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Summary

lon channels evolved as specialized proteins for specific tasks at the cell surface, mainly
to detect different stimuli present in the surrounding environments. These channels perform
various functions as per the requirements based on the extent of the stimuli present in the
surroundings. Among different ions, one of the essential cation is the Ca?*. Ca®* ions perform
versatile functions and is essential for numerous cellular functions. Their role as secondary
messengers in cellular signalling is unique, influencing processes like neurotransmitter release,
muscle movement, enzyme activation, gene activity, and cell division. Ca?* is unique due to its
precise control, and its level is maintained by specialized channels and pumps, ensuring
specific concentrations in different compartments of the cell. This meticulous regulation makes
Ca?* crucial for orchestrating various cellular activities, vital for smooth functioning of the cell
and supporting life processes. Dysfunction of Ca?* channels can lead to severe
pathophysiological conditions, underscoring their critical role in maintaining cellular
homeostasis and overall physiological function. In the year 1969, first time TRP channels
function were described (Cosens and Manning 1969). TRP channels are polymodal ion
channels, which can also be modulated by physical, chemical and mechanical stimuli TRP
channels are mostly permeable to Ca®* and other divalent cations. The divalent cations pass
through these channels down their concentration gradients. The polymodal TRP channels are
classified in to multiple subfamilies according to their amino acid sequence, sequence
homology and similarity. These include TRPC (canonical), TRPM (melastatin), TRPV
(vanilloid), TRPA (Ankyrin), TRPML (mucolipin), TRPP (polycystin), and TRPN (NompC),
respectively (Himmel et al. 2021). Among these seven subfamilies found in mammals, TRPV
(vallinoid) (TRPV1-TRPV4) are thermosensitive in nature. The thermosensitive TRPV1-
TRPV4 can be activated in the temperature ranges from 27°C to 52°C (Zhong et al. 2012). The

other two members of TRPV (TRPV5- TRPV6) are not thermosensitive but are highly-



selective to Ca®* ions (Liao et al. 2013; Cao et al. 2013). Transient Receptor Potential Vallinoid
subtype (TRPV3), is a non-selective cation channel which primarily expresses in the skin tissue
(keratinocytes), digestive tissue, oral epithelium, immune cells, brain, spinal cord, testes and
other tissues where it regulates various physiological functions (Xu et al. 2002; Peier et al.
2002). TRPV3 is polymodal in nature and can be activated by various physical and chemical
stimuli such as 2-APB, FPP (endogenous activator), camphor (from Cinnamon camphora),
thymol (a natural compound from thyme), carvacrol (natural modulator from oregano),
different metabolites, temperature (at the range of 33°C - 45°C), pH, osmolarity (Bang et al.
2010; Mogrich et al. 2005; Vogt-Eisele et al. 2007; Peier et al. 2002; Xu et al. 2002). Regarding
the thermosensitivity of the TRPV3, mutagenesis of S6 and adjacent extracellular regions
(1644S, N647Y, and Y661C) leads to the decreased “heat-sensitivity” of the channel (Grandl
et al. 2008). The heat-evoked activation of TRPV3 can be distinguished from other
thermosensitive ion channels like TRPV4. For example, heat-evoked response of TRPV3
grows progressively upon repetitive heat stimulations (Mogrich et al. 2005). The heat-evoked
stimulations can lead to the release of prostaglandin E2 (which is a pain mediator in heat-
evoked inflammation), adenosine triphosphate (ATP), and nitric oxide, respectively (Huang et
al. 2008; Mandadi et al. 2009; Miyamoto et al. 2011). TRPV3 is pathophysiologically
important because its mutations can lead to various and severe pathophysiological conditions
like Olmsted Syndrome (OS), atopic dermatitis (AD), cancer, myocardial hypertrophy, cardiac
fibrosis, alopecia, pain and others (Su et al. 2023).

Earlier, TRP channels were reported to be present predominantly or exclusively in the
plasma membrane. Later studies indicated the presence of many TRP channels in the
intracellular compartments required for specific subcellular organelle functions. Some of the
intracellular organelles that contain TRP channels are secretory vesicles, late endosomes,

lysosomes, mitochondria, endoplasmic reticulum, Golgi apparatus (Dong et al. 2010). Among



all the intracellular organelles, lysosome is one of the important sub-cellular compartments
which carryout different functions like recycling of macromolecules, phagocytosis, clearance
of pathogens, autophagy, maintenance of intracellular ion homeostasis. Specific TRP channels
are known to be present in the lysosomal membrane, and some examples are TRPML1-3 and
TRPV3 (Yadav and Goswami 2017; Dong et al. 2008; Vergarajauregui et al. 2008). Olmsted
syndrome (OS, a rare genetic disorder) occurs due to point mutations in TRPV3 causing
dysregulation of lysosomal functions and distributions. Other than the keratoderma
(hyperkeratotic) problem, OS-causing TRPV3 mutants show deformities in the bone as well.
Symptoms of OS often varies in patient to patient with certain common features. It often
involves issues like pseudoainhum, problems with the skin, hearing difficulties, bone damage,
and sometimes the spontaneous loss of the tips of limbs at different severity levels (Zhi et al
2016). These symptoms can range in their seriousness. At the cellular levels, OS-causing
TRPV3 mutants show abnormalities in the Ca?*-homeostasis and have abnormal lysosomal pH.
Therefore, TRPV3 mutations causing OS, offers a cellular system to study the role of TRPV3
related to lysosomal functions. TRPV3 seems to be associated with various immune functions
like wound healing, inflammation as observed in the skin tissue, and associated immune cells.
Furthermore, higher expression of TRPV3 leads to skin inflammation and release of various
inflammatory mediators such as interleukin la (II-1a), TGF-B, NO, prostaglandin-E2, and
ATP. This indicates the importance of TRPV3 in inflammatory functions (Huang et al. 2008;
Miyamoto et al. 2011).

TRPV4, a functional homologous of the TRPV3 channel, is activated at temperature
ranging from 27°C to 35°C. TRPV4 is also polymodal in nature and can be activated through
various physical, mechanical stimuli and chemical (exogenous and endogenous compounds).
Endogenous compounds include arachidonic acid metabolites, ATP, cholesterol, even steroids

and cytoskeletal elements can modulate TRPV4 activity (Landoure et al. 2010; Watanabe et al.



2003; Das and Goswami. 2019; Dubey et al. 2023). Exogenous or synthetic agonist include
compounds like phorbol esters, 4aPDD and GSK1016790A (Vincent et al. 2009; Baratchi et
al. 2019; Vincent and Duncton. 2011; Rosenbaum et al. 2020). Expression of TRPV4 is
detected in different tissues, including neurons, skin, lung, bone, bladder, etc. (Nilius et al.
2004; Liedtke et al. 2000; Strotmann et al. 2000; Jia et al. 2004). The wide-spread expression
of TRPV4 accords well with its ability to respond against various stimuli, such as changes in
the thermal status, mechanical stimuli, osmolarity as well as to endogenous ligands. The
activation of TRPV4 with such stimuli also leads to Ca*-influx, which eventually can regulate
several cellular processes such as cell migrations, proliferation, differentiations, immune
responses and pain perceptions (Song et al. 2014; Lee et al. 2017; Willette et al. 2008). Any
changes in channel structure or mutations can leads to severe pathophysiological conditions
such as cancer, immune disorders, bone diseases, muscular dystrophy, pulmonary edema,
inflammation, impaired lung function, etc. (Chen et al. 2023; Phan et al. 2009; Leddy et al.
2014; Hamacher et al. 2023).

Both TRPV3 and TRPV4 offer two important molecular targets to investigate various
stresses, such as thermal stress, lysosomal stress, pathogenic stress at the cellular and molecular
levels. The stress response of the cells coincides with qualitative and quantitative changes in
the cellular parameters. Recent findings suggest that subcellular organelles, namely lysosomes,
nucleolus, mitochondria, plasma-membrane all act as the stress-response hubs in the cell. The
physiological stress or pathogenic stress can lead to various diseases which are related to
dysregulation of TRPV3 or TRPV4 channel functions also. This thesis work attempted to
investigate cellular stress response along with TRPV3 and TRPV4 channel modulations. For
this study, different methods have been used to understand the cellular physiology. These
methods include, cell culture-based assays, immunofluorescence, immunohistochemistry,

immunomodulation, microbiology, animal histopathology, biochemistry, sensor-based



imaging and a lot of high-end microscopy of live cells. This study investigated the functional
presence of TRPV3 in the subcellular organelles, namely in lysosome and in nucleus and also
explored its regulations and functions there. The endogenous presence of TRPV3 and TRPV4
in the immune cells has been investigated in relations to subcellular functions. For that the
primary macrophages, Raw 264.7 and THP-1 cells have been used. Both these channels are
functionally present in the macrophages and localize in the subcellular compartments. This
study also investigated few point mutants of TRPV3, which cause Olmsted Syndrome (OS)
using HaCaT (a keratinocyte) and SaoS (osteogenic) cells through transient over expression of
the TRPV3 mutants or TRPV3-WT. Different cellular parameters, such as lysosomal functions,
phagocytosis, lysosomal pH regulations, lysosomal temperature regulations, cellular Ca?*
homeostasis, cytosolic ROS level, cytosolic NOS level, mitochondria ATP, mitochondria
temperature, plasma membrane temperature have been investigated in details. It has been
observed that the cellular, lysosomal, and mitochondrial status alters due to channel modulation
and/or under certain conditions, the status of these sub-cellular organelle can be
recovered/rescue to normal level through the modulations of any of these two channels. The
bacterial clearance in the skin tissue and macrophage cells has been investigated. It has been
observed that TRPV3 modulation helps in bacterial clearance at the wound site and results in
early closure of wound. In in vitro system, TRPV3 modulation helps in early clearance of
bacterial pathogen in macrophage cells. Similar trend has been observed in the presence of
TRPV4 modulations also where it helps in clearance of microbial pathogens after phagocytosis,
both in invivo and in in vitro systems. TRPV3 is detected in the nucleolus in certain conditions.
The nuclear presence of TRPV3 has also been investigated by using different cell lines that
includes HaCaT, MC3T3-E1, Raw 264.7, F-11 respectively. The nucleolar localization of
TRPV3 along with nucleolar marker (i.e. fibrillarin) has been observed. Apparently, TRPV3

has a novel nucleolar localization signal that remain fairly conserved in mammals and largely



present in all vertebrates, though at a lower conserved manner. Changes in the nucleolar size,
morphology, and nuclear temperature due to TRPV3 modulation have been investigated.
TRPV3 modulation seems to help in nucleolar size (according to cellular stress) and nuclear
temperature regulation. The temperature of lysosomal, mitochondrial, plasma membrane seems
to be elevated/dysregulated at cellular stress and/or TRPV3 modulations. Similarly, these
parameters also change in cases of expression of OS-causing TRPV3 mutants as compared to
TRPV3-WT

All these observations indicate that under stressful conditions, presence as well as
modulation of these two channels help the cells to recover better from the sub-cellular organelle
stress. Thus, TRPV3 or TRPV4 channel modulations provides adaptive benefits to the cells,

especially in the stressful conditions.
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Chapter 1

Introduction






In the course of evolution, nature transformed specific proteins to carry out different
sensory functions for the benefit of organisms. In specific environmental niches, organisms are
exposed to various chemicals and diverse stimulus that are mechanical or physical in nature.
Organism need to detect all these chemical and physical stimuli (often noxious in nature)
properly and accordingly to initiate a set of physiological response/s, and thus ensures the
survival of the species in a given environment. In this context, to detect external signals,
organisms developed particular sets of proteins which responds to the external stimuli and acts
upon them (Clapham DE. 2003).

Ion channels are integral membrane proteins that form a “pore” to allow the passage of
specific ions by passive diffusion (ions flow from higher to lower concentration compartment)
(Nekouzadeh and Rudy. 2016). Most, if not all, ion channels undergo conformational changes
from “closed” to “open” states, and once “opened”, channels allow the passage of ions (LOpez-
Romero et al. 2019). lon channels allow transport of ions in specific “quanta” (i.e. only one or
a specific few at a time, depending on the ion channel) (Luo and Hong. 2010). Pumps need
energy of ATP-hydrolysis in order to transport ions and that these specialized proteins perform
against the concentration gradient (Alberts et al. 2002). The opening and closing of channels
can be controlled by various factors, such as “voltage difference” across the membrane, the
binding of ligands (such as extracellular neurotransmitters), presence of different metal ions
(such as intracellular Ca®*) and/or post-translational modifications such as phosphorylation,
glycosylation etc. (Lépez-Romero et al. 2019; Barker et al. 2017). The insertion of the channel
into the target membrane provides further levels of control. The surface expression of any
channel is also regulated by vesicle recycling, retrieval, level of glycosylation and specific
pathway-dependent protein degradation (Rizzoli SO. 2014; lvanova and Cousin. 2022). Many
functional ion channels represent protein complexes of identical or homologous subunits that

participate in forming the functional “pore” (Pérez-Hernandez et al. 2018).



Among all the physical factors, temperature is a critical factor that affects all
physiological processes and macromolecular structures within living systems (Bernal J.D.
1951). Temperature also affects the molecular vibrations, conformational changes and thus
molecular stability. Organisms must be able to “sense” their thermal environment, which varies
greatly in different environments and is subject to fluctuate in spatio-temporal manner. To
reliably respond to ecologically and physiologically relevant thermal variations, organisms
have evolved sensory mechanisms based on specialized proteins such as ion channels, heat-
shock factors, specific sets of stress-response proteins, etc. which transduce environmental
changes into chemical and electrical signals within the cell. In this context, different ion
channels have evolved in the organisms in different evolutionary time points primarily to adjust
various environments ranging from lowest to the extreme adverse conditions.

In order to survive and minimize the damage of cells/tissues, organisms have adapted
to “sense” the environment around them quickly and accurately. For such functions, one group
of ion channels are present in animals, termed as Transient Receptor Potential (TRP) ion
channels. TRP channels are a class of non-selective cation channels that act as a signal
transducer by altering membrane potential or intracellular Ca%*-concentration. TRP channels
are mainly present in metazoans. These are specifically present in animals and also in fungi,
but are largely absent in plants (Himmel and Cox. 2020; Peng et al. 2015).

Transient Receptor Potential (TRP) channels are the well-studied large-sized protein
molecules that have specific thermosensory abilities. These are ancient channels and some of
these have evolved more than 1.5 billion years ago, and is even detected in the single-cell
eukaryotic ancestors (Venkatachalam and Montell. 2007). Most of the TRP channels are
typically “non-specific” in nature, i.e. these channels represent cation channels that conduct
influx of different mono- and divalent-cations such as K*, Na*, Ca%*, Sr**, Mg?* Mn?*, Zn?*,

Fe?* Cu®", etc. TRP channels consist of four subunits, each with at least six-transmembrane



domains. Recent findings suggest that there are ten subfamilies of TRP channels (TRPA,
TRPC, TRPM, TRPML, TRPN, TRPP, TRPS, TRPV, TRPVL, and TRPY/TRPF), of which
seven are found in metazoans (Martinac et al. 2008; Peng et al. 2015; Himmel et al. 2021). In
contrast, temperature-sensitive TRP channels (i.e. thermo TRPs) have been identified in several
subfamilies. Thermo TRPs are polymodal channels that can be activated by diverse stimuli,
such as heat, ligands, light, pH, pressure, voltage, or a combination thereof in a synergetic
manner (Vay et al. 2012). In higher animals, thermo TRPs are highly expressed in the sensory
nerves, where these channels “gate” the permeability of ions in response to a temperature
change (Hong and Siemens. 2015; Kashio M. 2021; Singh et al. 2019). Modulation of TRP
channels alter the membrane voltage, causing neuronal excitation. These channels are also
present in the lower invertebrates to developed metazoans. In many cases, these channels are
highly conserved in vertebrates, i.e. remain conserved in fishes to higher vertebrates like
human.
1.1 A general introduction on TRP ion channel super family
1.1.1 A brief history of TRP channel research

Research on TRP channel began in 1969 when Cosens and Manning discovered a
Drosophila mutant that exhibited blindness phenotype in the presence of constant bright light
(Cosens and Manning. 1969). And later this mutant Drosophila strain was named as trp
(transient receptor potential), and cloning of the mutated trp gene identified the first member
of the TRP superfamily (Wes et al. 1995). Subsequently, a large number of related genes were
identified in different animals. This superfamily constitutes a diverse group of polymodal ion
channels that are fairly conserved (in terms of sequence, structure and functions) from
nematodes to human. Throughout the 1970s and 1980s, the groundwork for understanding TRP
channels was laid. In 1976, researchers identified a mutation in Drosophila photoreceptor cells

that led to the discovery of the first TRP-related gene. This gene was linked to visual signaling



and phototransduction. Subsequently, in 1989, the trp gene was cloned from Drosophila,
providing initial insights into the molecular basis of TRP channels (Montell and Rubin. 1989).
The 1990s marked a significant progress for TRP channel research. In 1995, the cloning of the
mammalian TRPC1 gene introduced the first mammalian TRP channel (Wes et al. 1995). This
channel, known for its Ca?*-permeability, was activated by signaling pathways mediated by
cell surface receptors. In 1997, the identification of TRPV1, also known as the “Vanilloid
Receptor 1 (referred as VR1 in several earlier publications), revealed its responsiveness to heat
as well as Capsaicin (the compound responsible for the spiciness of chili peppers) also in a
synergistic manner (Caterina et al. 1997). This discovery linked TRP channels to temperature-
sensing and pain perception. Furthermore, in 1998, the TRPM family of channels was
identified, with various members serving roles in cell proliferation and magnesium transport
(Duncan et al. 1998).

As the new century began, the functional diversity and mechanisms of TRP channels
gained more attention. In 2002, TRPV4 was identified as a mechanosensitive ion channel
involved in responding to mechanical force and osmotic changes. In 2003, TRPAL was
discovered as a channel activated by noxious cold and irritants, connecting TRP channels to
both chemical and thermosensing (Story et al. 2003). In the same year, the structural elucidation
of TRPV1 offered first insights into the architecture and possible gating mechanisms of TRP
channels. Additionally, in 2008, mutations in TRPML channels were linked to lysosomal
storage diseases, highlighting their role in lysosomal functions (Dong et al. 2008;
Vergarajauregui et al. 2008).

In 2008, Rock et al. identified one missense mutation in the TRPV4 gene within two
families exhibiting autosomal dominant phenotype described as Brachyolmia (BCYMS3;
113500) (Rock et al. 2008). These findings indicated that both missense mutations led to a

gain-of-function phenotype by increasing the proportion of channels that were constitutively



open and enhancing their response to agonists. The study from Rock et al. provided the
sufficient evidence suggesting that TRPV4 plays a pivotal role in the regulation of the growth
plate and mutations in critical residues of the TRPV4 channel can be detrimental. This marks
the emergence of TRP channels involved in severe pathophysiological conditions.

The 2010s emphasized the clinical implications and therapeutic potential of TRP
channels. Mutations in TRPC6 were found to be associated with kidney disorders, suggesting
the clinical relevance of TRP channels (Krall et al. 2010). In 2012, TRPM8 was implicated in
prostate cancer progression, revealing a connection between TRP channels and cancer biology.
In 2013, TRPV1-expressing sensory neurons were recognized as regulators of body
temperature, metabolism, and energy expenditure. The much-detailed structural insights were
reported in 2016 with the use of cryo-EM as the technique to reveal the structure of TRPV1
and shedding light on its gating mechanism/s (Gao et al. 2016).

In the recent time, a large volume of research has been conducted into the regulation
and signaling of TRP channels. In this era, success of human genome project and other similar
genome projects indicates the presence of multiple trp genes in different species, their
relationship and overall evolutionary selection and specific changes. In the ongoing decade,
the exploration of TRP channels' regulatory mechanisms and their contributions to neurological
disorders remains an active area of research. Notably, the year 2021 witnessed a significant
milestone as the Nobel Prize in Physiology or Medicine was awarded to Prof. David Julius and
Prof. Ardem Patapoutian (Noble committee announcement. 2021). Their pioneering
discoveries in the field of sensory biology, notably their investigations into TRP channels and
Piezo channels respectively, were acknowledged with this esteemed accolade. Their work,
focused on deciphering the molecular underpinnings of temperature and touch sensation, which

also encompassed the roles of TRP channels, garnered them this prestigious recognition.



In 2021, studies unveiled the roles of TRP channels in neurological disorders like
migraines and neuropathic pain (Feigin et al. 2020; Kuppusamy et al. 2021). Current research
continues to explore the intricate regulatory mechanisms of TRP channels, including their
modifications, interactions with other proteins and characterizing the unique roles of these
different TRP channels relevant in various physiological and pathological processes. Advances
in structural biology have provided atomic details of TRP channels in different functional
states, contributing to our understanding of how these channels operate. Moreover, the
therapeutic potentials of TRP channels are being explored as promising targets for diverse
conditions, ranging from pain and inflammation to cancer and metabolic disorders. Over the
past half-century, research on TRP channels has evolved significantly, uncovering their roles

in sensory perception, cellular signalling, disease pathways and in many other disciplines.

1.1.2 Structural features of TRP channels

In the year 1995, researchers initiated the investigation into the structural attributes of
Transient Receptor Potential (TRP) channels. At that time, a method called homology
modeling, which involved deriving insights from the established structure of a widely
recognized potassium channel named KcsA was applied. Through this strategy, they achieved
preliminary insights into the fundamental structural framework of TRP channels (TRPC1 as an
example) (Wes et al. 1995). This approach helped to make initial predictions about the
fundamental architecture of TRP channels. The initial model proposed that TRP channels
consist of four identical subunits, forming a tetrameric arrangement (Schaefer M. 2005;
Strubing et al. 2003). Each subunit was envisioned to have six segments, termed
transmembrane helices (S1 to S6), that span the plasma membrane. Importantly, a region called
the “pore-forming loop” was identified between the 5th (S5) and 6th (S6) TM segments (Fig

1).
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Figure 1: General architecture of TRP channels. This figure is adapted from Méndez-Reséndiz et al. 2020.

This “loop” was projected to contribute to the formation of a “functional pore” at the central
through which ions could flow. These early predictions laid the groundwork for subsequent
investigations into the functional properties of TRP channels. Although simplified, this model
provided a foundational understanding of the architecture of TRP channel, which was later
refined with more advanced techniques detailing the structure (Fig 2). TRP channels share high
sequence homology as well as structural and functional similarities. TRP channels share
common structural features that include six transmembrane segments flanked by intracellular
N- and C-termini cytosolic domains. The “pore”-forming portion is located between the 5"-
and 6M-transmembrane region. In many TRP channels (but not in all), the intracellular N-
terminus contains multiple Ankyrin-repeat (AR) motifs, which are important for protein-

protein interactions (Owsianik et al. 2006).
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Figure 2: 3D constructed structure of TRP channels. (This figure is adapted from Koivisto et al. 2022).

In addition, the extracellular loops, transmembrane regions, and unstructured loops of
TRP channels contain binding sites for different ligands, such as lipids, other membranous
components, different proteins and often specific ligands. These ligands can modulate the
conformational change of the channels and thus regulate their activities. The C-terminal region
of TRPs often contains a motif sequence called the "TRP-box", which is functionally relevant

and present in all Canonical members but less conserved in Vanilloid and Melastatin families.
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Ankyrin repeats are mainly present in the N-terminal portion of members belonging to TRPC,
TRPV, and TRPA families (Putney J.W. 2004; Vazquez et al. 2004).

Fetching structural information of TRP channels was difficult in the earlier time due to
the multiple challenges associated with purification of TRP proteins, crystallization and/or
diffraction. In spite of these challenges, limited progress was made on specific TRP channels.
For example, in 2008, using Cryo-EM technique for the first time, the structure of TRPV1 was
determined to a resolution of 19A, revealing two distinct regions (Zheng J. 2013; Moiseenkova-
Bell et al. 2008). The first region represents a large open “basket-like” structure that represents
the cytoplasmic N- and C-termini of the protein, while the second region is a compact structure
that represents the transmembrane region. This structure also show that the majority of the
protein is hanging towards the cytoplasmic side, with only about one-third of the protein
present in the membrane. Such a structure was termed as “hanging basket”-like structure of
TRPV1. A diagram illustrating this structure is shown (Fig 3).

Subsequently, Cryo-EM techniques for resolving structure, especially for membrane
proteins were developed. This leads to significant progress in the understanding of the structure
of TRP channels. So far, only a few TRP channels have been analysed for their high-resolution
structure (covering their almost full-length sequences), and this has been mainly achieved
through the use of single particle cryo-electron microscopy. In 2012-2013, the activation
mechanism of TRPV1 was revealed through cryo-electron microscopy of the ligand-free and
ligand-bound form of TRPV1, which allowed to compare both the open- and closed-structures
of the channel at a resolution of 3.4A (Liao et al. 2013). These structures also provided insight
into the channel's “opening” and “closing” mechanisms, as well as the importance of its
“selectivity filter”. The subunits of all TRP channels are predicted to have six transmembrane
domains (S1-S6) with a hydrophobic stretch between S5 and S6 forming the “pore region”.

However, only TRPM4, TRPMS, TRPVS5, and TRPV6 channels are highly “selective” (to Ca%*
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ions), whereas the rest are non-selective cation channels. Such specificities are mainly due to

the pore region, selective-filters and residues present in such regions.

a.

10 nm

10 nm

Fig. 3. The cryo-EM structure of TRPV1(Hanging basket model). a. Three-dimensional map of TRPV1 and
its cut section derived from Cryo-EM structure of TRPV1 (solved at 19A). b. The figure shows the crystal
structures of Kv2.1 transmembrane domain (PDB 2A79) and TRPV1 ankyrin-like repeat domains (PDB 2PNN)
docked into the TRPV1 cryo-EM structure. ¢. Cryo-EM structure of Shaker potassium channel. (These figures
have been adapted from Moiseenkova-Bell et al. 2008; Sokolova et al. 2001).
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1.1.3 Distributions of TRP ion channels
1.1.3.1 Tissue-wise distribution of TRP channels

The tissue and cell-specific expression of TRPs is difficult to summarize as the
expression of TRPs are dynamic that changes with respect to developmental age, disease and
also with the context. In addition, different techniques, such as RT-PCR, Western blot,
immunofluorescence etc. used to understand the expression varies in their specificity and
detection limits. Often, the expression of TRPs or their absence in a cell/tissue is concluded
based on the specific technique/s used and the probes that are targeted such as mRNA, total
protein or protein at the cell surface only, etc. Thus, understanding the expression patterns of
TRP channels is crucial for comprehending their functions. Although much has already been
discovered, the distribution of TRP channels in various tissues and cell types remains an area
that requires further exploration. According to various reports, these channels are expressed in
a range of tissues throughout the body. In the skin, TRPV1, TRPV3, TRPV4, TRPMS, and
TRPAL channels are involved in sensing temperature, pain, itch, and mechanical stimuli (Su et
al. 2023; Téth et al. 2014). TRPAL and TRPV1 channels in the respiratory system detect
irritants and inflammatory stimuli, while in the gastrointestinal tract, TRPAL, TRPV1, TRPV4,
and TRPMB8 sense various stimuli, including temperature, pain, and mechanical stress (Qian et
al. 2019; McGaraughty et al. 2017; Huang et al. 2011). In the cardiovascular system, TRPV1,
TRPV4, TRPCL1, and TRPM4 regulate vascular tone, blood pressure, and cardiac function (Yue
et al. 2015). TRPC3, TRPC6, TRPM2, and TRPM7 express in the central nervous system and
play a role in regulating intracellular Ca?*-levels and neuronal excitability. TRPV1, TRPV4,
and TRPM8 channels in the urinary system sense bladder distension and regulate urinary
function (Andersson K.E.2019; van der Wijst et al. 2019; Peng et al. 2018). In the reproductive
system, TRPV1, TRPV4 and TRPMS8 channels regulate sperm motility and ejaculation in

males, while TRPV4 and TRPMS8 channels regulate uterine contractility and menstrual pain in
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females. In the immune system (e.g. monocytes, macrophages, T-cells), TRPV1, TRPV2,
TRPV4, and TRPM7 channels play arole in regulating immune responses (Koivisto et al. 2022;
Tian C. et.al. 2020; Majhi et al. 2015). TRPV channels are also found on sensory neurons and
epithelial cells. TRPM is primarily expressed on c-fibres in peripheral nerves. TRPC expresses
mainly in smooth muscle and in heart cells where it regulates responses in the central nervous
system and vasculature (Scotland et al. 2004; Yang et al. 2006; Wang et al. 2008).

A detailed exploration of the distribution of each TRP channel surpasses the scope of

this study and the expression level can vary upon certain physiological conditions. For

comprehensive and updated insights into individual TRPs distribution across tissues, the

protein atlas website (https://www.proteinatlas.org/ENSG00000167723-TRPV3) serves as a

valuable resource. The table below provides an in-depth overview of TRP channel distribution

across various tissues (Table 1).

Tissues

distributions

TRPs channels

References

Nervous system

TRPV1, TRPA1, TRPM8, TRPVS,
TRPC1, TRPC3, TRPC4, TRPC5,
TRPC6

Qian et al. 2019; McGaraughty et al. 2017,
Huang et al. 2011

Skin

TRPV3, TRPV4, TRPV1, TRPAL,
TRPV6, TRPM1, TRPMS, TRPC1,
TRPC4, TRPC5, TRPC6 and
TRPCY

Su et al. 2023; Toth et al. 2014

Respiratory
system

TRPV1, TRPA1, TRPV4, TRPM8

Grace et al. 2014

Cardiovascular
system

TRPV1-V6, TRPC1-C7, TRPM1-
TRPMS8, TRPAL, TRPP2, TRPP3,
TRPP5, TRPML1-TRPML3

Yue et al. 2015

Gastrointestinal
system/ Digestive
system

TRPV1-V6, TRPAL, TRPM4-M8,
TRPP2, TRPC, TRPC1, TRPC3,
TRPC4, TRPC6, TRPCY

Holzer et al. 2011

Urinary system

TRPV1, TRPV4, TRPM4, TRPMS,
TRPA1, TRPV2, TRPV5

Andersson K.E.2019; van der Wijst et al. 2019;
Peng et al. 2018

Reproductive
system

TRPV1-TRPV6, TRPC (C2, C3,
C7), TRPM, TRPP, TRPM8

Ghavideldarestani et al. 2016; Asghar and
Tornquist 2020; D6rr and Fecher-Trost. 2011;
Mohandass et al. 2020; De Blas et al. 2009

Table 1. The principal tissue distribution of all the TRPs channels.
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1.1.3.2 Subcellular distribution of TRP channels

lon channels are well-known regulators for the movement of ions across the plasma
membrane in response to various stimuli. However, these also serve important functions in
intracellular membranes (IMs). These channels can be temporarily located in IMs as these are
transported to their final destination or as part of endocytic pathways for recycling or
degradation. Some IM ion channels participate in intracellular signal transduction, with the IP3
receptor in the endoplasmic reticulum being a prominent example (Berridge et al. 2003). Other
organellar IM channels help to maintain ionic homeostasis within their respective organelles.
Recently discovered IM Ca?* channels have been shown to play active roles in membrane
trafficking. The TRPY1 in yeast localizes to the vacuole compartment (Palmer et al. 2001;
Zhou et al. 2003). Similarly, many mammalian TRP channels are also found in IMs. Emerging
evidence indicates that IM-localized TRP channels play important roles in regulating
membrane traffic, signal transduction, and vesicular ion homeostasis.

The distribution of most of the TRP channels are primarily in the plasma membrane.
TRP channels, such as TRPV1, TRPV3, TRPV4, TRPM2, TRPM3, TRPM4, TRPM5, TRPMS,
TRPM7, TRPC1, TRPC3, TRPC4, TRPC5, TRPCG6, and TRPAL are primarily located at the
PM and perform various functions, including sensing external stimuli and regulating the
homeostasis for Ca?* and other ions. Being transmembrane proteins, presence of TRP channels
in ER and in vesicles/golgi are expected. Yet specific expressions and functions are recorded
at different sub-cellular organelles. Apart from sub-membranous localization, TRP channels
(TRPV1 and TRPV4 as examples) are also localizes at the filopodia tips which is required for
the initiation and regulation of filopodial functions (Goswami and Hucho. 2007; Goswami et
al. 2010).

Studies on subcellular localization indicate that TRPV1, both when expressed

endogenously or exogenously, can also be found in the Golgi and ER compartments (Turner et
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al. 2003). In mast cells, TRPAL is present in both secretory vesicles (SVs) and secretory
granules (SGs). Additionally, it interacts with vesicular proteins found within SGs (Prasad et
al. 2008). TRP channels, namely TRPP1, TRPM8, TRPV1, and TRPA1l are active
intracellularly, such as within ER, trans-golgi, and secretory vesicles (Koulen et al. 2002; Geng
et al. 2008; Thebault et al. 2005; Turner et al. 2003; Prasad et al. 2008).

While the activation of several vesicular TRPs has not yet been documented, there is
evidence suggesting that some TRPs, such as TRPC3 and TRPC7, play an active role in
trafficking and exocytosis (Lavender et al. 2008). TRPM7 has been shown to complex with
synaptotagmin | (Krapivinsky et al. 2006). It seems that TRPM7-mediated Ca?*-release further
enhances the interaction of synaptotagmin and the plasma membrane which is necessary for
bilayer fusion.

In addition to the ER or vesicles, TRP channels are specifically detected in other sub-
cellular organelles. For example, TRPML proteins have been identified as a strong candidate
for serving as Ca®* channels in the endo-lysosomal system, as demonstrated by the fact that
cells lacking TRPMLL1 exhibit enlarged endo-lysosomes (Chen et al. 1998; Piper & Luzio
2004). Mammals possess three TRPML proteins (TRPML1-3 or MCOLN1-3) (Puertollano &
Kiselyov. 2009). TRPML1 is expressed in most tissues and exclusively colocalizes with late
endosomal and lysosomal (LEL) markers (Slaugenhaupt S.A. 2002; Cheng 2010).

TRPMLs are found within specific organelles that vary depending on the cell type.
These organelles, other than lysosomes are called lysosome-related organelles (LROs) and are
similar to late endosomal and lysosomal (LEL) compartments but differ in their appearance,
contents, and functions (Blott and Griffiths. 2002). Another example is TRPMLS3, which is
located within the melanosomes of melanocytes (Xu et al. 2007). When exposed to light, the
melanosomes rapidly relocate to the plasma membrane and release melanin (Blott and

Griffiths. 2002). The TRPC1, TRPC3, TRPC4, TRPC5, TRPC6, TRPM2, and TRPM7
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channels are located on the endoplasmic reticulum and modulate Ca?*-signalling and
homeostasis. The TRPV6 channels are located on the nuclear envelope and regulate Ca?*-
homeostasis within the nucleus. The TRPC3 and TRPV4 are located on mitochondria and play
multiple roles in regulating the uptake of Ca?* by mitochondria and the functional aspect of
mitochondria (Acharya et al. 2022; Farfariello et al. 2022).

In conclusion, TRP channels' subcellular distribution is diverse and still poorly

characterized, corresponding to their roles in various cellular processes.

1.1.4 Different functions of TRP channels

TRP channels play crucial roles in sensory signalling, and thus are largely involved in
the perception of temperature, pain, and taste. Some of the uniqueness of TRP channels make
these channels as key molecules responsible for certain function at the cellular as well as
organism level. At cellular context, TRP channels regulate ion concentration and homeostasis,
particularly for Ca?*, Mg?*, and Zn?*, especially in response to certain stimuli. TRP channels
also have important functions in cell growth, differentiation, metabolism, cardiovascular
regulation, and immune response, including immune cell activation and cytokine production.
Furthermore, TRP channels participate in embryonic development and tissue differentiation.
Also, these channels are involved in detecting various stimuli, such as temperature, touch, pain,
pheromones, osmolarity, and taste. For instance, yeast uses TRP channels to sense
hypertonicity, male mice use TRPs for pheromone sensing, nematodes use to detect noxious
chemicals, and humans use these to perceive sweet, bitter, and umami tastes as well as
temperature changes (Palmer et al. 2001; Ishimaru et al. 2006; Huang et al. 2006; Zhang et al.
2023). TRP channels also play a crucial role in selecting an appropriate environmental niche
and are often critical for the “pray-predator” relationship (Gracheva et al. 2010). TRP channels

are known to be heat sensing as well as UV- and IR-sensing proteins. Snakes possess a
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remarkable ability to detect infrared thermal radiation through specialized TRPA1 channels,
particularly in pit-bearing snake species like vipers, pythons, and boas. And in case of vampire
bats, TRPV1 channel act as a detector of noxious heat through somatic afferent neurons
(Grachevaetal. 2011; Panzano et al. 2010). These channels are highly sensitive to heat, making
them the key players in sensing infrared stimuli. Vampire bats, on the other hand, have also
evolved a unique system for detecting infrared radiation (through TRPV1), which they use to
locate warm-blooded prey.

