hTRPAL reconstituted in lipid nanodiscs. (B) SDS-
PAGE profile of SEC fractions, corresponding to panel A. (C) Representative cryo-EM
micrograph of hnTRPAL. Representative hTRPAL particles are circled out.
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TRPA1 activity was known to be regulated by lipids [104, 105] To visualize
protein -lipid interaction and placing protein in a more native environment, t he purified
wild type TRPAL channels were reconstituted in lipid nanodiscs and incubated with or
without ligands before being freezing onto grids. The structures were then determined
by single particle cryo-EM 3D reconstruction (seesection 2.6.1 Figures6and 7). To
obtain a ligand-free state, the Cys621Ser mutation (TRPA#s219 was introduced to silence
the reactive electrophile site and prepared the cryo-EM sample without the addition of
ligand s. The final 3D reconstructions of ligand -free TRPAlcs2z1sand the wild type TRPAL
in complex with JT010 (TRPAlwr-st019 and BITC (TRPAlwr-sirc), are resolved to 2.8, 2.9,
and 3.1 A, respectively (Figure 7 and Table 1). The overall quality of the 3D
reconstructions in the transmembrane region (Figure 21) is excellent, revealing multiple
cryo-EM densities corresponding to glycans (Figure 8) and several annular lipid
molecules (Figure 9). Consistent with the previous cryo -EM study [73], a significant part

of the N-terminal region (AR1 -AR11) was not resolved in the cryo-EM reconstructions.
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Table 1: Cryo-EM data collection, refinement and validation statistics for
human TPRA1 structures

C621S Apo WT JT010 WT BITC
EMD -20451 EMD -20449 EMD -20450
PDB 6PQQ PDB 6PQO PDB 6PQP
Data Collection
Microscope Titan Krios Titan Krios Titan Krios
Voltage (kV) 300 300 300
Nominal magnification 22,500x 75,000x 22,500x
Electron dose (eA-) 60 42 60
Exposure rate (e/pixel/sec) 15 0.8 15
Detector Gatan K3 Falcon Il Gatan K3
Pixel size (A) 1.07 1.08 1.07
Defocus range (nm) -2.5t0-0.75 -3.0to0-1.25 -2.5t0-0.75
Reconstruction
Total extracted particles 1,150,312 752,104 396,597
Final particles 119,697 189,927 74,677
Symmetry imposed C4 C4 C4
Resolution (global) 2.81A 2.88 A 3.06 A
FSC 0.5 (unmasked/masked) 3.59/3.21 A 3.41/3.14 A 3.90/3.45 A
FSC 0.143 3.10/2.81 A 3.07/2.88 A 3.41/3.06 A
(unmasked/masked)
Applied B -factor (A2 -30 -30 -30
Refinement
Protein Residues 2,416 2,448 2,464
Ligand 28 40 36
Map correlation coefficient 0.84 0.84 0.85
R.m.s deviations
Bond lengths (A) 0.005 0.007 0.008
Bond angles (°) 0.896 0.950 0.999
Ramachandran plot
Outliers 0.00% 0.00% 0.00%
Allowed 3.20% 3.48% 4.11%
Favored 96.80% 96.52% 95.89%
Poor rotamers 0.00% 0.00% 0.00%
MolProbity score 1.18 1.33 1.38
All -atom Clashscore 2.13 3.09 3.02
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2.2 Overview of the Human TRPA1 Structures

The overall resolved structure of the homotetrameric human TRPA1 (hTRPAL)
channel can be divided into three layers: the top, middle and bottom layer. The top layer
is composed of the transmembrane domain (TMD), while the middle layer contains the
coupling domain (CD) and the bottom layer consists of the ankyrin repeat domain
(ARD). The TMD is composed of the voltage-sensor like domain (VSLD, S1-S4)and the
pore domain (S5, S6, andpore helix PH) arranged in a domain-swapped manner. The
N- and C-termini form a two -layered cytoplasmic assembly. The CD, which forms the
middle layer, is composed of 8 short helices (HXH7 and pre-S1), ap-sheet(we term ¢cp)
composed of three ¢ strands (¢1.1- $1.3), and the TRRIike helix (termed TRPL hereafter)
(Figure 7G). Ankyrin repeats 11-16 (AR11-AR16) from four subunits surround the
central tetrameric C-terminal coiled coil, resulting in the stabilization and visualization

of the ARD (Figure 7).
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Figure 7: Overview of hnTRPAL structures.

(A and B) 3D reconstruction (A) and model (B) of the ligand -free TRPAIcs21sstructure.
(C and D) 3D reconstruction (C) and model (D) of the TRPALsrowostructure. The JT010
molecule is indicated in red. (E and F) 3D reconstruction (E) and model (F) of the
TRPA1lsirc structure. BITC is indicated in red. The reconstruction and coor dinates are
colored by chain in panels A to F. (G and H) The structure (left) and topology overview
(right) of a single TRPAL protomer with a close -up of the structural arrangement
elements within the Coupling Domain (box).
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2.2.1 S1-S2 linker structure and pore helices

Our high -resolution 3D reconstructions of hTRPAL reconstituted in nanodiscs
have allowed us to visualize several structural features that were not resolved in the
previous structural study. First, our 3D reconstruction allowed us to build th e StS2
linker region, which has been found to play a role in both ligand - and voltage-
dependent gating of TRPA1 [106] and is the binding site of the spider toxin Pro -toxin 1
(ProTx-1) [107]. Surprisingly, this region, which was previo usly predicted to be an
unstructured loop, adopts a three -stranded ¢-sheet structure. Furthermore, we observe
an additional cryo -EM density at the C-terminal of the first ¢ strand, Asn747, which we
assigned as twoN -acetylglucosamine (GIcNAc) molecules according to the N-linked
protein glycosylation pattern of HEK293S GnTI - cells [108] (Figure 8). In our structure,
the ¢2 and the two sugar moieties appear to act as a single entity to plug the crevice of
VSLD. This arrangement is stabilized by interactions between Phe746 from¢2.2 and the
surrounding aromatic and hydrophobic amino acids in the extracellular groove of VSLD
(Figures 8B and 8C). Consistent with our structure, previous studies have shown that
mutations in ¢2, and specifically the mutation of Phe746 to alanine, substantially affects
voltage-dependence of TRPA1[106]. Studies have also shown that mutation of Asn747
reducesti I WET EQOOI Oz UwUI OUPUDPY b UHWUGuagENsEndbtibgu U a x 1 U w
that the functional role of this unique glycosylated ¢ sheet in hTRPAlappears to be

reminiscent of the interactions between voltage-sensor toxins or small molecules with
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voltage sensor domainsin voltage -gated cation channels[110, 111] Second, our high-
resolution 3D reconstructions reveal the intricate selectivity filter architecture in TRPAL
(Figures 8D, 8E and 8F) The selectivity filter is compo sed of backbone carbonyls of
residues Leu913 and Gly914 and the side chain of Asp915. The selectivity filter is wider
than that of the previously reported TRPA1 structure (9.2 -10.6 A distance between the
backbone carbonyls and the aspartate side chains ofliagonally opposing subunits) and
large enough to accommodate a hydrated C&*ion. In addition, hnTRPA1 contains two
pore helices (PH1 and PH2), similar to the pores of TRPML channels[112]. Interestingly,
we found that the PH2 of TRPAL adopts a uhelical turn at its N -terminal end, and it
appears that the w-helix is maintained by the interactions between the Arg919 on PH2
from one subunit and Asn919 and Ser921 on PH2 from the adjacent subunit(Figure 8D).
PH2 also interacts with PH1 (Figure 8D). Because we have not observedany structural
changes associated with ligand binding in the selectivity filter of hnTRP A1, and because
the analogous selectivity filter in TRPML channels does not act as gate[112, 113] we

propose that the S6 gate s solely responsible for TRPA1 channel gating.
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Figure 8: S1-S2 linker and pore structures of TRPAL.