By mediating the influx of Na* and Ca?" across the plasma membrane and into the
cytoplasm, TRP channels induce depolarization and action potentials in excitable cells such as
neurons. In non-excitable cells, depolarization by TRP channels activates voltage-dependent
channels (Ca?*, K*, CI") and modulates various cellular events such as transcription, translation,
contraction, and migration (Vandewauw et al. 2018; Launay et al. 2002).

TRPM, TRPA, and TRPV channels respond to temperature changes in different ranges,
with TRPM and TRPA responding to cold and TRPV to warmth and noxious heat (Hu et al.
2004; Weil et al. 2005; Bandell et al. 2004). TRPP channels regulate intracellular Ca®* and
ciliary function, while TRPML channels control lysosomal Ca?* release (Grimm et al. 2012;
Wilson PD. 2001).

TRPCs has been suggested to function as store-operated channels (SOCs) or as
components of complexes that form SOCs. However, most evidence indicates that they are not
directly activated by conventional store-operated mechanisms, which are well-established for
STIM-gated Orai channels (also known as CRAC channels) (Liu et al. 2003; Ambudkar 1S.
2007). Overall TRPs channels carryout various cellular functions and some of the functions
mentioned above. The functions may change according to the cellular stress or any
physiological changes. The functions may add in near future according to the discovery of the

channel functionality.
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1.2 The Differential regulations of TRP channels (cellular regulations)

Transient Receptor Potential (TRP) channels, acting as versatile cellular sensors, are
governed by a multitude of regulatory mechanisms that modulate their activity and
responsiveness to a wide range of internal and external signals. TRP channels can be activated
or influenced by various stimuli directly, such as by physical and chemical stimuli as well as

indirectly by receptor-mediated intracellular signalling pathways.

1.2 Cellular regulations of TRP channel
1.2.1 Protein phosphorylation/dephosphorylations

One of the primary regulatory avenues for TRP channels involve protein
phosphorylation or dephosphorylation. This process entails the addition or removal of
phosphate groups from specific amino acid residues within the channels' structure, mainly
cytosolic domains, intracellular-loop regions and in all possible intracellular regions that are
exposed. This reversible modification dynamically influences TRP channel behaviour,
molecular vibrations, localization, protein-protein interaction, etc. all affecting the channel
activity. The interplay of different kinases and phosphatases with distinct TRP channel
isoforms grants a remarkable degree of fine-tuned control over various cellular processes.
There are many examples where the TRPs channel phosphorylated at specific residue in the
channel modulate channel activity, like at N-terminus threonine 264 position, which is an ERK-
dependent modulation of TRPV3 channel activity (Vyklicka et al. 2017). TRPV4
phosphorylation at serine-824 by PKA (Protein kinase A) enhances its activation by
arachidonic acid (Cao et al. 2018). Another example is Phosphorylation of TRPV1 by PKC at
S801 position leads to enhancement of inflammation-mediated sensitization of TRPVL1 to

ligand like capsaicin (Joseph et al. 2019).
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1.2.2 Growth factors

TRP channel activity is also influenced by growth factors, which are vital signaling
molecules relevant for cellular communication. These factors can interact with TRP channels
through multiple mechanisms, such as by direct binding to the channels or by indirect effects.
Some growth factors can induce changes in channel expression levels, altering their abundance
on the cell membrane and consequently impacting cellular responsiveness to certain stimuli
(Van den Eynde et al. 2021). Moreover, growth factors can trigger phosphorylation events that
modify TRP channel activity, resulting in diverse cellular outcomes based on the context of the
signaling. Various growth factors have been revealed to influence the opening behaviour of
TRP channels. Examples include Vascular Endothelial Growth Factor (VEGF), which activates
TRP channels (TRPM2, TRPC3, TRPC6 and TRPV1), leading to an increase in intracellular
Ca?*-concentration in endothelial cell vital for blood vessel formation (Mittal et al. 2015).
Epidermal Growth Factor (EGF) modifies TRPV1 channel behaviour by phosphorylating
specific residues, impacting cell growth and differentiation (Turker et al. 2018; Walcher et al.
2018; Garreis et al. 2016). Nerve Growth Factor (NGF) activates TRPV1 channels, influencing
neuron growth and survival (Zhang et al. 2005; Winter et al. 1998; Puntambekar et al. 2005).
Similarly, Hepatocyte Growth Factor (HGF) triggers TRPC6 channel activation through
phosphorylation, regulating cell growth, movement, and morphogenesis (Wang et al. 2010).
One of the proteins named Klotho, which has been recognized for its anti-aging properties,
plays a pivotal role in modulating Ca?*-influx mediated by Vascular Endothelial Growth Factor
Receptor 2 (VEGFR2) and TRPC1 through direct interactions (Kusaba et al.2010; Fakhar et
al. 2022). This interplay between growth factors and TRP channels serves as a significant
mechanism in controlling cellular communication and sensory functions. Irregular TRP

channel activity can result in ailments such as pain, inflammation, cancer and many other
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diseases. Exploring how growth factors regulate TRP channels remains a subject of ongoing

investigation, promising insights into their roles in human health.

1.2.3 Steroids

TRP channels are susceptible to modulation by both synthetic and naturally occurring
compounds. Notably, endogenous steroids can affect these channels through two primary
mechanisms (i.e. by functional regulation by control of their expression and/or their
cellular/subcellular localization), shedding light on how hydrophobic molecules influence
cellular function (Kumar et al. 2015).

Endogenous steroids have been found to regulate TRP channels in ways that impact
pain perception, bone homeostasis, kidney function, insulin secretion, and even diseases like
prostate cancer. For instance, certain steroids such as PregS (pregnenolone sulfate) and
androstenedione act as "algogenic™ molecules, enhancing the expression and activity of pain-
sensing TRPM3, TRPAL, and TRPV1 channels (Majeed et al. 2010; Drews et al. 2014; Ortiz-
Renteria et al. 2018; De Logu et al. 2016). TRPV4 is also known to interacts with progesterone
at the mutational “hot-spot” of TRPV4, which acts as a ligand relevant for fast Ca?*-signalling
(Dubey et al. 2023). Another report shows the loss of interaction with cholesterol in the TRPV4
R616Q mutants (causing brychyolmia) in the bone cell lineages (Das and Goswami. 2019).

At least three TRP channels (namely TRPV1, TRPAL, TRPM3) are crucial for sensing
noxious heat and plays a central role in pain perception. Importantly, the regulation of these
channels by steroids may contribute to the observed sexual dimorphism in pain sensitivity, as
the abundance of these steroids varies between genders (Vandewauw et al. 2018). Sexual
dimorphism is also apparent in renal Ca?*-reabsorption, where males excrete more Ca?* than
females. Androgens negatively regulate the expression of TRPV5 channels, which are involved

in Ca2*-reabsorption, potentially explaining this gender difference. In postmenopausal
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osteoporosis, elevated androgen levels may further downregulate TRPV5 channels,
exacerbating Ca®*-loss and bone mass reduction. Estrogens also impact bone health by
influencing TRPV5 channels, and the interplay between estrogens and these channels
maintains bone homeostasis. Consequently, the reduction of estrogens and the increase in
androgens during menopause can lead to downregulated TRPV5 expression, contributing to
osteoporosis (Chen et al. 2014). Estrogen replacement therapy can restore TRPV5 function and
mitigate this condition. Moreover, the relationship between estrogens and TRPV5-6 and
TRPM6 channels positively influences renal function by favouring the reabsorption of Ca?*
and Mg?* (Nijenhuis et al. 2005; Schlingmann et al. 2007). A decline in estrogen levels can,
therefore, affect renal function. Aldosterone, another steroid hormone, regulates the expression
of TRPM®6-7 channels in the kidney, further emphasizing the role of steroids in renal electrolyte
balance (Schlingmann et al. 2007).

In summary, TRP channels play pivotal roles in various physiological processes, and
endogenous steroids have complex regulatory effects on these channels, impacting pain
perception, bone health, kidney function, and more. This intricate interplay between steroids

and TRP channels highlights their significance in maintaining physiological balances.

1.2.4 Store-depletion and Ca?*-influx

A distinctive mode of TRP channel regulation involves Ca?*-store depletion-induced
activation. In this condition, the depletion of intracellular Ca?* stores serve as a signal for the
activation of TRP channels, particularly exemplified by TRPC1 (Cheng et al. 2011). The
decrease in intracellular Ca®*-levels following store depletion leads to the opening of Ca?*-
permeable TRP channels, facilitating Ca?*-influx from the extracellular space. As many TRP
channels are known to be de-sensitized due to higher-intracellular Ca?*, the enhanced TRP

channel activity due to depletion of intracellular Ca?* is most-likely due to the reduced (or even
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loss of) Ca?*-mediated desensitization of TRPs. This process plays a pivotal role in maintaining
Ca?*-homeostasis and supporting various cellular functions, including neurotransmission and
muscle contraction (Xibao et al. 2018). The effects of Ca?* on TRP channel gating can be both
stimulatory and inhibitory, occurring through direct channel-Ca?* interaction or via Ca?*-
sensing CaM that undergoes conformational changes to interact with other proteins. Moreover,
Ca?*-dependent hydrolysis, driven by Ca?*-dependent enzymes, can also regulate TRP

channels through the modification of phosphoinositides, pivotal regulators of their activity.

1.2.5 CaM's role in regulating TRP channels

Calmodulin (CaM) plays a vital role in governing transient receptor potential (TRP)
channels through multiple pathways. It can directly bind to specific channels like TRPV1,
TRPV4, TRPVS5, and others influencing their function by different mechanisms (Grycova et
al. 2008; Hughes et al. 2018; Strotmann et al. 2003). This direct interaction modulates channel
activity. Additionally, CaM indirectly influences TRP channel functions by impacting
regulatory proteins, including kinases and phosphatases. For instance, it can downregulate
TRPM8 channel function, either directly through binding or indirectly via other regulatory
proteins, such as bradykinin a pro-inflammatory mediator (Sarria et al. 2011; Yang et al. 2023).

Collectively the intricate interplay of these regulatory factors allows TRP channels to
fine-tune their responses to a diverse array of stimuli. Dysregulation of TRP channel activity
has been linked to a spectrum of physiological and pathological conditions, including sensory
disorders, pain, inflammation, cardiovascular diseases, cancer, etc. (Kaneko and Szallasi.
2014). And the understanding of TRP channel regulation deepens, new avenues for therapeutic
interventions and drug development emerge, holding promise for mitigating health-related

challenges by modulating TRP channel activity in a targeted manner.

23



1.3 The regulation of TRP channel (Activation)
The TRP channel can be regulated by various means mentioned below:
1.3.1 Voltage differences and voltage-gating

Voltage-dependent activation is a well-understood and common form of ion channel
gating, primarily involving a series of positively charged amino acids in the fourth
transmembrane segment (S4) of voltage-gated potassium, sodium, and calcium channels
(Bezanilla F. 2008; Sigworth F.J. 1994; Yellen G. 1998). These charged amino acids sense
changes in the electric field across the plasma membrane and respond by moving in response
to the force exerted by the electric field. The movement of S4 and its surrounding structures
contributes to the gating charges that move across the transmembrane electric field (Schoppa
etal. 1992). Recent studies have provided a structural basis for the voltage-sensing process and
the subsequent coupling process between the “voltage-sensor” and the “activation gate”. TRP
channels, are also voltage-sensitive, but exhibit some unique features. Firstly, their voltage-
sensitivity is comparatively lower than classic voltage-gated Na*, K*, and Ca?* channels. For
example, TRPV1 has an apparent gating charge of only 0.5 to 0.7 €°. Secondly, most TRP
channels lack the series of charged amino acids seen in the classic voltage-gated channels,
which may explain their low-voltage sensitivity. Thirdly, the voltage range in which TRP
channels exhibit sensitivity often falls far beyond the physiological range a cell normally
experiences. For instance, TRPV1 has a threshold voltage for activation at around OmV, with
a half-activation voltage of about 150mV at room temperature and physiological pH (Voets et
al. 2004).

TRP channels have a low sensitivity to voltage changes, which may initially seem
unimportant for their function. However, their response to changes in membrane potential is
significant due to the influence of other channel-specific stimuli and temperature. This coupling

between the weak voltage-dependent activation gating and other gating processes results in a
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shift in the voltage range at which the channel responds, thus making even small voltage
changes in the physiological range relevant to the channel's function. Additionally, voltage-
dependent gating plays a role in the macroscopic current rectification of many TRP channels,
such as for TRPM4 (Nilius et al. 2003).

Voltage-dependent gating is particularly important for TRPV1 and TRPM8, which are
temperature sensors. These channels are thought to achieve temperature-dependent gating by
shifting their voltage-dependent gating process (Nilius et al. 2003). It has been shown that at
room temperature, TRPV1's half-activation voltage is around +100 mV. However, when the
temperature is raised to 42°C, the half-activation voltage is lowered to near -50 mV, a level
that can be easily reached by a sensory neuron (Nilius et al. 2003). A similar negative shift in
the activation voltage is observed in TRPM8 (Voets et al. 2007). This shift is achieved because
the opening and closing transitions of these channels are differentially affected by temperature.
For example, heating rapidly increases the rate of the opening transition of TRPV1, leading to
a shift in equilibrium toward the open state. Conversely, cooling decreases the rate of the
closing transition of TRPM8 more strongly than the rate of the opening transition, leading to a
shift in equilibrium toward the open state. Mutations that neutralize charged amino acids in S4
and in the S4-S5 linker region of TRPMS8 reduce the apparent gating charge, suggesting a
mechanism similar to classic voltage-gated ion channels (Voets et al. 2007). A similar
mechanism has been proposed for the activation of TRPM4 and TRPMD5, which also exhibit
voltage-dependence and high temperature sensitivity (Talavera et al. 2005; Hofmann et al.
2003).

The mechanism underlying the functional coupling between voltage-dependent gating
and temperature-dependent gating in ion channels is currently a topic of debate. Some studies
suggest that a shared machinery is involved in both gating processes, while others propose an

allosteric mechanism (Schoppa and Sigworth. 1998; Zagotta et al. 1994). As ion channels are
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known to behave as allosteric proteins, this hypothesis seems plausible, especially given the
large conformational changes associated with the temperature-dependent gating process (\Voets
et al. 2004; Brauchi et al. 2004). In support of the allosteric hypothesis, certain mutations) have
been found that selectively affect individual activation modalities of certain ion channels, such
as TRPV1 and TRPV3. For example, mutations in the pore turret region of TRPV1 (namely
P608S, S613P, P623S, S609P, P614S, S624P aa) are relevant for this (Cui et al. 2012; Grandl
et al. 2008; Du et al.2020). Furthermore, analyses of gating kinetics and equilibrium suggest
that separate channel structures may support various gating processes. Overall, understanding

the molecular basis of ion channel gating remains an active area of research.

1.3.2 Heat and thermo-gating

The activation of TRPs by temperature is a unique process that has been extensively
studied since it was first discovered in case of TRPV1 by the Julius group (Caterina et al. 1997).
Temperature-sensing is a fundamental sensory mechanism that is crucial for homeotherms to
maintain a stable body temperature. Both homeotherms and poikilotherms use temperature
cues to detect changes in their environment, locate favourable conditions, and avoid tissue
damage. Some temperature-sensitive TRP channels are known to act as nociceptors,
responding to extreme temperatures (and harmful chemicals too) and causing pain when
peripheral neurons are activated. Additionally, temperature-sensitive TRP channels are
believed to play a role in dynamic local regulations such as the dilation or constriction of blood
vessels and the growth of neurites.

TRP channels that are highly sensitive to temperature are often referred to as thermo-
TRPs. TRP channels are known to act as molecular thermosensors that get activated at different
temperatures. Among them, TRPV1 is activated when the temperature reaches around 40°C,

while TRPV2, TRPV3, and TRPV4 have distinct activation thresholds. TRPV2 activates at
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over 50°C, whereas TRPV4 is activated at ranges from 27-37°C and TRPV3 is activated at
temperatures around 33°C-39°C. However, TRPV5 and TRPV6 are not activated by heat and
thus are not thermosensitive in nature. Additionally, TRPM2, TRPM4, and TRPM5 are
reported to be sensitive to high temperatures. In certain snake species and in the Drosophila,
the TRPAL channel is heat-sensitive, with different splice variants exhibiting distinct
temperature activation thresholds. For example, in the multi-dendritic nociceptor neurons of
the fly, the A and D forms activate at 24-29°C and 34°C, respectively, while the B and C forms
are not activated by heat. These differences are associated with regions flanking the N-terminal
ARD (Zhong et al. 2012). Viper snakes express a TRPAL in their pit organ that gets activated
at 30°C (Gracheva et al. 2010).

TRPMB8 is best understood as the “cold-sensitive” TRP channel, and it is activated when
the temperature drops below approximately 20°C (McKemy et al. 2002; Peier et al. 2002).
Another cold-activated TRP channel is TRPC5, which exhibits high sensitivity to cold in the
temperature range of 37°C to 25°C. Although TRPC5 can co-assemble with TRPC1, the
heteromeric channel does not display cold-induced activity as such (Zimmermann et al. 2011).
Initially, mammalian TRPAL was believed to also acts as a cold-sensor with an extremely low
threshold temperature below 10°C (Story et al. 2003). However, the cold activation of TRPAL
is still debated and alternate evidence suggests that its cold-sensitivity is not a direct
phenomenon (Chen et al. 2013).

It is important to note that thermo-TRPs are not the only the channels that exhibit high-
sensitivity to temperature. For example, the Torpedo chloride channel CLC-0 has a gating
process that is extremely sensitive to temperature, although it is unlikely to play a significant
physiological role in fish as they do not typically experience temperatures that affect this
process (Pusch et al. 1997). STIM1, an endoplasmic reticulum-based Ca?*-sensor, is also

activated by heat, with temperatures above 35°C leading to clustering of STIM1 (Xiao et al.
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2011). This process may be important for regulating intracellular Ca?* in response to
temperature changes. Highly temperature-sensitive other channels include two-pore potassium
channels and voltage-gated proton channels (Kang et al. 2005; Ramsey et al. 2006).

To understand the high temperature sensitivity of a channel, few important aspects are
considered. Firstly, for channels that are exclusively sensitive to temperature changes, such as
thermo-TRP channels, their activity can be triggered by a change in temperature alone. For
example, TRPV1 opens at near 40°C without any agonists present at physiological pH levels
(Hille B. 2001). In contrast, the Shaker potassium channel, a voltage-gated channel, would not
open upon temperature increase at resting membrane potential, although its gating and ion
permeation processes would be affected upon channel activation by membrane depolarization
(Hille B. 2001; Zheng J. 2013).

Secondly, the activity level of a thermo-TRP channel is much more sensitive to
temperature changes compared to an ordinary channel. The sensitivity of temperature is often
characterized by the Q1o value (Table 2), which measures the fold-change in the rate of increase
or decrease with a 10°C temperature change. The Q1o value is related to the activation energy
by the Arrhenius equation. In general, thermo-sensitive TRP channels have very high Qo
values which range from 10 to 27, corresponding to an activation energy of 4.2 to 6.0 kcal/mol

between 25 and 35°C (Hille B. 2001).

Protein T range °C Q10
TRPA1 26-16 =10
TRPM8 27-18 24
TRPC5 25-40 =10
TRPV4 25-37 10, 19 (at low and higher
temperature, >25°C)
TRPV3 25-39 33
TRPV1 41-50 40
TRPV2 50-60 >100

Table 2. Q-10 values of selected TRP channels. Table adapted from Clapham and Miller. 2011.
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In comparison, an ordinary channel has a Q1o value of 3 to 7, while the CLC-0 common gating
has a Qio value of 40. Furthermore, Qio values are now commonly used to describe
temperature-dependent changes in current amplitude, which reflect temperature-dependent
changes in both permeation and gating (Hille B. 2001). However, it should be noted that the
current amplitude-based Q1o values cannot be directly converted to an energy term, as they are
merely a descriptive parameter.

Thermo-TRP channels' heat activation has been thoroughly studied through equilibrium
measurements of macroscopic and single-channel currents, as well as kinetic measurements of
current activation (Brauchi et al. 2004). The studies indicate that the heat-induced gating
process for these channels can be reasonably described by a single transition between two
gating states, “C” and “O” (representing close and open state respectively). This simple
situation is described by the Gibbs free energy equation, where the transition energy between
Cand O is AG, and AH and AS are the corresponding enthalpic and entropic changes. Thermo-
TRPs have been found to have a large AS in the range of 100 to 300 cal/mol/K, and a large AH
in the range of 30 to 80 kcal/mol. The balance between these two large quantities is crucial, as
it allows the C — O transition to occur under physiological conditions. The fine balance
between AH and AS determines the functional temperature range and threshold temperature of
each thermo-TRP channel (Yang et al. 2010). This balance is essential as a small deviation
from it can cause the system to be stuck indefinitely in either the “C” or “O” state, rendering
the channel non-functional (also in case of mutations that induce either constitutively off or
constitutively on channels). This fine balance is utilized by biology to regulate the function of

these channels under physiological and pathophysiological conditions.

29



1.04 1.0+ 1.04
084 TRPV2 0.8 TRPV3 08 TRPV4
0.64 0.6 1 0.64
0.4+ 0.4 0.4
0.24 0.2 0.24
0.0- 0.0- 0.0-
5 8 8 8 1
g 41 44 4 1
§ 0 ] 01 0 1
© -4 -4 -4 ]
> T T 1 -8 T T 1 -8- T e | -8 & T T 1
0 20 40 60 20 40 60 80 0 20 40 60 0 20 40 60
Temperature (°C)
1.0+ 1.04 1.0
0.84 TRPM8 0.84 0.8

8 8+ 159
4:/ 4+ 101

] 5
0 04 2]

-4 -4 -5
-8 T T T 1 -8 T T T 1 -10 -

T < T id 1
0 20 40 60 0 20 40 60 0 20 40 60

8,2 E gg‘ . / 82 1 CLCO common gating
0:2_ 0:2_ CLCO fast gating 0.2
0.0- 0.0- 0.0-

Fig 4: Temperature-dependent activation of thermo TRP channels. This figure is taken from Zheng J. 2013.

The observation that heat-sensing may involve multiple protein areas, each contributing
to the overall changes in enthalpy and entropy, suggests that the conformational changes in ion
channels are highly cooperative. This is supported by studies on heteromeric channels and
random mutation screenings of TRPV1 and TRPV3 (Cheng et al. 2012). While the combination
of multiple transitions is theoretically feasible, it does not explain why the activity of TRP
channels from the same subfamilies as thermo-TRPs is not highly temperature sensitive.
Nevertheless, cooperative gating likely contributes to the synergistic effects of various stimuli
on the activation of these polymodal sensors. The relationship between Capsaicin (the ligand)
and heat (physical stimuli) in activating TRPV1 suggests that they may act on the same gating
process (Vlachova et al. 2003; Voets et al. 2004). In other words, Capsaicin reduces the thermal
thresholds needed for activation causing opening of TRPV1 at much lower and physiological
temperature ranges. Recent research, however, suggests that functionally connected,
structurally distinct activation pathways exist. Experimental data reveals that even at high

Capsaicin concentrations, biophysical measurements have demonstrated that Capsaicin and
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heat have “additive gating effects”, which is unexpected if these two stimuli operate on the
same gating mechanism. The hypothesis of distinct activation pathways is further supported by
the fact that the fluorescence resonance energy transfer (FRET) signal from fluorophores
attached to the turret changes solely following heat activation and not Capsaicin activation
(Yang et al. 2010).

Recent studies on TRPAL heat activation have revealed important findings. While the
viper snake TRPAL is heat-activated and functions as the snake's infrared sensor, TRPAL in
rats is not heat-activated (Gracheva et al. 2010). Through the creation of chimeric TRPAL
channels between the snake and rat, it was determined that the large ankyrin repeat domain
(ARD) is responsible for heat activation in the snake channel. Studies on fruit fly TRPA1
channels suggest that the regions adjacent to the ARD can also regulate the heat activation
process, leading to certain splice variants of dTRPAL being insensitive to heat (Zhong et al.
2012). Whether a similar mechanism applies to TRPV1 is still unclear, as studies have
suggested that the ARD region of TRPV1 is not involved in heat sensing (Zhong et al. 2012).

TRPAL has 14 ankyrin-like repeats, while TRPV1-4 channels have only six. Even if
the TRPV1 ARD is found to be responsible for heat activation, the search for a cold sensor in
TRPM8 would continue, as it lacks an N-terminal ARD (Zheng J. 2013). Alternate research
also suggests that the hot and cold sensitivity of TRPV1 and TRPM8 is due to their C-terminal
regions (Yao et al. 2011). This is suggested due to the fact that exchange of C-terminal region
of TRPV1 to the TRPM8 and vice versa cause hot channel TRPV1 to behave as cold-sensitive
and cold-channel TRPMS8 as hot sensitive channel (Brauchi et al. 2006).

All these data show the direct role of heat as an activator for the TRP channel and the TRP
channel act as a cellular temperature sensor, though the exact molecular mechanisms are not
very clear and seems to differ from channel to channel, species to species, remain cell and

tissue-dependent manner, thus remain highly context-dependent phenomena.
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1.3.3 Mechanical force

lon channels in the plasma membrane can be activated by various types of mechanical
stimuli. These stimuli can be caused by differences in osmolarity, pressure applied to the cell,
membrane stretching, or shear stress from fluid flow in blood vessels (Kloda et al. 2008; Sachs
and Sokabe.1990; Spencer et al. 1999). When the membrane tension reaches a sufficiently
high level, it can affect all proteins embedded in the membrane. Although some ion channels
are specialized in sensing mechanical stimuli, several mammalian TRP channels can also
respond to mechanical force either at physiological or pathological levels. Interestingly, in
some cases, TRP channels can be activated not by the mechanical force itself, but by
intracellular signaling molecules generated due to mechanical stimuli by the cell such as
hypotonicity-induced cell swelling which activates the Src family tyrosine kinase that
phosphorylates TRPV4 protein (Sachs and Sokabe. 1990; Spencer et al. 1999; Xu et al. 2003).

TRPV4 is an osmosensitive TRP channel that responds to hypotonicity-induced cell
swelling. TRPV4 can be activated by a decrease in extracellular osmolarity (which in turn alter
the membrane stretch) within the physiological range, while it is inhibited by an increase in
extracellular osmolarity. TRPV4 may represent a vertebrate osmoreceptor. TRPV4 is highly
heat-sensitive, and an increase in temperature potentiates the channel's response to osmotic
stress. However, it is suggested that TRPV4's activation by osmotic stress is achieved
biochemically, mediated by intracellular signaling molecules produced by membrane-bound
mechanosensitive molecules (Nilius et al. 2003; Wu et al. 2007; Gao et al. 2003). Several
potential pathways have been proposed, such as the activation of the Src family tyrosine kinase
that phosphorylates TRPV4 (Xu et al. 2003). The candidate tyrosine residue involved in
TRPV4's mechanical stress response is identified as the Tyr?®® located in the ARD region (Xu
et al. 2003). Another tyrosine residue, i.e. Tyr*?, is also found to be involved in the mechano-

sensing. In addition, phosphorylation of Ser824 (located at the C-terminus), by PKC and PKA,
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sensitizes TRPV4's stress response. Furthermore, the PLAZ2-dependent formation of
arachidonic acid and its conversion to 5',6'-EET by cytochrome P450 epoxygenase is also
involved in TRPV4's mechanical stress response.

In addition to TRPV4, extracellular hypotonicity can also activate TRPM7 and TRPV2
by increasing the channel's open probability. Membrane tension can also affect the activity of
TRPM4, TRPM7, TRPCL1, and TRPC6 (Numata et al. 2007; Morita et al. 2007; Maroto et. al.
2005; Spassova et al. 2006; Inoue et al. 2009). Conversely, a splice variant of TRPV1 is found
in arginine-vasopressin neurons of the supraoptic nucleus is activated by hypertonicity-induced
cell shrinkage (Sharif et al. 2006). This activation of splice variant of TRPV1 in organum
vasculosum (highly vascularised hypothalamus) lamina terminalis neurons is thought to serve
as the osmosensory transduction mechanism underlying thirst responses (Ciura and Bourque.
2006).

Shear stress is a type of mechanical stimulus that can directly activate TRP channels or
enhance their responses to other activators too. TRPV4, TRPC6, TRPM7, and TRPP1/TRPP2
all have been reported to be activated by shear stress (Gao et al. 2004; Inoue et al. 2009; Numata
et al. 2007; Nauli et al. 2003). Although activation of TRP channels by shear stress is important
for vascular physiology, it is unclear how mechanical force is converted into channel
conformational changes in most cases.

TRP channels not only exhibit altered functions in response to mechanical stimuli, but
they may also undergo changes in their distribution across the cell membrane. For instance,
exposure of cells expressing TRPM7 to physiological levels of laminar fluid flow can induce
rapid translocation of the channel protein to the plasma membrane, leading to an increase in
both TRPM7 current and fluorescence signal near the plasma membrane from attached GFP in
less than 100 seconds. Similarly, when myocytes are stretched, TRPV2 channels are known to

translocate to the sarcolemma, resulting in increased Ca?*-influx and cell damage. Notably, the
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translocation response of TRP channels to mechanical force varies among cell types (Oancea
et al. 2006; Iwata et al. 2003).
This shows that sheer stress or mechanical stimulus can activate the channel as well as

the distribution of the TRP channel which can affect the functionality of the TRP channel.

1.3.4 Chemical stimuli
Exogenous and endogenous compounds

TRP channels can be activated or regulated not only by physical stimuli but also by
different exogenous as well as endogenous compounds including different hydrophobic
compounds and lipids. The range of molecules that interact with TRP channels is diverse, and
many of them have physiological and pathological significance. Due to the large number of
TRP channel-interacting molecules, it is difficult to discuss them all here, but a few main issues
are summarized here. TRPV1 being the most studied TRP channel, a large number of
compounds have been tested against TRPV1. For example, a long list of natural and
synthesized chemicals known that alter TRPV1 channel function, and this list continues to
expand with time (some of these are given below, Figure 5, Figure 6). Some chemicals that
interact selectively with specific TRP channels are mentioned as examples in this section.

TRPV1 is activated by Capsaicin, a natural plant product but an exogenous ligand.
TRPV1 is also activated by PIP,, bradykinin, and nerve growth factor (NGF) as endogenous
ligands. Different "endovanilloids” like anandamide and arachidonic acid metabolites, and N-
arachidonoyl-dopamine (NADA, a dopamine derivative), can also activate TRPV1 (Basbaum
et al. 2009). Additionally, several plant products like Resiniferatoxin, Piperine, Gingerol,
Zingerone, and Eugenol, as well as essential oils and other compounds like Camphor, can act

as exogenous ligands for TRPV1 (Andrei et al. 2023).
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Figure 5. TRPV1 agonists—various structures. (Adapted from Andrei et al. 2023).

TRPV2 is activated by insulin growth factor-1 (IGF-1), an endogenous stimulant, while
TRPV3 can be activated by endogenous ligands like farnesyl pyrophosphate (FPP, metabolite
present in the steroid biosynthesis pathway) and synthetic ligands such as 2-APB (Hu et al.
2004). TRPV4 can be activated by synthetic ligands like 4a-phorbol 12,13-didecanoate
(40PDD), RN1747, and inhibited by compounds like, RN1734, and natural bioactive
compound Citral (Watanabe et al. 2002; Vincent et al. 2009). Metal ions like ruthenium red

(ammoniated ruthenium oxychloride- H42CisN14O2Rus), gadolinium, and Lanthanum (111) ion
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(La%") can inhibit TRPV4 and other TRP channels by "mis-fitting" into the actual pore and

causing "open-channel-block,” which may or may not be reversible (Blair et al. 2023).
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Figure 6. TRPV1 antagonists—various structures. (Adapted from Andrei et al. 2023).

In addition, there are several toxins and small peptides from natural sources (such as poisonous
animals) known that binds to specific or multiple TRP channels and cause either activation or
inhibition of TRP channels. Such toxins and venoms and small peptides set the ‘pray-predator
relationship” and “arms-race” due to mutations in ion channels that are selected as toxin-
resistant channels (Vriens et al. 2008).

Capsaicin is the main active vanilloid compound responsible for the spiciness of chili
peppers. It has a pungent and irritating effect on mammals, including humans, causing a strong
burning sensation upon contact. As a result, it has been used in animal experiments (though
mainly in mammals) to establish pain models. The existence of the so called “Capsaicin
receptor” had been predicted for years, and search for this Capsaicin receptor led the discovery

of TRPV1 channel (Caterina et al. 1997). Most of the mammalian TRPV1 channels are highly-
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sensitive to Capsaicin, with EC50 values often less than 1pumol/L, whereas those from birds
are insensitive to capsaicin due to the point mutation at the Capsaicin-binding position (Jordt
and Julius. 2002; Correll et al. 2004). Other TRPV channels from many other species with
substantial sequence homology are Capsaicin-insensitive. These findings suggest that
Capsaicin binds to specific binding sites on mammalian TRPV1 channels with high affinity.
Studies confirmed that these binding sites are located in the S2-S4 region by generating
chimeric channels between rat TRPV1 and chicken TRPV1 (Jordt and Julius. 2002).

Several molecules that may activate TRPV1 have been suggested, including
anandamide and 12-HPETE. Resiniferatoxin, a potent TRPV1 activator isolated from a cactus,
also binds to the same binding sites as Capsaicin. Capsazepine, a capsaicin analogue, inhibits
TRPV1 by competing for the same binding sites (Mclintyre et al. 2001; Blair et al. 2023).

Activation of TRPV1, a heat sensor in sensory neurons, by Capsaicin, is believed to
underlie the "hot" sensation produced by consuming chili peppers. At the cellular level, both
chemical energy (Capsaicin-binding) and physical energy (heat) activate TRPV1 and excite the
same sensory neurons, resulting in the convergence of the two modalities. Studies in animals
and humans have demonstrated that Capsaicin administration causes hypothermia while
administering TRPV1 inhibitors such as AMG517 has the opposite effect of inducing
hyperthermia (Blum et al. 2010; Blair et al. 2023).

Similar to Capsaicin-mediated activation of TRPV1 leading to hot sensation, there are
chemical compounds that activate TRPMS8, the “cold-sensor” to produce a cooling sensation.
Menthol is one of the most well-studied TRPM8 activators, with an EC50 value of less than
100 pmol/L (though menthol has many other off targets other than TRPMS).

There are various agonists that may activate TRPM8 in a similar manner to menthol.
Eucalyptol, which is the active compound in eucalyptus oil, has a high EC50 value of 3.4

mmol/L and low potency. In contrast, the synthetic supercooling agent Icilin (or AG-3-5)
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strongly activates TRPMS8 with a very low EC50 value of less than 1pumol/L (McKemy et al.
2002). Although menthol and Icilin can also activate other TRP channels there have been

reports of more selective menthol derivatives that activate TRPM8 (Myers et al. 2009).

1.3.5 Ca?*-CaM regulations

In line with TRP channels ability to conduct Ca?*, it is not surprising that TRP channels
also share regulatory process which is similar to other Ca®* channels. Activation of TRP
channels can lead to Ca?*-influx that activates CaM, which can then indirectly affect the
channel's function by binding to other proteins like CaM-sensitive kinases. Additionally, the
binding of CaM to a TRP channel can occur in Ca®*-dependent as well as Ca?*-independent
manner. Some TRP channels, like TRPV1, may have apo-CaM (CaM without Ca?*) associated
with them, and the binding of Ca?* to CaM can act as a molecular switch to initiate the
regulation process, as also observed in voltage-gated Ca?* channels.

The C-terminal CaM-binding sites often overlap with proposed PIP2-binding sites.
Therefore, it is probable that the competitive binding of CaM and PIP; is responsible for some
of the observed effects of CaM on channel gating, at least for TRPV channel (Clapham DE.
2003; Phillips et al. 1992).

In addition to CaM, other proteins that bind to Ca?* may also play a role in mediating
the effects of Ca?* on TRP channel functions. One such protein is CaBP1, which binds to Ca?*
and can inhibit TRPC5 activation by binding to sites on the N- and C-terminals that are different

from the sites where CaM binds (Kinoshita-Kawadaet al. 2005).

1.3.6 pH change
Physiological processes such as respiratory and metabolic acidosis and alkalosis, as

well as pathological conditions like tissue damage, inflammation, and ischemia, can cause
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variations in pH levels. Acid-sensitive ion channels play a crucial role in facilitating cellular
responses to changes in environmental pH. Several TRP channels are also highly sensitive to
both intracellular and environmental pH levels. pH changes can potentiate a TRP channel's
response to other stimuli, thus may directly activate TRPs, or suppress the amplitude of the
single-channel current.

TRPV1 was shown to be regulated by extracellular pH (Caterina et al. 1997; Tominaga
et al. 1998). Protons can both activate and potentiate TRPV1. TRPV1's sensitivity to
acidification is thought to be a mechanism for detecting painful conditions, particularly in deep
tissues where the temperature remains constant. TRPV1 activation induced by acidification
plays an important role in neuronal pain and cardio protection under various pathological
conditions. By using electrophysiology, one study indicated that primary afferent nociceptors
in naked mole rats are insensitive to acid stimuli, which is consistent with the animal's lack of
acid-induced behaviour (Park et al. 2008).

Acidosis at or below pH 7.0 is perceived as painful in humans, while acidosis between
pH 7.1 and 6.7 initiates cardiac pain (Ugawa et al. 2002). At this pH range, TRPV1 activity is
affected. Tissue damage can lead to the release of protons from intracellular organelles like
lysosomes. Similarly, inflammation-induced pain can result from TRPV1 activation triggered
by proton release from affected tissues. TRPV1 subunits contain two primary pH-sensing sites,
E600 and E648, (both located at the extracellular region) along with several other potentially
pH-sensitive sites, including E536, D601, E610, E636, D646, and E651 (Jordt et al. 2000;
Kuzhikandathil et al. 2001; Ryu et al. 2007). These other residues are highly conserved among
TRPV1 channels and are mostly located in the pore-loop region (Hellmich and Gaudet. 2014).
The pH-dependent curve for TRPV1 peaks at around pH 5.5 due to the known pKa values of
these acidic residues. Mutations at several pH-responsive sites in the TRPV1 pore significantly

affect heat activation, indicating that pH regulation of TRPV1 may be associated with the heat-
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activation pathway also. This observation also matches well with the findings from other pH-

sensitive TRP channels.

Ank-like
rapoat TRP box

N Capsaicin

N626

E601

Figure 7: TRPV1 acts as a pH-sensitive ion channel. The TRPV1 subunit has two primary pH-sensing sites,
E600 and E648, along with other pH sites, as depicted in the topology plot in panel A. In panel B, a structural
model of the mouse TRPV1 channel displays the position of E601 (equivalent to E600 of rat TRPV1), highlighted
in space-filling mode. The right panel in panel B suggests a possible interaction between E601 and N626. The
figures are adapted from Zheng J. 2013.

Aside from TRPV1, several other TRP channels from various subfamilies, such as
TRPV, TRPM, TRPC, TRPML, TRPA, and TRPP, are responsive to alterations in pH levels
A large volume of research has been conducted to understand how TRP channels react to
acidification. It is worth noting that alkalization can also impact these channels. Studies have
shown that both TRPV1 and TRPAL currents can be intensified (potentiated) by the presence
of extracellular NH** (Dhaka et al. 2009; Fujita et al. 2008). This effect is believed to have
resulted from intracellular alkalization (e.g. For TRPM?7 its through charge screening by
internal pH and polyvalent cations like Mg?*, Ca?*, Mn?* and Zn?*) (Kozak et al.2005). All

these findings suggest that the pH changes in the extracellular or intracellular region, the
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functions of the TRPs change accordingly. And the regulation by pH changes can also

directly related to thermal variation in the cells (Table 3).

be

Channel type

pH effect

Side

Site of action

TRPV1 Potentiation (gating) Extracellular Pore turret (E600), pre-S6 loop
Inhibition (permeation) (E648), others
TRPV5 Inhibition (permeation, Extracellular Pore turret (E°2)
gating)
Inhibition (permeation, Intracellular Proximal C-terminal (K607)
gating)
TRPM2 Inhibition (permeation) Extracellular Pore turret (H958, R960), pre-S6
loop (E994)
Inhibition (gating) Intracellular S4-S5 linker (R933)
TRPM5 Inhibition (permeation, Extracellular S3-S4 linker (E830), pore turret
gating) (H896), pre-S6 loop (H934)
TRPM7 Potentiation (permeation) Extracellular Selectivity filter (E1047, E1052,
D1054, E1059)
TRPM6 Potentiation (permeation) Extracellular Selectivity filter (E1024, E1029)
TRPC4 Potentiation Extracellular Unknown
TRPC5 Potentiation (gating), Extracellular Pore turret (E543), pre-S6 loop
inhibition (permeation) (E595)
TRPC6 Inhibition Extracellular Unknown
TRPML1 Potentiation Luminal Unknown
(lysosome)
TRPML2 Potentiation Luminal Unknown
(lysosome)
TRPP3/PKD1L3 | Potentiation (gating, Extracellular Unknown
permeation?)
TRPA1 Potentiation (gating) Extracellular Unknown

Table 3. Summary of pH-mediated effects on TRP channels. This table is reproduced from Zheng J. 2013.

1.4 TRP channels in inflammatory functions

TRP channels have a significant impact on immune cells, influencing a range of

processes like cell movement, engulfing foreign particles, and releasing cytokine levels.

Communication between nerve cells, surface cells, and immune cells is facilitated by TRP

channel activation required for coordinating immune responses. Specifically, TRPV1 and

TRPV4 activation through certain triggers results in Ca?*-influx in isolated T cells (Majhi et

al. 2017). This discovery suggests that T cells most likely employ TRPV channels to regulate

immune activity. TRP channels act as crucial signal mediators, detecting various physical and

chemical changes like shifts in pressure, temperature, and acidity. This makes TRP channels
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important for managing immune reactions. TRP channels are broadly distributed within the
immune system, serving diverse functions such as managing Ca?* communication, producing
cytokines, and guiding immune cell movement. Because TRPs appear on both in immune cells
and in other cells, such as in neurons, TRPs become promising targets for addressing
inflammatory-related illnesses as well as inflammation through the release of neuropeptides.

In non-neuronal cells, TRP channels play critical roles in tissue development,
maintenance, and inflammation regulation. Specifically, a subset of TRP channels, namely
TRPV1, TRPV4, TRPM3, TRPMS8, and TRPAL, are known to modulate immune responses
and can induce either pro- or anti-inflammatory effects depending on the disease context
(Silverman et al. 2020; Bousquet et al. 2021; Backaert et al. 2021). In somatosensory neurons,
TRP channels mediate pain and temperature sensation, and TRPV1 and TRPV4 are implicated
in inflammatory pain. These channels have diverse effects on immune cells, regulating cell
migration, phagocytosis, production and release of inflammatory mediators. Additionally, TRP
channels facilitate communication between epithelial cells, neuronal tissue, with immune cells
involved in immune responses to tissue damage or infection. In vitro studies have shown that
some TRPs can be sensitized by the activation of other receptors, making them susceptible to
activation by processes such as inflammation. Therefore, TRPs can either trigger pro- or anti-
inflammatory mechanisms, depending on the context of the inflammatory disease, by directly
affecting cation levels or indirectly modulating intracellular pathways (Schumacher M.A.
2010). Recent advances in TRP research have highlighted their significant role in immune and
inflammatory cells and their involvement in inflammation-mediated and immune-mediated
diseases (Schumacher M.A. 2010).

The most studied TRP channel in relation to inflammation is TRPV1. The activation or
sensitisation of TRPV1 can enhance peripheral inflammatory responses by promoting the

expression and release of other inflammatory mediators, such as IL-6 and IL-8 through
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transactivation of MAPK and NF-kB (Pan et al. 2011). The overexpression of TRPV1 in
inflamed tissues, the reduction of inflammation by using TRPV1 antagonists or through genetic
ablation, and the correlation between TRPV1 activation and the expression of proinflammatory
cytokines all suggest that TRPV1 is involved in the inflammatory process. Additionally,
TRPV1 contributes to inflammatory pain by interacting with other TRP channels through co-
expression and putative functional interaction (Bujak et al. 2019). Despite the availability of
various pharmacologic therapies, chronic inflammatory conditions continue to cause pain and
disability, posing a significant challenge in management. TRPV1 was initially thought to play
a limited role in nociceptive transduction by responding to thermal stimuli and detecting
noxious heat. However, further research has revealed that TRPV1 is not just a thermal sensor
but also an essential component of a signaling system that alerts the body to potential or

ongoing pathophysiological conditions that could result in irreversible cellular injury.

1.5 TRP channels in sensory functions, pain and other pathophysiology

TRP channels play a vital role in sensory functions, particularly in nociception, i.e. the
detection of noxious stimuli that produce pain (Bautista et al. 2013). Nociceptive TRP channels
contribute to various pain types, including inflammatory, neuropathic, visceral, and cancer.
These channels can be sensitized by the activation of other receptors, allowing them to be
activated by processes such as inflammation that contribute to pain. Activated nociceptive TRP
channels serve as the primary mode of pain detection/transduction under physiological and
pathological conditions (Szallasi et al. 2007). TRPV1, TRPV4, TRPM3, TRPM8, and TRPA1
are expressed on peripheral nerves and neurons that communicate with the immune system and
major peripheral organs, regulating inflammatory responses. These channels are potential
targets for pain management and other pathophysiological conditions. Specifically, TRPV1

serves as a key player in detecting noxious stimuli and pain transduction under physiological
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and pathological conditions. Through the expression and release of inflammatory mediators,
TRPV1 activation and/or sensitization can also intensify peripheral inflammatory responses,
and contribute to the development of inflammatory pain.

TRP channels play a pivotal role in pain perception and diverse pathological states
(Jardin et al. 2017). These channels act as sensors, translating chemical, thermal, and
mechanical stimuli into pain sensations. Nociceptive TRP channels contribute significantly to
various types of pain, such as inflammation-driven, nerve-related, organ-associated, and
cancer-induced pain. Among these, TRPA, TRPM, and TRPV subgroups have been
extensively studied, revealing their involvement in pain initiation and persistence. For instance,
TRPAL has implications in a genetic channel disorder and is a potential target for drugs to
alleviate associated pain. TRPV1-4, with their strong affinity for Ca?* ions, have widespread
connections to nociception. Beyond pain, TRP channels are also implicated in
neurodegenerative disorders, diabetes, and cancer (Fernandes et al. 2020; Duitama et al. 2020).
Involvement of TRP channels in pain perception and pathophysiology is crucial for devising

effective targeted therapies (Szallasi and Cortright. 2007; Bautista et al. 2018).

1.6 The evolutionary aspect of the TRP channel

Life on earth originated about 3.5 billion years ago with the emergence of prokaryotes
(bacteria and archaea) and some eukaryotes (protozoa, algae, and fungi) later on. Over time,
plants and animals evolved, adapting to different environments and expanding their ranges.
The development of sensory abilities was crucial for organisms to navigate their surroundings.
Transient receptor potential (TRP) channels are important for perception in most living
organisms, serving as "cellular sensors™ that respond to various environmental stimuli by
allowing cation flow down their electrochemical gradients (Clapham D.E. 2003). TRP channels

have been found in a wide range of organisms, from single-cell organisms to multicellular ones.
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However, higher plants do not seem to have TRP channels. On the other hand, TRP genes have
been discovered in various unicellular parasites, fungi, and marine organisms.

Despite the widespread occurrence of TRP channels in different species, their
evolutionary significance remains largely unexplored. However, some conserved sequences
have been identified in certain TRP channels, which may be linked to their specific regulation
and function, particularly in a species-specific manner. For instance, a study conducted in 2009
by Matsuura et al. examined the conservation and importance of insect TRP channels. The
researchers investigated the presence of different TRP genes in Drosophila and several other
insect species with sequenced genomes. They discovered that all the insect species contained
six TRP subfamily members belonging to TRPA, TRPV, TRPN, TRPM, TRPC, and TRPML.
This indicates that mechanosensation, phototransduction, and lysosomal functions are well-
conserved in insects. In another example, tubulin-binding sequences are present in TRPV1
(Saha et al. 2017), and these sequences have been conserved in all vertebrates for around 450
million years. Likewise, cholesterol-binding sequences are present in TRPV4, but these
sequences are selectively present only in vertebrates and not in functional homologues present

in invertebrates (Kumari et al. 2015).

1.6.1 Evolution of TRPs according to different characteristics and properties

The importance of “temperature sensitivity” in TRP superfamily members was
recognized by the Nobel Prize in Physiology or Medicine awarded to Prof. David Julius and
Prof. Ardem Patapoutian in 2021. This indicates the crucial role of these receptors in the
interactions of organisms with their surroundings. TRPs are multifunctional cell membrane
proteins expressed in various tissues, involved in many sensory and physiological functions.
It's worth noting that while ankyrin domains are present in the TRPA family, such domains are

also found in the TRPC and TRPV family members.
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1.6.1.1 Diversification of TRP channel

The diversification of TRP channels is captivating within their biological realm.
Notably, TRP channels exhibit structural distinctiveness, with each channel in the TRP family
having a unique structure that enables specific interactions, execute different functions, and
thus responses to different stimuli in a unique manner. The regulation and selectivity
mechanisms are also diverse, as these can be influenced by factors like temperature, voltage,
pH, and signaling molecules, allowing these channels to engage in various physiological roles.
Functionally, TRPs are integral to sensory perceptions like pain, temperature, and taste, as well
as cellular processes including ion balance, cell movement, and immune reactions. Moreover,
the presence of TRPs across species showcases their phylogenetic diversity, implying their
evolution and diversification across the animal kingdom. Some of the examples are mentioned
below with details.

TRP channels can be categorized into two major groups, Group 1 and Group 2, which
consist of TRPA, TRPM, TRPN, TRPS, TRPV, TRPVL and TRPP, TRPML, and possibly
TRPY/TRPF, respectively (Venkatachalam and Montell. 2007; Montell C. 2005). These
channels are present in a wide range of eukaryotes, including animals, choanoflagellates,
apusozoans, alveolates, and green algae (chlorophyta) (Peng et al. 2015). Notably, so far there
is no evidence of presence of TRPs in Archaea or bacteria, suggesting that these channels
emerged during the evolution of early eukaryotes (Fujiu et al. 2011; Huang et al. 2007).

The Group 1 family of TRP channels, which include TRPA, TRPC, TRPM, TRPN,
TRPS, TRPV, and TRPVL, are believed to have existed before the Cnidaria-Bilateria split that
occurred more than 750 million years ago (Himmel et al. 2020). In fact, many of these families
are thought to have existed before the emergence of animals, as some single-celled organisms
like choanoflagellates have at least three types of Group 1 channels, namely TRPM, TRPC,

and TRPA (Cai X. 2006). Interestingly, some algae (such as Chlamydomonas) also have
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channels that resemble the Group 1 channels, including a TRPV-like channel that has been
postulated to exist (Fujiu et al. 2011). Additionally, some other channels, namely TRPN,
TRPM, TRPC, and TRPS have also been discovered in algae and form a sister clade to the
Group 1. Notably, evidence suggests that TRPM channels may have existed before the bikont-
unikont split, as evidenced by the presence of two TRPM-like channels in Lingulodinium
polyedra, a type of alveolate (Himmel et al. 2020; Peng et al. 2015; Cai X. 2006; Fujiu et al.
2011; Lindstrom et al. 2017)

The Group 2 family comprises of TRPML and TRPP, which were likely split early on,
as evidenced by their expression in animals, amoebozoans, and alveolates. While some
eukaryotes such as fungi express only one of these families, both TRPML and TRPP are
expressed in the aforementioned groups (Palovcak et al. 2015). Interestingly, there is evidence
suggesting that earlier splits occurred within the TRP family, resulting in families that were
lost in many taxa but still present in algae and alveolates. These channels are referred to as
Other Group 2 channels. Based on current evidence and assuming the hypothesis that the root
of the TRP channel tree is between Group 1 and Group 2, it is believed that the split between
other Group 2-TRPML/TRPP and the subsequent TRPML-TRPP split occurred in a common

eukaryotic ancestor (Lindstrom et al. 2017; Arias-Darraz et al. 2015).

1.6.1.2 TRP channel diversification and gene-duplications

The number, origin, and evolution of TRPV genes in metazoans were analysed,
particularly in the context of vertebrate whole-genome duplication events (WGD). Search for
genes followed by phylogenetic tree and synteny analyses revealed the presence of several
previously unidentified TRPV genes (Nakatani et al. 2007; Putnam et al. 2008).

The common ancestor of Bilateria and Cnidaria had three TRPV genes, which

increased to four in the Deuterostome ancestor. Two of these genes were lost in the vertebrate
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ancestor, leaving two genes that gave rise to two TRPV subfamilies in vertebrates. These
subfamilies consisted of subtypes 1, 2, 3, 4,9, and 5, 6, 7, 8, respectively. The gene expansion
was due to the two basal vertebrate WGD events (1R and 2R) and three local duplication events
before the gnathostome radiation (Simakov et al. 2020). TRPV1, TRPV4, and TRPV5 have
been retained in all gnathostomes studied, suggesting their vital roles. TRPV7 and TRPV8 have
been independently lost in various lineages but exist in cyclostomes, actinistians, amphibians,
prototherians, and basal actinopterygians (Meyer and Van De Peer. 2005; Lien et al. 2016).

TRPV3 and TRPV9 are present in extant elasmobranchs, while TRPV9 was lost in the
osteichthyan ancestor and TRPV3 in the actinopterygian ancestor. The Coelacanth has retained
the ancestral osteichthyan-derived TRPV repertoire. TRPV2 emerged in the tetrapod ancestor.
TRPV5 duplication occurred independently in various lineages, such as in cyclostomes,
chondrichthyans, anuran amphibians, sauropsids, mammals, and actinopterygians. After the
teleost-specific WGD (3R), only TRPV1 retained its duplicate, whereas TRPV4 and 5
remained single genes. Some teleost species kept both TRPV1 paralogs, while others lost one.
The salmonid-specific WGD (4R) duplicated TRPV1, TRPV4, and TRPVS5, resulting in six
TRPV genes. Xenopus tropicalis has the most significant number of TRPV genes (total 15
TRPV genes) (Morini et al. 2022).

In summary, the comprehensive analysis of genetic sequences, species distribution, and
specific features within vertebrates has revealed a greater number of TRPV family members.
This includes the identification of three additional subtypes, namely TRPV7, TRPVS, and
TRPV9, all originated early in the evolution of vertebrates. The TRPV family's evolution is
marked by considerable dynamics, characterized by numerous lineage-specific events
involving both local gene duplications and gene losses at the same time (Morini et al. 2022).
Thus, TRPV genes seem to be very important for providing additive advantages required for

adaptive fitness and further species selection.
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1.6.1.3 Evolutions of TRPVs

The thermo TRPV channels, TRPV1 to 4, are a group of thermosensitive channels that
are highly conserved among mammals, sharing 40-50% sequence identity (Patapoutian et al.
2003). On the other hand, TRPV5 and TRPV6 are less similar to the other thermo-TRPV
channels, with only about 30% sequence identity, but share 75% identity with each other (Plant
and Strotmann. 2007). Unlike the thermo TRPVs, TRPV5 and TRPV6 are selective for Ca?*
ions over other cations and are not involved in temperature sensing (Van Goor et al. 2017).

TRPV family members have been identified in vertebrates, such as in mammals, birds,
amphibians, sauropsids, and fishes. However, little is known about their physiological
functions, and only a few studies have investigated TRPV in fish. Teleosts, a type of fish, have
been found to express three types of TRPVS, namely TRPV1, TRPV4, and TRPV6 (Morini et
al. 2022). TRPV1 has been detected in fish-sperm as well (Majhi et al. 2013). In rainbow trout,
TRPV1 and TRPV4 are expressed in various tissues, including the pineal gland, and have been
shown to regulate melatonin secretion in vitro. Additionally, at least TRPV1 is involved in
thermosensing. In Atlantic salmon, TRPV1 and TRPV4 have been found to play a role in
thermal sensing during behavioural fever (Nisembaum et al. 2022). In zebrafish, TRPV1 and
TRPV4 are expressed in different sensory organs (Hunt et al. 2012; Gau et al. 2013).

A functional homologue of TRPV1, named OSM-9 was found in the ecdysozoan
protostome, Caenorhabditis elegans (Colbert et al. 1997). Later on, four more OSM-9-like
channels were identified and named OCR 1-4. These channels have structure (with multiple
ankyrin repeat domains, similar to OSM-9) are similar to TRPV (Colbert et al.1997). In
Drosophila melanogaster, two TRPV family members have been identified: i.e. Nan and IAV.
OSM-9 and OCR-2 in Caenorhabditis elegans are essential for some forms of mechano-
sensation, such as osmosensation and nose touch, while NAN and IAV in Drosophila are

necessary for sound transduction by the antennal chordotonal organ (O’Neil and Heller. 2005).
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In Caenorhabditis elegans, TRPV channels are expressed in neuroendocrine cells and promote
neurotransmitter release. In Caenorhabditis elegans, mechanosensory defect due to mutation
in OSM-9 can be rescued by expressing human TRPV4 (Liedtke et al. 2003). Furthermore,
TRPV homologs have also been found in cnidarians, indicating that the TRPV family
originated before the emergence of bilaterians (Colbert et al. 1997).

The recent discoveries of previously unknown TRPV family members in various
metazoans, especially gnathostomes, and the comprehensive evolutionary model are

summarized in detail (Fig. 8).
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Fig 8: Evolutionary scenario for the TRPV superfamily. The TRPV family's evolution is thought to have
occurred through the duplication of local TRPV genes in early metazoans, giving rise to three genes designated
as A, B, and C/D. The C/D gene appears to have been lost independently in both the cnidarian and ecdysozoan
lineages (Adapted from Morini et al. 2022).
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Through global phylogenetic analysis of key metazoan groups, in the previous study,
three types of TRPV were identified, i.e. TRPVA, TRPVB, and TRPVC/D, which likely
originated in an ancestral metazoan. TRPVA and TRPVB were conserved in cnidarians,
protostomes, and non-vertebrate deuterostomes but lost in vertebrates. Duplication events
generated TRPVA paralogs in hemichordates, echinoderms, and molluscs, and TRPVB
paralogs in nematodes. TRPVC/D was independently lost in cnidarians and ecdysozoans while
being duplicated in lophotrochozoan annelids and molluscs. A duplication of TRPVC/D gave
rise to TRPVC and TRPVD, which probably occurred in an ancestral deuterostome. TRPVC
was independently lost in ambulacraria, cephalochordates, and urochordates, while TRPVD
was independently lost in echinoderms and urochordates. TRPVC and TRPVD genes are

ancestral to all vertebrate TRPV types (Morini et al. 2022).

1.7 Overview on TRPV3 and TRPV4 channel

TRPV3 and TRPV4 are two closely related ion channels that belong to the TRPV
subfamily. These channels play important roles in various physiological processes, including
the detection of heat and pain, as well as the regulation of Ca?*-signaling, inflammation, and
skin barrier function (Lei et al. 2023).

TRPV3 is predominantly found in the skin, hair follicles, and sensory neurons. It can
be activated by several chemical compounds, such as camphor, carvacrol, and eucalyptol and
physical factor such as temperatures above 33°C. Upon activation, TRPV3 allows Ca?*-influx.
Activation of TRPV3 leads to the release of inflammatory mediators like cytokines and
prostaglandins, and causes feelings of warmth and pain (Huang and Chung. 2013; Steinhoff
and Biro. 2009; Huang et al. 2008; Cheng et al. 2010).

Expression of TRPV3 in diverse tissues (discussed later) indicates its diverse functions.

The most abundant expression of the TRPV3 is in the skin tissue (mainly in keratinocytes).

51



TRPV4 is expressed in a wide range of tissues, including the skin, lung, bladder, and bone
(Nilius et al. 2004; Liedtke et al. 2000; Strotmann et al. 2000; Jia et al. 2004). This wide-spread
expression accords well with its ability to respond against different stimuli, such as changes in
temperature, mechanical stress, osmolarity, and endogenous compounds such as arachidonic
acid and phorbol esters. Activation of TRPV4 also leads to Ca?*-influx, which can regulate
several cellular processes, such as cell migration, proliferation, differentiation, immune
responses, and pain perception (Song et al. 2014; Lee et al. 2017; Willette et al. 2008).

Both TRPV3 and TRPV4 are implicated in several diseases and disorders, including
chronic pain, osteoarthritis, skin disorders, and bladder dysfunction (Masuyama et al. 2012;
Girard et al. 2013; Gombedza et al. 2017; Lee and Caterina. 2005; Peier et al. 2002; Barrick et
al. 2003; Maccini et al. 2012). Therefore, these channels have become potential therapeutic

targets for developing new treatments and drugs.

1.7.1 Structural features and domain structure of TRPV3 and TRPV4
1.7.1.1 Structural features of TRPV3

The typical structure of TRPV3 can be assessed by its protein sequence only. TRPV3
is composed of four subunits that assemble into a tetrameric non-selective cation channel (Deng
et al. 2020). Each subunit has six transmembrane domains (S1-S6), a pore-forming loop
connecting S5 and S6, and cytoplasmic N- and C-termini. The S5-S6 pore-loop contains several
residues that are critical for the channel's ion selectivity and gating, such as a conserved aspartic
acid residue (D646 in humans) that affects Ca?*-permeability and other residues like L636 and
V642 that influence the channel's sensitivity to heat and chemical compounds.

The N-terminal cytoplasmic domain of TRPV3 has multiple ankyrin repeats, which
facilitate protein-protein interactions and channel regulation, while the C-terminal domain

features multiple phosphorylation sites (contains ARD, i.e. Ankyrin repeat domain) that can
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modify the channel's activity (Rouillard et al. 2016; Singh et al. 2020; Vlachova et al. 2003;
Brauchi et al. 2006). Alternative splicing of TRPV3 generates isoforms with distinct
characteristics, such as TRPV3b, which lacks the N-terminal ankyrin repeats and exhibits
reduced-sensitivity to heat and chemical activators compared to the full-length TRPV3a
isoform (Shi et al. 2013). These structural properties of TRPV3 are essential for its
physiological functions and regulatory mechanisms and can serve as a basis for the

development of drugs and therapies targeting this channel.

1.7.1.2 The cryo-EM structure of TRPV3

Recently, cryo-electron microscopy structures of full-length mouse TRPV3 had been
studied in both the closed (i.e. equivalent to apo) and agonist-bound (i.e. equivalent to open)
states. The agonist binds to three allosteric sites far away from the pore, and channel opening
is accompanied by conformational changes in both the outer pore and in the intracellular gate
(Singh et al. 2018). The gate is formed by the S6 helices that line the pore and undergo a
transition from a to © helices, elongate, rotate, and spread apart in the open-state (Singh et al.
2018). In the closed-state, the shorter S6 segments are completely a-helical and expose their
nonpolar surfaces to the pore, which hydrophobically seals the ion permeation pathway (Singh
et al. 2018).

Like other members, TRPV1, TRPV2, and TRPV4 (all belongs to the thermo TRPV
family), TRPV3 also forms a homotetramer with four-fold symmetry (Schaefer et al. 2005;
Singh et al. 2018; Zubcevic et al. 2018; Smith et al. 2002). Within a tetramer, each monomer
consists of an Ankyrin Repeat Domain (ARD) at the amino (N-) terminal cytosolic region and
a transmembrane domain (TMD) made up of six transmembrane helices (S1—-S6) that undergo

a domain-swap configuration (Singh et al. 2018; Zubcevic et al.2018).
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Fig 9: Overview of the structural elements within a single protomer of the TRPV3 channel. a. Overview of
the structural elements within a single protomer of the TRPV3 channel: Ankyrin Repeat Domain (ARD) is shown
in yellow; coupling domain (CD), consisting of linker domain, pre-S1 and the C-terminal domain, is shown in
red; voltage-sensing-like domain (VSLD), consisting of helices S1—S4, is shown in blue, the pore domain,
consisting of helices S5-S6 and the pore helix, is coloured in purple; the TRP domain is shown in green). b. Side
view of the TRPV3(Y564A)-2-APB. This figure has been taken from Zubcevic et al. 2018.

The coupling domain (CD), which comprises the linker domain, pre-S1, and carboxy
(C-) terminal domain (CTD), links the TMD and ARD. The TMD consists of a voltage-sensor-
like domain (VSLD), containing helices S1-S4, and a pore domain comprising helices S5, S6,
and the pore-helix. The S4-S5 linker links the VSLD and the pore domain. Additionally, the
channel contains a TRP-domain, as shown (Fig. 9). A recent study shows that TRPV3 channels
can also form a pentameric (with dilated pore region, Fig. 10) structure as observed through
AFM and cryo-EM (Lansky et al. 2023). The cryo-EM structure also highlights the presence
of a “cap-like” structure on the extracellular side of the channel, which could play a role in
temperature and chemical sensing. Additionally, the structure revealed that the ankyrin repeats
in the N-terminal domain contribute to the stability of the tetrameric structure of the channel.
In summary, the cryo-EM structure of TRPV3 provides valuable information on the channel's
architecture and the mechanisms of ion permeation and gating, which could aid in the

development of targeted therapies and drugs.
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Fig 10: Structure of the pentameric TRPV3 channel. Cryo-EM map of the TRPV3 pentamer, determined to
4.4 A resolution. The five protein subunits are coloured in wheat, purple, yellow, pink and green. This figure has
been taken from Lansky et al. 2023.
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1.7.1.3 Structural features of TRPV4

TRPV4 is made up of four subunits that come together to form a functional tetramer
(Deng et al. 2018). Each subunit comprises of six transmembrane domains (S1-S6), a pore-
forming loop located between S5 and S6, and cytoplasmic N- and C-termini (Strotmann et
al.2003; Deng et al. 2018). The “pore-loop” present between S5-S6 has several residues that
are crucial for the channel gating and ion-selectivity of TRPV4 (Strotmann et al. 2003). For
example, an essential glutamic acid residue (E783 in humans) is responsible for Ca?*-
permeability, while other residues such as Y568 and Y572 play a role in the response of TRPV4
to mechanical and osmotic stimuli (Strotmann et al. 2003).

The N-terminal cytoplasmic domain of TRPV4 features ankyrin repeats that take part
in protein-protein interactions and the regulation of the channel (Watanabe et al. 2002). The C-
terminal domain consists of a TRP-domain, ankyrin repeats, and a coiled-coil domain, which
are essential for the modulation of TRPV4 activity by various cellular and environmental
factors (Hellwig. et al. 2005). Alternative splicing of TRPV4 generates different isoforms that
possess distinct functions and properties. Notably, TRPV4b isoform does not contain the TRP-
domain and has lower Ca?*-permeability than the full-length TRPV4a (Kumar et al. 2023).

Recently, the cryo-electron microscopy (cryo-EM) structure of the TRPV4 was
determined with a resolution of 3.8A (Deng et al. 2018). The structure not only provided an
overall view of the channel's organization but also uncovered vital information about its
mechanisms of ion permeation and gating. The “pore-loop” between the S5-S6 domains
contains crucial residues that are essential for ion-selectivity and gating, including the
conserved glutamic acid residue (E783), responsible for conferring Ca?*-permeability (Deng et
al. 2018; Shigematsu et al. 2010). Moreover, the cryo-EM structure revealed that TRPV4 has
a distinctive architecture on the extracellular side, which includes a large cytoplasmic domain

and an extended extracellular region (Fig. 11). This domain may play a role in sensing a variety
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of stimuli such as temperature and mechanical forces (Takahashi et al. 2014; Deng et al.2018).
Furthermore, the N-terminal ankyrin repeats were found to be involved in stabilizing the
tetrameric structure of the channel (Takahashi N. 2014; Deng et al. 2018).

In the linker domain, a three-stranded beta-sheet composed of betal, beta2, and beta3
strands not only connects the N-terminal ARD to the C-terminus within each subunit but also
interacts with the ARD from an adjacent subunit to create an important subunit-subunit
assembly interface. Following the beta-strands, a helix-turn-helix (HTH) motif and a pre-S1
helix tightly accommodate the conserved C-terminal TRP-helix, which regulates channel
activity and follows the inner helix S6. The amphipathic TRP-helix is remains parallel to the
membrane and in close contact with the S4-S5 linker, which links the S1-S4 and pore-domains
(Gregorio-Teruel et al. 2015; Yu and Catterall. 2004). This arrangement situates the TRP-helix
between the cytosolic and transmembrane domains, facilitating the conformational changes
between these two regions and affects the gating mechanism in response to various stimuli
(Gregorio-Teruel et al. 2015; Inada et al. 2012).

Both the TRPV3 and TRPV4 ion channels have been extensively studied, and some
notable differences have been observed. Compared to other thermo TRPV channels, TRPV3
has a longer pore helix and a more extended selectivity filter, which results in its unique
characteristics (Deng et al. 2020). Additionally, the apo-form of TRPV3 displays some
exclusive features. In contrast, TRPV4 has roughly six times greater selectivity for Ca?* over
Na* and is a well-suited for initiating Ca*-influx. The latest TRPV4 structures reveal only one
ion-binding site, and it is unclear whether the channel contains multiple ion binding sites in
other conformational states (like most other TRP channels), or it has a distinct permeation
mechanism based on a single ion binding site (Deng et al. 2018). The structural mechanism of

dyclonine-induced inhibition of TRPV3 has also been investigated. This revealed that the
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anesthetic (dyclonine) prompts a transition from a low-energy a-helix to a high-energy n-helix

in TRPV3 (Neuberger et al. 2022; Liu et al. 2021).
In summary, the cryo-EM structure of TRPV4 provides a detailed view of the channel's

architecture and sheds new light on the mechanisms of ion permeation and gating. In future,

this can have implications for the development of drugs and therapies targeting this channel.
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Fig 11.: Cryo-EM structure of TRPV4. a. Reconstructed Cryo-EM tetrameric channel. b. Overall structure in
orthogonal view. c. A single subunit structure. This figure has been taken from Deng et al. 2018.

1.7.2 Different interacting proteins of TRPV3 and TRPV4

1.7.2.1 TRPV3 interaction with different proteins
The interaction of TRPV3 with different proteins have been extensively studied, and

some of them are listed below.
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The interaction between TRPV3 and anoctaminl (ANO1, a calcium-activated chloride
channel) has been shown by using co-IP and patch-clamp methods. An in vitro wound-healing
assay has demonstrated that TRPV3-ANOL1 interaction enhances wound healing in
keratinocytes (Yamanoi et al. 2023). ANO1-mediates influx of CI" ions, can enhance wound
healing in keratinocytes by responding to Ca®*-influx through TRPV3. However, ANO1
activation reduces cell migration and/or proliferation (Yamanoi et al. 2023). It was observed
that TRPV3 activation affects ANO1-mediated currents in the mouse skin keratinocytes and in
normal human epidermal keratinocytes (NHEKS) (Yamanoi et al. 2023).

TRPV3 has also been found to interact with Calmodulin (CaM), the ancient Ca?*-
binding protein responsible for regulating several cellular processes, including muscle
contraction and neurotransmitter release (Phelps et al. 2010; Shi et al. 2013). CaM interacts
with the ARD (N-terminal ankyrin repeat domain) region of TRPV3 (Phelps et al. 2010; Shi et
al. 2013). This interaction may help regulate TRPV3 activity in response to changes in
intracellular Ca?*-levels (Beiying et al. 2011). Another Ca?*-binding protein, S100A4, interacts
with TRPV3, which is critical in cell proliferation and progression (Deng et al. 2021).