(A) Cryo -EM density surrounding the S1-S2 linker in the TRPA1wr-110103D
reconstruction. The density is shown at 0.024 thresholding. The linker adopts a three-
stranded b-sheet conformation. Residue Asn747 is glycosylated. The glycans are shown
in stick representation. NAG, N -acetylglucosamine. (B) The threestranded b-sheet
(cartoon and yellow surface representation) and the NAG molecules (magenta surface
representation) plug the extracellular crevice of the VSLD domain. (C), Residue F476
from the S1-S2 linker is nestled into the hydrophobic crevice formed by aromatic and
hyd rophobic residues at the extracellular face of the VSLD helical bundle. Residues
involved in interaction are shown in stick and orange sphere representation. (D) Top
view of the TRPA1 channel pore, using TRPAlwr-sro10as an example. The side chains of
the acidic residue Asp915 line the entry to the pore. Interactions are observed between
P2 segments of neighboring protomers. Arg 919 forms interactions with Glu920 and S921
from the neighboring protomer. All three residues reside in the p-helical turn in P2.
Asp915 is shown in stick and sphere representation.Arg 919,Glu920, and ®r921 are
shown in stick representation. Dashed lines are drawn between residues which are
within interaction distance. (E) Side view of the pore of TRPAL wr-sto1g the residues that
form the selectivity filter and the gate are shown in stick representation. (F) Pore radii
calculated by HOLE program for TRPAL cez1s/ape (light green), TRPALwrutoio(light blue)
and TRPAlwreirc (salmon). Dashed line represents the approximate radius of a water
molecule (1.4 A).
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2.2.2 Lipids and the interfacial helix

In our 3D reconstructions of TRPA1 channel, we identified a novel protein
density consistent with a helix at the cytosol-membrane interface located near the side of
S1 and S4 of the VSLD Figure 9). Because of its position, we term this structural motif
the interfacial helix (IFH). Cryo-EM maps show that the IFH is part of the C-terminal
region which connects the ¢co (¢ 1.3) and the coiled coil (CC) (Figures 7, 9A and 9B. The
cryo-EM density around this region is well resolved in the TRPAL wr-sirc reconstruction
and allows unambiguous placement and register assignment of the IFH as well as the
linker between ¢1.3 and IFH. However, in the ligand -free TRPAlce2isand TRPAlwr-sto10
reconstructions the corresponding cryo-EM density is less defined thus IFH regions in
these two models were built as polyalanine chains.

We were also able to resolve and identify severalannular phospholipids bound
to the TRPAL channelin our reconstructi ons. Six to seven phospholipids per subunit (a
total of 24-28 per tetramer) are resolved in the 3D reconstructions flumbered lipid 1 -7,
Figure 9A and 9B). Four phospholipids (lipids 1-4) in the extracellular leaflet of the
membrane mostly occupy the interf aces between thegrooves of adjacent subunits and
between VSLD and pore (Figure 9A). Several lipids are also observed in the space
corresponding to the cytoplasmic leaflet of the membrane side. Notably, we observe a
phospholipid located in the vicinity of S3, S4, and the S&65 linker. In the analogous

position phosphatidyl inositol or P1(4,5)P 2 were observed in TRPV1 and TRPVS5,
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respectively [114, 115] However, in our TRPA1 structure, the bound lipid in this

position is most consistent with a phospholipid. Because PI(4,5)P> was not included in
the preparation of the nanodisc reconstituted hTRPAL, it remains to be determined
whether this site serves as PI(4,5)Psite in TRPAL. Interestingly, in the reconstructions of
both TRPALlwr-stor0and TRPALcs21s we also identified a phospholipid located in the
cavity formed by S4, the S4S5 linker, pre-S1, S1, and IFH (termed interfacial cavity,
Figure 9). The bound lipid molecule is most consistent with phosphatidyl choline (PC)
where the choline head group of PCis sandwiched between Trp711 of pre-S1 and
Glu854 of the S4S5 linker (Figure 9C). The location of this phospholipid in TRPAL is
reminiscent of the PI(4,5)P: binding site recently identified in TRPMS8 ( Figure 9F) [116].
In TRPMS8, PI(4,5)R binding at this site is essential for channel function [117, 118]
Notably, the conformation of the interfacial cavity in the TRPAL1 wr-ercis different to
those observed in the TRPAwr-sro10and TRPAlces2isand the density corresponding to this
lipid is missing in the TRPAlwr-sircreconstruction (Figures 9D and 9E). To compensate
this missing lipid, the IFH in TRPAlwr-src is positioned closer to the VSLD, resulting in a
reduced size of the cavity and thus the elimination the lipid binding (Figure 9E).
Notably, the recently identified gain -of-function mutation Asn855Ser, which causes a
familial episodic pain syndrome (FEPS)in humans [26], is located at the junction
between S4 and the S4S5 linker and interacts with IFH in the TRPAL wr-sirc Structure.

Interestingly, a recently published hTRPA1 structure in complex with a non -covalent
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agonist GNE551 occupies a pocket near Asn85%30], demonstrating the potential
important function of this region. Furthermore, Cys1021 which is located in the IFH was
proposed to be the binding site for zinc, which can potently activate TRPA1[119]. Our
structures have now revealed that the IFH is a distinct structural motif which forms a
part of a dynamic interfacial cavity that can be occupied by lipids and contains the
potential binding site for zinc. The dynamic movement of IFH appears to be a
determinant for lip id binding in the interfacial cavity as well as for the interactions
between the IFH and the Asn855 residue which is a site for a diseaseinducing gain -of-
function mutation. We therefore propose that the IFH plays an important role in TRPA1
gating by engaging in dynamic interactions with phospholipids and the junction
between S4 and the S4S5 linker. Consistent with this idea, deletion of IFH substantially

affects hTRPA1 channel function (Figure 23).
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Overlay

Figure 9: Lipids in TRPAL.

Figure captions continue to next page.
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(A) Lipids captured in the TRPAL wr-srorostructure. In TRPALlwr-sro10a phospholipid
molecule is observed in the interfacial cavity between the Pre-S1, S4, the S&5 linker and
the IFH (boxed region). The cryo-EM map is shown at 0.02 thresholding. (B) Lipids
captured in the TRPAL wr-sirc structure. In the TRPAlwr-sirc, the interfacial cavity
contains no lipid density (boxed region). The cryo -EM map is shown at 0.018
thresholding. (C) A close-up view of the interfacial cavity in TRPA1 wr-srorcshows that the
phospholipid interacts with residues Trp711 in the PreS1 andGlu854 in the loop
connecting the S4 to the S4S5 linker. Residue Asn855, the location of a gainof-function
disease mutation, is also located at this interface.Trp711,Glu854, andAsn855 are shown
in stick representation and the phospholipid molecule is s hown in stick and sphere
representation. (D) A close-up of the interfacial cavity in TRPAL wr-srrc shows that the
space occupied by phospholipid in TRPALwr-sro1dis filled with aromatic residues from

IFH and Pre-S1. In this structure, a direct interaction is observed betweenAsn855 and
the backbone carbonyl of Cys1024 in the IFH. ResiduesTrp711,Glu854,Asn855,
Phel020,Cys1021,Cys1024, andPhel025 are shown in stick representation. (E) An
overlay of the interfacial cavities of TRPALlwr-sroi0o(blue) and TRPAlwr-srrc (salmon) shows
that the IFH in the TRPALlwr-srcmoves closer to the PreS1, S4 and the S&5 linker,
thereby reducing the size of the cavity and making it incompatible with lipid binding.