TRPV3 is expressed in sensory neurons and has been shown to interact with the EP3
subtype of the prostaglandin E2 receptor in these cells (Huang et al. 2008). Prostaglandin E2
(PGE2) can cause thermal and mechanical hypersensitivity by binding to G protein-coupled
EP receptors in sensory neurons (Huang et al. 2008). In conclusion, the interactions of TRPV3
with various proteins indicate its involvement in complex and diverse physiological processes

tightly regulated by intracellular signalling pathways.

1.7.2.2 TRPV4 interaction with different proteins
TRPV4 interacts with different cellular proteins to carry out different cellular functions.
That includes as diverse as cytoskeletal proteins, membrane proteins, mitochondrial proteins,

nociceptive molecules, Ca?*-sensor proteins and different Kinases.
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Previously, it has been shown that the CamKII-ASK1 pathway can regulate the
activation of TRPV4 (Yip et al. 2008). Later on, CamKII has been reported to bind TRPV4
(Goswami et al. 2010). In case of TRPV4 variant (R269C, gain-of-function mutation), this can
cause an increase in intracellular Ca®*-levels through a mechanism that involves CamKII
(Woolums et al. 2020). Essentially, CamKII plays a role in modulating the function of TRPV4,
and this interaction can lead to changes in Ca?*-signaling within cells (Goswami et al. 2010).

The regulation of Ca?*-homeostasis involves the participation of Neuronal Ca?*-sensor
1 (NCS1), a protein that binds Ca?*, and TRPV4 in the plasma membrane. These two proteins
affect the Ca?*-signaling pathway and play important roles in maintaining Ca?* within cells
(Sanchez and Ehrlich. 2021). Other than this, TRPV4 localizes to the microtubule and actin-
enriched region and interacts with both, which leads to stabilising the growth cone in the F11
cells (Goswami et al. 2010).

Endoplasmic reticulum-mitochondrial contact points for Ca?*-buffering are facilitated
by TRPV4 through its interaction with MFN1 and MFN2, mitochondrial fission-fusion
regulatory factors (Acharya et al. 2022).

TRPV4 also interacts with mitochondrial protein like cytochrome C which might be
relevant for TRPV4-induced channelopathy. Cytochrome C interacts with TRPV4 (592-630 of
TRPV4) in a Ca?* as well as other metal ion-sensitive manner (Das et al. 2022). TRPV4
interacts with different kinases, such as Src kinases (SH2 domain) and it regulates the TRPV4
functions through tyrosine phosphorylation at tyr-253 residue (Xu et al. 2003). Another kinase
named PKC (protein kinase C) interacts with TRPV4 and this interaction is essential for its
functions. Both the PKC and AKAP150 (arterial myocytes the anchoring protein) were
required for Angll-induced (angiotensin I1) increases in TRPV4 channels activity (Mercado et
al. 2014). It has been recently identified that TRPV4 interact with RhoA (GTpase) which is

regulated by Ca?*-influx (Mccray et al. 2021; Bagnell et al. 2022).

60



These protein interactions highlight the diverse network of regulatory mechanisms that
influence TRPV4 function. These also provide insights into the intricate modulation of TRPV4

and its implications in cellular processes and signaling pathways.

1.7.3 Cellular and molecular regulation of TRPV3 and TRPV4
1.7.3.1 Cellular and molecular regulation of TRPV3

The molecular regulation of TRPV3 involves multiple factors that control its
expression, activation, and desensitization. Key aspects of TRPV3 regulation include
transcriptional control, post-transcriptional modifications, post-translational modifications,
intracellular signaling pathways, modulation by ligands, and protein-protein interactions.
Transcription factors such as CREB, NFAT, and PPARY regulate TRPV3 gene expression by
binding to its promoter region (Luo et al. 2012; Zhang et al. 2018; Hotta et al. 2010). TRPV3
activation aggravated in pathological condition like cardiac hypertrophy through
calcineurin/NFATc3 pathway in rats (Zhang et al. 2018).

TRPV3 mRNA undergoes post-transcriptional modifications like alternative splicing
and RNA editing, leading to the generation of different isoforms with distinct properties (which
can be either gain-of-function or loss-of-function) (Donaldson and Beazley-Long. 2016). Post-
translational modifications, such as phosphorylation by kinases like PKC, PKA, and CaMKII,
as well as palmitoylation and glycosylation, impact TRPV3 mostly by activating (potentiate)
the channel activity (Karttunen et al. 2015; Mickle et al. 2015). One study indicates that EGFR's
sensitizing impact on TRPV3 is mediated by ERK, leading to the phosphorylation of TRPV3.
The key site for ERK-dependent modulation is Thr?®*, the residue located in the N-terminal
ankyrin repeat domain and close to a critical region involved in TRPV3 function. In essence,

Thr?4 serves as the pivotal ERK-phosphorylation site responsible for the EGFR-induced
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sensitization of TRPV3, promoting signaling pathways crucial for skin homeostasis (Vyklicka
et al. 2017).

Intracellular signaling pathways involving GPCRs, RTKs, PLC, PKC, and PI3:K
influence TRPV3 activation and sensitization. Protein-protein interactions with heat shock
proteins, calmodulin, and 14-3-3 proteins affect TRPV3 trafficking, stability, and channel
activity (Park et al. 2017; Wang and Wang. 2017).

Involvement of TRP channels and GPCRs in the transmission of itch sensations has
been established. Notably, patients with Olmsted syndrome, marked by severe itching have
“gain-of-function” mutations in TRPV3. However, the precise mechanisms underlying itch
sensation have remained unclear. Studies demonstrates that keratinocytes lacking TRPV3
hinder the functioning of protease activated receptor 2 (PAR2), leading to decreased activation
of neurons and reduced scratching responses when exposed to PAR2 agonists. This may
suggest the involvement of PAR2 in TRPV3-mediated signalling pathways. Additionally,
TRPV3 and PAR2 were found to be elevated in skin biopsies from individuals and mice with
atopic dermatitis (AD). Inhibition of these receptors mitigated itching and inflammatory
reactions in mouse AD models. These findings uncover an unanticipated connection between
TRPV3 and PAR2 in keratinocytes for transmitting itch signals and suggest that targeting
PAR2 or TRPV3, either individually or concurrently, may offer a potential avenue for anti-itch
therapy in AD (Zhao et al. 2020).

Recent studies have highlighted the significance of the TRPV3 in regulating epidermal
homeostasis. TRPV3 forms a signaling complex with epidermal growth factor receptor (EGFR)
in keratinocytes, and their proper signaling is crucial for maintaining skin health (Wang et al.
2021). It has been suggested that TRPV3's constitutive activity plays a role in activating EGFR-
dependent signaling, creating a positive feedback loop involving the mitogen-activated protein

kinase ERK. To investigate the molecular mechanism behind the increased TRPV3 activity
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through EGFR activation, mutagenesis and whole-cell patch clamp experiments were
performed. ERK, upon activation, mediates the sensitizing effect of EGFR on TRPV3 (Wang
et al. 2021). Specifically, Thr?®*, located in the N-terminal ankyrin repeat domain of TRPV3,
has been identified as the critical site for ERK-mediated modulation of the channel's activity
(Wang et al. 2021). Notably, this phosphorylation site is situated near a functionally significant
region of TRPV3 (Wang et al. 2021). This study highlights the role of Thr?®* as a key
phosphorylation site in TRPV3, which is involved in EGFR-induced sensitization of the
channel, thereby influencing signaling pathways crucial for maintaining skin homeostasis

(Cheng et al. 2010; Vyklicka et al. 2017).

1.7.3.2 Cellular and molecular regulation of TRPV4

TRPV4 can be regulated by various processes which are described below.

1.7.3.2.1 Transcriptional control: TRPV4 gene expression is influenced by specific
transcription factors such as Sp1, NF-kB, and AP-1, which binds to the TRPV4 promoter and
regulate its transcription (Woods et al. 2021). This has been shown by using cell-lines from
mouse, bovine and human origin.

1.7.3.2.2 Post-transcriptional modifications: TRPV4 mRNA undergoes post-transcriptional
modifications like alternative-splicing and RNA-editing, leading to the generation of distinct
isoforms. These modifications can impact the channel's function (mostly gain of channel
activity) and localization within different tissues and cell types (Arniges et al. 2006).

1.7.3.2.3 Post-translational modifications: TRPV4 activity is subject to various post-
translational modifications. Phosphorylation by protein kinases (such as PKA, PKC, and PKG)
can modulate TRPV4 sensitivity (more sensitization) and functionality. Additionally,
modifications like ubiquitination, N-linked glycosylation (N651) and sumoylation have also

been implicated in TRPV4 regulation (influence membrane trafficking, channel activity).
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Phosphorylation of Y-253 (which is SRC family kinase-dependent), alters it’s the response of
TRPV4 to hypotonic stress (Liao et al. 2020; Xu et al. 2003; Xu et al. 2006).

1.7.3.2.4 Intracellular signaling pathways: TRPV4 can be regulated through intracellular
signaling cascades involving molecules like PLC, IP3, and CaMKSs. These pathways contribute
to TRPV4 activation and sensitization (Zhang et al. 2022; Woolums et al. 2020).

1.7.3.2.5 Modulators and ligands: TRPV4 can be activated or influenced by a variety of
ligands, that are either endogenous and exogenous in sources. Endogenous molecules such as
arachidonic acid metabolites, ATP, cholesterol, even steroids and cytoskeletal elements can
modulate TRPV4 activity (Landoure et al. 2010; Watanabe et al. 2003; Das and Goswami.
2019; Dubey et al. 2023). Exogenous compounds like phorbol esters, GSK1016790A, and
40PDD act as known agonists of TRPV4 (Fabien et al. 2009; Baratchi et al. 2019; Vincent and
Duncton. 2011; Rosenbaum et al. 2020).

TRPV4 can be activated by phorbol esters which are known as potent activators. This
activation occurs through the activation of protein kinase C which enhances the sensitization
of channels (Watanabe et al. 2002). GSK1016790A is a selective agonist of TRPV4 (1C50
value of GSK1016790A for TRPV4 channel activation is 8.7) and is widely employed to study
the physiological functions of TRPV4 both in laboratory settings and in living organisms.
Additionally, 40PDD, a non-protein kinase C—activating phorbol ester, can stimulate TRPV4
directly by binding to the channel itself (Gao et al. 2003; Vriens et al. 2004). PIP, also have
the ability to modulate TRPV4 activity by binding to the specific sites of TRPV4 (Cao et al.
2018; Garcia-Elias et al. 2013; Pizzoni et al. 2021; Goswami et al. 2010). Binding of all these
factors trigger conformational changes, leading to the opening of TRPV4 and subsequent influx
of ions. The exploration of these modulators of TRPV4 activity is of great importance in
scientific research, as it holds the potential to uncover valuable insights into the normal and

abnormal functions of TRPV4.
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1.7.3.2.6 Protein-protein interaction

Interactions with other TRP channels: TRPV4 can form hetero-tetrameric complex
structures with other TRP channels like TRPV1 or TRPC1. These associations influence
TRPV4's biophysical characteristics, leading to modified responses to temperature and
chemicals in sensory neurons when compared to TRPV4 homo-tetrameric channels (Zergane
et al. 2021).

Calmodulin (CaM): TRPV4 interacts with CaM, a Ca?*-binding protein. When intracellular
Ca?'level increases, CaM-Ca?* complex binds to TRPV4, altering its activity. This interaction
sensitizes the channel and boosts Ca?*—influx. Such response has roles in regulating vascular
tone and blood flow in endothelial cells in response to mechanical forces (Garcia et al. 2008).
TRPV4-DeltaCaM-(Delta812-831) important in physical interaction with IP3 receptor 3 and
IP3-mediated sensitization. The IPs-mediated sensitization requires IPs receptor binding to a
TRPV4 C-terminal domain which overlaps with the calmodulin-binding site.

Cellular Adhesion Molecules: In certain conditions, TRPV4 associates with cellular adhesion
molecules such as integrins. These interactions influence TRPV4's function and have
significance in processes like cell migration and mechanosensation. In chondrocytes, the
interaction of TRPV4 with integrins plays a role in responding to mechanical loading and
maintaining cartilage homeostasis. Also, a2f1 integrin complex interacts with TRPV4 and
such interaction has been implicated in mechanical transduction, development of mechanical
hyperalgesia (Alessandri et al. 2008).

G Protein-Coupled Receptors (GPCRs): TRPV4 can be modulated by GPCRs through
different signaling pathways. For example, upon activation of specific GPCRs (like protease-
activated receptor PAR2), TRPV4 becomes sensitized. This interaction is relevant in scenarios
involving inflammatory pain and heightened sensitivity to mechanical stimuli (Peng et al.

2020).
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In summary, TRPV4's function is intricately regulated through diverse protein-protein
interactions, allowing it to play pivotal roles in various physiological processes and sensory

functions.

1.7.4 Specific activation of TRPV3 and TRPV4 in response to physical and chemical
stimuli
1.7.4.1 Activation of TRPV3

TRPV3 is a receptor that can be triggered by a wide range of chemical and physical
signals. There are various stimuli that have been identified to activate TRPV3 (Su et al. 2022).
In terms of physical stimulation, it responds to temperatures ranging between 31°C and 39°C.
TRPV3 activity can be modulated by natural compounds like carvacrol, thymol, and eugenol,
which are typically found in certain plants. It also responds to monoterpenoids, which can
induce a warm sensation or cause skin sensitization (Vogt-Eisele et al. 2007; Su et al. 2023).
Additionally, endogenous substances such as FPP (Farnesyl pyrophosphate), which is a key
substance in the isoprene pathway have been shown to activate TRPV3 (Bang et al. 2010).
Another endogenous compound, i.e. nitric oxide has also been shown to activate TRPV3.
Synthetic compounds like 2-Aminoethoxydiphenyl borate (2-APB) and cysteine nitrosylation
activates TRPV3 (Yoshida et al. 2006). Other compounds having a similar structure to 2-APB,
such as diphenylboinic anhydride (DPBA) and drofenine, are also effective TRPV3 agonists
(Su et al. 2023).

The natural antagonists that act as modulators of TRPV3 include citrusinine 1, Osthole,
Isochlorogenic acid A and B, Forsythoside B, Pulchranin A, B, C etc. (Han et al. 2021,
Neuberger et al. 2021; Qi et al. 2022). And synthetic compounds which are inhibitors of

TRPV3 includes Ruthenium Red, 2,2-diphenyltetrahydro-furan (DPTHF), Dyclonine,
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Ropivacaine, Mepivacaine and Bupivacaine etc. (Luo et al. 2012; Chung et al. 2012,

Vennekens et al. 2012; Horishita et al. 2021).

1.7.4.2 Activation of TRPV4

TRPV4 displays responsiveness to a broad spectrum of stimuli, encompassing both
physical cues like cell swelling, heat, and mechanical stimulation, as well as chemical signals
such as endocannabinoids, arachidonic acid, and 4a-PDD. TRPV4 is also thermosensitive,
meaning it can detect changes in temperature. It possesses a relatively wide temperature
sensitivity range, with optimal activation occurring around 25-34°C. When exposed to
temperatures above 27°C, TRPV4 opens, allowing Ca?* ions to enter the cell. The activation of
TRPV4 by swelling and endocannabinoids involves the metabolic conversion of arachidonic
acid to epoxyeicosatrienoic acids (EETs) through the action of cytochrome P450 epoxygenases
(Watanabe et al. 2003; Plant and Strotmann. 2007). Although the precise endogenous
messenger responsible for heat-induced TRPV4 activation remains unidentified, it appears to
share a common mechanism with the activation by 4a—phorbol esters (Gao et al. 2003). TRPV4
exhibits multimodal characteristics, with diverse stimuli regulating its function through various
mechanisms. Various mechanical stimuli can also activate TRPV4, such as osmotic swelling,
stretching, and shear stress (Vriens et al. 2004; Liedtke et al. 2003; Kohler and Hoyer. 2007).
For instance, when cells experience osmotic swelling or stretching, these mechanical forces

directly activate TRPV4 channels, resulting in Ca?*-influx into the cell.
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1.7.5 Tissue-wise distribution of TRPV3 and TRPV4 channels and its functional role
1.7.5.1 Distribution and regulations of TRPV3

TRPV3 is widely expressed across multiple tissues throughout the body, indicating its
involvement in diverse physiological functions. Notably, TRPV3 exhibits prominent
expression in the skin, primarily in epidermal keratinocytes, where it plays a role in temperature
perception, regulation of hair growth, and maintenance of the skin barrier (Song et al. 2021).
High levels of TRPV3 expression have been detected in the esophagus, suggesting its potential
influence in that organ (Sulk and Steinhoff. 2014). There is moderate expression of TRPV3
(protein atlas) in the vagina implies its participation in sensory responses and potential impact
on sexual function (https://www.proteinatlas.org/ENSG00000167723-TRPV3/tissue/vagina).
Moderate expression of TRPV3 have been observed in the bladder, indicating its potential
involvement in sensory mechanisms and urinary function (Michael et al. 2012). In the colon,
TRPV3 expression has been identified in the distal colon epithelium, suggesting its
contribution to sensory processes and gut function in that particular region (Ueda et al. 2009;
Bischof et al. 2020). Similarly, within lung tissue, TRPV3 exhibits moderate expression levels,
potentially influencing respiratory physiology and sensory responses within the airways
(Zhang et al. 2018). The presence of TRPV3 in the corneal epithelial cells of the eye suggests
its possible role in corneal sensation and ocular surface health (Yamada et al. 2010).
Furthermore, TRPV3 expression has been detected in cardiac muscle cells, indicating its
potential contribution to cardiac electrophysiology and contractile function (Liu et al. 2018).
Additionally, TRPV3 has been found to be expressed in various cancer types, such as in breast
cancer, lung cancer (Li et al. 2016), colorectal cancer (Yu et al. 2022) and prostate cancer
(Jariwala et al. 2007), emphasizing its potential involvement in cancer biology. The diverse
tissue expression of TRPV3 provides valuable insights into its physiological functions and its

potential implications in pathological conditions (Neuberger et al. 2021).
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1.7.5.2 Distribution and regulations of TRPV4

TRPV4 exhibits widespread distribution across multiple tissues in the human body,
fulfilling diverse physiological roles. Below is the description of distribution of TRPV4 in
various tissues which includes as follows:
a) Nervous system: TRPV4 is present in the central nervous system (CNS), encompassing the
brain and spinal cord (Li et al. 2013). Their expression within sensory processing regions, like
the dorsal root ganglia (DRG) neurons, enables the transmission of sensory information from
the periphery to the CNS (Kumar et al. 2018). TRPV4 is also found in the peripheral nervous
system (PNS), including sensory nerve fibers and autonomic neurons (Spekker et al. 2022).
b) Sensory organs: TRPV4 is expressed in sensory organs such as in the skin, eyes, and inner
ear. Within the skin, they localize to sensory nerve endings, facilitating the detection of
temperature, mechanical stimuli, and chemical signals (Suzuki et al. 2003). In the eyes, TRPV4
is found in the cornea and retina, regulating corneal sensitivity and retinal function (Lapajne et
al. 2022). The cochlea and vestibular system of the inner ear also house TRPV4, contributing
to auditory and balance functions (Wang et al. 2019).
c) Musculoskeletal system: TRPV4 is distributed in various musculoskeletal tissues. It is
present in skeletal muscle fibers, impacting muscle contractility and metabolism (Kumar et al.
2018). TRPV4 is also found in bone cells, including osteoblasts and osteoclasts, where it plays
a role in bone remodeling and mineralization (Cao et al. 2019). Additionally, expression of
TRPV4 in cartilage influences chondrocyte function (Gao et al. 2022).
d) Cardiovascular system: TRPV4 is expressed in endothelial cells lining blood vessels,
actively involved in the regulation of vascular tone and blood flow. Smooth muscle cells within
blood vessels also harbour TRPV4, contributing to vasodilation and contraction processes

(Chen et al. 2021).
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e) Respiratory system: Within the respiratory system, TRPV4 is present in airway epithelial
cells, participating in the modulation of airway tone and mucus production (Rajan et al. 2021).
These are also expressed in sensory nerve fibers, facilitating the detection of irritants and
triggering the cough reflex (Ludbrook et al. 2021).

f) Urinary system: TRPV4 plays a role in the urinary system, specifically in the bladder, where
it contributes to the bladder sensation and contractility. Furthermore, TRPV4 is found in the
kidney, including renal tubules and collecting ducts, aiding in the regulation of fluid balance
and renal function (Perkins et al. 2022).

g) Gastrointestinal system: TRPV4 is distributed throughout the gastrointestinal tract,
encompassing the stomach and intestines. These play a role in regulating gastrointestinal
motility, secretion, and sensation (Matsumoto et al. 2019).

i) Other tissues: TRPV4 has been identified in various other tissues, including the liver,
pancreas, adipose tissue, and reproductive organs (Zhan and Jun. 2018; Swain et al. 2020; Hu
et al. 2023). In these contexts, TRPV4 contributes to a range of functions, including

metabolism, inflammation, and sensory processes (Dutta et al. 2020).

1.7.6. Different physiological functions of TRPV3 and TRPV4 channels
1.7.6.1 Physiological functions of TRPV3

TRPV3 plays a crucial role in maintaining normal physiological functions and have
been implicated in temperature and pain perception. Furthermore, TRPV3 is involved in the
development of skin and hair (Song et al. 2021). In mice, mutations in the TRPV3 gene result
in hair loss, suggesting its participation in hair growth (Song et al. 2021). TRPV3 is expressed
in specific subsets of sensory neurons in human that ends in the skin and are responsive to
detect warm temperatures (Marics et al. 2014). Notably, mutations in the TRPV3 gene have

been observed to cause hair loss in mice too, suggesting its involvement in hair growth. In rats,
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TRPV3 is found to modulate nociceptive signaling both in peripheral areas and in supraspinal
sites (McGaraughty et al. 2017). Specifically, TRPV3 is involved in temperature perception,
particularly the detection of warm temperatures. Activation of TRPV3 occurs when exposed to
temperatures between 34 and 39°C (Peier et al. 2002a; Xu et al. 2002).

TRPV3 also contributes to the regulation of blood vessel diameter, particularly in
response to heat-induced local vasodilation (Fromy et al. 2018; Singh et al. 2019). TRPV3 is
present in the cutaneous region is responsible for initiating this vasoregulatory response by
triggering the release of calcitonin gene-related peptide (CGRP) at the local level (Fromy et al.
2018). Disruption of TRPV3 function hinders heat-induced vasodilation and thermoregulation,
highlighting the crucial involvement of CGRP in this process. Natural compounds such as
carvacrol, thymol, and eugenol directly activate TRPV3, which can lead to specific
desensitization of the channels in a Ca?*-independent manner (Fromy et al. 2018). In rats,
TRPV3 appears to participate in nociceptive signaling in both peripheral and supraspinal
locations (McGaraughty et al. 2017). Overall TRPV3 plays crucial role in regulating different

cellular function and in localized tissue.

1.7.6.2 Physiological functions of TRPV4

TRPV4 is engaged in various physiological functions within the body, which comprises as
follows:

a) Vasoregulation: TRPV4 contributes to the dilation of local blood vessels in response to
heat (Farley et al. 2009). Specifically, cutaneous TRPV4 channels initiate this vasoregulatory
response by triggering the calcitonin gene-related peptide (CGRP) release (Filosa et al. 2013).
Disruption of TRPV4 function leads to impaired heat-induced vasodilation and
thermoregulation, underscoring the critical involvement of CGRP in this process.

b) Bladder physiology and dysfunction: TRPV4 plays a sensory role in the uroepithelium,

influencing the release of sensory mediators like ATP, which in turn modulates nerve activity
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in response to bladder filling during the urination cycle (Roberts et al. 2020). Accordingly,
TRPV4 knockout animals have problems with frequent urination (Tomilin et al. 2019). TRPV4
channels may also directly impact detrusor contractility and urothelial barrier function. Altered
expression of TRPV4 has been observed in various pathological bladder conditions.
¢) Cardiac function: TRPV4 channels play a role in the development of myocardial infarction
and contribute to the cardiac tolerance during ischemia/reperfusion (Goyal et al. 2019).
Activation of TRPV4 negatively affects the stability of cardiomyocytes under
hypoxia/reoxygenation conditions (Wu et al. 2017). Precise and controlled blocking of TRPV4
may represent a new approach for preventing ischemia/reperfusion injury to the heart.
d) Sensory Transduction: TRPV4 can be activated by different stimuli, including mechanical,
thermal, and chemical cues. They participate in sensory transduction, particularly in the
uroepithelium, where they are involved in mechanosensation and the development of voiding
disorders (Merrill et al. 2014). TRPV4 also contributes to the generation of electrical signals
in the nervous and muscular systems (Evangelista et al. 2015).

TRPV4 exhibits a multimodal nature, regulated by various stimuli, suggesting a
complex array of mechanisms governing their functions. Ongoing research attempts to

understand the cellular pathways that involve TRPV4.

1.7.7 Inflammatory functions of TRPV3 and TRPV4 ion channels

Understanding the functions of TRPV3 and TRPV4 channels in pain perception,
thermal sensation, and various pathophysiological conditions is crucial for developing targeted
therapeutic approaches to alleviate pain, manage thermal sensitivity, and address associated
disorders (Su et al. 2023; Um et al. 2023; Huang et al. 2011). Here some of these issues are

discussed.
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1.7.7.1 Inflammatory functions of TRPV3

Activation of TRPV3 contributes to the development of skin diseases by triggering a
strong proinflammatory response through the NF-xB pathway. TRPV3 is functionally
expressed in human epidermal keratinocytes and have been implicated in cutaneous
inflammatory processes (Attila et al. 2018). Additionally, downstream elements of the
inflammatory cascade, along with endogenous ligands like arachidonic acid and protein kinase
C (PKC), can sensitize or activate TRPV3 (Hu et al. 2006). Inhibition of TRPV3 has shown
promising results in treating inflammatory dorsal skin conditions, demonstrating a dose-
dependent effect (Qu et al. 2019).

Furthermore, excessive expression of TRPV3 has been associated with hair loss, skin
inflammation, severe pruritus, and dermatitis (Um et al. 2022). TRPV3 plays a critical role in
various aspects of skin physiology, including skin barrier formation, hair growth, wound
healing, and itching (Um et al. 2022). All these highlight the importance of TRPV3 in
maintaining healthy skin function. Also, when the body sustains an injury from external factors,
the damaged tissue site triggers the release of various substances such as prostaglandin E2
(PGE2), ATP, nitric oxide (NO), interleukin la (IlI-1a), TGF-B, among others. These
substances sensitize the sensory nerve endings within the skin, leading to the transmission of
signals that result in specific physiological responses. Within keratinocytes, TRPV3 plays a
role in facilitating the release of prostaglandins in response to heat stimulation. This influence
on prostaglandin release by TRPV3 has implications for both acute pain perception and
heightened sensitivity to pain (hyperalgesia), supporting the idea that keratinocytes can actively
contribute to sensory functions (Huang et al. 2008; Miyamoto et al. 2011).

Given its involvement in skin diseases and related symptoms, TRPV3 has emerged as
a potential therapeutic target for itching and other skin-related disorders (Um et al. 2022).

Although the precise mechanisms underlying TRPV3 activation and its contribution to skin
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diseases are still under investigation, it is evident that TRPV3 plays a significant role in
cutaneous inflammatory processes. This knowledge opens up possibilities for developing
targeted interventions and treatments for skin diseases by modulating TRPV3 activity.

In summary, the research suggests that TRPV3 is involved in inflammatory functions
and have broad implications in skin physiology and other physiological processes. Further
investigations are needed to fully understand the mechanisms underlying TRPV3-mediated
inflammation and its potential as a therapeutic target in inflammatory diseases (Szol16si et al.

2018; Su et al. 2023; Um et al. 2022).

1.7.7.2 Inflammatory functions of TRPV4

TRPV4 has been implicated in inflammatory functions within the body. Here are some
examples of key regulation of the inflammatory functions of TRPV4.

a) Regulation of inflammatory responses: TRPV4 may have a critical role in regulating
various inflammatory responses, including cytokine production, foam cell formation, and giant
cell formation (Goswami et al. 2017). This suggests that TRPV4 is involved in modulating the
immune and inflammatory processes.

b) Activations by inflammatory mediators: TRPV4 plays a role in inflammation as it can be
activated by inflammatory mediators. Different inflammatory mediators, such as arachidonic
acid metabolites, Prostaglandin E2 (PGE2) and histamine, as well as receptors involved in
inflammation like protease-activated receptor-2 (PAR2), have been shown to activate or
sensitize TRPV4. This indicates the involvement of TRPV4 in inflammation, most-likely also
as a part of feedback loop that amplifies inflammatory signals (Watanabe et al. 2003;
Alessandri-Haber et al. 2003; Grant et al. 2007; Cenac et al. 2010; Yang et al. 2007).

¢) Dual role in inflammation: While TRPV4 activity has generally been associated with pro-

inflammatory effects, emerging evidence suggests a more complex role where this channel may
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also have anti-inflammatory effects (Dutta et al. 2020). The activation of TRPV4 leads to the
release of cytokines such as IL2, IL-6, IL-8, IL-1a and IFNy (Majhi et al. 2015). TRPV4
activation can also promote the production of anti-inflammatory cytokines, such as IL-10,
which enhance the phagocytic activity of macrophages. This shows both of the anti and pro
inflammatory role of TRPV4 (Rosenbaum et al. 2020). This highlights the need for further
research to understand the intricate mechanisms of TRPV4 in inflammation (Vincent et al.
2011; Nguyen et al. 2022; Acharya et al. 2022).

d) Therapeutic Potential: TRPV4 is considered a potential therapeutic target for
inflammatory diseases. Antagonizing TRPV4 is being explored for therapeutic purposes in
various areas, such as bone control and inflammation. For example, activation of TRPV4
results in enhanced bio-mineralization by the osteoblasts (Acharya et al. 2023). Targeting
TRPV4 could provide new avenues for managing inflammatory conditions (Ye et al. 2023;
Dultta et al. 2020).

e) Regulation of cytokine production: TRPV4 regulates cytokine production in macrophages,
immune cells that play a crucial role in inflammation (Luo et al. 2017). TRPV4 plays a
significant role in multiple biological processes, including the formation of foam cells
containing lipid-laden macrophages. Additionally, it is involved in regulating the production

of cytokines when human gingival fibroblasts are exposed to lipopolysaccharide from

Porphyromonas gingivalis. Furthermore, TRPV4 is also linked to the regulation of cytokines
in the context of adipose oxidative metabolism (Luo et al. 2017).

The precise mechanisms by which TRPV4 regulates cytokine production are still under
investigation. However, it is evident that TRPV4 plays a role in this process and have the
potential to be targeted for therapeutic interventions in inflammatory diseases. Further research
is needed to fully elucidate the underlying mechanisms and exploit the therapeutic potential of

TRPV4 modulation.
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1.7.8 The importance of TRPV3 and TRPV4 channels in pain and other pathophysiology

TRPV3 and TRPV4 channels are integral to pain perception and both these two
channels contribute to a range of pathophysiological conditions. Both are present in sensory
neurons, where these channels are involved in detecting and transmitting pain signals in

response to stimuli-like heat, pressure, and chemicals (Gonzalez-Ramirez et al. 2017).

1.7.8.1 TRPV3 and pathophysiology

In the skin, the TRPV3 is associated with various disorders. Mutations in the TRPV3
gene can lead to channelopathies, such as Olmsted syndrome and erythromelalgia,
characterised by pain, inflammation, and dermatological symptoms.
Since TRPV3 plays an indispensable role in the generation of pain, the research on TRPV3 in
early studies mainly focused on pain sensation and thermal sensation. Some of the studies on
physiological functions having been conducted, TRPV3 has been found to be associated with

a variety of diseases (Table 4) (Su et al. 2023).

1.7.8.2 TRPV4 and pathophysiology

TRPV4 plays a crucial role in various physiological processes. Accordingly,
dysregulation or dysfunction of TRPV4 has been implicated in several pathological conditions.
Here are some examples:
a) Gain-of-function mutations: Rare genetic disorder (missense mutation) known as
brychyolmia (BCYM3; 113500) identified by Rock et al, in 2008. They found that when the
R616Q mutation (605427.0001) was expressed in human embryonic kidney cells, it resulted in
a significantly larger constitutive current even before agonist application. Importantly, the
overall characteristics of the current, including the shape of the IV curve and reversal

potentials, remained unchanged. The study also revealed a similar pattern for the V620l

76



Table 4.

Diseases Research Evidence

Olmsted A series of independent clinical reports are identified mutations in the TRPV3 gene as the

syndrome cause of Olmsted’s syndrome.

(0S)

Pruritic  and | 1. The expression of TRPV3 is significantly increased in skin lesions and non-diseased

atopic skin of patients with specific dermatitis. 2. The pharmacological activation of TRPV3

dermatitis leads to the development of AD in wild-type mice, and it has no effect on TRPV3 knockout

(AD) mice. 3. The inhibition of TRPV3 treats inflammatory dorsal skin in a dose-dependent
manner.

Psoriasis 1. The expression level of TRPV3 in psoriasis patients is significantly higher than it is in
people without psoriasis. 2. TRPV3 antagonists relieve the symptoms in patients with
moderate-to-severe psoriasis in a dose-dependent manner.

Cutaneous 1. TRPV3 knockout mice show no increase in scratching behavior after itch modeling. 2.

pruritus The expression of TRPV3 is significantly up-regulated in the epidermis of patients with
pruritus after having been burnt.

Rosacea TRPV3 gene expression is significantly increased in rosacea.

Cancer 1. TRPV3 expression is increased in pancreatic, bone, breast, lung and oral squamous cell
cancers. 2. TRPV3 expression is decreased in colorectal cancer.

Myocardial 1. The expression of TRPV3 is increased in pathological cardiac hypertrophy. 2. TRPV3

hypertrophy expression is increased in cardiomyocyte hypertrophy induced by Ang-Il in vitro. 3.
TRPV3 inhibitors can significantly aggravate cardiomyocyte hypertrophy and TRPV3
antagonists can slow cardiomyocyte hypertrophy.

Cardiac TRPV3 activation exacerbate cardiac dysfunction and interstitial fibrosis in pressure-

fibrosis overloaded rats.

Myocardial The expression of TRPV3 is significantly up-regulated in neonatal rat cardiomyocytes

infarction after myocardial infarction and in hypoxia-treated rats.

Pain TRPV3is overexpressed in skin pain, breast pain, cancer pain and other pain-experiencing
tissues.

Alopecia TRPV3 agonists inhibit hair growth, whereas TRPV3 inhibitors significantly reverse the

symptom.

Table 4: TRPV3 and channelopathy. This table taken from Su, et al. 2023

Table 5:
Naturally occurring TRPV3 mutations References
G573S Linetal. 2012
G573C Linetal. 2012
G573A Danso et al. 2013
G568C Duchatelet et al. 2014
G568V Choi et al. 2018
G568D Peters et al. 2020
W692G Kariminejad et al. 2014

Q216_G262del

Duchatelet et al. 2014

Q580P He et al. 2014
L673F Duchatelet and Alain. 2014a
W521S Mevorah et al. 2005

Table 5: The updated list of TRPV3 mutations causing Olmsted syndrome.
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mutation (605427.0002), albeit with a somewhat smaller increase in constitutive current
compared to the R616Q mutation (Rock et al. 2008).

b) Hereditary Diseases: Mutations in the TRPV4 gene have been linked to hereditary diseases
such as Charcot-Marie-Tooth disease type 2C (CMT2C) and scapuloperoneal spinal muscular
atrophy (SPSMA). These conditions are characterized by muscle weakness, sensory
impairments, and dysfunction of motor neurons (Chen et al. 2023).

c) Osteoarthritis: TRPV4 is expressed in chondrocytes, which are responsible for maintaining
cartilage integrity in joints. In case of osteoarthritis, there is evidence of increased TRPV4
activity, leading to excessive Ca?*-influx and activation of downstream signaling pathways that
promote cartilage degradation and inflammation. Targeting TRPV4 has been suggested as a
potential therapeutic approach for osteoarthritis (Phan et al. 2009; Leddy et al. 2014).

d) Pulmonary Diseases: TRPV4 is expressed in lung epithelial cells and smooth muscle cells.
Increased TRPV4 activity has been observed in conditions such as acute lung injury (ALI) and
acute respiratory distress syndrome (ARDS) (Sonkusare et al. 2022). This heightened activity
contributes to the formation of pulmonary edema, inflammation, and impaired lung function
(Hamacher et al. 2023). Inhibition of TRPV4 has shown promise in preclinical models as a
potential therapeutic strategy for these lung diseases.

e) Neurological disorders: TRPV4 dysfunction has been implicated in various neurological
disorders, including hereditary spastic paraplegia (HSP) and neuropathic pain (Gizem et al.
2021). Mutations in the TRPV4 gene can lead to neurodegeneration and impaired axonal
transport in HSP (Elyette et al. 2023). In the case of neuropathic pain, TRPV4 activation in
sensory neurons can contribute to the development and maintenance of chronic pain states
(Rodrigues et al. 2023). Dysfunction of TRPV4 can give rise to a range of disorders
encompassing genetic skeletal and neuromuscular conditions (Andreucci et al. 2011).

Additionally, TRPV4 is involved in processes such as endoplasmic reticulum (ER) stress and
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inflammation, which have implications for Parkinson's disease (Liu et al. 2022). It also acts as
a regulator of adipose oxidative metabolism, inflammation, and energy homeostasis. TRPV4's
involvement extends to skeletal dysplasias and peripheral nervous system disorders in terms of
pathogenesis (Filosa et al. 2013).

f) Vascular Diseases: TRPV4 is expressed in endothelial cells and smooth muscle cells of
blood vessels (Chaigne et al. 2023). Dysregulation of TRPV4 has been implicated in
endothelial dysfunction, hypertension, and vascular remodelling (Gizem et al. 2021). TRPV4-
mediated Ca?*-influx and subsequent activation of signaling pathways can influence vascular
tone, permeability, and inflammatory responses in blood vessels (Gizem et al. 2021; Liu et al.

2022; Ye et al. 2023; Evangelista et al. 2015; Nguyen et al. 2023).
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1.8 Specific objectives and aim of this study

This thesis aims to characterize the functionality of two thermosensitive ion channels
i.e. TRPV3 and TRPV4 and investigated these channel-mediated functions in the context of
sub-cellular organellar specific functions. The subcellular organelles include lysosomes,
mitochondria and nucleus. Both these channels are activated at the range of physiological
temperature, i.e. at 33-39°C. Both these channels are non-selective in nature, sensitive to
noxious heat stimuli and are permeable Ca?*-influx. Both of these channels are presents
ubiquitously in many tissue and organ systems. Notably certain TRPs with point mutations
results in complex disorders and diseases with numerous manifestations, commonly termed as
““‘Channelopathies’’. In this context, TRPV3 is very important, as it is associated with various
pathophysiology that includes cancer, cardiovascular diseases and skin pathology. TRPV3
overexpression is also associated with various pain pathophysiology that includes skin pain,
cancer pain, breast pain and others pain tissues (Su et al. 2023; Huang et al. 2008; Aouizerat et
al. 2011; Gopinath et al. 2005). Mutations in TRPV3 is associated with a rare genetic disorder
named Olmsted syndrome (OS). In this context, the cellular basis of OS causing mutants
(G573C, G573A, G573S, G568C, G568D, and W692G) have been explored to understand the
severity of these mutants. TRPV4 is also associated with various life-threatening diseases due
to its point mutations with different penetration level. Mutations in TRPV4 is associated with
range of disorders that include skeletal displasia, osteoarthritis, defective neurological motor
functions and more. In this context both TRPV3 and TRPV4 are pathophysiologically very
important for the investigations of intracellular functions related to various cellular stress. The
sub-cellular organelle functions associated with TRP channels have are not yet explored (Dong
et al. 2010). So, in this thesis, intracellular organelle functions associated with TRPV3 and

TRPV4 have been explored.
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TRP channel-mediated functions are -associated with tissue injury and inflammations.
Thermal, mechanical and chemical stimuli play role in the underlying tissue injury or
inflammations. In this thesis work proinflammatory and anti-inflammatory role of TRPV3 and
TRPV4 has been explored. The expression of TRPV3 and TRPV4 in the immune cells and its
relations to immune functions has been investigated. The presence of TRPV3 and TRPV4 in
the intracellular compartments like lysosome, and specific functions like phagocytosis,
bacterial clearance, wound healing, inflammation-associated with skin and immune cells has
been explored.

This study focused on exploring how TRPV3 and TRPV4 respond to different types of
stress like heat, toxins, infections (in vivo and in vitro). These molecules play a role in how
cells react to stress, leading to changes in cell behaviour. Recent research indicates that parts
of cells like lysosomes, mitochondria, and the outer cell layer (plasma membrane) are key
players that respond to cellular stress. The thesis aimed to investigate how cells respond to
different stress stimuli and how TRPV3 and TRPV4 are involved in all such effects. To address
this, different microscopic methods were used to understand how cells work under stress.

The specific aims of the present studies are:

1. Understanding the tissue-specific presence and inflammatory functions of TRPV3.

2. Characterization of TRPV3 in the context of lysosomal functions in different
conditions.

3. Role of TRPV3 as a cellular stress response element.

4. Characterization of nucleolar localization sequence present in TRPV3.

5. Understanding the role of TRPV3 in the regulation of intracellular organelle-specific
temperature.

6. Comparatives of TRPV3 with TRPV4 in the context of inflammatory functions.
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2.1 Understanding of the tissue-specific presence and inflammatory
functions of TRPV3

TRPV3 is a tissue-specific ion channel mainly found in the skin, hair follicles, and
related tissues, with a significant presence in the skin's outermost layer, i.e. in the epidermis
(Szoll6si et al. 2018). Its primary role is temperature detection, particularly for warmth and
heat (Chung et al. 2005). When skin temperature rises, TRPV3 becomes active, allowing ions
such as Ca?* and Na* to enter skin cells (Mandadi et al. 2009; Schrapers et al. 2018). This
activation transmits signals to the nervous systems also, notifying the brain of the warmth or
heat sensation (Schrapers et al. 2018).

Beyond temperature sensing, TRPV3 also has an inflammatory function. Inflammation
is the body's natural response to injury and infection, serving as a protective mechanism. When
TRPV3 is activated, it can release chemical signals that promote inflammation. While
inflammation is essential for healing, an overactive or chronic inflammatory response can lead
to various skin conditions and diseases. Other than skin, TRPV3 is also present in the
gastrointestinal tract (GI) where it can be crucial for controlling inflammatory function in the
colon tissue or clearance of pathogens (Rizopoulos et al. 2018; Bischof et al. 2020). Here the

inflammatory role of TRPV3 in skin tissue as well as colon tissue is discussed in elaborate way.

2.1.1 TRPV3 activation helps in reducing Salmonella infection in the colon

“Colitis” is a major health problem and is also called as inflammatory bowel
disease/syndrome (IBD). This generally causes due to bacterial infection through food or water
sources. The primary candidate for this infection or disease is the Salmonella strains. To
understand the involvement of TRPV3 in IBD, inflammation in the gut (i.e. IBD) was
introduced by Salmonella typhimurium infection, leading to the formation of colitis in mice.

For the colitis induction, around six weeks old animals were used. Streptomycin has been used
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before the induction of colitis, i.e. introducing the Salmonella typhimurium infection. These
animals were subject to antibiotic treatment for five days and the infection were introduced
through oral gavaging after the antibiotic treatment. The experimental conditions that have
been used are DMSO (colitis-induced), activation of TRPV3 with Thymol and Carvacrol
(natural activators), and DPTHF as TRPV3 inhibitor. All the samples (animal) were colitis-

induced Salmonella-infected which are with or without TRPV3 modulations.

a. DMSO Carvacrol

Colon
Colon

Thymol DPTHF

Spleen
Spleen

Colon
Colon

Spleen
Spleen

Spleen Colon
b ns
I Fokekk *
—— i
—— 107-_“? _______________________
106+ - = 106 goes
Z 105 - % 105+ _30_?
Qo
20104+ + < 104
0= £ 10%4 .
5 1024 = 102 .
[~ <}
5 1011 S
10— 10—
2% :E 2 E%E
2 = = -9 = S oz
2z £ & " £ £ &
< &

Fig 12. Colitis induction by Salmonella typhimurium and CFU count of colon and spleen. a. The figure shows
the SS agar bacterial plates with Salmonella colonies appeared from spleen and colon tissues collected from
different conditions like DMSO control, Carvacrol, Thymol and DPTHF-treatment, respectively. b. The DMSO
(control), as well as DPTHF-treated samples, show more CFU than Carvacrol or Thymol (TRPV3 activation)
condition in the colon samples (6 days). In contrast, more CFU is observed when TRPV3 is activated by Carvacrol
or Thymol in the spleen sample (6 days). Unpaired t-test, * = p <0.05, **** = p <0.0001, ns = non-significant.
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After Salmonella infection to the animal, the CFU counts from colon and spleen were
observed. After 5" days of infection, the colon samples were collected for CFU count. The
results show that the CFU has been significantly less in case of TRPV3 activation as compared
to the DMSO (colitis-induced) or inhibition conditions. There is no major difference in the

CFU count of the DPTHF- or vehicle control-treated conditions (Fig. 12a-b).

2.1.2 TRPV3 activation helps to trap the bacteria in the spleen

The spleen has two crucial functions in protecting against bacterial infections in the
bloodstream. Firstly, it acts as a phagocytic filter that eliminates bacteria from the bloodstream
(Borges da Silva et al. 2015). Secondly, it produces antibodies that are essential for fighting
against bacteria (Brendolan et al. 2007). Although the liver removes most of the well-opsonized
bacteria, the spleen is essential in sequestering less well-opsonized bacteria, making it a vital
in non-immune hosts (Bohnsack and Brown. 1986). Additionally, the spleen plays a critical
role in producing opsonizing antibodies, which aid in the rapid and efficient removal of bacteria
from the bloodstream. Thus, CFU in the spleen samples (after the bacterial infection has been
introduced through oral gavage) in different conditions provide useful information.

As previously mentioned, the colon tissue has a smaller CFU count as compared to the
vehicle control (DMSO with colitis induction), but in the spleen sample, the CFU was found
to be more in case of TRPV3 activation. This indicates that upon TRPV3 activation animal
able to clear the pathogen from colon, and the pathogen gets trapped in the spleen tissue. In
other words, the results suggest that when the animals are exposed to the Carvacrol or Thymol,
the bacteria are cleared with a better efficiency at the colon and, through the bloodstream, and
got trapped at spleen. That is why the CFU is significantly increased in the spleen as compared

to the control or in the inhibition conditions (Fig. 12a-b).
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2.1.3 Physiological parameters are altered by TRPV3 modulation in colitis conditions

The loss of body weight, as well as spleen weight percentage per body weight and colon
length, are important indicators for the colitis infection and inflammation. Body weight
reduction has been evident in colitis infection. All these animals were subject to colitis
induction and subsequently treated with TRPV3 modulators (Carvacrol, Thymol, DPTHF) or
DMSO. The body weight reduction is found to be more in case of colitis control (DMSO) as
well as in the DPTHF conditions (Fig. 13a). The mortality rate is also more in case of DMSO
and DPTHF conditions (TRPV3 inhibitor) (Fig. 13a).

The colon length and spleen weight have also changed significantly in different
treatment conditions. The average colon length in the absolute control group (without colitis
induction) remains ~9.25 cm (Fig. 13b). However, in DMSO-treated group, (i.e. the vehicle
control group with colitis) the colon length become smaller (average colon length remains ~7
cm). Thus, the colon length becomes shorter in the vehicle control group (with colitis) as
compared to the absolute control condition (Fig 13b). In contrast, the percentage value for
spleen weight per body weight is least in case of absolute control group and become more in
all other groups. Notably, the spleen weight is found to be more in the vehicle control (with
colitis) as compared to the absolute control condition (Fig. 13c). When compared with DMSO-
treated samples, Thymol-treated samples show significantly low value for spleen weight (Fig.
13d). In Carvacrol and DPTHF-treated conditions the spleen weight value remain almost same
with the DMSO-treated conditions.

In colitis condition, the average colon length become significantly large in case of
TRPV3 activation (Carvacrol =7.73, Thymol = 8.3 cm) as compared to the DMSO-treated
group. In DPTHF-treated group average colon length remains ~7.46 cm (Fig. 13e). This
indicates that in colitis condition, the colon length is compromised in DMSO as well as in

DPTHF-treated conditions, but become almost normal (or not so compromised) in case of
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TRPV3 activation. All these changes can be correlated with the rate of infection in all these

treatment conditions.
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Fig 13. Physiological parameters such as body weight, spleen weight/body weight and colon length in colitis
conditions are altered due to TRPV3 modulation. a. The graph shows the day-wise changes in percentage of
body weight in different treatment conditions. The loss of body weight seems to be more in the colitis control and
in DPTHF treatment conditions. b. The graph shows the colon length in cm in DMSO-treatment group (with
colitis) as compared to the absolute control group. c. The graph shows the comparative spleen weight per body
weight of the animal in absolute control group with DMSO-treated group (with colitis). d. The graph represents
the spleen weight percentage per body weight as compared with the DMSO-treated group. In all these comparative
conditions, colitis is induced. e. The graph represents the colon length (in cm) as compared with the DMSO-
treated group. In all these comparative conditions, colitis is induced. One-way ANOVA, * = p < 0.05, ** = p<
0.01, *** =p <0.001, **** = p< 0.0001.
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And also, the mortality rate of the animal where it is found that the rate is more in the
DMSO sample or DPTHF treated conditions (data not shown). All these data show the loss of
body weight is less in the case of activation, and it is evident that TRPV3 activation is able to

rescue (at least partially) the animal from colon infection.

2.1.2 TRPV3 in skin wound healing and bacterial clearance in the wound area

It is well known that TRPV3 is abundant in the skin and in intestine. In the skin tissue
keratinocytes expresses TRPV3, and TRPV3 modulation is involved with the migration of cells
required during the wound healing process (Toledo Maurifio et al. 2020). Apart from
keratinocytes, there are other immune cells like macrophages which associate with the

keratinocytes. So, effect of TRPV3 modulation on skin wound healing parameters were tested.

2.1.2.1 TRPV3 activation enhances skin wound healing and reduces bacterial infection
The impact of TRPV3 activation or inhibition on the skin wound healing process has
been explored. For that purpose, a skin wound (5 mm) developed in mice and infected the

same wound with 100ul of 1 x 108 CFU/mI MRS (Staphylococcus aureus) bacteria on day 1 of

the wound. It was observed that topical application of TRPV3 activator FPP (2uM) daily
enhances the skin wound healing by the 10" day while TRPV3 inhibition (DPTHF, 200uM)
does not result in enhanced healing of skin wound at the same duration (Fig. 14a).
Subsequently, the percentage of wound healing and the rate of wound healing in different
conditions were also calculated. In the TRPV3-inhibited condition (DPTHF treatment) mostly
matches with control, i.e. DMSO-treated condition (Fig. 14b). In contrast, TRPV3 activation
enahces the skin wound healing process. To confirm that the TRPV3-activation-induced
enhanced skin wound healing is indeed due to TRPV3-mediated function, the bacterial

numbers in the pus were counted and compared accordingly. The bacterial number present in

90



the unit volume (100ul) of pus (on the 10" day) becomes significantly low in case of TRPV3
activation (Fig. 14c-d). The bacterial number at the 4-day old wound is less in case of activation
of TRPV3 than in DMSO- or DPTHF-treated condition (Fig. 14e). The wound healing on day
4™ was not well visible in all conditions though the bacterial CFU is less in case of TRPV3

activation (Fig. 14d).
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Fig 14. TRPV3 regulates skin wound healing and bacterial infection in the wound. a. Shown are the skin
wounds that are infected with MRS (multidrug-resistant Staphylococcus aureus) bacteria followed by topical
application of DMSO, TRPV3-activator (FPP, 2uM = 100ul) and Inhibitor (DPTHF, 200uM = 100ul) once per
day. TRPV3 activation enhances wound healing. b. The percentage of wound closure on different days is shown.
The thick line indicates the average values of 3 independent experiments. c. Topical activation of TRPV3 by FPP
significantly reduces the bacterial numbers present in the pus at skin wounds on day 4™. d-e. Shown are the number
of colonies formed from the pus [serially diluted from 1ml sample (pus + PBS)] sample on the 10th day in the
plate as well as in the bacterial CFU graph. (* = p <0.05, n = 5), ** = p <0.01, n =3).
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In vitro wound healing assay
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Fig 15. Regulation of in vitro wound healing through TRPV3 modulations. a. The figure shown here shows
the in vitro wound healing assay in the Raw 264.7 cells. b. Percentage of area remain empty due to TRPV3
activation or inhibition in 24 hours are shown. The TRPV3 activation covers the empty area quickly. Average of
3 data sets are shown.

The in vitro wound healing in the RAW 264.7 cells shows that the percentage of area
remains empty after 24 hours is less in case of activation of TRPV3 (i.e. 48.90% for FPP,
60.05% for DMSO, and 65.53% for DPTHF) (Fig. 15a-b). This shows that migration
efficiency is more in case of activation of TRPV3.

To understand the status of the wound tissue healing process, the histochemistry of the

wound tissue was analyzed on day 4" and day 10" (Fig. 16). There it is observed that the
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healing was almost complete in case of TRPV3 activation on day 10", but not so prominent on
day 4™. Endogenous expression of TRPV3 in such tissues was also analyzed (Fig. 17). The
expression of TRPV3 is observed in the wound tissue section, mainly at a low level in the
keratinocytes. On the 10" day, expression of TRPV3 is observed in the tissue (in the wounded
area or wound healed), especially in the keratinocytes and in the macrophages (positive for
CD11b marker). TRPV3-activator treated sample has better-healed tissue with more blood
vessels there. Notably, in case of TRPV3 activation, more CD11b positive cells are observed,
especially within the blood vessels, suggesting that TRPV 3 activation results in more migration
of macrophages in the wound area. The histochemistry of the 4-day wound samples were
analysed. Number of macrophage marker (CD11b) positive cells in the wound area was more,
especially in case of TRPV3 activation condition, which indicates more recruitment of
macrophage cells in the TRPV3 activation condition (Fig. 17d).

To understand the localization of keratinocytes, a keratin (k3/k76) along with TRPV3
was used, where it was found that both the proteins co-localized in the near wound area on the
10" day. And in the case of almost healed tissue that is in FPP-treated condition, migrated

keratinocytes were found to be localized with TRPV3 (Fig. 17b-c).

2.1.2.2 TRPV3 activation causes more phagocytosis and bacterial clearance by
macrophages

To explore if TRPV3 activation/inhibition affects the ability of macrophages towards
bacterial phagocytosis and subsequent bacterial survivability within the cell, the CFU count
analysis in different conditions was performed. For that, MRSA to the macrophages was added
and at the same time TRPV3 is modulated for 15 min and 60 min followed by CFU count

analysis (Fig. 18a).
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Fig 16. TRPV3 activation enhances rapid wound healing by recruiting more immune cells through blood
vessels to the wound area. a. Shown are the tissue sections with haematoxylin and eosin stained of the wounded
area on the 4™ day of animals treated with DMSO, DPTHF, and FPP daily at the wound area. TRPV3 activation
by FPP enhances wound healing. b. Shown are the wounded tissue on 10™ day of animals treated with DMSO,
DPTHF, and FPP daily at the wound area. Arrows indicateblood vessels within the tissue sections.
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Fig 17. TRPV3 activation enhances the wound healing by recruiting more immune cells as well as
keratinocytes migration to the wound area. a. Immuno-cytochemistry of the skin section shows the staining of
TRPV3 (green) with macrophage marker CD11B (red) at day 4. b Shown are the immune-cytochemistry of
wound tissue at day 10" with TRPV3 (green) and a keratin k3/k76 (red) staining. c. Immuno-cytochemistry of
wound tissue section showing TRPV3 (green) and CD11B (red, macrophage marker) at 10" day tissue sample.
Scale bar 20um, 20um and 50pm. d. At day 10" the numbers of CD11B-positive cells per unit area (quantified
through tile images) become much more in TRPV3-activated conditions. One-way ANOVA test, the P values are:
** = p <0.01, *** = p <0.001 and ns = non-significant.
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Fig 18. Effect of TRPV3 modulation on bacterial phagocytosis and bacterial clearance. a. Endogenous
TRPV3 of peritoneal macrophages was modulated by TRPV3-specific activator (FPP, 1uM) or inhibitor (DPTHF,
100uM) and the cells were simultaneously challenged with MRSA (MOI ~at 10 bacteria per cell) for phagocytosis
within 15 minutes or 1 hour and followed by CFU count. Less CFU counts is observed in case of DPTHF treatment
conditions, suggesting that TRPV3 inhibition results in less bacterial phagocytosis. b. TRPV3 activation increases
bacterial clearance. Primary macrophages were challenged with MRSA followed by washing. Subsequently, the
cells were treated with TRPV3-specific drugs for 4 hours and CFU counts were taken. At the TRPV3-activated
condition (FPP, 1uM), the CFU count is significantly less than the DPTHF- or DMSO-treated conditions.

TRPV3 activation (FPP, 1uM) gave more CFU (though the value remains non-
significant) than control (DMSO) conditions and TRPV3 inhibition (DPTHF 100uM) produced
less CFU than control conditions (Fig. 18a). This suggests that TRPV3 activation results in
more phagocytosis (as 15 min and 60 min duration is not sufficient for bacterial clearance). To
confirm these possibilities, the macrophages were challenged for the bacterial infection for 4

hours (in order to have a saturation of phagocytosis) and then washed out the extracellular
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bacteria with gentamycin. Subsequently, the macrophages were treated with TRPV3
modulators for another 4 hours followed by the CFU count analysis. The results show that in
the TRPV3 activated condition, the CFU/mL is much less than in the control and inhibited
condition, confirming that TRPV3 activation enhances bacterial clearance (Fig. 18b). Similar
trends were obtained with Escherichia coli also (Fig. 18b). Taken together, the data suggest
that TRPV3 activation results in bacterial clearance from wound areas by recruiting more
macrophages there. TRPV3 modulation affects both bacterial phagocytosis as well as bacterial

cell clearance by macrophages.
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2.2 Characterization of TRPV3 in the context of cellular and lysosomal
functions

The entire biological function of cell and sub-cellular organelles are critically optimized
with the certain pH and ionic balance that is maintained in the cytosol as well as in the
respective subcellualr particles. In this context, the cytosol is mainly maintained at pH 8 and
lysosomes are maintained at acidic pH, at a range of 4.5- 5 (Casey et al. 2009; Martina et al.
2020). So far, few ion channels and pumps have been detected in the lysosomes that are
involved in the maintenance of lysosomal low pH and thereby ensure the function of lysosomes
(Festa et al. 2022). Notably, higher Ca?* concentration is important for maintaining lysosomal
low pH (Garrity et al. 2016). In this context, TRP ion channels seems to have significant roles.
TRPML group of ion channels are known to regulate lysosomal pH, and mutation in TRPML
cause lysosomal defects (Dong et al. 2010; Dong et al. 2008). Work done in this chapter
explores the presence and function of TRPV3 in the regulation of lysosomal Ca?* and pH-

homeostatsis.

2.2.1 TRPV3 is endogenously expressed in primary macrophages and macrophage cell
lines

The presence of TRPV3 in the lysosome and its role in lysosomal functions have been
characterized in different cellular systems where TRPV3 is expressed endogenously. The
expression of TRPV3 in primary macrophages has been explored. Using TRPV3-specific
antibodies and by immunofluorescence analysis, the TRPV3 expression and localization have
been detected in the primary macrophages (Fig. 19a). This TRPV3-specific signal can be
abolished by using a specific peptide that represents the epitope (REEEAIPHPLALTHK-
amino acid residues 464-478) of the antibody (Fig. 19a). The functional expression of TRPV3

in these primary macrophages was explored. For that purpose, the cells were loaded with a
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Ca?*-indicator dye (Fluo 4) and performed Ca?*-influx assay. The Ca?*-level increases with

time in response to the application of TRPV3-specific agonist, i.e. FPP (1uM) (Fig. 19c-d).
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Fig 19. The endogenous expression of TRPV3 in macrophage cells. a-b. The representative figure shows the
expression of TRPV3 in the peritoneal macrophages and Raw 264.7 cells as detected by antibody staining in the
absence or in the presence of blocking peptide. c. These images show the Ca?*-signals in peritoneal macrophages
in different time points after TRPV3 is activated by FPP (at the 20™ frame) and at the end of ionomycin stimulation
(120" frame). Scale bar 10um. d. The increased Ca®*-signal is represented in the graph, which is detected through
Fluo-4-AM dye.

Next, the expression of TRPV3 has been explored in macrophage cell lines, namely in
RAW 264.7 cells. Using TRPV3-specific antibodies and by immunofluorescence analysis, the
endogenous expression of TRPV3 in the RAW 264.7 have also been detected (Fig. 19b). The
TRPV3-specific signal is observed in the cell surface as well as in the cytoplasm and also
within the nucleus (Fig. 19b). All these TRPV3-specific signals can be blocked by using a
TRPV3 antigen-specific peptide (Fig. 19b).
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The Ca?*-level also checked by using Ca?*-sensor construct GcamP6f in RAW 264.7
cells in response to FPP stimulus (1uM) instantly at 20" frame. The cells respond to TRPV3
activations and exert Ca?*-influx both in primary macrophage and RAW 264.7 cells. The “area
—under-the-curve” (equivalent to total Ca?*-influx) analysis shows significant increase in the

TRPV3 activation (FPP, 1uM) condition (Fig. 20-21).

2.2.2 TRPV3 modulation alters cellular morphology

The expression of TRPV3 in the macrophages has been observed, and then the
expression level was compared in different conditions where cells were stimulated with
different TRPV3 modulators in presence or in absence of LPS (Fig. 22 a-b). The enhanced
expression of TRPV3 through LPS-stimulation (for 14 hours) can be observed (Fig. 22a). The
expression increases significantly (1.5844 fold) with LPS-stimulation (for 14 hours) in the
peritoneal macrophages (Fig. 22b).

The length, width and perimeter have also been quantified subsequently after TRPV3
modulation and LPS-stimulations. The perimeters of the TRPV3 modulation and LPS-
stimulation have increased significantly (Fig. 22c). The width of the cells in DPTHF-treated
condition decreases significantly, and there is no change in case of FPP treatment. The width
has been increased significantly in the LPS-stimulation (both with TRPV3 modulation by FPP-
or DPTHF-treatments) (Fig. 22c). In case of length/width, the case was found to be reversed
where the ratio has increased significantly in DPTHF-treated conditions and non-significantly
in FPP-treated conditions. And the ratio has decreased significantly in the LPS-stimulated

conditions along with TRPV3 modulations (both activations and inhibition) (Fig. 22c).
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Fig 20. The endogenously express TRPV3 respond to FPP stimulation in Raw 264.7 cells and exert Ca?*-
influx. The Raw 264.7 cell transiently transfected with Ca?*-sensor (GCaMP6f) and TRPV3 activator, inhibitor,
LPS and chelated with BAPTA and EGTA. The FPP (TRPV3 activator) exert Ca?*-influx when added instanstly
at 20™ frame. The cells also responsive to LPS stimulus and to some extent in the Ca?*-chelated conditions. The
cells is do not show any response to DMSO which was added at 20" frame as well. Scale bar 10um.

2.2.3 TRPV3 acts as a lysosomal protein in primary macrophages

If TRPV3 co-localizes with lysosomal markers i.e., lysotracker red as well as LAMP1
(as detected by antibody) was explored. This experiment confirms the presence of TRPV3 in
the lysosomes (Fig. 23). To confirm the localization of TRPV3 in lysosome by another method,
lysosomes were isolated from macrophages and were subject to immunostainig of the same
with TRPV3-specific antibody. The presence of TRPV3 is detected in a sub-population of the

isolated lysosome only, but not in all isolated lysosomes (see later in the discussion section).

102



2.2.4 TRPV3 regulates lysosomal pH

If the endogenous expression and localization of TRPV3 depends on the stimulation or
modulators like LPS (Lipopolysaccharides), FPP (Farnesylpyrophosphate), DPTHF (2,2-
diphenyl tetrahydro-furan), that was tested. TRPV3 localizes in different areas of the
macrophage, and the exact localization seems to be context dependent and thus depends mainly

on the stimulation state of the cells.
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Fig 21. TRPV3 in Raw 264.7 cells respond to TRPV3 activation and exert Ca?*-influx. a-g. The representaive
graph shows the quantified responsive cells modulated by TRPV3 activator, inhibitor, LPS and activator along
with Ca?*-chealated condition. FPP (1uM) was able to exert Ca?*-influx in Raw 264.7 cells. h. The graph
represents quantified area under the curve (Arbitrary Unit, AU) in TRPV3 modulated conditions, LPS stimulus
as well as Ca?*-chelated condition with FPP stimulus. One-way ANOVA test, * = p <0.05, ** = p <0.01 and ***
=p <0.001.
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Fig 22. TRPV3 modulations and its role in peritoneal macrophages morphological aspect. a. The
representative figure shows the expression of TRPV3 in the peritoneal macrophages stimulated with or without
LPS stimulations along with TRPV3 modulators (i.e. FPP as activator and DPTHF as inhibitor). The peritoneal
macrophages were stained with phalloidin-594 along with TRPV3 extracellular antibody tagged 488. Here the
localization of TRPV3 has been throught the cell as well as specifically highlighted in the nucleus. Scale bar
10um. b. The expression of TRPV3 is enhanced upon LPS-stimulations. The graph represent the enhanced
intensity of TRPV3 probe with TRPV3 antibody. c. The graph represents change in morphological parameters
such as perimeters, width, length/width measurements of peritoneal macrophages stimulated with TRPV3
modulators along with or without LPS stimulations. One-way ANOVA, **** = p <0.0001, *** = p <0.001, ** =
0.01. * = 0.05, non-significant = ns ).
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Fig 23. Presence of TRPV3 in lysosomes in pe
presence of endogenous TRPV3 (green, detected by antibody staining) in the peritoneal macrophages that
colocalizes to lysosomal markers, namely with LAMP1 (red, detected by antibody staining) as well as with
lysotracker Red (red, labelled by dye). Scale bar 5pm.

As mentioned earlier that TRPV3 localizes in the lysosome, it is expected to have some
functional role in the maintenance of lysosomal functions, like regulation of its pH. It is found
that cells maintain acidic lysosomal pH upon TRPV3 activation through FPP (1uM), while on
the other hand, the cytosolic pH, which was measured by pH rodo red, seems to be the opposite
of lysosomal pH (Fig. 24a-c). The cytosolic pH became less acidic in the activated condition,
but lysosomal pH was found to be more acidic in the activated state. On the other hand, the
cytosolic pH became more acidic and lysosomal pH became less acidic in the TRPV3-inhibited
(DPTHF, 100uM) condition (Fig 24b-c).

As all the cells were loaded with both sensors for lysosomal pH and cytoslic pH,
correlation between lysosomal pH and cytosolic pH in different conditions were tested (Fig
24d). It is observed that at control condition, the lysosomal pH and cytosolic pH have modest
correlation (r = 0.40) and all the data sets remain clustered. This may suggest that at control
condition, lysosomal pH is partially dependent on the cytosolic pH. However, at TRPV3
activation condition, the correlation value drops drastically (r = 0.00). This suggests that at
TRPV3 activation condition, lysosomal pH regulation become mostly independent of the

cytosolic pH. However, at DPTHF condition, the correlation value become heighest (r = 0.62).

105



Lysosensor pH rodo Merge Merge+DIC  Lyso Intensity pH rodo Intensity

ﬁ‘!‘*

DPTHF CONTROL

FPP

b. Fkkk C. Hkkk
*kkk

- 2X106— *kkk —

) -~ 1%106+ *kkk

2 Hakx S —

2 1.5x106- Hioh =

z - g g

S o 2 a 2

= 1x10°- £ = 3 G

— S g I =

5 = = g

;Xloi el e 3 ‘C = k)

= D W —

g - E <

>i E

2 0

Low
>
d CQ QQ
o = A
. L
54 .
§ 10 8 1054 - N :. R 3 10°+
° (=]
T CONTROL 2 S I
S 1044 r=0.4019 % 104l FPP .. ©10¢{  DPTHF
r=-0.0002790 r=0.6236
10° T 1 10* . . 10° T 1
10% 10¢ 107 105 10 107 10° 10¢ 107
Lysosensor Lysosensor Lysosensor

Fig 24. TRPV3 regulates lysosomal pH. a. These representative images of primary macrophages show the
fluorescence intensity of lysosomal pH (green, as detected by lysosensor green dye) and cytosolic pH (red, as
labelled by pH rodo) dyes. Cells were treated with TRPV3 activator or inhibitors (for 2 hours) of left untreated
(control) before labelling with the dyes. Scale bar 10 uM. b-c. The graph (b) shows the lysosensor green intensity
in conditions where TRPV3 is activated or inhibited. The increased intensity of lysosensor green means more
acidification of lysosome. The lower panel (c) shows the changes in the cytosolic pH (pH rodo) due to TRPV3
modulations (p **** <0.0001). d. The figure represents correlation graph between lysosensor green (X-axis) and
pH rodo (Y-axis) in different modulated conditions. Unpaired t-test, **** = p <0.0001.

This suggests that TRPV3 inhibition compromises the lysosomal pH maintenance

mechansim/s drastically and makes lysoosmal pH dependent on the cytosolic pH. This
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indicates that TRPV3 have important role in the maintenance of overall cellular and lysosomal

pH. Thus, TRPV3 may have a role in balancing lysosomal pH dependent on the cytosolic pH.
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Fig 25. TRPV3 modulation helps to maintain lysosomal pH during lysosomal stress. a-b. The representative
image shows the lysosensor dye staining after Raw 264.7 cells and peritoneal macropahges are stressed with
BafAl (400ng, for 4 hours) in absence or presence of TRPV3 modulators (FPP or DPTHF) or LPS. TRPV3
modulation helps to recover lysosomal acidic pH better. Scale bar 10 um. c-d. The quantitative analysis shows
the variation in lysosomal pH as measured by using lysosensor green dye in Raw 264.7 cells and primary
macrophages respectively. One-way ANOVA, **** = p <0.0001, ** =p <0.01, *=p < 0.05.
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Fig 26. TRPV3 modulation rescue the cytosolic Ca?* and Lysosomal pH level in Bafilomycin-induced
stressed conditions. a-c. Qualitative and quantitative representation and analysis of live macrophages loaded with
Fluo-4 AM (Green) with LysoTraker Red (Red). Cells were left untreated (as control) or treated with Bafilomycin
and further modulated by either FPP, DPTHF or LPS. Scale bar: 10 um. Values are means = SEM; one-way
ANOVA,; ns: non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig 27. TRPV3 modulation rescue the correlation between cytosolic Ca?* and Lysosomal pH in Bafilomycin-
induced stressed conditions. a-f. Correlation analysis between Fluo-4 AM with LysoTraker Red intensity of PM
in different conditions are shown.

2.2.5 TRPV3 modulation improves the lysosomal functions stressed by Bafilomycin
Bafilomycin is an antibiotic produced by Streptomyces and blocks lysosomal functions
(Bowman et al. 1988). To test if TRPV3 functions improve lysosomal functions, Bafilomycin

at a “sub-optimum” level has been used to induce lysosomal stress (Fig. 25).

The cytosolic Ca?* and lysosomal pH status measured from same cells by using Fluo4-
AM and Lyso-Red dyes (Fig.26a). The macrophage cells were treated with BafAl, which is
expected to hamper the lysosomal pH by blocking V-type ATPase, and accordingly, the
lysosomal pH becomes less acidic after 4 hours of treatment.