(F) A close-up view of the interfacial cavity in TRPM8 wi th a PI(4,5)” molecule bound.
The presence of a large number of positively charged residues, absent in the interfacial
cavity in TRPAL, facilitates coordination of PI(4,5)P2. P1(4,5)Ris shown in stick and
sphere representation and the interacting residues (Arg 688, Tyr683,Asn692,Arg 850, and
Arg 997) are shown in stick representation.
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2.3 The Electrophile-binding Pocket and Structural Basis for
High Reactivity of Cys621

2.3.1JT010 and BITC binding in TRPA1

When applied to HEK293 cells expressing hTRPA1, JT010 elicits robust inward
and outward currents, which desensitize over time (Figure 23A). Based on our dose
response curves, the EGo of JT010 is ~7.6 nMFigure 24B) which is slightly higher than
the previously reported value measured by a cell-based calcium uptake assay[44]. To
confirm that Cys621 in hTRPAL1 is indeed the site for covalent modification by JT010 and
other electrophiles, we introduced a Cys621Ser mutant (TRPAXLsz219 and observed that
the HEK293 cells expressing TRPALs21sdo not exhibit any currents upon ap plication of
t uvkof JTOL10(Figure 23C).

In the 2.88 A reconstruction of the JTOL0TRPAL complex, we observed a strong
EM density located in the CD at the Cys621 residue (Figures 10A and 10C) We assigned
this density to JTO10 because ibecause it matchesthe size and shape of the JTO10
molecule and is absent in the reconstruction of TRPAIcs21s(Figures 11A and 11D). The
cryo-EM density peaks for JT0O10 and Cys621 are connected, consistent with formation of
a covalent bond between JT010 and Cys62{Figure 11B). The JT010 binding site is
reminiscent of a clamshell, with H1, H2 and the H1 -H2 loop forming the bottom half ,
while H4 and the H4-H5 loop forming the top half (Figures 7G and 10A) Residue
Cys621 is located at the base of the bottom half of the bindirg site (Figure 10A). Four

aromatic residues (Phe612, His614, Phe669 and Tyr680) from both halves of the pocket
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participate in sealing the lateral entries to the binding site and complete the pocket
(Figures 10C and 10D. The acetamide group of JT010 is coalently linked to the thiol
moiety of Cys621 while its methoxyphenyl thiazol group interacts with above -
mentioned aromatic amino acids. Specifically, the thiazol group interacts with Phe612
and Tyr680 through CH -wand sulphur -winteractions, respectively (Figures 10C and
10D) and the methoxyphenyl group is surrounded by and interacts with His614, Pro666,
Phe669 (Figure 10C). To test the role of these observed interactions in JTO1@lependent
TRPAL1 activation, we performed site -directed mutagenesis on the relevant residues and
electrophysiological studies, and found that mutations of the aromatic amino acids
result in near complete loss of JTO16dependent TRPAL currents (Figures 23 and 24)
without affecting channel expression.

BITC is an isothiocyanate that reacts with cysteine thiols via a reversible thiol -
Michael addition reaction. To capture the BITC bound conformation, we incubated the
nanodisc-reconstituted wild type TRPAL with a high concentration of BITC (1 mM)
before freezing. The cryo-EM reconstruction of the BITC-TRPA1 complex was resolved
to an overall resolution of 3.1 A and we observed a clear EM density located in the
pocket of the CD and connected to Cys621(Figures 10B and11C). This density matches
the size and shape of an BITC molecle and also absent from the reconstruction of
TRPAlce21s(Figure 11). We therefore assigned this EM density to BITC. Interestingly, we

observed an additional cryo -EM density of a similar shape by Cys665 in the upper half
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of the binding site (Figure 11G).Cys665 has previously been implicated in AITC sensing
[12], but because the density connected to this residue was not as strong ashe one
observed near Cys621, we chose not to assign it to BITC. We speculate that the high
concentration of BITC might have forced covalent modification of Cys665. Our
electrophysiological data shows that the Cys621Ser mutation does not exhibit BITC-
dependent TRPA1 currents while the Cys665Ser mutation does, indicating that BITC
modification of Cys665 is not necessary for TRPA1 activation (Figures 23G-L and 24S-X)
However, it is possible that Cys655 can be covalently modified by BITC without
contributing to TRPAL activation. Indeed, our structure suggests that the binding pocket
may accommodate simultaneous binding of two BITC molecules (Figure 11G). The
benzyl ring of BITC fits snugly into the groove generated by the loop between ¢$1.2 and
H4, 11e623 on H2, and H1 (Figure 10B, 10Eand 10F). Notably, the residues that are
important for JTO10 binding (Pro666, Phe669, and Tyr680) adopt a similar conformation
in the TRPAlwrsrcand TRPAlwr-toia The turn of the H4-H5 loop appears to differ
slightly in the two structures but given that the density is poorly resolved in TRPAL wr-
sirc, we refrain from drawing conclusions from this observation. Taken together, our
structural and functional data show that the electrophile -sensing site in human TRPA1
centers around Cys621 and provide the structural basis for electrophile recognition in

TRPAL.
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Figure 10: JTO10 and BITC binding in TRPAL .

(A and B) The electrophile (JT010 (A) and BITC (B)) binding pocket is located in the
coupling domain of TRPAL. The binding site is shaped as a clam shell, with H1, H2 and
the H1-H2 loop forming the bottom part, and H4, H5 and the H4 -H5 loop forming the
upper part. The pocket is shown in cartoon and surface representation, and the modeled
JT010 (A) and BITC B) molecules are shown in sphere representation. (C and D) A
close-up view of the JTO10 binding site. JT010 is covalently bound to the C621 residue
via its acetamide group. Its thiazol group forms CH - wand sulphur - winteractions with
Phe612 andTry 680, respectively. In addition, the methoxyphenyl group interacts with
His614, Ro666, andPhe669. Residues leu609,Phe612, His614, G/s621, R0622, 1623,
Tyr662, G/s665, F0666,Phe669, Try 680, andThr684 are shown in stick representation.
(E and F) A closeup view of the BITC binding site. BITC is covalently bound to C ys621.
Residues Leu609,Phe612, His614, G/s621, R0622, 1€623,Try 662, G/s665, R0666,
Phe669, Try 680, and T684 are shown in stick representation.
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Figure 11: Density around the ligand binding site in TRPA1
TRPAlwr-srTc.

(A-F) The full map contoured around the electrophile binding region in TRPAL1 ce21s(A
and D), TRPAlwr-to10(B and E) and TRPAIwr-sirc (C and F). Map iscontoured at 0.02,
0.018 and 0.017 thresholding, respectively. (G) Proposed model for the second BITC
density around Cys665 residue. Map is contoured at 0.017 thresholding.
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2.3.2 Structural basis of high reactivity of Cys621 in TRPA1

Although the firs t structure of hnTRPAL has been invaluable for our
understanding of the channel architecture, the low local resolution around the CD did
not allow for unambiguous register assignment [73] which in turn precluded detailed
insights into the structural basis for the high reactivity of Cys621 in TRPA1 (Figure 22).