Bafilomycin at a “sub-optimum” level cause change in lysosomal pH (loss of lysosomal
acidity) drastically, however modulation of TRPV3 as well as LPS-treatment rescues this
lysosomal pH significantly (Fig. 25c&d; Fig. 26b). Ca?*-level increases in FPP, DPTHF and

LPS-treated conditions significantly (Fig. 26¢).
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The correlation analysis between the cytosolic Ca?* with lysosomal pH in different
conditions were analysed (Fig.27 a-f). In Bafilomycin-treated condition, the correlation
becomes more significant when TRPV3 is activated (FPP-treated condition, r = 0.6667) as
compared to TRPV3-inhibited condition (DPTHF-treated condition, r = 0.4205) as compared
to the control (r = 0.4070) or only Bafilomycin-treated condition (r = 0.5174). LPS-treatment
also increases the correlation between Fluo4 and Lyso-Red fluorescence (r = 0.5989) (Fig.27
a-f). This data indicates that the TRPV3 activation particularly rescues the lysosomal pH levels
affected by Bafilomycin treatment. Altogether, this data suggests that TRPV3 activation
provides benefits to the cells to restore the low pH in lysosomes, especially in stressed

conditions.
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2.3 Nucleolar localization of TRPV3

This chapter discusses the presence of TRPV3, within cellular organelles like the
nucleolus and their role in cellular stress responses. TRPV3 is found in both the nucleolus and
the lysosome, both organelles are involved in transmitting information during stressful
conditions. Other than genetic organization, nucleus is also a resident of various stress
regulatory proteins (Voellmy and Richard. 2004). The main structure which is known as one
of the stress-responsive unit is the nucleolus that also takes part in cellular stress response. The
nucleolus is a crucial substructure within the nucleus that plays a vital role in the production of
ribosomes that synthesize proteins (Hao et al. 2022). During cellular stress, the nucleolus
changes its structure and function which allows the cells to adapt to the stressor. The results
provided in this chapter further characterize the TRPV3 localization within the nucleolus. Data
provided here confirms that TRPV3 has a unique NoLS sequence, which is conserved in warm-
blooded organisms and suggests TRPV3's involvement in responding to cellular stress and
temperature changes, possibly more precisely in mammals only. Using a recently developed
specific thermos-sensor dye, this chapter also investigates the thermal patterns of the nucleus
in different conditions (Xiao et al. 2022). Data provided in this chapter suggests that the thermal
pattern of nucleus is influenced by TRPV3 modulation as well as by LPS stimulation.
Expression of NoLS of TRPV3 also alters this thermal pattern. However, the exact role of
TRPV3 in the nucleolus and its responsiveness to different cellular conditions remain unclear,
highlighting the need for further investigation into its role in nucleolar stress responses and
interactions with other molecules. Never-the-less, the data provided in this chapter confirms
the presence of TRPV3 in nucleolus and indicates its possible role in the nucleolar functions,

stress response and possibly thermosensation at the nucleolar region.
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2.3.1 The presence of TRPV3 in the nucleolus: Relevance for stress response

It has been observed that the TRPV3 is present endogenously in the lysosome of
primary macrophages and that, upon certain conditions, TRPV3-specific signal can also be
detected in the nucleolus (Sahu and Goswami. 2022). In order to characterize the condition-
dependent presence of TRPV3 in the nucleus, the Raw 264.7 cells were treated with or without
LPS (Lipopolysaccharides) for 16 hours and subject to subcellular fractionation. Cells were
fractionated to cytoplasmic and nuclear fraction by using nuclear enrichment kit, followed by
Coomassie staining and Western blot analysis (Fig. 28). Full-length TRPV3 protein is detected
in the nuclear fraction, both in LPS-treated and untreated samples. However, the presence of
TRPV3 in the nuclear fraction is more prominent in the LPS-treated samples (Fig. 28c). More
amount of fibrillarin is also seen in the nuclear fraction in the LPS-treated samples (Fig. 28d).
The TRPV3-specific signal can be abolished when a specific blocking peptide is used,
suggesting the detected signal is specific for TRPV3.

To validate this finding in another manner, both LPS-treated and untreated cells were
subject to in situ nuclear preparation. For that purpose, the cells were fractionated in situ as a
cytoplasmic and loosely held nuclear fraction, tightly held nuclear fraction (NU), chromatin
fraction (CH), and nuclear matrix fraction (NM) by treating the cells sequentially with
cytoskeletal buffer [50ml CSK buffer, composition-PIPES/KOH (10mM at pH 6.8), NaCl
(100mM), Sucrose (300mM), EGTA (ImM), MgCl, 1mM, DTT (ImM), in presence of
complete Protease inhibitor] along with Triton X100 (0.1% and 0.5%). Subsequently, the
coverslips containing different fractions of cells were fixed, and immunostaining was
performed. It has been observed that endogenous TRPV3 is present in the nucleolar region
(Fig. 29a). More amount of TRPV3 is visible in the nucleolar region in case of LPS treatment.
Quantification of the fluorescence intensity also indicates that LPS treatment causes the

presence of more TRPV3 (~2.12 fold) in the nucleolus (Fig. 29b).
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Fig 28. Full-length TRPV3 is present in the nuclear fraction. a. Cultured Raw 264.7 cells were fractionated to
NU (nuclear protein), CH (chromatin) and NM (nuclear matrix), respectively, using CSK (cytoskeletal buffer) as
shown schematically. b. The Coomassie staining of the nuclear and cytoplasmic fraction of the Raw 264.7 cells
stimulated with or without LPS (Lipopolysaccharides) is shown. c. The Western blot analysis of cell fractions
probed with TRPV3- and Fibrillarin-specific primary antibodies is shown. Full-length TRPV3 is detected in the
nuclear fraction. d. Shown is the Western blot of the same samples (as shown in c) with the same TRPV3-specific
antibody but in the presence of a specific peptide raised against the antibody. The TRPV3-specific reactivity is
not detected in the presence of the blocking peptide.
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Fig 29. TRPV3 is detected in in situ nuclear preparation. a. Raw 264.7 cells were treated with or without LPS
(Lipopolysaccharides) and subsequently were fractionated to NU (nuclear protein), CH (chromatin) and NM
(nuclear matrix), respectively, using standard buffer treatments. Shown are the confocal images detecting TRPV3
by antibody (green) and DNA by using DAPI (Blue). The intensity profiles (across the white arrow) are shown to
indicate the enrichment of TRPV3 in different regions, including in the nucleolus. Scale bar 10um. b. The intensity
of TRPV3 in the nucleus is compared. The presence of TRPV3 in the nucleolus is more when cells are exposed
to LPS. At least 100 (118 for LPS-treated and 100 for without LPS-treatment) nucleus is quantified in each
condition. The fold-change value is shown in right side. Unpaired t-test, **** = p <0.0001.
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Fig 30. NoLS of hTRPV3 is sufficient to localize in the nucleolus. Expression and localization pattern of full-
length hTRPV3 (TRPV3-FL), or only NoLS region (hTRPV3-NoLS), or TRPV3 without the NoLS region
(TRPV3-ANOLS) in Raw 264.7 (a) and HaCaT (b) cells are shown. The enrichment profile of TRPV3 and DAPI
across the white arrows are shown. Only GFP is used as a control. Scale bar 10um.
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Fig 31. NoLS of hTRPV3 is sufficient to localize in the nucleolus. Expression and localization pattern of full-
length hTRPV3 (TRPV3-FL), or only NoLS region (hTRPV3-NoLS), or TRPV3 without the NoLS region
(TRPV3-ANoLS) in F11 (a) and MC3T3(b) cells are shown. The enrichment profile of TRPV3 and DAPI across
the white arrow are shown. Only GFP is used as a control. Scale bar 10um.
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2.3.2 Prediction of NoLS sequence in hTRPV3

Next it was explored if TRPV3 has any NLS or similar sequence/s. For that purpose,
the hTRPV3 protein sequence was scanned. A stretch of 13 amino acids (Amino acid 112-124)
appears to have a good score and can be considered as a NoLS. This fragment was separately
sub-cloned and tagged with GFP or RFP for expression in mammalian cell lines. However,
upon expression, it was noted that this fragment of TRPV3 specifically localizes to the
nucleolus. Therefore, this region we termed as “NoLS” and these constructs were termed
asTRPV3-NoLS-GFP or TRPV3-NoLS-RFP. Only GFP (PSGFP2-C1 vector), TRPV3-NoLS-
GFP, and full-length TRPV3 were expressed in Raw264.7 and in HaCaT cells. TRPV3 without
the 112-124 region (hnTRPV3-ANoLS-GFP) construct was also prepared and expressed. It was
observed that hnTRPV3-ANoLS-GFP does not localize to the nucleolus or even to the nucleus,
whereas TRPV3-NoLS-GFP localizes to the nucleolus effectively (Fig. 30a-b). Similar results
were also observed in other cells also, such as in F11 and MC3T3-E1 cells (Fig. 31a-b). In all
these cases, TRPV3-NoLS-GFP is also enriched in the nucleolus. Histogram analysis also

suggests the same.

2.3.3 hTRPV3-NoLS colocalizes with nucleolar markers but not with other nuclear
markers

To confirm the localization of TRPV3-NoLS at the nucleolus, TRPV3-NoLS-GFP or
TRPV3-NoLS-RFP in different cells were expressed and probed with different nuclear markers
(Fig. 32). TRPV3-NoLS-GFP does not colocalize with Lamin A-RFP when co-expressed in
MC3T3-E1 cell (Fig. 32a). In the same cell line, TRPV3-NoLS-RFP colocalizes well with
Fibrillarin-GFP (Fig. 32b). In HaCaT cells, TRPV3-NoLS-RFP colocalises with Fibrillarin-
GFP, exclusively in the nucleolus (Fig. 32c¢). Similarly, TRPV3-NoLS-GFP colocalizes with

endogenous Fibrillarin in Raw264.7 cells as detected by the antibody staining (Fig. 32d).
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Fig 32. hnTRPV3-NoLS colocalizes with the nucleolar markers in different cells. a-b. hTRPV3-NoLS-GFP
colocalized with nucleolar marker fibrillarin, both in RAW 264.7 (a) and HaCaT (b) cells. The intensity profile
of TRPV3 along with fibrillarin shown in the extreme right panel. c. TRPV3-NoLS does not co-localized with
Lamin A in MC3T3 cells. d. hTRPV3-NoLS-RFP colocalized with nucleolar marker fibrillarin-GFP in MC3T3

cells. Scale bar 10um.

To confirm if the localization of TRPV3-NoLS is predominantly in the nucleolus and
not in other parts of the nucleolus, TRPV3-NoLS-RFP along with CENPA-YFP or H2A-GFP
were co-expressed in HaCaT cells. In both cases, TRPV3-NoLS-RFP does not colocalize with
these two markers (Fig. 33a-b). TRPV3-NoLS-GFP does not colocalize with Lamin A-RFP
either (Fig. 33c). However, TRPV3-NoLS-GFP significantly colocalizes with Fibrillarin, as

detected by the antibody staining (Fig. 33d).
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Fig 33. hTRPV3-NoLS colocalizes with nucleolar markers only. Shown are the confocal images of HaCaT
cells expressing hTRPV3-NoLS (either as GFP- or RFP-tagged) along with different markers, such as CENP-A-
YFP, LaminA-RFP, H2A-GFP or Fibrillarin-RFP. Extensive colocalization between hTRPV3-NoLS-GFP with
Fibrillarin-RFP is observed. Scale bar 10um.
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2.3.4 The hTRPV3-NoLS-GFP is modestly static within the nucleolus

Next the dynamics of TRPV3-NoLS-GFP within the nucleolus of HaCaT cells were
analysed. For that purpose, Fluorescence Recovery After Photobleaching (FRAP) experiment
was performed and TRPV3-NoLS-GFP was expressed in HaCaT cells (Fig. 34). As control,
Fibrillarin-GFP and only GFP were used. It was observed that TRPV3-NoLS-GFP gets
bleached efficiently and recovers late. Comparative analysis suggests that TRPV3-NoLS-GFP
is more static that only GFP but less static than Fibrillarin-GFP. Analysis of lowest intensity
point after bleaching, fluorescence intensity at the end of the experiment and ti,, all suggests

that TRPV3-NoLS-GFP is fairly static within the nucleolus (Fig. 34a-d).

2.3.5 NoLS of TRPV3 has evolutionary origin and is more conserved in mammals

To analyse the evolutionary nature of this NoLS, sequence alignment of hTRPV3-
NoLS among many vertebrates was performed. It was found that this sequence is fairly
conserved in higher vertebrates, especially in mammals (Fig. 35). This NoLS motif is either
not conserved or not present in many lower vertebrates (with some rare exceptions).
Comparative analysis of sequence analysis indicates that of TRPV3-NoLS is less conserve than
the full-length TRPV3 when all vertebrates were analysed (Fig. 35c). However, in mammals,
the same TRPV3-NoLS region is more conserved than full-length TRPV3 (Fig. 35d). These
findings suggest that the NoLS region is under strong selection pressure in mammals as

compared to other species.

2.3.6 TRPV3-NoLS from different species are able to localize in the nucleolar region:
In order to understand the true potential of TRPV3-NoLS region from different species
to be localized in the nucleolus, NoLS sequences from different species (human, chicken, turtle,

amphibian and fish) were generated and expressed all these NoLS as GFP-tagged proteins in
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HaCaT cells and monitored their localization as well as enrichment within the nucleolus (Fig.
36). In all cases (except human), the expressed proteins are also present in cytosol, often in
nucleolus. But the best enrichment is observed in case of TRPV3-NoLS (Human). This data
also indicates that the enrichment within the nucleolar region matches to some extent on the

predicted score of the NoLS.
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Fig 34. The hTRPV3-NoLS-GFP is modestly static within the nucleolus. a-c. Shown are the FRAP analysis
of hTRPV3-NoLS-GFP (a) or Fibrillarin-GFP (b) and only-GFP (c) in Raw 264.7 cell. The recovery rate of
hTRPV3-NoLS-GFP is more than Fibrillarin-GFP, but less than only GFP. d-e. These graphs represent the
comparatives among hTRPV3-NoLS-GFP, Fibrillarin-GFP and only-GFP fluorescence intensities. The “least
fluorescence intensity” (just after photo bleaching) (d) and “fluorescence intensity at the end of the experiment”
(e) are shown. The least fluorescence intensity of hnTRPV3-NoLS-GFP is significantly more than Fibrillarin GFP
but less than only GFP. Unpaired t-test. **** = p <0.0001, ** = p <0.01.
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Fig 35. The NoLS of TRPV3 is conserved in mammals and semi-conserved in lower vertebrates. a. hnTRPV3-
NoLS motif is mostly conserved in mammals. b. A schematic representation of the NoLS sequence (aa 112-124)
in hTRPV3 is shown. c-d. Conservation analysis of the NoLS and full-length TRPV3 from multiple vertebrates
(total 59 sequences) and only mammals (32 sequences) are shown. A Full-length Histone sequence is used as a
reference for a highly conserved protein. The NoLS of TRPV3 is highly conserved in mammals.
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2.3.7 Both TRPV3 modulation and LPS-signalling alters the spatio-temporal thermal
map of the nucleus
In order to understand if TRPV3 modulation and/or LPS-signalling alter nuclear

temperature, a Nuclear Thermo Green dye (NTGs, which is thermo-sensitive and localize
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within the nucleus) was used. The fluorescence of this NTGs dye is inversely related to the
temperature, thus fluorescence signal become more if the nuclear temperature become low (Liu
et al. 2022). Isolated primary peritoneal macrophages were treated for TRPV3 activation as
well as for inhibition by using specific pharmacological agents (FPP and DPTHF respectively),
both in presence and absence of LPS. The NTGs signals from these cells were quantified,
classified and compared (Fig. 37a-b). At resting condition, that NTGs signal within nucleus
remain heterogeneous (suggesting differences in the temperature) and is mainly absent at the
nucleolus region. In resting condition, both TRPV3 activation as well as inhibition results in
increased fluorescence per nucleus, suggesting lowering of the overall temperature of the
nucleus. Only LPS-stimulation results in increased fluorescence, thus temperature decreased
as compared to control. In LPS-stimulated condition, TRPV3 inhibition results in increased
fluorescence, thus lowering the temperature. However, in LPS-stimulated condition, TRPV3
activation does not results in any change in the fluorescence.

The entire NTG fluorescence from individual nucleus were classified in 6 categories
based on the pixel-wise fluorescence intensity. In Gr I: the number of pixels per nucleus that
have no fluorescence intensity was quantified. This number mainly represents the part of the
nucleus where NTG-fluorescence is completely absent (such as nucleolus, NTG dye does not
label the nucleolus region). In Grll: the pixels per nucleus which has fluorescence intensities
in the range of 1-50 was quantified. Similarly, values for Grlll, GrlV, GrV and GrV1 were
quantified and these groups have fluorescence intensities in the range of 51-100, 101-150, 151-
200, 201 and above respectively. Thus, the entire NTG fluorescence of the nucleus is
contributed by Grll, Grlll, GrlV, GrV, and GrVI. In this classification, Grll represents hotter
region of the nucleus and GrV1 represent the coldest region of the nucleus. The comparative
data suggests that both LPS-stimulation/signalling alters the thermal map of the nucleus

significantly (Fig. 37).
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Fig 37. TRPV3 activation alters spatio-temporal thermal pattern of the nucleus. a. These live cell confocal
images show the fluorescence pattern of peritoneal macrophage cells loaded with NTG-dye. The fluorescence
pattern within the nucleus varies according to the TRPV3 modulation (FPP, DPTHF) and/or LPS stimulation. Red
region indicates the highest fluorescence and thus lowest temperature. In opposite, blue regions indicate lowest
fluorescence and thus highest temperature. The black regions indicate areas where NTG-dye is most-likely not
present. Scale bar 10um. b. The graph shows the fluorescence intensity of NTG dye per nucleus in different
conditions. The increases in intensity indicates less temperature and lower fluorescence intensity represents higher
temperature. On an average, both TRPV3 modulation and/or LPS stimulation cools the nucleus (n>50). c. The
graph represents the area of the nucleus (expressed in %) that has “zero-intensity” (derived from individual pixel
values) of NTG in different modulated conditions (n>18). One-way ANOVA test, **** = p <0.0001, *** =p <
0.001, ** = p <0.01, ns = non-significant.

The number of pixels per nucleus which has no NTG signal was quantified and this
value remain variable in different conditions. Especially, in LPS-stimulated condition, due to
TRPV3 activation, more number of pixels become cooler and less number of pixels become
hotter. The local temperature of regions where TRPV3-NoLS is localized were analysed. For

that purpose, TRPV3-NoLS-RFP or only RFP were expressed in HaCaT cells (Fig. 38a-d).
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Fig 38. TRPV3 activation in LPS-stimulated condition cools larger area of nucleus. The graph shows the pie-
chart plot of % of average pixel numbers with different NTG fluorescence intensities in different conditions
(resting as well as TRPV3 activation or inhibition, in absence or in presence of LPS stimulations). The entire
NTG-fluorescence spectrum (range 1-255) is classified in five groups as per the values (indicated in the right
side). In case of LPS stimulation and TRPV3 activation, majority of the nuclear area becomes cool and less regions
remain hot.

Only RFP is more homogenously distributed within the nucleus. Notably, the
immediate vicinity of the nucleolar region has more NTG fluorescence, suggesting that the
nucleolar periphery is “relatively cold”. In contrast, TRPV3-NoLS-RFP is mainly localized in
the areas where NTG-dye-mediated fluorescence is very low or absent. The overall NTG
fluorescence of the cells expressing TRPV3-NoLS-RFP is more, suggesting lowering the

temperature.
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Fig 39. Expression of NoLS-GFP alters the spatio-temporal thermal pattern of the nucleus. a. These live
cell confocal images represent NTG-fluorescence (green) within the nucleus of non-transfected HaCat cells or
cells expressing transiently NoLS-RFP or RFP only (Liu et al.2022). Scale bar 10um. b. The graph shows the
NTG fluorescence intensity in control nucleus or nucleus expressing NoLS-RFP or RFP-only. The increase in
fluorescence intensity means lowering of temperature, and decrease in fluorescence intensity represents increment
in temperature. c. The graph represents the area of the nucleus (expressed in %) that has “zero-intensity” (derived
from individual pixel values) of NTG in different modulated conditions. d. The graph shows the pie-chart plot of
% of total pixel with different NTG fluorescence intensities in control cells or cells expressing NoLS-RFP or RFP-
only. The red indicates the % of area that is hottest and blue indicates the % of nuclear area that is coolest. Unpaired
t-test. * = p < 0.05; ** = p < 0.01; **** = p <0.0001).
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2.4 The importance of TRPV3 as a regulator of the cellular stress response

TRP channels, known as Transient Receptor Potential channels, are essential cellular
sensors for stress responses, including hyperthermia (elevated body temperature). When cells
face stressors like temperature changes, TRP channels become active and trigger various
reactions in the cell. In the context of hyperthermia, they can affect inflammatory responses,
immune activation, and the production of reactive oxygen species and cytokines like IL-6 and
TNF-o (Welc et al. 2012). TRP channels, such as TRPV3 seem to be involved in sensing heat
stress. While their exact role in human heat stress is not fully understood, studies suggest they
might play a part in temperature regulation, with potential implications for cooling and
overheating mechanisms. Further research is needed to clarify their precise involvement in

human heat stress responses.

2.4.1 The cellular parameter changes according to increasing temperature-induced stress

The activation temperature of TRPV3 is around 33-39°C (Chung et al. 2005; Xu et al.
2002). When the macrophage cells are treated with different temperatures at the range of 37°C
to 42°C (hyperthermic temperature), the cells behave differently (and parameters change
accordingly) due to thermal stress. As the temperature increased from 37°C to 42°C, the
viability of the cells as well as the adhered cell numbers decreased.

It has also been found that as the temperature increased to 42°C (hyperthermic
temperature), the lysosomal status (lysosomal pH) compromised drastically, i.e., the lysosomal
intensity (detected by using LysoSensor Green) decreased (Fig. 40c). At the same temperature,
the cytosolic pH also decreased (Fig. 40a&e). This data shows that as the temperature
increased to a hyperthermic condition, the cellular pH level compromised (less acidic), and
lysosomal pH became less acidic (Fig. 40c&e). Few other cellular parameters were also tested,

and it was found that both the cytosolic Ca?*-level and the cytosolic ROS level increased at
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hyperthermic stress (Fig. 40b & d). All these data show that as the temperature increased to
hyperthermic (42°C) condition, the lysosomal pH and cytosolic pH alters, i.e., the pH became

less acidic at cytosol and become more basic in lysosome.
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Fig 40. Temperature-sensitivity of the murine peritoneal macrophages (PM). a. Representative images of
Fluo4-AM, LysoSensor Green, H,DCFDA, or pHrodo-loaded PM at different temperature conditions; Scale bar:
10um. b. Quantification of Fluo-4-AM in different hyperthermic conditions for different time interval are shown.
c. Quantification of LysoSensor Green fluorescence intensity (fold change) in PM exposed to different
temperature and for different durations are shown. d-e. Quantification of pHrodo and H,DCFDA intensity in each
temperature condition (fold-change) are shown. Values are means + SD, n = 100 or more cells per conditions;
One-Way ANOVA; *** = p<0.001, **** = p <0.0001 and ns = non-significant).
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2.4.2 At hyperthermic stress, the lysosomal status is compromised, which is rescued by
TRPV3 modulation

As mentioned earlier, at hyperthermic stress, the lysosomal status is compromised and
most of the lysosomes remain undetectable (by using LysoTracker Red dye) at 42°C
conditions. To explore the effect of TRPV3 modulation on the lysosome, the cells were subject
to heat shock at 42°C for 2 hours along with the TRPV3 modulations by pharmacological
agents (FPP as activator, DPTHF as inhibitor, and DMSO as vehicle control) (Fig. 41, Fig. 42,
Fig. 43). It has been found that TRPV3 activation rescues lysosomes, thus the lysosomal
intensity is recovered and become comparable to the normal level, suggesting TRPV3
activation causes lysosomes to be more acidic (Fig. 41, Fig. 42). At 42°C, TRPV3 activation
also increases the lysosomal number. This is confirmed by using two different approaches, i.e.
by Lampl antibody-based staining as well as by using the LysoTracker Red labelling (Fig. 41,
Fig. 42). The number of lysosomes decreased as the cells were treated with hyperthermic stress.
However, as the cells were simultaneously treated with the TRPV3 modulator, especially
TRPV3 activator (FPP, 1uM), the lysosomal numbers increased (Fig. 41c). Apart from that,
the colocalized pixel number also become more in case of TRPV3 modulation as compared to
the vehicle control condition (Fig. 41b). Thus, the data suggests that TRPV3 activation helps
in rescuing the lysosomal acidic pH and thus helps in maintaining the lysosomal status.

In the same hyper-thermic shock condition, the lysosomal function (as measured by
total LysoTracker Red labelling within the cell as a factor of their acidic environments) is
lowest (i.e. in the absence of any pharmacological modulation), suggesting a drastic loss of
lysosomal function at hyper-thermic conditions. This loss-of-lysosomal function can be
rescued partially by the presence of LPS only, and almost fully by TRPV3 modulation by
pharmacological means (Fig. 42). This suggests that pharmacological modulation of TRPV3

is beneficial (if not crucial) in hyper-thermic conditions. Quantification of individual
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lysosomes for their LysoTracker Red labelling suggests overall loss of lower pH in all
lysosomes, at 42°C. However, in other conditions, the lysosomes with low pH (i.e. lysosomes
with higher signal, i.e. AU > 2x10%) is observed, suggesting that TRPV3 modulation, both in
the absence or in presence of LPS helps in the acidification of individual lysosomes (Fig. 42d).
Notably, TRPV3 intensity in individual lysosomes are lowest in the resting condition (Fig.
43e). In hyper-thermic shock conditions, no significant difference is observed in the
fluorescence intensity of TRPV3 in the lysosome, both in the absence or presence of LPS (Fig.
43e). However, the TRPV3-specific signal increases in both TRPV3 modulated conditions, i.e.
in presence of activator or inhibitor (both in absence as well as in presence of LPS),
reconfirming that pharmacological modulation of TRPV3 is helpful for the lysosomal functions
(Fig. 43e). Accordingly, the ratio of lysosomal intensity with TRPV3 intensity is lowest in the
resting condition and highest in the case of LPS stimulation (Fig. 43f).

To confirm if there is any correlation exists between lysosomal function and the
presence of TRPV3 there, a correlation analysis has been performed. It has been observed that
in all conditions, there is a strong correlation (r >0.9) between lysosomal function (i.e.
LysoTracker Red fluorescence intensity) and TRPV3 intensity (Fig. 43g). This strongly
suggests that TRPV3 plays an important role in the lysosomal functions in all conditions tested
in this work. However, the slope is least in case of resting conditions and steepest in the case

of LPS-stimulation.
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Fig 41. At 42°C, the majority of lysosomes are stressed and TRPV3 modulation rescues lysosomal count
and colocalization with LAMPL1. a. PM were exposed to 42°C, treated with TRPV3 modulators in different
conditions, fixed and were subsequently immunostained for LAMP1 (red) and TRPV3 (green). TRPV3
modulation improves the lysosomal structure at 42°C. Scatter plots represent distribution of colocalised pixels
and colocalized pixel are shown in grey color. Scale bar: 5um; in zoom: 2um. b. The quantification of colocalised
pixels of TRPV3 and LAMPL1 are shown in the graph. c. The graph shows the lysosomal particle numbers
(counting LAMP1-positive particles) per cell as measured. The number of lysosomal particles per cell was counted
through thresholding and using the particle counting plugin in the Fiji software. Values are means + SEM, N >40
cells per group; one-way ANOVA; ns: non-significant, * = p <0.05, ** = p < 0.01, *** = p < 0.001, **** = p <
0.0001.
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Fig 42. TRPV3 modulation rescue the lysosomal abnormalities induced by heat stress at 42°C. Shown are
the confocal images of primary macrophages that are treated with or without LPS and modulated by TRPV3-
specific activators or inhibitors. At 42°C, the primary macrophages lose the ability to get labelled by LysoTracker
Red dye. This effect can be rescued by either activation or inhibition of TRPV3 by specific pharmacological
modulators. The intensity of the LysoTracker Red is shown in pseudo color (the right most panel). Scale bar

10um.
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Fig 43. At higher temperature (hyperthermic condition), enrichment of TRPV3 in the nucleolus is
dependent on the TRPV3 at the lysosome. For all these experiments, cells were maintained at 42°C. a-c. Shown
are the intensity of the TRPV3 in the lysosome and nucleolus in the total cell in different conditions respectively.
d-e. At 42°C, the labelling of lysosome by LysoTracker Red is minimum. This can be rescued by pharmacological
modulation of TRPV3 and/or by LPS treatment. Shown are the total fluorescence intensities of lysosomes in
individual lysosomes (d) and TRPV3 intensity in lysosomes in different conditions, respectively. f. In hyper-
thermic condition, the lysosomal/TRPV3 intensity differs in different conditions. It is lowest in resting condition.
In case of pharmacological modulation or LPS treatment, the Lysosomal/TRPV3 intensity increases, suggesting
that lysosome function (equivalent to LysoTracker Red labelling) is dependent on TRPV3 modulation. g. Shown
are the correlation between LysoTracker Red labelling with the presence of TRPV3 in the lysosome. In all cases,
a tight correlation is observed with the lowest slope at resting condition. Shown are the correlation between
TRPV3 in lysosome with the presence of TRPV3 in the nucleus (In case of DPTHF with and without LPS
stimulations). One-way ANOVA, ** =p <0.01, ¥*** = p <0.0001 and ns = non-significant).
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Fig 44. TRPV3 regulates lysosomal pH in hyperthermic conditions. a. Representative confocal images of cells
labelled with LysoSensor Green in different conditions. Scale bar: 20um. b. Quantitative analysis of cells labelled
with LysoSensor Green in FPP, DPTHF or LPS-treated conditions at heat shock are shown. Values are means +
SEM, N >100 cells per group; one-way ANOVA,; ns: non-significant, **** = < 0.0001.
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2.4.3 TRPV3 modulation improves the lysosomal pH stressed by hyperthermic condition

At 42°C conditions, the lysosomal functions are compromised. So, the lysosomal pH
has been measured by using LysoSensor Green dye in different conditions where TRPV3
function is modulated at hyperthermic conditions (Fig. 44). At 42°C, the LysoSensor Green
intensity is low, indicating loss of lysosomal acidification. However, TRPV3 activation, as well
as inhibition both causes significant increments in LysoSensor Green intensity, suggesting that
at hyperthermic condition (42°C), pharmacological alteration of TRPV3 causes more
acidification of lysosomes (Fig. 44a-b). Similarly, LPS-treatment (at 42°C) also increases the

LysoSensor Green intensity, suggesting more acidification of lysosomes (Fig. 44a-b).

2.4.4 TRPV3 modulation helps in the maintenance of Ca?* and pH levels in isolated
lysosomes

Maintenance of lysosomal pH and lysosomal Ca®* have been studied in lysosomes
isolated from Raw 264.7 cells. The lysosome was isolated using the lysosomal enrichment kit
(Thermo fisher scientific). Isolated lysosomes were labelled with the Ca?*-indicator (Rhod 3)
and lysosomal pH indicator (LysoSensor Green) (Fig. 45a-c). For this study, the isolated
lysosomes were subjected to hyperthermic stress for 2 hours along with the TRPV3 modulators.
The lysosomal pH increases (i.e., the LysoSensor Green-based fluorescence intensity reduces)
when the lysosomal particles were subjected to 42°C stress. However, the fluorescence
intensity increases significantly upon the TRPV3 modulation like FPP-treatment, as well as in
the DPTHF conditions (Fig. 45b). Thus, the decreased LysoSensor Green intensity at 42°C
hyperthermic condition can be rescued by the administration of TRPV3 modulatory agents.
Along with the lysosomal pH, simultaneously the Ca?*-status has been observed with the help
of Rhod-3 dye. The Ca?*-level decreased/dropped significantly while the lysosome was

subjected to hyperthermic stress at 42°C.
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Fig 45. TRPV3 regulates lysosomal Ca?* and pH in cell-free conditions. a. Representative confocal images of
isolated lysosomes labelled with Rhod-3 and LysoSensor Green are shown. Lysosomes isolated from
macrophages are maintained in control condition, at 42°C alone or in presence of FPP or DPTHF are shown. Scale
bar: 5um. b-c. Quantification of LysoSensor Green and Rhod-3 fluorescence intensities are shown. Values are
means + SEM; one-way ANOVA; ns: non-significant, and **** = p < 0.0001.
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Fig 46. TRPV3 regulates lysosomal Ca?* and pH in cell-free conditions. a. Correlation analysis of isolated
lysosomes labelled with Rhod-3 and LysoSensor Green are shown. Lysosomes isolated from macrophages and
were maintained in control condition, at 42°C alone or in presence of FPP or DPTHF. Correlation become stronger
at 42°C control (r =0.8427) condition. b. Ratio of Rhod-3 and LysoSensor Green are shown. Values are means +
SEM; one-way ANOVA; ns: non-significant, and * = p < 0.05.
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However, the Rhod-3 dye intensity increases significantly in the TRPV3 modulatory
conditions, i.e. activation by FPP and inhibition by DPTHF-treated conditions (Fig. 45c).
Correlation data of isolated lysosomes shows the Rhod-3 dye labelling and LysoSensor Green
labelling are well correlated in all these conditions, but the maximum correlation is observed
at 42°C and 37°C control conditions. The correlation was significantly lower in case of FPP at
as well as in DPTHF at 42°C condition. Correlation was found to be more in case of 42°C
control (r =0.8427) and 37°C control (r =0.6948) (Fig. 46a). The ratio between Rhod-3 and
LysoSensor Green shows the significant changes in the 42°C hyperthermic stress but not in
other conditions (Fig. 46b). Thus, collectively the results show that the TRPV3 modulations

help in rescuing the lysosomal pH as well as the Ca?*-level within the isolated lysosomes.

2.4.5 TRPV3 modulation is beneficial during inflammatory conditions

To check the status of damaged response proteins or the inflammatory response
proteins, three markers have been explored. The characterized markers are NLRP3, TFEB, and
NF-kB P65 respectively. NLRP3 is known to be an inflammatory marker whose expression
increases upon cellular stress like thermal shock or bacterial stress (Kelley et al. 2019).
Accordingly, the expression of NLRP3 puncta is more prominent or significant in the 42°C
conditions as well as in the DPTHF or LPS at 42°C stress conditions. However, the expression
level or the puncta's (particle counts) were not so prominent and significantly lower in case of
TRPV3 activation at 42°C stress conditions (Fig. 47a-b).

Another lysosomal or cellular stress marker characterized is TFEB, whose
expression/presence depends on the stress level (Sardiello. M. 2016). The TFEB protein
translocates from cytosol to the nucleus upon cellular stress conditions. The TFEB localizes in
the nucleus upon stress conditions, such as nutrient-deficient state and lysosomal dysfunction.

Accordingly, more TFEB in the nucleus and less in the cytosol indicate more stress to the cell.
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More TFEB in the cytosol then the nuclear TFEB is observed in healthy cells. In the activated
condition, the TFEB nuclear localization is minimal, and the TFEB puncta were mostly found
in the cytosol. This indicates that at activation condition, the cellular stress level is minimized,
whereas in the DPTHF or control 42°C conditions are not able to rescue the cells from stress

conditions as compared to FPP-treated conditions (Fig. 49a-b, Fig. 50).
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Fig 47. TRPV3 regulates the activity of NLRP3-positive inflammasomes. a. Expression of TRPV3 and NLRP3
at 42°C in the presence or absence of FPP, DPTHF and LPS are shown. Scale bar: 10um. b. Quantification of the
total number of NLRP3 particles per cell is shown. Values are means + SEM, N >30 cells per group; one-way
ANOVA,; ns: non-significant, *** = p < 0.001 and **** = p < 0.0001.

Another stress marker characterized in this study is NF-Kb p65 which localized in the
nucleus upon cellular stress (Oeckinghaus and Ghosh. 2009). Nuclear localization of NF-Kb
p65 correlates well with more stress. NFKB P65 localizes more in the nucleus at the 42°C
stress condition. But NFKB P65 expression is significantly lower in case of TRPV3 activation,

i.e., in FPP-treated conditions. The nuclear expression of NFKB P65 is significantly low in
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case of TRPV3 activation as well as in 37°C control conditions whereas the nuclear expression
is more in other conditions, like in DPTHF, LPS, and at 42°C. All these data indicate that

TRPV3 activation with FPP helps to rescue the cells from thermal stress (Fig. 48a-b).
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Fig 48. TRPV3 modulation normalizes the expression of stress markers in hyperthermic conditions. a.
Confocal images of PM cells immunolabelled for NF-xB (P65) (red) and nucleus (DAPI, blue) show accumulation
of NF-xB (P65) in the nucleus at different levels in different conditions. The white dotted border indicates the cell
membrane. Scale bar: 10um. b. Quantification of nuclear NF-xB (P65) particle numbers per cell in different
conditions are shown. Values are means + SEM; one-way ANOVA; ns: non-significant, * = p < 0.05, **** = p <
0.0001.
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Fig 49. TRPV3 modulation normalizes the expression of stress markers in hyperthermic conditions. a.
Shown are the confocal images of PM cells immunolabelled for TFEB (Green). TFEB puncta in cytoplasm and
in nucleus are shown in grayscale. Scale bar: 10um. b. Quantified numbers of TFEB spots/puncta in the nucleus
of PM in different conditions are plotted.values are means + SEM; one-way ANOVA; ns: non-significant and *
=p<0.05.
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Fig 50. TRPV3 modulation alters the distribution of stress marker (TFEB) in hyperthermic conditions.
Shown are the distribution of nuclear TFEB puncta in different conditions. The distribution was categorised as 0,
1 to 2 and >3 per nucleus, respectively. The nuclear TFEB distribution in different cells are shown in a percentage
scale. Percentage of cells with 0 number of puncta/nucleus are more in case of FPP-treatment at 42°C.

2.4.6 TRPV3 alteration helps in maintaining lysosomal temperature

Lysosomal thermal status is a great determinant for lysosomal health. For that purpose,
TRPV3 alteration has been performed to investigate its specific role at different cellular
challenges. Using LTG dye, a specific temperature-sensor for lysosome, lysosomal
temperature in different conditions were measured. The LTG detection method is based on the

fluorescence intensity value that changes with lysosomal temperature (Liu et al. 2022). When
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the temperature of the lysosome becomes higher, the fluorescence intensity decreases
accordingly. In opposite, if the lysosmal temperature is lower (i.e. when the lysosome becomes
cooler), then the LTG-intensity increases accordingly. Based on this, the cells were maintained
at 37°C control temperature along with TRPV3 modulators, and the LTG-intensity in diferent
conditions were observed accordingly (Fig. 51a-b). Lysosomal temperature due to TRPV3
modulation (activation as well as inhibition) and LPS stimulation were investigated. It is
observed that LPS stimulation results in a slightly lower lysosomal temperature (shifts~1.10
fold higher fluorescence), but DPTHF treatment tends to maintain the lysosomal temperature
towards the hotter side (shifts ~0.78 fold lower fluorescence). When the cells were treated with
FPP only (in absence of LPS), it caused ~0.8289 fold reduction in the fluorescence. When cells
are treated with FPP or DPTHF in the presence of LPS, lysosomes become cooler. A significant
increment in fluorescence intensities were observed ¢1.27 fold in FPP + LPS and ~1.54 fold
in DPTHF + LPS conditions) (Fig. 51b). This data indicates that only DPTHF (i.e. TRPV3
inhibition) makes the lysosomes hotter, a situation where lysosomal temperature regulation is
probably compromised. But the TRPV3 activator or inhibitor, in the presence of LPS as well
as LPS alone, makes the lysosomes cooler.

Apart from the 37°C control condition, when cells were treated with the hyperthermic
temperature at 42°C or even subjected to lysosomal stress by treatment of BafAl, the LTG
fluorececne become different. When cells were treated at 42°C for 2 hours (heat stress), LTG
intensity decreased, indicating that the lysosomes became hotter as compared to the control
condition at 37°C (Fig. 52a-b). But at 37°C. as soon as the TRPV3 activation was introduced
through FPP (1uM), the intensity increased significantly, which shows that the lysosomal
became cooler after activation (Fig. 52b). This data shows the TRPV3 role in maintaining the
lysosomal temperature at extreme temperature stress or physiological temperature. And

TRPV3 modulation helps rescue the cell from different physiological conditions.
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Fig 51. TRPV3 regulate the lysosomal temperature in the PM. a. Shown are the confocal images of live PM
cells loaded with lysosomal temperature-sensitive dye LysoThermo Green (LTG) that were treated with FPP
(TRPV3 activator), DPTHF (TRPV3 inhibitor) or LPS at 37°C. The LTG intensity is also shown in rainbow scale.
Scale bar: 30um and 5um (for enlarged picture). b. Quantitative analysis (in fold change) or LTG fluorescence is
shown. The LTG intensity has been converted to fold change where the 37°C control is taken as average 1. Values
are means = SEM, N >100 cells per group; one-way ANOVA; ns: non-significant, * = p < 0.05, ** = p < 0.01,
**% =p <0.001, **** = p < 0.0001.
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Fig 52. TRPV3 regulates lysosomal temperature in the PM in hyperthermia conditions. a. Representative
confocal images and corresponding intensity profile of cells labelled with LTG and maintained in different
conditions at 42°C are shown. Scale bar 20um. b. Quantification of LTG intensity in different conditions are
shown. In all cases the average values are represented as fold-change. Values of 37°C is considered as 1. Values
are means £ SEM, N >100 cells per group; one-way ANOVA; ns: non-significant, * = p < 0.05, and **** = p <
0.0001.
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Fig 53. TRPV3 activation rescues lysosomal temperature in BafAl stressed condition in PM. a.
Representative confocal images of LTG fluorescence and corresponding intensity of cells that are treated with
FPP, DPTHF, or LPS along with Bafilomycin. Rapamycin is also used as a positive control for this experiment.
Scale bar 30um and 5um. b. Quantification of LTG intensity in different conditions are shown. In all cases the
average values are represented as fold-change. Values of 37°C is considered as 1. Values are means + SEM, N
>100 cells per group; one-way ANOVA,; ns: non-significant, ** = p <0.01, *** = p <0.001 and **** = p <0.0001.
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For the lysosomal stress, the cells were treated with BafAl at a sub-optimal
concentration (400ng/ml) and changes in the lysosomal temperature were monitored by using
LTG sensor dye (Fig. 53a-b). When cells were treated with BafAl, the LTG-fluorescence
lowered significantly (~0.08-fold), indicating that the lysosmes became hotter (Fig. 53b).
However, in case of rapamycin treatment (was also used as another control), LTG-fluorescence
increases significantly (~2.29-fold), indicating that rapamycin cools the lysosomal temperature
(Fig. 53b). When the TRPV 3 activator was used in the presnce of BafAl, the LTG fluorescence
increased significantly (~ 0.62 fold) (Fig. 53b). The increased fluorescence indicates that
TRPV3 activation causes cooling effect of lysosomes. Similar results were observed when LPS
stimulation was performed in the presnce of BafAl. DPTHF treatment along with BafAl

causes no significant changes in the LTG-fluorescence (Fig. 53b).

2.4.7 TRPV3 activation lowers the temperature of isolated lysosomes

As mentioned earlier TRPV3 plays a significant role in maintaining lysosomal
temperature when subjected to various challenges. It is evident that TRPV3 modulation helps
in maintaining lysosomal thermal homeostais that is also directly linkd to lysosomal health.
Even isolated lysosomes (in a cell-free system) were utilized to further investigate the
influence of TRPV3 modulation on maintaining lysosomal temperature. For that purpose,
temperature of isolated lysosomes in a cell-free system was measured using lysothermo green
(LTG) dye. The lysosomes were isolated from Raw 264.7 cells with the lysosome enrichment
kit. Experiments were conducted in Ca?*-free medium (HBSS) buffer supplemented with ATP
(AmM). The lysosomal particles were exposed to 42°C for 2 hours in the presence of TRPV3
modulators (Fig. 54a-b). The isolated lysosomes were labelled with LTG dye and were

subjected to 42°C thermal stress along with TRPV3 modulators. The LTG intensity decreased
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slightly upon heat stress as compared to 37°C conditions ¢ 0.1 fold, which remain non-

significant).
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Fig 54. TRPV3 regulates lysosomal temperature in cell-free condition. a. Confocal images of freshly isolated
lysosomes (isolated from RAW 264.7 cells) that are labelled with LysoThermo Green dye. Scale bar: 5um. b.
Quantitative analysis of LysoThermo Green intensity of isolated lysosome. Values are means = SEM; one-way
ANOVA,; ns: non-significant, * = p < 0.05, and *** = p <0.001.
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However, when these isolated lysosomes were subjected to 42°C, LTG intensity
decreased by 0.31-fold. In contrast, TRPV3 activation condition, the fluorescent intensity of
LTG was increased significantly (0.64-fold) when compared with the 42°C control condition
(Fig. 54b). This indicates cooling of isolated lysosome due to TRPV3 activation. However, in
DPTHF-treated condition, there is no such significant changes in lysosomal temperature when
compared to both 37°C and 42°C control conditions. The data suggest that pharmacological
modulation of TRPV3 affects lysosomal temperature. TRPV3 activation cools the lysosomal
temperature to a certain degree/fold when compared with 37°C or control 42°C conditions.
As reported earlier, the pH rescue by TRPV3 modulation in the lysosome. This indicates that
the direct role of lysosomal pH changes could significantly alter the lysosomal temperature,
which means the lysosomal temperature and lysosomal pH correlated. Here the data suggest

that lysosomal temperature also seems to be rescued through TRPV3 activation as well.

2.4.8 TRPV3 modulations play important role in the maintenance of cytosolic pH and
cytosolic Ca?*-levels during hyperthermic stress

The cytosolic Ca?* and cytosolic pH were measured in the peritoneal macrophages in
hyperthermic stress conditions. For the cytosolic Ca?*-measurement, Fluo-4 AM has been used
and for the cytosolic pH measurement pHrodo red dye was used (Fig. 55a-d). The cytosolic
Ca?" increased a little bit in 42°C condition in comparison with the 37°C control condition. But
at 42°C along with TRPV3 modulation, the basal Ca?*-level in the cytosol increased
significantly. The Ca?*-level is significantly higher in the FPP, DPTHF, and LPS-treated
conditions than the 42°C control condition (Fig. 55a-b).
pHrodo dye was used to measure the cytosolic pH changes during 42°C heat shock. The

cytosolic pH drops significantly due to hyperthermic shock at 42°C.
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Fig 55. TRPV3 modulation alters cytosolic Ca?* and pH-level of peritoneal macrophages differently in
different hyperthermic conditions. a. Representative live-cell images of peritoneal macrophages labelled with
Fluo4-AM. PM treated with FPP, DPTHF or LPS at 42°C are shown. Scale bar 20pum. b. Quantitative analysis of
Fluo4-AM fluorescence intensity in different conditions is shown. c. Representative images of pHrodo red
(cytosolic pH) in different conditions are shown. d. Quantitative analysis of pHrodo fluorescence intensity in
different conditions is shown. Values are means + SEM, N >100 cells per group; onec-way ANOVA, ns: non-
significant, * =p < 0.05, ** =p <0.01, ***=p < 0.001 and **** =p <0.0001.
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Fig 56. TRPV3 modulation alters cytosolic Ca?* and pH-level of peritoneal macrophages differently in
different hyperthermic conditions. The representative image shows the quantification of correlation between
cytosolic Ca?*-level (Fluo-4) and cytosolic pH level (pHrodo red). The correlation shows more in case of FPP
42°C condition (r = 0.8084) and less in DPTHF 42°C condition (r = 0.5868).

However, if the cells were simultaneously treated with FPP, then the fluorescence
intensity increased significantly and indicating rescue of the cytosolic pH due to TRPV3
activation. The change in the fluorescence intensity upon only TRPV3 inhibition is marginal
(non-significant) but increased significantly in the presence of LPS (Fig. 55c-d). This data
shows that TRPV3 modulation plays a crucial role in maintaining the cytosolic pH and Ca?".
The correlation between the cytosolic pH and cytosolic Ca?* has been plotted to analyse the

relationship between both cytosolic parameters (Fig. 56). The pH changes correlate with the
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Ca?* changes in the cytosol. It is found that the correlation between cytosolic pH and cytosolic
Ca?*" become more significant in case of TRPV3 activation (r = 0.8084) in the 42°C (Fig. 56).
This data indicates that the TRPV3 activation is able to rescue the cell from heat shock by

maintaining the cytosolic calcium and cytosolic pH level.

2.4.9 The cytosolic ROS-level is altered due to TRPV3 modulation at hyperthermic stress
condition

The levels of Reactive Oxygen Species (ROS) in the cytosol vary in response to
different types of cellular stress and metabolism. Different challenges, like oxidative stress,
heat shock, or exposure to toxins, there is typically an increase in ROS levels. Furthermore,
during events like heat shock or inflammation, cells initiate pathways that produce ROS as a
protective measure. These heightened ROS levels can activate stress response reqired for
cellular adaptation. So, the ROS level in the cells directly determined the level of cellular stress.
Based on this consideration, ROS level was measured in hyperthermic stress conditions. To
investigate the importance of TRPV3 and its specific role in maintaining cytosolic ROS level,
the TRPV3 modulators has been used.

The cytosolic ROS level has been measured by using H.DCFDA dye (Fig. 57a-b). The
ROS level increased at significantly (** = p<0.01) in the 42°C as compared to the 37°C control.
At 42°C, LPS addition does not increase the ROS level anymore, suggesting that exposure at
42°C for 2 hours is sufficient to increase the ROS level to saturation. However, at 42°C, the
ROS-level reduced in FPP-treated condition as compared to the only 42°C control (** = p<
0.01). However, this is not the case for DPTHF treatment at 42°C. Addition of H.O> (as a
positive control) increases the ROS-level significantly, at 37°C (Fig. 57a-b). The result
indicates that TRPV3 activation reduces the cytosolic ROS production at 42°C (in hyper-

thermic condition), and thus can be beneficial.
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Fig 57. TRPV3 modulation alters cytosolic ROS-level of peritoneal macrophages differently in different
hyperthermic conditions. a. Representative live cell staining of H.DCFDA in different condition at 42°C are
shown. Scale bar 10pum. b. Quantitative analysis of H.DCFDA intensity for different conditions are shown. Values
are means £ SEM, N >100 cells per group; one-way ANOVA; ns: non-significant, ** = p < 0.01 and **** =p <
0.0001.

2.4.10 TRPV3 modulations play a crucial role in the maintenance of mitochondrial stress
functions during hyperthermic stress

Mitochondria health is the determinant of overall cellular stress. It plays a vital role in
the cellular stress response regulations. During stress conditions, such as oxidative stress, heat
shock, or nutrient deprivation, mitochondria actively participate in maintaining cellular
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homeostasis. Mitochondria are essential for coordinating the cellular stress response by
controlling metabolism, ROS production, signaling pathways, and energy generation. This
overall situation aids in promoting cell survival and adaptation during challenging
circumstances. In this context different mitochondrial parameters have been explored during
the hyperthermic stress at 42°C. Two different mitochondrial parameters, such as
mitochondrial temperature (by using MitoThermo Green dye, i.e. MTG) and ATP level (by
using ATP-Red dye) were analyzed. Cells were simultaneously labelled with both MTG and
ATP-Red dyes to understand the correlation between these two parameters and also to
understand the role of TRPV3 modulations at mitochondrial level. Significant changes in the
ATP level and mitochondrial temperature are noted due to TRPV3 modulations and LPS
stimulation, at 42°C condition. The ATP level reduced significantly at 42°C in comparison to
the 37°C control condition. The mitochondrial ATP level seems to be recovered in TRPV3
activation as well as in the LPS stimulatory conditions at 42°C. It seems that the ATP level has
changed significantly due to TRPV3 activation but not due to TRPV3 inhibition. The MTG
fluorescence was also measured in the heat shock conditions. The MTG-fluorescence intensity
reduced significantly during heat shock, suggesting. More fluorescence intensity of MTG
indicates reduced mitochondrial temperature. In opposite, less fluorescence intensity of MTG
indicates higher mitochondrial temperature. The MTG intensity increased in the FPP and LPS
stimulations as compared to the 42°C heat shock (Fig. 58a-c). This indicates that TRPV3
activation, as well as LPS stimulation rescue the cells and the mitochondrial temperature,
became low in these conditions.

All these data show that the TRPV3 activation plays a crucial role in maintaining the

mitochondrial temperature, and ATP level, especially at 42°C stress conditions.
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Fig 58. TRPV3 modulation alters mitochondrial temperature and ATP level differently in different
hyperthermic conditions in peritoneal macrophages. a. Representative confocal images of peritoneal
macrophages labelled with MitoThermo Green (MTG) and ATP-Red dye in different conditions. The MTG and
ATP-Red dye used simultaneously to understand the role of TRPV3 modulation at 42°C stress conditions. Scale
bar 10um. b-c. Values are means £ SEM, N >100 cells per group; one-way ANOVA, ns: non-significant, *** =
p <0.001 and **** =p <0.0001.
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2.5 TRPV3 mutants causing lysosomal defects and induce OS syndrome

Recent research has started investigating the involvement of TRP channels in diseases.
One notable pathogenic condition is keratoderma. Olmsted syndrome, a rare genetic disorder
and its phenotypes matached well with sevear forms of keratoderma. Olmsted syndrome is
caused by the mutations in TRPV3 (G573, G568, L673, Q580, and W692). Previously, few
mutants of TRPV3 (G573S, G573C, G573A, W692G) have been detected in lysosomes (Yadav
and Goswami. 2017). These mutants cause impaired cell adhesion, reduced lysosome numbers,
and altered lysosome distribution. Similar trends have been observed in case of other mutations
located in other positions also, such as for G568D and G568C. These findings suggest that
mutations in TRPV3 is associated with the development of Olmsted Syndrome (OS), a disease
which can also be tagged as lysosomal disorder. This finding also highlights the significance
of TRPV3 in lysosomal functions. Work added in this chapter explores the TRPV3 and its

novel mutants as lysosomal proteins and their role in regulations of lysosomal functions.

2.5.1 TRPV3 OS-mutants (G568C and G568D) have impaired cellular status

Previously our lab has characterized few of these OS-mutants (G573C, G573S, G573A,
W692G) that show impaired cell adhesion as well as lysosomal dysfunction (Yadav and
Goswami. 2017). These OS-mutants show low lysosomal count as well as reduced cell size.
Also these mutants fail to attach to the glass surface (thus remain loosely atached to the nearby
non-transfected healthy cells). This study focuses on two other OS-mutants that are G568C
and G568D. These two mutants as well as TRPV3-WT were expressed in the HaCaT (Human
Keratinocyte cell line) cells as a transient expression system (Fig. 59). It has been observed
that expression of these two OS-mutants causes defective cell adhesion, rounding of cells
(which also cause difficulty of growing these mutant expressing cells on the glass surface),

reduced cell perimeter and area, and defective localization at the surface (Fig. 59a-c). The data
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suggests that the cells expressing these two OS-mutants have more Z-distance than the cells

that express TRPV3-WT (Fig. 59c¢).
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Fig 59. TRPV3 OS-mutants (568C and 568D) have impaired cell adhesion and impaired cellular
morphology. a. The representative image shows the HaCaT cell with TRPV3-WT and TRPV3 OS-mutants
(mCherry in red) stained with phalloidin antibody (F-actin in green). The OS-mutants shows disrupted Phalloidin
labelling as compared to TRPV3-WT cells. Scale bar 10um. b. The graph shows the cellular perimeter in TRPV3
OS-mutants and TRPV3-WT cells. The cells perimeters (pixel square) show significant decrease in case of TRPV3
OS-mutants. (Unpaired t-test, *** = p <0.001 and ns = non-significant). c. The figure represents orthogonal views
of TRPV3-WT and TRPV3 OS-mutants. The cells expressing OS-mutants show less area (XY values) and higher
Z-distance than that of TRPV3-WT. Scale bar 10um. d. The schematic figure shows the positioning of TRPV3
OS mutants (G568 and G573) at the lipid-water-interface region.
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A schematic representation of TRPV3 OS mutants (namely G568 and G573), which

are present in the intracellular lipid water interface region of the TRPV3 is shown (Fig. 59d).

2.5.2 OS-mutants have abnormal lysosomal status as well as impaired Ca?*-buffering

The TRPV3-WT and these two OS-mutants (G568C and G568D) have been expressed
in the HaCaT and Saos-2 cells. These two OS-mutants also cause changes in the aggregation
of ER and loss of lysosomes, suggesting that these OS-mutants induce cellular toxicity that
affects general cell health (Fig. 60). As expected, the TRPV3-WT is detected in the lysosome.
However, though with difficulties, these two OS-mutants have also been detected in the
lysosomes (Fig. 60). As a “proof-of-concept”, this data suggests that these two mutants are
localized in the lysosomes. Next, the movement of lysosomes in cells expressing TRPV3-WT
or these OS-mutants has been explored. It was noted that the movement of G568C but not the
G568D is reduced (data not shown). To characterize the details of lysosomal problems, the
number of lysosomes per cell expressing TRPV3-WT or these two OS-mutants has been
quantified. G568C and G568D mutant-expressing cells have a much-reduced number of
lysosomes (data not shown). The fluorescence intensity of the lysosomes has been measured
by using LysoTracker Red as well as LysoSensor Green. This data suggests less acidification
of lysosomes of cells expressing G568D but not for G568C.

TRPV3-WT or OS-mutants along with the GCaMP protein (a fluorescence-based Ca?*-
sensor) were expressed. The basal level of Ca?* remains high for cells expressing G568C, while
cells expressing either WT or G568D mutant have comparable basal level Ca?* (Fig. 63b).
Application of FPP (an endogenous activator of TRPV3) causes Ca®*-influx in a considerable
number of cells expressing TRPV3-WT (Fig. 61). In contrast, the majority of the cells

expressing OS-mutants do not respond to the FPP (Fig. 62, Fig 63).
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a. pmCherry LysoTracker Green

G568C TRPV3 -WT

G568D

pmCherry Lysosome ER Merged(RG) Merged(RGB) Intensity(Lyso)

TRPV3-WT

Fig 60. TRPV3 OS-mutants (G568C and G568D) have impaired lysosomal distribution and lysosomal
number. a-b. The representative images show lysosomal distribution in TRPV3-WT and TRPV3 OS-mutants in
HaCaT (a) and Saos-2 (b) cells. The TRPV3-WT and TRPV3 OS-mutants stained with ERTracker Blue and

LysoTracker Green in Saos-2 cell. Scale bar 5um and 10pm.
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TRPV3-WT

FPP

EGTA+FPP

BAPTA+FPP

BAPTA+EGTA+FPP

Fig 61. TRPV3-WT cells respond to channel activation even when extracellular or intracellular Ca?* is
chelated. The TRPV3-WT expressing HaCaT cells show immediate response to the TRPV3 activation by FPP
(Farnesyl pyrophosphate). The Ca?*-level measured by expressing GCaMP6f (a Ca?*-sensitive protein).
Intracellular or extracellular Ca?* is chelated with either BAPTA-AM or EGTA respectively or by both agents.
Scale bar 10pm.
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TRPV3 - G568C

BAPTA+FPP FPP

BAPTA+EGTA+FPP

BAPTA+EGTA+FPP

Fig 62. TRPV3 OS-mutant (G568C) expressing cell remain non-responsive to TRPV3 activator in HaCaT
cell in Ca?*-chelated conditions also. The TRPV3-G568C did not shows any response to the TRPV3 activation
by FPP (Farnesyl pyrophosphate). The Ca?*-level is measured by expressing GCaMP6f (a Ca?*-sensitive protein).
Intracellular or extracellular Ca®* is chelated with either BAPTA-AM or EGTA. Scale bar 10um.

162



a. TRPV3 - G568D

BAPTA+FPP FPP

BAPTA+EGTA+FPP

BAPTA+EGTA+FPP

b. s
ns s 1
|
10¢ %
10°4 S =

104
102
102
101

oo

e iﬂ-ﬂ“ ¢
reng

Intensity GCamp (AU)

NT G568C
WT

Fig 63. TRPV3 OS-mutant (G568D) expressing cell remain non-responsive to TRPV3 activator in HaCaT
cell in Ca?*-chelated conditions also. a. The TRPV3-G568D shows no response to the TRPV3 activation through
FPP (Farnesyl pyrophosphate). The Ca?*-level measured through GCaMP6f (a Ca?*-sensitive construct).
Intracellular or extracellular Ca?* is chelated with BAPTA-AM and EGTA. Scale bar 10um. b. The basal level
Ca?* (GCaMP6f intensity) in the TRPV3 OS-mutants (G568C) shows significantly more than TRPV3-WT and
TRPV3-G568D. Unpaired t-test, ** = p <0.01 and ns = non-significant.
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2.5.3 OS-mutant expressing cells show higher lysosomal temperature and lower lysosomal
particle numbers than TRPV3-WT cells

As mentioned earlier, the TRPV3 OS-mutant expressing cells show lesser lysosomal
number and impaired lysosomal distribution within the cells than the cells expressing TRPV3-
WT. LysoThermo Green (LTG) dye has been used to measure the lysosomal temperature (Fig.
64; Fig. 65). This dye shows higher fluorescence if the temperature is low and show lower
fluorescence if the temperature is high. The TRPV3 OS-mutant expressing cells show a
significant decrease in LTG-intensity as compared to cells expressing TRPV3-WT. Especially
the cells expressing W692G and G573A, G573S, and G573C show decreased intensity. But in
case of G568C mutant expressing cells, the fluorescence intensity is not much decreased (Fig.
65a-b). The decreased LTG-fluorescence intensity in the cells expressing OS-mutants indicate
that the lysosomes became hotter than the lysosomes of cells expressing TRPV3-WT. These
results show that the OS-mutants have increased lysosomal temperature. The number of
lysosomal particles in each cell has been also investigated. It has been observed that the number
of LTG-labelled particles is more in case of cells expressing TRPV3-WT than TRPV3 OS-
mutants. The TRPV3-WT expressing cells have approximately~ 3-fold more number of
lysosomal particles as compared to cells expressing any of these TRPV3 OS-mutants (G573A,
G573C, G573S, G568C, G568D and W692G) (Fig. 65c¢). The fluorescent intensity quantified

in fold change shows significant decrease in the level in the OS-mutants cells (Fig. 65d-e).

2.5.4 Cells expressing OS-mutants show higher plasma membrane temperature:

The plasma membrane quality seems to be very different in cells expressing TRPV3
OS-mutants. For example, adhesion ability is compromised in the cells expressing TRPV3 OS-
mutants. Therefore, the plasma membrane temperature has been measured by using plasma

thermo green (PTG) dye (Fig. 66). Lower fluorescence intensity of PTG dye signifies hotter
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temperature and vice versa. The fluorescence intensity of PTG dye increases significantly in

cells expressing most of the OS-mutants, suggesting lowering the temperature.

pmCherry LTG Merge Intensity LTG Zoom

TRPV3-WT

G568D

G568C

-
o
=
E

w,

G5738S

W692G

Fig 64. TRPV3 OS-mutants expressing cells show higher lysosomal temperature than cells expressing
TRPV3-WT. The representative images show the TRPV3-WT and TRPV3 OS-mutants stained with LTG dye.
LTG dye intensity is also shown in rainbow scale. Scale bar 10um.
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Fig 65. TRPV3 OS-mutants expressing cells show higher lysosomal temperature than cells expressing
TRPV3-WT. a-b. The graph shows the LTG intensity is low in the cells expressing TRPV3 OS-mutants (except
568D) as compared to cells expressing TRPV3-WT. c. The graph represents lysosomal particle numbers (LTG-
dye containing particles) in the cells expressing TRPV3-WT and TRPV3 OS-mutants. Cells expressing OS-
mutants have less lysosomal particle counts. d-e. The graph represents fluorescent intensity change (in fold) in
the cell expressing TRPV3-WT and TRPV3 OS-mutants. The fold change shows significant decrease in OS-
mutants as compared with TRPV3-WT cells. One-way ANOVA, * = p<0.05. ** = p<0.01, *** = p<0.001, ****
=p<0.0001 and ns = non-significant.

However, in case of cells expressing W692G, G573S and G568C mutants, the reduction
in fluorescence intensity is not so significant. The significant drop in the fluorescence intensity
have been observed in case of G573C, G573A and G568D as compared to the TRPV3-WT
(Fig. 66b). So, the data suggest that the temperature become more at the plasma membrane

region in case of TRPV3 OS-mutants as compared with the TRPV3-WT.
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Fig 66. Cells expressing TRPV3 OS-mutants show higher plasma membrane temperature than TRPV3-
WT cells. a. The representative images show the cells expressing TRPV3-WT or TRPV3 OS-mutants as RFP-
tagged proteins (red) and labelled with PTG dye (green). Scale bar 20um. b. The graph shows the PTG intensity
dropped in the TRPV3 OS-mutants (except W692G, G568C and G573S) as compared to TRPV3-WT cells. Here
in case of TRPV3-WT the intensity taken as standard and degree of changes in the intensity based on the TRPV3-
WT intensity. c. The graph represents fluorescent intensity change (in fold) in the cell expressing TRPV3-WT and
TRPV3 OS-mutants. The fold change shows significant decrease in OS-mutants as compared with TRPV3-WT
cells. One-way ANOVA, * = p <0.05, **** = p<0.0001 and ns = non-significant.
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2.5.5 Cells expressing TRPV3 OS-mutants show higher mitochondria temperature

The mitochondria morphology and temperature has been investigated in the cells
expressing TRPV3-WT and different TRPV3 OS-mutants (Fig. 67, Fig. 68). The more
MitoThermo Green (MTG) fluorescence intensity signifies the less mitochondrial temperature.
Here the TRPV3 OS-mutants specially G573S and G568C show less MTG-intensity than other
mutants and TRPV3-WT cells (Fig. 67). Thus, the temperature has been significantly more as
compared to the TRPV3-WT condition and other mutants. The G568C mutant expressing cells
also show significantly more mitochondrial temperature than cells expressing TRPV3-WT (but
the degree of significance is less, * = p <0.05) (Fig. 68b&c). Taken together, the data suggest
that the mitochondrial temperature in the cells expressing OS-mutants have increased as

compared to cells expressing TRPV3-WT cells.

2.5.6 Cells expressing TRPV3 OS-mutants show lower nuclear temperature

The morphology as well as the intracellular compartment functions and distributions
are typically disturbed in the cells expressing TRPV3 OS-mutants. The Nuclear Thermo Green
(NTG), a nuclear temperature-sensor dye was used to measure the nuclear temperature. The
NTG fluorescence intensity distribution varied in different region of nucleus (nucleolar region
shows less intensity). This NTG dye primarily localizes in the nucleus (but not in the nucleolus)
and its change in the fluorescence properties indicates the change in the nuclear temperature
(see Annexure: 7.1). Low NTG-fluorescence intensity indicates higher nuclear temperature
and vice versa. NTG fluorescence intensity provides equivalent information related to nuclear
thermal pattern. Cells expressing TRPV3-WT and TRPV3 OS-mutants show differences in
fluorescence intensity (Fig. 69). These differences remain significant in case of cells expressing
any of these TRPV3 OS-mutants with respect to cells expressing TRPV3-WT. The intensity

increased significantly in the TRPV3 OS-mutants.
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Fig 67. TRPV3 OS-mutants expressing cells show higher Mitochondrial temperature than cells expressing
TRPV3-WT. a. The representative images show the cells expressing TRPV3-WT and TRPV3 OS-mutants (red)
labelled with MTG dye. The MTG fluorescence is also shown in rainbow scale. Scale bar 20um. b. The graph
shows comparatives of MTG fluorescence intensity in cells expressing TRPV3 WT or OS-mutants. MTG
fluorescence is low in the cells expressing TRPV3 OS-mutant as compared to cells expressing TRPV3-WT. c.
The graph shows comparatives of MTG fluorescence intensity (in fold change) in cells expressing TRPV3-WT
or OS-mutants. (One-way ANOVA, * =p < 0.05, **** = p <0.0001 and ns = non-significant).
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Fig 68. TRPV3 OS-mutant expressing cells show higher mitochondrial temperature than cells expressing
TRPV3-WT. a. The representative images show the MTG dye-based fluorescence from live cells expressing
TRPV3-WT and TRPV3 OS-mutants (568C and 568D). Scale bar 20um. b. Comparative analysis of MTG
fluorescence in cells expressing TRPV3-WT and TRPV3 OS-mutants. The graph shows the MTG intensity is low
in the cells expressing TRPV3 OS-mutant as compared to the cells expressing TRPV3-WT. c. The graph shows
comparatives of MTG fluorescence intensity (in fold change) in cells expressing TRPV3 WT or OS-mutants. One-
way ANOVA, * =p <0.05 and **** = p <0.0001.

170



pmCherry

Zoom

Abs Control

G573C

TRPV3-WT

G573S

G573A

Non-Transfected

: 108+ * 2.0- ke

1.54

1.0

0.5+

NTG Absolute Intensity(A.U)
= =
=) [J
3
NTG Fold change

T T 0.0-

eli<s Rl

&
£
C’r

Fig 69: Cells expressing TRPV3 OS-mutants show lower Nuclear temperature as compared to cells
expressing TRPV3-WT. a. The representative images show the live cells expressing TRPV3-WT and TRPV3
OS-mutants (red) labelled with NTG dye (green). Scale bar 10um. b. The graph shows that the NTG fluorescence
intensity is high in the cells expressing TRPV3 OS-mutant as compared to the cells expressing TRPV3-WT. c.
The graph represents fluorescent intensity change (in fold) in the cell expressing TRPV3-WT and TRPV3 OS-
mutants. The fold-change shows significant decrease in OS-mutants as compared with TRPV3-WT cells. One-
way ANOVA, * =p <0.05 and ns = non-significant. (NT = Non-transfected).
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Fig 70. Cells expressing TRPV3 OS-mutants shows lower nuclear temperature than cells expressing
TRPV3-WT. a. The representative images show the live cells expressing TRPV3-WT and TRPV3 OS-mutants
that are further labelled with NTG dye. Scale bar 10um. b. The graph shows the NTG fluorescence intensity is
more in the cells expressing TRPV3 OS-mutant as compared to TRPV3-WT cells. c. The graph represents
fluorescent intensity change (in fold) in the cell expressing TRPV3-WT and TRPV3 OS-mutants. The fold change
shows significant decrease in OS-mutants as compared with TRPV3-WT cells. One-way ANOVA, **** = p
<0.0001 and ns = non-significant. (NT = Non-transfected).
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Thus, the temperature is significantly low in the cells expressing G568C, G568D and
W692G (**** = p<0.0001) mutants as well as in cells expressing 573A and 573S mutants (*
= p<0.05) (Fig. 70). This signifies that the reduction in nuclear temperature in the cells
expressing TRPV3 OS-mutants (as compared to cells expressing TRPV3-WT) is a hallmark of
this pathophysiology. In summary the thermal status of cells expressing TRPV3 OS-mutants
show lower temperature in the nuclear region as compared to the cells expressing WT.

Overall, the MTG, PTG, LTG fluorescence intensity reveals that the cells expressing
OS-mutants have less fluorescence intensity (i.e. hotter temperature) for most of the sub-
cellular organelles as compare to the cells expressing TRPV3-WT cells. However, for nucleus
it is opposite. Thus, cells expressing OS-mutants have high fluorescence intensity (i.e. lower
temperature) for the nucleus as compared to the cells expressing TRPV3-WT cells. Overall,

data suggest a huge thermal imbalance within the sub-cellular regions in case of OS-mutants.
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2.6 The importance of TRPV4 in the macrophage cells and the role of
TRPV4 in the inflammatory function

In recent studies, the TRPV4 ion channel has been investigated for its role in
macrophage functions. It appears that TRPV4 is involved in facilitating exocytosis by using
lysosomes as a storage reservoir for cellular cargo. This process relies on interactions between
various proteins that regulate cargo distribution within cells. The presence of lysosome-
associated membrane protein 2 (LAMP2) has been linked to TRPV4-mediated exocytosis,
especially in melanoma cells (Li et al. 2022). Additionally, TRPV4 has been implicated in
disrupting the barrier functions of epithelial and endothelial cells, particularly in the context of
lung edema formation. It also plays a significant role in inflammatory responses, affecting
processes like cytokine production, foam cell formation, and giant cell formation. The evolving
understanding of macrophage TRPV4 in conditions like fibrosis, chronic itch, and the foreign
body response hints at its multifaceted role (Luo et al. 2015; Dutta et al. 2020). Moreover,
TRPV4 is expressed in various macrophage subtypes, influencing their behaviour and
phenotype during encounters with pathogens and instances of inflammation. It is also involved
in regulating adipose metabolism, inflammation, and energy balance within cells. Furthermore,
recent research has focused on TRPV4's role in lysosomal functions. TRPV4 channels are
found in lysosomes and can help maintain their acidic pH. They can also influence lysosomal
temperature and various cellular stress parameters, including cytosolic pH, cytosolic ROS, and
cytosolic NOS levels. This suggests that TRPV4 may have a broader role in cellular and
lysosomal functions beyond its previously known functions in macrophages and inflammation.
The data provided in this chapter highlights how modulating TRPV4 activity contributes to
maintaining various stress levels within cells. Additionally, it confirms that TRPV4 is found in
compartments within macrophage cells and suggests its potential involvement in the functions

of lysosomes and in managing stress responses in the intracellular environments. Moreover,
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the data hints at TRPV4 possibly aiding in clearing bacteria from wound sites and promoting
wound healing. Overall, this chapter provides valuable insights into how TRPV4 might play a

role in the body's inflammatory responses.