In all ligand -free and ligand-bound structures, the bottom half of the electrophile
binding pocket maintains a similar conformatio n (Figures 13GD). Cys621 is located near
the base of H2 and is separated from the helix by Pro622 which points the N-terminus of
H2 toward the thiol group of Cys621 (Fig ure 12). In this arrangement, the helical dipole
(N-cap) exerts electrostatic force onthe thiol group of Cys621. Furthermore, directly
opposite Cys621 in the H1-H2 loop, Phe612 is positioned facing the Cys621 thiol moiety
and engages it in a thiol-winteraction (Figure 12). Notably, H1 is oriented perpendicular
to H2, and its C-terminus wi th its helical dipole (C -cap) forms an electrostatic interaction
with the quadrupole of Phe612. This apparently stabilizes the Cys621-Phe612 thiolw
interaction by fixing the Phe612 side chain in the optimal rotamer conformation for this
interaction. We suggest that his unique structural arrangement serves two roles. First,
the pKa of Cys621 is lowered synergistically by interaction between the N cap and
Cys621 and by the thiol-winteraction that exists between Cys621 and Phe612. However,
as was previously discussed[120], lowering of the pKa alone is not sufficient to account

for the extraordinary reactivity of Cys621. Second, the orientation of aromatic ring of
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Phe612 is fixed due to helical dipole of H1 and this rigidified aromatic ring of Phe612
reduces the entropy of the thiol group of Cys612 and thus fixes it in the optimal
orientation. The combined effect of these interactions contributes to the high reaction
rate of Cys621 in hTRPAL by enhancing the effective collision of the electrophile-thiol
reaction. Finally, one side of the binding pocket in the CD is decorated with a romatic
amino acid residues (Phe612, His614, Phe669 and Tyr680) and the other side with two
aromatic amino acids (Tyr662 and Trp605). We suggest that the role of these electron
rich aromatic amino acids surrounding Cys621 is to attract electrophiles into t his

binding pocket and increase their local concentration.
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Figure 12 The architecture of the electrophile binding pocket endows C621
with high reactivity

(A and B) The environment in the electrophile binding pocket TRPAL ce21s m0. Residue
621 is surrounded by helical dipoles of H1 and H2 helices (shown in cylinder and stick -
and-ball representation). (C) The closeup of the interactions between H1, H2, F612 and
Cys621. The helical dipole of H2 exerts electrostatic force on thethiol group of C ys621,
lowering its pKa. The conformation of the F612 residue is held in place by the helical
dipole of H1, which exerts electrostatic force on the positively charged edge of the
Phe612 quadrupole. The combination of these interactions resuts in stabilization of the
Cys621-Phe612 thiol-p interaction, which in turn reduces the entropy of the C ys621 side
chain. The lowering of the pKa by the helical dipole of H2 and the stabilization of the
thiol -p interaction by the helical dipole of H1 cont ributes to the high reactivity of
Cys621. The high reactivity is also aided by the electron-attracting aromatic residues in
the pocket. (D) The closeup interactions showing that the residue Lys620 forms salt
bridge interactions with Glu625 andGlu 628 loated within the H2 and appears to
maintain the structural integrity of the electrophile binding site.

48



2.4 Conformational Changes Upon Ligand Binding

In all TRPAL structures, the 11e957 and Val961 in S6 form the gatgFigure 8E).
Despite being bound to ligand, both the TRPAlwr-srorcand TRPALwr-sitc structures
apparently adopt non -conducting states (Figure 8F), suggesting that our cryo-EM
reconstructions have captured conformations that either precede or follow the open
state. Because covalent agonistlependent TRPAL activation is followed by
desensitization (Figure 23A), our sample might contain multiple different
conformational states. It is also possible, as is often observed in cryeEM structures of
ion channels [73, 116, 121, 122]}that we have captured energetically favored
conformatio nal states of the channel.

Despite the fact that the ligand-bond structures adopt non-conducting states, we
observe substantial conformational changes that are associated binding of electrophile
agonists. As discussed earlier, the bottom half of the CD binding pocket remains
unchanged in all of our TRPAL structures. However, the top half of this pocket appears
to experiencea large degree of plasticity and undergoes ligand-dependent
conformational changes. In the ligand-free TRPAIcs21sthe top half of the pocket adopts a
conformation that allows Pro666 to interact with Tyr680 through CH -winteractions
(Figure 13A). Upon binding of JT010, the thiazole group of JTO10 displaces Pro666 and
interacts with Tyr680, resulting in a large rotation of the H4 -H5 loop containing Cys665

and Pro666 (Figure 13C-E). This JTO10dependent conformational change in the binding
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pocket is propagated laterally to the ¢cowhich swings outwards and in turn causes a
change in the position of the IFH (Figure 13G-H). The conformational change is also
propagated vertically to result in a ~3° counterclockwise rotation of ARD and CD when
viewed fr om the extracellular side (Figure 13B). Interestingly, binding of BITC leads to
similar global conformational changes in the CD and the ARD (Figure 13FH).
Importantly, BITC elicits a rotation of Cys665 and Pro666 as well as an outward swing
motion of ¢co similar to that observed in the JTO10-bound structure (Figure 11 and 13F
H. Importantly, our mutagenesis studies show that the mutation Tyr680Ala in the H4-
H5 loop has significant impact on channel activation. The comparison of these structures
and the mutational studies have led us to speculate that the local conformational
changes in the top half of the binding pocket would be similar regardless of the type of
covalent agonist used to activate the channel. This, in combination with the apparent
plasticity of the top half of the binding pocket, might explain why TRPA1 can be
activated by so many structurally and chemically diverse covalent agonists. Based on
this idea, we hypothesize that the Cys665 and Pro666 are not the main targets of
covalent modificat ion but instead act as a conformational switch that senses covalent
modification of Cys621. Consistent with our hypothesis, we found that introduction of
the isosteric Cys665Ser mutation results in functional channels that can be activated by
either JTO10or BITC while introduction of larger sidechain (Cys665Leu) results in a

channels with no JTO1Gdependent activity [120] (Figure 24C and 24D)
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Figure 13: Conformational changes in the electrophile binding pocket and the
CD upon JT010 and BITC binding .

Figure captions continue to next page.
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(A) Orthogonal view of the channels TRPALlcs21s(light green), TRPALlwr-sro1o(light blue)
and TRPAlwr-sirc (salmon) overlaid via their TMDs. The boxes indicate the views shown
in panels (B-H). (B) The ARDs of the ligand-bound structures also undergo a counter-
clockwise rotation. Rotation angles are measured between Ga atoms in His570. In all
panels TRPAIcs21sis shown in green, TRPAlwr-stor0in blue and TRPAlwr-sircin salmon.
(C) In the ligand -free TRPAlcs21sstructure, Pro666 and Tyr680 engage in a Gi-p
interaction. (D) Upon binding of JT010, the thiazole moiety of the molecule displaces
P666 and engages in interactions withTyr680. This causes a large conformational change
in the loop containing C ys665 and R0666. The JTO10 molecule is shown in stick
representation. (E) Overlay of the electrophile binding pockets in TRPAL ce21s(green)
and TRPAlwr-sroi0(blue). The conformational change in the loop containing Cys665 and
Pro666 is indicated with a red arrow. The JT010 molecule is shown in stick
representation. (F) To observe the local conformational changes in the CD upon ligand
binding, the CDs of TRPAlcs21s(green), TRPALwr-sroro(blue) and TRPAlwr-sirc (salmon)
are aligned. The alignment shows that only the upper half of the binding site undergoes
a conformational change. (G) Relative to the TMD, the CD undergoes a ~3.5 A outward
swing upon ligand binding. TRPAL ce21sis shown in green, TRPA1wr-sto10in blue and
TRPAlwr-ercin salmon. (H) The b-sheet of the CD undergoes a counterclockwise
rotation when viewed from the extracellular space. The IFH is also displaced during
ligand binding. In the TRPAL wr-sto10(blue) structure, the IFH moves away from the Pre-
S1. In the TRPALvr-eirc (salmon) structure the IFH moves closer to the Pre-S1.
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2.5 Discussion

Our structural and functional analyses revealed that TRPA1 adopts a distinct
design principle and its mechanisms of ligand sensing in stark contrast to the menthol
sensor TRPMB8[116]and the capsaicin sensor TRPV1114, 123, 124]First, unlike TRPV1
and TRPMS, the electrophile sensing site is located at the cytoplasmic side. The highly
orchestrated design of helical dipoles as well aswinteractions within the CD confers
onto Cys621 not only high reactivity but also the abi lity to react with various types of
electrophiles. Furthermore, the ability of TRPA1 to react with various types of
1 Ol EOUOxT POl UWEOUOEWET wi RxOEDPOI EwEawlT T wUODPQGUI
where the bottom half contains the highly reactive C621 that is modified by electrophiles
and the top half acts as a conformational switch (Figure 14). To the best of our
knowledge, this design is unique and different from active sites in highly substrate -
specific enzymes that utilize reactive cysteines. Interestingly, this configuration of the
binding pocket also appears to be important for the binding of the cell -penetrating
scorpion toxin WaTx. WaTx activates the human TRPAL but not the rat snake ortholog,
which carries an alanine but not a proline in po sition 622 (Ala627 in rat snake TRPAL).
An alanine -to-proline substitution at this position confers WaTx -sensitivity to the rat
shake TRPAL[125].

Second, the conformational step that is required for TRPA1 activation is different

from TRPV1 and TRPMS8. The binding of covalent agonists to the CD leads to a
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conformational change in ¢co, which in turn repositions the IFH to interact with the S4 -
S5 linker to open the S6 gate. This is in stark contrast to TRPV1 and TRPM8 where
ligand binding to the S 4-S5 linker or VSLD cavity and the TRP domain, respectively,
leads to opening of the S6 gate[117, 126] Furthermore, it is important to note that the
TRPL domain in TRPAL does not appear to fulfil the same function as the TRP domain
in TRPV or TRPM channels. TRPL is located in the cytosol, unlike the TRP domain
which is positioned at membrane-cytosol interface. In addition, unlike the TRP domain
the TRPL does not engage in extensive interaction networks with the TMD. We
therefore speculate that the role of TRPL in the gating of TRPAL might not be as
essential as that of the TRP domainin TRPV and TRPM channels. Third, the role of
lipids in TRPAL gating appears to be different to the mechanisms identified in TRPV1
and TRPMS8. Even though we observe a phospholipid in the interfacial cavity, a site that
is analogous to the PI(4,5)R site in TRPMS, the cavity is electrostatically incompatible
with PI(4,5)P2. Importantly, our data suggest that the phospholipid might be a negative
regulator of TRPA1 as it blocks the interaction between the S4S5 linker and the IFH. We
therefore speculate thatthe dynamic interactions between IFH and the phospholipid in
the interfacial cavity are critical for TRPA1 gating.

After our study described in this chapter was published [127], Zhao et al.[30]
reported several TRPA1 structures, including a structure where the channel adopting an

open conformation. By comparing structures of different conformations, the authors
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were able to propose a two-step model for electrophile -dependent activation. The
binding of electrophiles would trigger a conformational rearrangement in the A -loop
(which we term “upper clamshell loop ?), located above the binding pocket. This
rearrangement is subsequently propagated to the TRP-like domain, and final ly S6, to
open the channel gate. Moreover, a calcium binding site located between S2 and S3 was
identified and characterized. This site was conserved in TRPM2, 4 and 8[117, 128, 129]
and is believed to be the major calcium regulation site in TRPAL. The authorsz
conclusion regarding the mechanism of electrophile binding and activation largely

coincides with ours.
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Figure 14: Proposed electrophile sensing mechanism for TRPAL.

Binding bottom

The electrophile binding site adopts a clam shell conformation. The loop which forms
the top part of the binding site flips when an electrophile covalently modifies C ys621,
triggering a swing of the b-sheet p1.1- b1.3) and a change in the positionof the IFH.

2.6 Materials and Methods
2.6.1 Expression and purification of human TRPAL1

The Homo sapientull -length human TRPA1 was synthesized (BioBasic) and
cloned into BacM am vector, in-frame with a FLAG -tag followed by 10x His-tag in C-

terminus. The wild type human TRPA1 (hTRPAL) was used to obtain the JTO10 and
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BITC-bound structures. To obtain the ligand -free state, the C621S mutation was
introduced using the QuickChange site -directed mutagenesis kit (Agilent). Baculovirus
was generated accordingtOwOE OUI EEUUUIT U-tpBasxnvitdged E FoOTRIBNL E E
protein expression, HEK293S GnTt cells (ATCC) was cultured in Freestyle 293 media
(Life Technologies) supplemented with 2% (v/v) FBS (Gibco) at 8% CQ. Cells were
infected with 8% (v/v) P3 baculovirus at 3x10¢ ml-1 density. After 20 hours shaking
incubation at 37°C in the presence of 8% CQ, 10 mM sodium butyrate (Sigma-Aldrich)
was added to cell culture and the incubation temperature was lowered to 30°C to boost
protein expression. The cells were harvested after an additional 40-44 hours by
centrifugation at 550x g, and were subsequently resuspended in lysis buffer (20 mM Tris
pH8, 150 mM NaCl, 1245g mL-!leupeptin, 12 4g mL! pepstatin, 12 54g mL-* aprotinin,
DNase I, 1 mM phenylmethylsulphonyl fluoride, 1 mM inositol hexaphosphate (InsP ), 5
mM TCEP-HCI and 1% (w/v) digitonin). Protein extr action was performed at 4°C for 1
hour, followed by centrifugation at 13000x g for 30 min to remove insoluble material.

The supernatant was subsequently incubated with anti -FLAG M2 resin (Sigma-Aldrich)
at 4°C for 1 hour. The resin was then packed onto a gavity -flow column (BioRad),
followed by washing with 10 column volumes of wash buffer (20 mM Tris pH 8, 150

mM NacCl, 0.07% digitonin, 1 mM InsP s, 1. mM TCEP). The TRPAL protein was then
eluted with 5 column volumes of elution buffer (20 mM Tris pH 8, 150 m M NacCl, 0.07%

digitonin, 3 mM TCEP, 1 mM InsP6, 1004g mL-* FLAG peptide). The eluted protein was
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concentrated and further purified on a Superose 6 size-exclusion column equilibrated
with GF buffer (20 mM Tris pH 8, 150 mM NacCl, 0.07% digitonin, 3 mM TCEP, 1 mM

InsPs). The peak fraction was collected and subjected to nanodiss reconstitution.

2.6.2 Nanodiscs Reconstitution

MSP2N2 was purified according to previously published protocol [130].
Detergent-solubilized TRPA1 was concentrated to 1-1.5 mg mL?, and mixed with
purified MSP2N2 and extruded lipid mix (1 -palmitoyl -2-oleoyl-sn-gly cero-3-
phosphocholine (POPC), 1-palmitoyl -2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), & palmitoyl -2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG),
POPC:POPE:POPG=3:1:1) at 1:3:200 molar ratio. The mixture was incubated in 4°C for 30
min with constant rocking. 100 mg mL*Bio-Beads SM2 (BieRad) was then added to the
mixture to initialize the reconstitution reaction. The Bio -Beads were exchanged after two
hours (100 mg mL?), and the mixture incubated with constant rocking in 4°C for 12 -15
hours. The mixture was then subjected to size exclusion chromatography on a Superose
6 column pre-equilibrated with buffer DF (20 mM Tris pH 8, 150 mM NacCl, 3 mM TCEP,

1 mM InsPs).

2.6.3 Cryo-EM Sample Preparation and Data Collection

The peak fractions from the final size exclusion chromatography containing
nanodisc-reconstituted TRPAL were concentrated to ~0.5mg/ml. For TRPAIwr-s1019 the

protein was incubated with 100uM JT010 (Sigma-Aldrich) for 30 minutes before
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freezing. For TRPAlwr-src, 1 mM BITC (Sigma-Aldrich) was added to the protein sample
100 minutes before freezing. The TRPAlvr-stor0and TRPALcs21sap0 SaMples were plunge
frozen using Leica EM GP Automatic Plunge Freezer operated at 24°C and ~95%
humidity. A sample volume of 3 m was applied to a freshly glow -discharged UltrAuFoil
R1.2/1.3 300mesh (Quantifoil), blotted with Whatman No. 1 filter paper for 3 seconds
followed by plunge-freezing in liquid -ethane cooled by liquid nitrogen. The TRPALwr-
src sample was plunge frozen using Vitrobot Mk |V (FEI) Plunge Freezer operated at
24°C and ~100% humidity. As before, a sample volume of 3m sample was applied to a
freshly glow -discharged UltrAuFoil R1.2/1.3 300mesh (Quantifoil), blotted with
Whatman No. 1 filter paper for 2 seconds followed by plunge -freezing in liquid -ethane
cooled by liquid nitrogen.

TRPAlwr-srorodataset was collected using a Titan Krios (Thermo Fisher)
transmission electron microscope operating at 300 kV equipped with a Falcon Ill
detector in counting mode, using the EPU automated data acquisition program. 2313
movies were collected at a nominal magnification of 75,000 with a pixel size of 1.08
AJpix at specimen level. Each movie contains 30 frames over 60.0 s exposure time, using
a dose rate of 0.8 €px/s, resulting a total accumulated dose of ~42e/A 2. The nominal
defocus range was set from-1.25 to-3 4m. TRPAlcsz1sapo and TRPALwr-sirc datasets were
collected using a Titan Krios operating at 300kV equipped with a K3 (Gatan) detector

operated in counting mode, using Latitude automated data acquisition program. 3,544
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movies for the TRPAlces21sape dataset and 4,418 movies for the TRPAlwr sirc dataset were
collected at a nominal magnification of 22,500x with a pixel size of 1.07 A/px at specimen
level. Each movie contains 60 frames over 4.6 s exposure time, using a dose rate of 15e
Ipx/s, resulting a total accumulated dose of ~60 e/A 2 The defocus range was &t from -

0.75to-2.549m.

2.6.4 Cryo-EM Data Processing

For TRPAMvr-sto10dataset,Beam-induced motion correction and dose -weighing was
performed using MotionCor2 [88], followed by CTF estimation using Gctf [131].
Micrographs were subsequently selected based on CTF it quality, yielding 2,031 good
guality micrographs. 1,035 particles were manually picked and subjected to a reference-
free 2D classification (k=8, T=2), from which the best six classes were selected as reference
for automated particle picking in RELION 3. 0[83]. A total of 752,104 particles were picked
from 2,031 micrographs and extracted (4x4 Fourier binned, 4.32 A/pix pixel size and 64
pix box size). Reference free 2D classification (k=50, T=2) was performed in RELION
resulting in 21 classes (571,201 particles) which showed clear secondary structure features
of TRPAL. These particles were subsequently subjected to 3D auterefine in RELION,
using previously published TRPA1 map (EMD -6267, low-passed filtered to 30 A) as
reference, without masking. Refined particles were re-extracted, re-centered and un-
binned (1.08 A/pix) and subjected to another round of 3D refinement, using the result of

the previous 3D refinement as a reference. A 3D classification without image alignment
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was then performed using the output from the un -binned 3D refinement (k=6, T=8), with
a soft sdvent mask covering the best resolved region of the channel (AR12 to CC). One
class, containing 137,605 particles and displaying the most highresolution features of the
channel was isolated and subjected to 3D refinement, producing a 3.06 A map. The
parti cles form this refinement were then subjected to another round of 2D classification
(k=15, T=2), and the best 8 classes were utilized as a template for automated particle
picking, resulting in 380,605 particles. 2D classification, 3D refinement and 3D
classification were repeated for this set of particles. One class from this new round of 3D
classification, which displayed the most high -resolution features, was subjected to 3D
refinement yielding a 3.04 A map. CTF refinement and Bayesian polishing were
subsequently carried out on this set of particles using RELION, which yielded a final map
with 2.88 A resolution. Local resolution was calculated using RELION 3.0 [83].

For TRPAIvTercdataset,Beaminduced motion correction and dose -weighing was
performed using MotionCor2 [88], followed by CTF estimation using Gctf [131]. Good
micrographs were selected based on quality of CTF fit, resulting in 2,186 good
micrographs. 1,435 particles were manually selected and used in a referencefree 2D
classification (k=8, T=2). From this classification, the six classes showing the bestefined
TRPAL1 features were selected as template for automated referencebased particle picking
in RELION. A total of 396,597 particles were extracted (4x4 Fourier binned, 4.28 A/pix

pixel size and 64 pix box size). Reference free 2D classification (k=50, T=2) was performed
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in RELION and 8 classes containing a total of 283,493 particles which showed clear, crisp
TRPAL1 features were selected. These particles were then subjected to 3D auteefinement
without masking in RELION, using the 3D reconstruction of TRPAL wr-sto10 low -pass
filtered to 30 A as reference map. Refined particles were reextracted, re-centered and un-
binned (1.07 A/pix, 256 pix box size) and subjected to another round of 3D refinement,
using the map generated from previous 3D refinement as a reference. Particles and the
refined coordinates from the 3D refinement were then subjected to a no-alignment 3D
classification (k=4, T=8), using a soft solvent mask covering the best resolvedegion of the
channel (AR12 to CC). One class, containing 74,677 particles and displaying the most high
resolution features of the channel, was selected and subjected to 3D refinement, producing
a 3.37 A map. CTF refinement (with per-micrograph astigmatis m estimation and beam tilt
fitting) and Bayesian polishing (using first 40 frames only) was subsequently carried out
using RELION, which yielded a final map with 3.06 A resolution. Local resolution was
calculated using RELION 3.0 [83].

For TRPALs21sap0 dataset, Beaminduced motion correction and dose -weighing
was performed using MotionCor2 [88], followed by CTF estimation using Gctf [131]. 2,856
micrographs were selected for further data processing based on CTF fit quality. 1,362
particles were manually picked and subjected to a reference-free 2D classification (k=10,
T=2), from which the best six classes, showing highly defined TRPAl features were

selected as template for automated referencebased particle picking in RELION. A total of
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1,150,312 particles were boxed and then extracted (4x4 Fourier binned, 4.28 A/pix pixel
size and 64 pix box size). Reference free 2D classification (k=50, T=2) was performed in
RELION and 14 classes containing 639,334 particles which showed weHdefined TRPA1
features were selected. A 3D autcerefinement without masking was then performed with
the selected particles, using the TRPAlvriroromap low -pass filtered to 30 A as reference
map. The refined particles were re-extracted, re-centered and un-binned (1.07 A/pix,
256pix box size) and subjected to another round of 3D refinement, using the map
generated from the previous 3D refinement. Particles and refined coordinates from this
3D refinement were then subjected to a no-alignment 3D classification (k=4, T=8), using a
soft solvent mask covering the best resolved region of the channel (AR12 to CC). Ore best
class, containing 119,697 particles, displayed the bestlefined features of TRPAL and was
selected and subjected to 3D refinement, producing a 3.13 A map. Two iterative rounds
of CTF refinement (with per -micrograph astigmatism estimation and beam ti It fitting) and
Bayesian polishing was subsequently carried out using RELION, which yielded a final

map with 2.81 A resolution. Local resolution was calculated using RELION 3.0 [83].

2.6.5 Model Building and Refinement

The previously published TRPAL structure (PDB 3J9P)[73] was used as a
reference for building TRPA1 wr-stezoand the coupling domain, the interfacial helix (IFH),
the S1S2 linker, and P2 were built denova During model building the register

assignment was guided by the presence of large aromatic side chains. The structure was
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refined manually with ideal secondary structure geometry restrains in Coot [132]and
using the phenix-real_space_refine function with global minimization and secondary
structure restrains as implemented in the Phenix suite [133]. The models for the
TRPA1wr-sirc and TRPAlce21sap Were built using the TRPAL wr-srorocoordinates as a
reference. The placement of individu al structural elements was performed by rigid body
fitting, and the structures were refined in Coot, with ideal secondary structure geometry
imposed, as well as using phenixreal_space_refingith global minimization and
secondary structure restrains in Phenix. The restraints for lipids, sugars and ligands,
including POPC, POPE, POPG, Nacetylglucosamine, JT010 and BITC, were calculated
in Elbow (as implemented in Phenix [133]) from canonical SMILES strings and
optimized using the REEL QM2 method (as implemented in the Phenix suite [133]).
These were then inspected manually to ensure correct stereochemistry before being
fitted into the experimental densities in Coot. The MolProbity server
(http://molprobity.biochem.duke.ed®34]) was utilized to identify errors and problematic
regions in the models, which were then corrected manually in Coot. The Fourier shell
correlation of the half - and full -maps against the model, calculated in Phenix, were in
good agreement, indicating that the models were not over -refined. The model of
TRPAlwr-storocontains residues 4461079 with ARD1-11, Gterminus and three loops
missing (residues 1-445, 754760, 10131014, 10261038, 10791119 missing); TRPAlvr-eairc

contains residues 4461079 with ARD1-11, Gterminus and two loops missing (residues
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1-445, 754760, 10271038, 10791119 missing); TRPALs21sapo cONtains residues 4461079
with ARD1 -11, Gterminus and four loops missing (residues 1-445, 754760, 669676,
10131014, 10261038, 10791119 missing). Structural analysis and illustrations were

performed using Pymol and UCSF Chimera [135].

2.6.6 Patch-clamp Electrophysiology in HEK-293 cells

Patch-clamp electrophysiology experiments were carried out by Dr. Zilong
Wang.

HEK-293 cells were obtained from Duke Cell Culture Facility and maintaine d in
DMEM containing 10% fetal bovine serum (FBS, Sigma), 1% penicillin and streptomycin
(Gibco) and supplemented with 5% CO2 at 37 °C. Cells grown in a 6-well plate reaching
40-60% confluency were transiently transfected using Lipofectamine 2000 (Invitrog en).
&1 Ol UEOOGaOwl 6k wsT wOi w31/ hwdUw31/ hwOUUEOUZ Uw#
used for each well. At 24 h after the transfections, the cells were digested with 0.05%
trypsin and plated on poly -L-lysine coated glass coverslips.

Whole-cell patch clamp recordings were performed at room temperature using
an Axopatch-200B amplifier with a Digidata 1440A, acquired with Clampex 10.6, and
analyzed with Clampfit 10.6 (Axon Instruments, Union City, CA). The patch pipettes
were pulled from borosilicate capillaries (World Precision Instruments) using a P-97

Flaming/Brown micropipette puller (Sutter Instrument). Pipettes with the resistance of

44 w, T wbl Ul wOUI Ecsll réatdingd. Whale ¢eldrécbrdings were performed
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in an extracellular solution that contain ed (in mM): 140 NacCl, 5 KCI, 2 MgClI2, 10
HEPES, and 10 glucose, adjusted to pH 7.4 with NaOH and osmolality to 300-310
mOsm. The internal solution contained (in mM): 140 CsCl, 10 EGTA, 10 HEPES, and 2
Mg-ATP, adjusted to pH 7.3 with CsOH. TRPA1-expressing HEK293 cells were
identified by co -expressed GFP. The cell was held at70 mV, and the membrane
potential was ramped from -120 mV to 120 mV over 200 ms, as previously reported
(Macpherson et al., 2007a). The interval of each sweep is 10 s. The TRPA1 agomtsswere
perfused for 1 min following a 2 min baseline recording. The whole cell current densities
(pA/pF) after drug perfusion at + 120 mV were baseline subtracted and used for

generating the statistics shown in the figures.
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3. Structural Basis of Heat Sensing by the Rattlesnake
TRPA1 Channel

3.1 Biochemical Optimization of Rattlesnake TRPA1 for Cryo-EM
Studies

Compared to human TRPAL (hTRPAL), rattlesnake TRPAL (rsTRPAL) was
biochemically unstable as demonstrated by FSEC and negative stain EM[73]. In our
hands, the purified protein yield of rsTRPAL was ~50% compared to human TRPAL
under similar expression and purification conditions. Since rsTRPAL is activated in
HEK293S GnTtl cell culture temperatures (37 °C and 30 °C), it is possible hat the
simultaneous opening of rIsTRPAL during expression is toxic to cells. Despite the
presence of ruthenium red in cell culture, it is possible that not all channels are blocked.
We useda similar procedure to express and purify rsTRPAL and reconstitut ed it into
nanodiscs with some key modifications to increase the yield and sample homogeneity.
Notably, due to the low yield and in order to increaseprotein recovery, the first SEC
after FLAG affinity purification was skipped, as the eluent from FLAG resin was directly
used for nanodiscs reconstitution. Moreover, the potential toxicity of rsTRPA1
expression has triggered cellular protein misfolding re sponseaswe observed a
significantly increased amount of molecular chaperone being co-purified with rsTRPAL.
The chaperone contaminant was analyzed by LC-MS and confirmed to be mainly heat

shock protein 70 (HSP70). HSP70 contains an ATPase domain and itaffinity to protein
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substrate reduces when bound to ATP [136], thus we included an ATP wash step during
affinity purification and were able to remove ~50% of the HSP70 contaminant.
Furthermore, recently it was reported that reducing agents including DTT and TCEP
have inhibitory effects on the temperature sensitivity of hnTRPAL [48]. Although there is
no evidence that rsTRPAL would undergo the same inhibition by reducing agents, we
removed all reducing agents from protein purification procedures. Initial screening of
the plunge frozen grids showed acceptable particle behavior, with individual particles
visible, albeit less homogenous and monodisperse than hTRPAL. We subsequently
collected acryo-EM dataset on this sample.Because & purification procedures were
performed at 4°C before plunge freezing, and there was no heating applied, the
structure we observe here should be considerinactivate, or resting state of the rsTRPAL

channel (Table 2).
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Table 2: Cryo-EM data collection, refinement and validation statistics for

rattlesnake TPRAL structures

Rattlesnake
TRPAl1
4°C
Data Collection
Microscope Titan Krios
Voltage (kV) 300
Nominal magnification 81,00
Electron dose (e A?) 50
Exposure rate (e/pixel/sec) 15
Detector Gatan K3
Pixel size (A) 1.079
Defocus range (M) -2.5t0-0.75
Reconstruction
Total extracted particles 713,674
Final particles 14,972
Symmetry imposed C4
Resolution (global) 3.33A
FSC 0.5 (unmasked/masked) 340/3.30A
FSC 0.143 2.929A
(unmasked/masked)
Applied B -factor (A2 -30
Refinement
Protein Residues 3,956
Ligand 0
Map correlation coefficient 0.82
R.m.s deviations
Bond lengths (A) 0.005
Bond angles (°) 0.896
Ramachandran plot
Ouitliers 0.00%
Allowed 9.78%
Favored 92.70%
Poor rotamers 0.00%
MolProbity score 2.64
All -atom Clashscore 7.91
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3.2 Overall Architecture of Rattlesnake TRPA1

We solved the cryo-EM structure of rsTRPAL to an overall resolution of 3.3 A.
The excellent map quality allowed de novanodel building of the AR1 -11 and other
regions not resolved in previous hTRPAL structures (Figure 15and 23). The hTRPAL
and rsTRPAL share61% sequence identity, thus rsTRPAL is expected to have similar
structure ashTRPAL. Indeed, the transmembrane domains betweentwo homologs are
almost identical (Figure 17A and 17B). The S1S2 linker, which adopts a three short beta
strand structure in hTRPA1, was not resolved in rsTRPAL structure. Multiple s equence
alignment and secondary structure prediction also suggested that such beta strand
structure does not exist in rsTRPAL. Compared to hTRPA1 structures, the density
quality of the annular lipids was poor in rsTRPA1, thus we did not model these lipids.
The S6 helix bundle gate, formed by [le957 and Val961adopted non-conducting
conformation, and was consistent with the notion that sample was prepared in the

resting state.
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Aknyrin Repeats Aknyrin Repeats

Figure 15: Overall architecture of rattlesnake TRPAL .

(A and B) 3D-reconstruction (A) and atomic model (B) of r attlesnake TRPAL. (C)
The structural overview of a rattlesnake TRPA1 protomer , functional domains are
labelled with different color.
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In rsTRPAL structure, the most striking new feature resolved were the AR1-11
domains. In our 3D reconstructions of rsTRPAL, the AR1-11 was very well ordered and
resolved that allowed de novamodel building (Figure 15). In previous hTRPA1
reconstructions, AR1-11 was visible in 3D reconstructions as fuzzy densities, and they
were too flexible relative to the rest of the channel to be resolved by cryo-EM. Indeed, it
was speculated that the AR1-11 in human TRPAL acts as a propellerlike structure
around central axis [73]. The rsTRPAL1AR1-11 was stabilized by extensive interactions,
mainly through a neighboring ARD. To analyze this new interaction pattern, we used
COCOMAPS to map this interface [137]. COCOMAPS server identified a major
interaction interface between the N-terminal ARDs from two neighboring protomers
(Figure 24). In one protomer, this interface spans from AR5 to ARS8, while in the other
protomer the interacting residues spans from AR11 to AR13. Because this interface is
centered at AR6 and AR12 in respective protomers, weterm this interface the AR6-AR12
interface (Figure 16A). Interestingly, the AR6-AR12 interface is composed of a variety of
amino acid residues, including hydrophobic, charged and non -charged, polar residues,
with a roughly equal distribution among three types (Figure 16B). This diversity in
interface interaction draws stark contrast with NOMPC [138]in which the ARD -ARD
interactions are predominantly charged and polar. This difference might be explained by

the inherent difference in function between NOMPC and rsTRPA1 ARDs, where one is
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considered to be a mechanic force sensof138], while the other is hypothesized as the
temperature sensor68], respectively.

After inspecting all major inter -protomers analyzed by COCOMAPS, we then
focused our analysis on the specific interactions between AR6 and AR12.The ankyrin
repeat domains and specific residues were previously implicated as functionally crucial
for temperature sensitivity [67, 139] and the functional studies we carried out also
supported that this region could bear elements critical for function. On the ARG side, we
identif ied four most important residues in this interaction, GIn254, Ser255, Arg256 and
Asp257. On the AR12 side, Thr478 interacts with Arg256 while Arg479 forms charged
interaction with Asp257 (Figure 16C). We emphasized these residues because of the
following reas ons. First, Jabba et al. identified that a single Ser250Asn (rsTRPA1L
equivalent Ser255) mutation could convert mouse TRPAL from cold- to warm -sensitive
[67], highlighting the critical role of this residue and its surrounding environment in
temperature sensing. Furthermore, Tseng et al. discovered a sall molecule hTRPAL
inhibitor which presumably binds to the region surrounding Asn249 (rsTRPA1
equivalent Ser255)[139], further demonstrating the criticality of this interface. Finally,
among the interacting residues mapped in this interface, this region contains the most
divergent residues between human, mouse and rattlesnake TRPAlsequences(Figure
16D). Considering the diversity in their temperature sensing properties, their differences

are most likely conferred by this region. We carried out site-directed mutagenesis and
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electrophysiology experiments to validate our hypothesis ( Figure 16E-F). We created
several point or double mutations and recorded heat -activated response in Xenopus
laevisoocytes and calculated the Qo values of each mutant (Figure 16F). Many alanine
mutants on the aforementioned AR 6-AR12interface had negative impact on channel
heat sensitivity, including Ser255Ala. Strikingly, the charge -neutralizing and reversal
mutation s of Arg479Ala and Arg479Asp almost completely abolished heat sensitivity of
rIsTRPAL. Similar decrease of Qovalue were also observed in Asp257Ala/Arg479Ala
double mutants. Interestingly, the charge swapping double mutant
Asp257Arg/Arg479Asp could rescue the phenotype (Figure 16E-F). All the previous
evidence, structural observation rom rsTRPA1 and electrophysiology experiments could
support the critical role of this AR6-AR12 interface in temperature sensing.
Furthermore, when compared with hTRPAL, the AR12-16 in rsTRPA1 seems to
be bending or twisting counterclockwise (viewing from extracellular side) by about 20°
(Figure 17A). The bending originated from Coupling and TRP-like domains, where pre -
S1 helix and TRRlike domain swing counterclockwise by about 15°, together with the
entire coupling domain and ARD. In this way, the entire ARD poses itself a spring -like
structure. The twisting seemsto be a result from a stabilized AR1-11 domain, where
AR1-11 anchors itself with the ARD from a neighboring protomer through the ARD -

ARD interfac e. This twisting reminisces the subtle conformational changes reported
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previously between ligand -bound and ligand -free states of human TRPA1[127]

described in chapter 2, albeit much more pronounced.
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Figure 16: The ARD-ARD interface could potentially be critical for
temperature sensing.

(A), The location of ARD -ARD interface within the whole channel. (B) close-up view of
the AR6-AR12 interface, the interacting residues are labelled as spheresDark grey, red
and pink spheres denote hydrophobic, charged and non-charged polar residues,
respectively. (C), closeup view of the AR6 -AR12 interface. Stick represents interacting
residues. (D), Sequence alignment between human, rattlesnake and mouse TRPAL1
showing the sequence conservation and divergence in AR6 and AR1213.(E), TEVC
recordings for rsTRPAL WT and Ser255Asn, Asp257Arg/Argd79Asp mutants. (F),
summary of Qo values for key interface mutants.

75



hTRPA1

AnkR (1N11)

Figure 17: rsTRPAL1 ARD appears to be twisted comparing to other ankyrin
repeats.

(A), overlay of nTRPAL1 (PDB ID: 6PQQ) and rsTRPAL with transmembrane S1-S6
aligned, showing the bending of ARD and CD. (B), the same overlay with (A) and
rotated 90 degrees, showing the movement of CC. Sphere denotes a conserved residue
Glu1081 (human) or Glu1083(rattlesnake) (C) overlay of human AnkR (1N11) domain
with rsTRPA1 ARD. (D), overlay of rsTRPA1 ARD and ARD of Drosophila NOMPC
(5VKQ), showing the unusual bending.
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