2.6.1 TRPV4 modulation helps in in vivo bacterial clearance in the skin tissue

The impact of TRPV4 activation or inhibition on the skin wound healing process has been
explored in in vivo system. For that purpose, an external skin wound (5 mm) was developed in
mice and infected the same wound with 100uL (equivalent to 1 x 108 CFU/mL) MRS
(Staphylococcus aureus) bacteria on day 1. It was observed that topical application of TRPV4
activator (4aPDD, 5uM) daily enhances the skin wound healing by the 10" day while TRPV4
inhibition (RN1734, 10uM) does not result in enhanced healing of skin wound at the same
duration (Fig. 71). Both the percentage of wound healing and the rate of wound healing are
calculated. Both, in TRPV4-inhibited as well as in TRPV4-activated conditions, the wound
closure was significantly faster, and the percentage of wound closure was lesser than in control
(DMSO) conditions (Fig. 71c). To confirm that the TRPV4-activation-induced enhanced skin
wound healing is indeed related to TRPV4-mediated functions, the bacterial numbers in the
pus were counted and compared accordingly. The bacterial numbers present in the unit volume
(100ul) of pus (on the 10" day collection) becomes significantly low in case of TRPV4
activation and as well as in inhibition conditions if compared to DMSO control (Fig. 71b). This
suggests that TRPV4 modulations are effective in the clearance of MRSA bacteria at the wound

site.

2.6.2 TRPV4 in wound healing and its histopathology significance
To understand the status of the wound tissue healing process, the histochemistry of the

wound tissue was analyzed on 10" day (Fig. 72a-b). It was observed that the healing was
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almost complete in the case of TRPV4 activation on 10" day. Expression of TRPV4 in the

wounded or wound-healed tissue was analysed (Fig. 72a-b).
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Fig. 71. Role of TRPV4 modulations in wound closure and in-vivo bacterial clearance. a. These images show
the wound closure in the animal followed till 10" days in different conditions (TRPV4 activation, TRPV4
inhibition, and DMSO control) respectively. b. The graph shows the comparative CFU count from the pus collated
in the wound site at 10" day. Both the activation as well as inhibition of TRPV4 cause lesser CFU count in
comparison with DMSO control. c. The graph shows the percentage of wound closure in the TRPV4-modulated
conditions. The percentage of wound closure was more in the case of both activation and inhibition in comparison
with DMSO control. One-way ANOVA test. * = p<0.05, ** = p<0.01.
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Fig. 72. TRPV4 colocalizes with macrophage and keratinocyte-specific markers in wound-healed tissues. a.
The representative confocal image shows the colocalization of TRPV4 along with keratinocytes marker (K3/K76).
b. The image shows the colocalization of macrophage marker (CD11B) with the TRPV4 in the wound area. Scale

bar 10pm.

The expression of TRPV4 was observed in the wound tissue section, mainly at a low
level in the keratinocytes. On the 10" day, expression of TRPV4 is observed in the tissue (in

the wounded area or wound healed), especially in the keratinocytes and in the macrophages
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(positive for CD11b marker) (Fig. 72b). Notably, in the case of TRPV4 activation or inhibition,
more CD11b-positive cells are observed, especially near wound area, suggesting that TRPV4
modulations results in more migration of macrophages in the wound area (Fig. 72b).

To understand the localization of keratinocytes, a keratin (k3/k76) along with TRPV4
was used, where it was found that both the proteins co-localized in the near wound area on the
10" day. And in the case of almost healed tissue in TRPV4 modulated condition, migrated
keratinocytes were found to be colocalized with TRPV4, suggesting that macrophages express

more TRPV4 during wound healing (Fig. 72a).

2.6.3 TRPV4 is endogenously expressed in the macrophage cells and localizes within the
lysosome

Expression and localization of TRPV4 (another functional/homologue of TRPV3) has
been explored in the peritoneal macrophages and macrophage cell line (Raw 264.7).
Endogenous expression of TRPV4 has been observed in these cells and that accords with other
reports mentioning the expression of TRPV4 in the macrophage cell (Gupta et al. 2019; Nguyen
et al. 2022). Localization of TRPV4 is not limited to the plasma membrane only, and it is
reported to be localized in different sub-cellular compartments (Arniges et al. 2006; Acharya
et al. 2022; Espadas-Alvarez et al. 2021). The expression level was verified using the TRPV4
antibody stained with other organelle-specific markers. The expression of TRPV4 varies upon
macrophage stimulation by LPS (lipopolysaccharides). It has been observed that the expression
increases upon LPS-stimulation significantly. Thus, in macrophage cell, expression of TRPV4
in macrophages is LPS-dependent, at least partially (Fig. 73b). This TRPV4-specific
immunostaining can be blocked by using a specific peptide that binds to the TRPV4 antibody
(Data not shown). The expression level was also verified by Western blot analysis of the

lysosomal fraction as well as of whole cell lysate (Data not shown). Lysosomal marker, such
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as Lampl was also probed. The presence and expression level of TRPV4 was verified along
with the LysoTracker Red dye (Fig. 73a-b). It has been found that TRPV4 colocalizes with the
lysosome that are labelled with the LysoTracker Red dye. Thus, the presence of TRPV4 in
lysosome can be visualized as yellow dots or colocalized pixels (Fig. 73a). The presence of

TRPV4 within the lysosome is observed for a subset of lysosomes and not in all lysosomes.
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Fig. 73. Endogenous expression of TRPV4 in peritoneal macrophages. a. The representative image shows the
TRPV4 (in green) expression in PM with and without LPS-stimulation. The colocalization of the lysosome
(labelled with LysoTracker Red stain) with TRPV4 (detected by antibody staining, green) is shown. Colocalized
pixels and the scattered plot are also shown. Scale bar 5um. b. The graph shows the intensity plot of TRPV4
expression in the PM with and without LPS treatment (14 hours). The intensity of TRPV4 (total cell) increased in
LPS-stimulated cells. Unpaired t-test, * = p <0.05.

2.6.4 TRPV4 activation causes Ca?*-influx in the macrophage cells
To check the impact of TRPV4 on Ca?*-homeostasis of macrophage cells, TRPV4
modulation has been carried out on resting cells as well as in cells where intracellular or

extracellular Ca?* has been chelated by BAPTA-AM or EGTA respectively (Fig. 74a-b).
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Fig. 74. TRPV4 activation increases the cytosolic Ca?*-level. a. The representative images show the Ca?*-influx
in the Raw 264.7 cells after TRPV4 activation, inhibition, and at TRPV4 activation in Ca?*-chelated conditions
(BAPTA or EGTA). Fluorescence intensity of GCaMP6F is represented in pseudo colors (blue indicates low and
red indicates high Ca?*-levels respectively). Scale bar 5um. b. The graphs represent the cytosolic Ca?*-influx at
TRPV4-modulated and Ca?*-chelated conditions. TRPV4 activation causes a significant increase in the Ca?*-level
due to 4aPDD added at the 20" frame. c. The graph represents the “area under the curve” in different conditions.
The TRPV4 activations show significantly more (AUC) value than other conditions. One-way ANOVA test. ****
=p<0.01.
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For Ca®*-imaging, Ca?*-sensitive construct i.e., GCaMP6F has been used which is
sensitive to fluctuations in intracellular Ca?*-level. Different conditions were used where
TRPV4 is activated (by 4aPDD), inhibited (by RN1734), or different sources of Ca?* has been
chelated. Total 200 time-series image frames were acquired to assess the impact of TRPV4
modulation on cytosolic Ca?*-levels. The Ca?*-influx has been significantly increased in the
TRPV4-activated condition, when the 4aPDD has been added in the 30" frame (Fig. 74b). The
sudden Ca?*-influx has been observed upon TRPV4 activation at 30" frame but there was no
Ca?*-influx upon RN1734-treatment (Fig. 74b). The 40PDD-treatment enhances Ca?*-influx,
but such response is reduced upon chelation of intracellular cytoplasmic or extracellular Ca?*-
sources by using BAPTA or EGTA respectively (Fig. 74Db).

To assess the extent of total Ca?*-influx in a given duration in each condition, the “total
area under the curve” (AUC) was analysed. It is observed that the AUC is significantly higher
in case of the 4aPDD-treatment (Fig. 74c). This 4aPDD-mediated total Ca?*-influx is reduced
when Ca?*-chelators such as BAPTA-AM or EGTA were used. These data signify that the

TRPV4 activation helps in enhanced Ca?*-influx in the macrophage cells.

2.6.5 TRPV4 modulations maintain lysosomal as well as cytosolic pH in macrophage cells

At control condition, i.e. at 37°C, alteration of lysosomal pH has been checked by using
LysoSensor Green dye (lysosomal pH-sensitive sensor) by pharmacological modulation of
TRPV4 (Fig. 75a-b). It has been found that the intensity of the LysoSensor Green dye increased
significantly due to TRPV4 activation. The LPS which is a macrophage cell stimulator, also
tends to increase the fluorescence intensity of TRPV4 activations. But on the contrary, the
TRPV4 inhibitor was not able to increase the intensity level rather it was lower than the control
condition (Fig. 75b). This shows that at the TRPV4 activation as well as LPS-stimulation for

2 hours conditions, the lysosomal pH level maintains to a more acidic level.
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But when the cells were probed with pHrodo dye (cytosolic pH-indicators) the TRPV4
activation did not show any changes on the contrary the TRPV4 inhibition shows a similar
trend as lysosomal pH (lowered intensity) like a significant decrease in the intensity level (Fig.
76). The LPS-stimulation shows increased intensity in comparison with DMSO-control
conditions (Fig. 76b).

Similar experiments have been investigated in the Raw 264.7 cells for lysosomal pH
and cytosolic pH regulation. The cytosolic and lysosomal pH levels have been investigated
with different treatments, like TRPV4 activation, inhibition, LPS-stimulation, TRPV4
activation or inhibition in case of pre-treatment with LPS, and TRPV4 activation by 40PDD in
case of pre-treatment with an inhibitor (RN1734) (Fig. 77&78). The TRPV4 activations seems
to increase the fluorescence intensity significantly whereas inhibition have decreased intensity,
both in the case of cytosolic pH and lysosomal pH. The intensity level has also significantly
increased in case of LPS-stimulation (Fig. 78a&b). To understand the relationship of
lysosomal pH with cytosolic pH, the ratio of LysoSensor Green fluorescence intensity with
pHrodo fluorescence intensity per cell was calculated (Fig. 78c). Notably, the ratio values do
not remain same or constant in all conditions, suggesting that TRPV4 modulation and/or LPS-
treatment alters the pH regulation of lysosome and cytosol differently. The ratio become
significantly low in case of TRPV4 inhibition and more in case of TRPV4 activation as well
as in LPS-stimulated condition. However, in presence of LPS, TRPV4 modulation lowers this
ratio (Fig. 78c).

In order to understand the relationship of lysosomal pH with cytosolic pH in details,
the correlation between lysosomal pH with cytosolic pH in different conditions were analysed

(Fig. 79a-b). Notably, these correlations remain variable in different conditions.
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Fig 75. TRPV4 modulation helps maintain lysosomal pH in the macrophage cells (PM). a. The above figure
shows the LysoSensor Green dye-based fluorescence intensity at different modulated conditions like TRPV4
activation, TRPV4 inhibitions and LPS stimulations. Scale bar 10um. b. The graph represents varied intensity
upon TRPV4 modulation and LPS stimulations. The graph shows increased LysoSensor Green intensity at TRPV4
activation and significant decreased intensity at TRPV4 inhibitions. One-way ANOVA test. (**** = p< 0.0001,
*r* = p<0.001).
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Fig 76. TRPV4 modulation helps maintain cytosolic pH in the in PM. a. The figure shows cytosolic pH
difference in TRPV4 modulated conditions as well as in LPS stimulated conditions. Scale bar 10um. b. The graph
here represents intensity difference at TRPV4 modulated conditions as well as in LPS-stimulated conditions. The
cytosolic pH intensity shows no difference between control and TRPV4 activation conditions. One-way ANOVA
test. (¥*** = p< 0.0001; *** = p<0.001; ** = p< 0.01, ns = non-significant).
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Fig 77. TRPV4 modulation helps in maintaining lysosomal and cytosolic pH in the in Raw 264.7 cells. The
above figure shows the LysoSensor Green fluorescence intensity at different modulated conditions like TRPV4
activation, TRPV4 inhibitions, LPS stimulations, pre-treated LPS with 4aPDD or RN1734, and pre-treated
RN1734 with 40PDD (Total duration was 2 hours pre-treated LPS/RN1734 + 2 hours 4aPDD). Scale bar 10um.

The correlations between cytosolic and lysosomal pH show high correlation in case of

TRPV4 activation 4aPDD (r = 0.8642) and LPS (r = 0.8719) and low value in case of TRPV4
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inhibition (r = 0.3389). The correlation value remains modest in case of TRPV4 activation in

LPS pre-treated as well as in RN1734-pre-treated cells (Fig. 79a).
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Fig 78. TRPV4 modulation helps to maintain lysosomal as well as cytosolic pH in the in Raw 264.7 cells. a
& b. The graph represents varied intensity upon TRPV4 modulation and LPS stimulations. The graph shows
increased LysoSensor Green intensity at TRPV4 activation and significant decreased intensity at TRPV4
inhibitions. c. The graph shows ratio of LysoSensor Green (lysosomal) and pHrodo (cytosolic) fluorescence
intensity in different conditions. One-way ANOVA test, **** = p< 0.0001, *** = p <0.001, ** =p <0.01, *=p

<0.05, ns = non-significant.
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Fig 79. TRPV4 modulation alters the correlation between lysosomal and cytosolic pH. The correlation data
shows the significance correlations between cytosolic pH and lysosomal pH in case of TRPV4 activation but
lower significance in case of TRPV4 inhibitions.
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2.6.6 TRPV4 modulations helps in maintaining cytosolic ROS and NOS-level

Cytosolic ROS level has been checked by using H.DCFDA dye, and it has been
observed that TRPV4 activation is able to increase the ROS level (Fig. 80a). When cells were
stimulated with LPS, the ROS level increased significantly. TRPV4 activation in the presence
of LPS also remains high. The cytosolic NOS level has been studied with the help of DAPFM
dye. It has been found that the NOS level increases significantly at the TRPV4-activated
conditions. The NOS level also increased significantly with LPS stimulation alone or in
combination with TRPV4 modulations (Fig. 80b). It has been observed that all these dyes
detecting cytosolic ROS, or NOS tend to lower their fluorescence intensity upon TRPV4
inhibition. All these data indicate that TRPV4 modulation play an important role in the

maintenance of cytosolic ROS, and cytosolic NOS level.
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Fig 80. TRPV4 modulation helps maintain cytosolic ROS and NOS in the in PM. a-b. The graph shows the
cytosolic ROS and NOS level changes upon TRPV4 modulations and also with LPS stimulation and H,0,
treatment (for ROS). There is significant change (increase) in intensity at TRPV4 activation in the cytosolic ROS
level (H.DCFDA) as well NOS level (DAPFM). Unpaired t-test, * = p < 0.05, **** = p <0.0001 and ns = non-
significant.
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Fig 81. TRPV4 modulation helps maintain acidic pH in the cells in the lysosomal stress condition. a. The
above representative image shows the intensity difference when peritoneal macrophage cells were treated with
lysosomal pH-disrupting agents (BafAl). The conditions considered are TRPV4 activation (40PDD), TRPV4
inhibitions (RN1734) and BafAl-treatment respectively. Scale bar 10um. b. The graph represents intensity plot
of LysoSensor Green at TRPV4 modulated conditions along with BafAl treatment (4 hours). One-way ANOVA
test, *¥*** = p<0.0001, ** = p< 0.01.
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2.6.7 The lysosomal and cytosolic pH are restored by TRPV4 activation in peritoneal
macrophages

When the cells were subjected to disruption of lysosomal pH by treating BafAl, the
lysosomal pH changed to less acidic and cause lysosomal stress (Fig.81a-b). The fluorescence
intensity of LysoSensor Green drops significantly upon BafAl treatments because it blocks the
V-Type ATPase present in the lysosomes. But when the BafAl-treated cells were subjected to
TRPV4 modulation, the lysosomal pH level return to a more acidic level (Fig.81b).

This suggests that TRPV4 is involved in maintaining the cellular pH level and it helps

the cells to rescue from the lysosomal stress conditions.

2.6.8 TRPV4 modulation helps in maintaining cellular pH in the macrophage cells

The pH-sensor construct has been used to monitor the pH of the phagocytosed
compartments (see Annexure-2 for more details). As the macrophages are exposed to pH-
sensor tagged bacteria, the cells engulf the bacteria and phagocytosed bacteria move to the
endosome and lysosomes. So, the pH red —tagged bacteria was used to measure the changes in
lysosomal pH due to TRPV4 modulations.

The fluorescence intensities of the individual phagocytosed particles were analysed, in
control and TRPV4 activated as well as in inhibited conditions. The data suggests that TRPV4
activation makes more acidification for most of the particles as the distribution of particle-
based florescence indicates lowering of pH (Fig. 82). TRPV4 inhibition also causes
acidification, but to a lesser extent than that of the TRPV4 activation (Fig. 82).

It has been observed that TRPV4-GFP or TRPV4-488 colocalizes with phagocytosed
pH-Red-tagged bacteria within the macrophage. Both, TRPV4-GFP and as well as antibody-
probed TRPV4 colocalize with the pH-Red-tagged bacteria. The specific enrichment of

TRPV4-GFP has been observed in the pH-Red-tagged bacteria localized areas (Fig. 83).
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Next it was explored if TRPV4 is involved in the phagocytosis event. TRPV4 seems to
be involved in the phagocytosis event, as enriched TRPV4 in the filopodial region next to pH-
red-tagged bacteria is seen. The line-graph shows both the TRPV4-GFP and pH-Red are

enriched at the regions of bacteria during the phagocytosis events (Fig. 83).
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Fig 82. TRPV4 modulation helps to maintain the acidic pH of the lysosome. a. Shown are the confocal images
of live Raw 264.7 cells that engulfed the pH-Red-tagged bacteria and further labelled with the LysoTracker Green
dye. The engulfed pH-Red-tagged bacteria colocalized well with the lysosomes. Scale bar 10um. b. The graph
represents the pH variations upon the cells treated with 4aPDD and RN1734 in comparison with DMSO control.
c. The pie-chart represents the different pH distributions of phagocytosd bacterial particles upon TRPV4
modulations (4aPDD, RN1734). Unpaired t-test, ** = p < 0.01.
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Fig 83. TRPV4 is enriched and colocalized with phagocytosed bacteria in macrophage cell. a-b. These
confocal images show the TRPV4-AF 488 (a, green) or TRPV4-GFP (b, green) enrichment and localizations with
pH-Red (red)-labelled bacteria at the membrane and inside the cell. Enrichment of TRPV4 at the filipodia-like
structures engaged in phagocytosis are more prominent in live cell (b) imaging. c. The figure represents the
enrichment and colocalization of TRPV4-GFP with engulfed pH Red bacteria. The line graph shows the
enrichment of TRPV4-GFP at the bacteria localization site. Scale bar 10um.

2.6.9 TRPV4 modulation helps in bacterial clearance in isolated macrophage cell in vitro

The functional significance of TRPV4 modulation on bacterial clearance was tested.
For that, the macrophage-specific function, i.e. bacterial clearance in the in vitro system was
checked. Here bacterial strains used are DH5a. (Escherichia coli) and MRSA (Staphylococcus
aureus) respectively. After 4 hours of infection, the cells were incubated with 4aPDD
(activator) and RN-1734 (inhibitors) for 4 hours (for MRSA strain) or 2 hours (for Escherichia
coli), respectively. It has been observed that the CFU become significantly lesser in the
TRPV4-modulated condition in comparison with the DMSO control. This is more prominent
in RN1734-treated condition, i.e., in TRPV4 inhibition. It seems that TRPV4 inhibition plays

a major role in bacterial clearance (Fig. 84a&Db).
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Fig. 84. Role of TRPV4 modulations in in vitro bacterial clearance. a-b. These graphs show the in vitro
bacterial clearance by the peritoneal macrophage cells. The bacterial strain used for the infections are Escherichia
coli (2 hours, a) and MRSA (4 hours, b), respectively. One-way ANOVA test. * = p <0.05, ¥* =p <0.01, ¥** =
p <0.001, ns = non-significant.
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Lysosomes are one of the major stress response organelles besides Endoplasmic
reticulum and mitochondria. The theory of lysosome as a stress response compartments or in
general lysosomal stress was first mentioned in 1968. In next 50 years many lysosomal
functions and regulations were identified which are related to cellular stress and/or cause
diseases (Lapka et al. 2021; Saftig P. and Puertollano R. 2021). The important points that need
to be considered is the “lysosomal stress”. The lysosomal stress is related to different complex
changes, such as the impairments in lysosomal size, in and out movement of certain substances
to the lysosome, pH imbalance, membrane integrity, membrane loss, enzyme functions,
clumping of proteins, build-up of cholesterol, and an increase in harmful reactive molecules.
A great example of lysosomal impairment is lysosomal storage disorders (LSDs) (Parenti et al.
2021, Saftig P. and Puertollano R. 2021).

In the 1882, scientists first recognized the clinical signs of diseases, later known as
LSDs (Gaucher P. 1882). The understanding of these diseases advanced significantly in the
1950s (1955-56) when lysosomes were discovered in cells. Then, in the 1960s (1963),
researchers uncovered the specific biochemical issues causing LSDs. From the 1970s to the
1990s, studies were conducted mainly into how enzymes reach lysosomes and identified the
genetic roots of LSDs. Efforts to treat these disorders with enzyme replacement therapy began
in the 1990s (Parenti et al. 2021). Presently, scientists are exploring how lysosomes impact cell
functions that are beyond the waste disposal. Such understandings will have implications to
find new ways to treat these disorders. lon channel present in the lysosome are the major
contributors of maintaining lysosomal integrity and ion homeostasis. Earlier there was a
preconceived notion that ion channels are physically restricted at the plasma membranes only
and transport ions through its concentration gradients. But, later it is well established that these
channels are not only present in several intracellular organelles (like lysosomes, mitochondria)

but also responsible for various cellular processes through these organelles. Lysosomal ion
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channels are major contributors of maintaining metal ion concentration which tends to maintain
the lysosomal functions in total. The optimal lysosomal Ca?* level (0.5uM) contributes to the
process of exocytosis, phagocytosis, pH and maintenance of ion homeostasis within lysosomes
(Tancini et al. 2020). Recent findings strongly suggest that TRPs (nonselective Ca?*-permeable
channel) are major contributors of lysosomes. Since lysosomes are major contributors of
cellular stress response, TRPs seem to play major role in maintenance of lysosomal integrity
at cellular level. Notably, lysosome and nucleolus are major structures defined as “stress hub”
for the cells. In other words, the health of a cell can be estimate by the structural integrity and
size of the nucleolus. Presence of channel proteins in nucleolus also correlates with the
significance in cellular health and its status (Latonen L. 2019). In this context, the status of
both lysosomes and nucleolus provides detail information of the stress regulatory functions in
relation to TRPV3 modulations. So, the present study is relevant to understand about stress
regulatory inflammatory functions of lysosomes in relation to TRPV3/ TRPV4 channels which
are known to be present functionally in the intracellular compartments. The study is relevant
to understand the functions of TRPV3 and TRPV4 in relations to pathogenic stress, lysosomal
stress, thermal stress, both in in vivo and in vitro systems. This study is relevant for the detailed
understanding of stress physiology in the context of lysosome and TRPV3/TRPV4 channel

functions.

3.1 TRPV channels in the lysosomes and their importance
3.1.1 Lysosomal ion channels

Lysosome as a sub-cellular organelle contains many digestive enzymes and mainly
acts as a degradation machine. Many properties of lysosomes are not well characterized, though
its existence as a cell organelle has been demonstrated long back, in the year 1955 (De Duve

et al. 1955). As lysosome in higher animals refer to highly dynamic and functional organelles,
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it has clear evolutionary history as such functions are also required in all cell types and even in
the lower organisms (Katzmann et al. 2001; Bouhamdani et al. 2021) It was found that the
acidic enzymes (acid phosphatases) are present in the granules-like structure. That is why, these
structures were named as lysosomes. Lysosome contains enzymes to facilitate catabolism of
the macromolecules, especially in the acidic pH. Because of this requirement of low pH,
lysosomal pH maintenance become a critical challenge for all the cells. The lysosome is made
from the combination of both endocytic and secretory pathways from the endoplasmic
reticulum vesicle, further laden with endocytic enzymes in the Golgi apparatus (De Duve. C
and Wattiaux. R 1966). Lysosomes maintain their acidic pH and its buffering through V-type
ATPase, various ion channels and carrier proteins present in their membrane (Forgac M. 2007).
The endocytic or exocytotic pathway requires Ca?*-efflux as well as Ca?*-influx in the cellular
system, and proper lysosomal functions require precise maintenance of lysosomal Ca?*-levels
all the time.

Functionally important lysosomal proteins are specifically targeted to the lysosomes
due to the presence of specific target sequences. Previous study has identified potential peptide
signals that can direct different ion channels to the lysosomes. These signals include specific
motifs like DxXLL, [DE] xxxL [LI], DxxLM, DxxMV, IMxxYxxL (in plants), and YXxL (in
yeast) (ref). Recent development in sequencing techniques not only allow to summarize th e
information about lysosomal target sequences or their targeting mechanisms, but also helps to
understand the origin of such target sequences during the evolution.

Lysosomal ion channels are crucial for the optimal performance of lysosomes,
maintenance of low pH and thus degradation and recycling of proteins. These ion channels
facilitate the controlled movement of ions within the lysosome, thereby modulating the ion-
influx and efflux crucial for lysosomal functions. Acting as key regulators of ion balance, these

channels are indispensable for lysosomal integrity and functions. Therefore, dysfunctional ion
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channels, transporters and related transport proteins are often associated with lysosomal
malfunctions and are the “root cause” of the onset of several diseases commonly known as
“lysopathy”. Such diseases also include different rare genetic disorders, lysosomal storage
disorders, neurodegenerative conditions, and cancer (Bonam et al. 2019). In addition,
lysosomes perform diverse critical functions, such as material digestion, cellular clearance,
nutrient-sensing, and Ca?*-signalling. Specific TRP channels, like TRPML1 participate in
regulating endo-lysosomal trafficking, ion homeostasis, autophagy, and lysosomal exocytosis
(Kiselyov et al. 2005).

In the last decade, both electrophysiological recordings and studies focusing on
molecular and structural aspects have revealed several distinct ion channels and transporters
present in lysosomes. These include TPCs, TMEM175, TRPMLs, CLN7, and CLC-7 (Wang
etal. 2023). These channels play a crucial role in allowing various ions such as potassium (K*),
sodium (Na*), hydrogen (H*), calcium (Ca?*), and chloride (CI") to pass through the lysosomal
membrane. Their activity is regulated by a multitude of cellular factors, including the acidity
(H*) within the lysosome, the voltage across its membrane, ATP levels in the cytosol, and
external growth factors (Riederer et al. 2023). In essence, lysosomal ion channels have evolved
to be essential contributors to various cellular processes, and disruptions in their structure or

function can lead to a range of diseases.

3.1.2 Lysosomal TRP channels

Lysosomal ion channels play crucial roles in cellular processes like endo-lysosomal
trafficking, autophagy, pH regulation, lysosomal exocytosis and others. All these have sparked
research interest due to their complexity and relevance in health disorders. So far members
belong to TRPML and TPC families were reported to be involved in the context of lysosomal

diseases (Jaslan et al. 2020). These families of ion channels play crucial roles in various cellular
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processes such as endo-lysosomal trafficking, autophagy (the cell's self-cleaning process),
regulating pH within lysosomes, and even the release of substances from lysosomes into the
cell.

Disturbances in the structure or function of these ion channels have far-reaching
consequences, leading to the development of disorders like lysosomal storage diseases,
neurodegenerative diseases, and cancer. These channels, acting as selective pores only for
certain ions in the lysosomal membranes, thereby ensuring the optimal functioning of
lysosomes. In recent times, involvement of TRP channels in various diseases have been studied
in details. One such disease is “Olmsted syndrome”, a rare genetic disorder characterized by
palmoplantar keratoderma, nail abnormalities, and potentially other skin-related symptoms.
Point mutations in the TRPV3 gene (at G573, G568, L673, Q580 and W692 positions) are
strongly linked with the development of OS (Lai-Cheong et al.2012; Lin et al. 2012; Duchatelet
et al. 2014; Duchatelet et al. 2014). In this rare disorder, individual's quality of life is
significantly affected. As TRPV3 has been detected in the lysosome, these mutants, namely
G573S, G573C, G573A, W692G show impaired cell adhesion, lower lysosomal number, and
impaired distribution of lysosomes (Yadav and Goswami 2017; Jain et al. 2022; Duchatelet et
al. 2015). The spectrum of abnormalities in the lysosome due to TRPV3 mutants (as observed
in case of Olmsted syndrome) are qualitatively and quantitatively different, suggesting that
though these mutants affect lysosomal functions grossly, the “mode-0f-action” and the exact
cellular phenotypes are not same. Never-the-less, all these mutants show a similar trend (Yadav
and Goswami. 2017; Jain et al. 2022). Specifically, the Ca?*-buffering, lysosomal pH and
lysosomal distribution have been disrupted in the G568C and G568D mutants. Specifically, the
expression of these mutants induces a notable reduction in lysosomal count, spatial distribution,
and movement, high-lighting the potential influence of TRPV3 on lysosomal dynamics. This

aspect insists that other mutants of TRPV3 that cause OS, also need to be characterized in
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future to understand the TRPV3-mediated lysosomal functions in details. Never-the-less,
endogenous TRPV3 has also been detected in isolated lysosomes (Fig 85). Therefore, in future,
precise distribution, topology as well as TRPV3-mediated lysosomal functions can also be

tested in the isolated lysosomes in a cell-free conditions.

Isolated lysosomes

TRPV3 Lysosensor green Merge Merge + DIC

Zoom 1

Fig 85. Presence of TRPV3 in lysosomes. The image shows the presence and localization of endogenous TRPV3
in the lysosomes isolated from Raw264.7 cells. TRPV3 is detected in a subset of the lysosomes (shown in arrow).
TRPV3 is probed with an extracellular epitope-specific antibody (red), while the lysosome is labelled with
lysotracker green dye. Not all, but certain lysosomes are detected by this antibody. Scale bar 5um and 1um (for
enlarged images).

3.1.3 Importance of TRPV3 and TRPV4 in lysosomal functions

Conventionally, TRP channels are known to be plasma membrane proteins. But recent
advancement shows their presence and diverse roles in different subcellular organelles as well
(Dong et al. 2010). Different membrane proteins present in the intracellular region takes part
in various functions, such as maintenance of intra-organelle-ion homeostasis, maintenance of
pH, stress response, etc. The lysosome is one of the stress-responsive organelles for cells where

different key proteins take part in its functions, and maintenance of its ionic- and pH-
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homeostasis (Trivedi et al. 2020). Recent reports suggest that TRP channels like TRPML,
TRPV3, TRPAL, TRPC1 and TRPC2 are present in this subcellular organelle and maintain
ionic balances there and also help in various lysosomal functions like phagocytosis, regulation
of pH, and Ca?*-levels (Dong et al. 2010). As TRPV3 is physically present in the lysosome, its
role in various lysosomal functions is worthy enough to study in details (Yadav and Goswami
2017). Notably, TRPV4, a homologue of TRPV3 is also relevant in the context of lysosomal
functions.

Though so far direct evidence of cross talk between TRPV3 and TRPV4 are lacking,
but TRPV3 is known to heterotetramerize with TRPV4 (which is also a thermosensitive TRP
channel) (Hu et al. 2022). The molecular mechanisms behind temperature detection, ligand
sensitivity, and the assembly of temperature-sensitive functional units may differ in the
heteromeric complexes from the individual homomeric complexes. However, it remains
unclear if the warmth-sensitive TRPV3 and TRPV4 channels, though endogenously expressed
in the skin, can indeed combine to form such heteromeric functional units. In this context, Hu
et al addressed this by demonstrating that TRPV3 and TRPV4 channels can co-assemble into
functional heterotetrameric channels with unique properties (Hu et al. 2022). Using confocal
imaging, the co-localization has been established and association of TRPV3 and TRPV4
proteins in the cell membrane is also established. Further analysis via co-immunoprecipitation
revealedprotein-protein interaction between TRPV3 and TRPV4 subunits, particularly through
their C-termini. Co-expression of TRPV3 and TRPV4 channels resulted in the formation of
heterotetrameric channel complexes with intermediate single-channel conductance, distinct
activation thresholds, and pharmacological profiles (Hu et al. 2022). In this context, further
investigations are required to understand functional cross-talk between different TRPV

members.
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3.1.3.1 TRPV3 in macrophage and its role in lysosomal functions

Though TRPV3 was previously believed to be only targeted to the PM (Plasma
membrane), previous thesis work from the lab demonstrated that TRPV3 has four lysosomal
target sequences (LTS) (Yadav M. thesis 2018). To establish the presence of TRP channels
within lysosomes, a comprehensive in silico analysis was conducted, encompassing sequences
from various vertebrate species. The sequence investigation identified four distinct lysosomal
targeting signal (LTS) sequences (ELVELL, DIAALL, EIVQLL, DMILL) situated in the N-
terminus region. This insightful analysis demonstrated that the DMILL sequence exhibits a
remarkably high level of conservation across the entire spectrum of vertebrate species. The
presence of multiple and conserved LTS in the TRPV3 accords well with the functional
presence of TRPV3 in the lysosome, and such sub-cellular localization seem to be evolved long
back and is relevant in all vertebrates. Based on the previous reports and investigations, the
presence of TRPV3 in the macrophages, and more specifically in the lysosome of macrophages
(or macrophage-like cells) are important findings. Presence of TRPV3 in such intracellular
compartments, indicates its diverse roles related to lysosomes. The presence of TRPV3 is
detected in a sub-population of the lysosome only and not all isolated lysosomes (Fig 85). The
major findings of this study with macrophages accords well with previous investigations
demonstrating a similar lysosomal presence of TRPV3 in HaCaT cells.

For the first time, this study shades light on the lysosomal temperature dynamics. This
has been done by using specific fluorescent probe that responds to temperature changes. In
addition, this study explores the pH regulations of cell as well as lysosomes and the relationship
between these two parameters. It has been observed that the TRPV3 modulations recover the
lysosomal homeostasis in stressful/adverse conditions and help in the maintenance of acidic
pH at the lysosomes. Experimental data suggests that TRPV3 modulation is helpful in

maintaining a slightly lower temperature (of lysosomes).
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Fig 86 Role of TRPV3 in the regulation of Cytosolic pH and lysosomal pH in different stressful conditions.
a. The representative image shows cytosolic and lysosomal pH level at Ca?* chelated conditions. Both intracellular
as well as extracellular Ca?* is chelated by using BAPTA-AMA (10uM) and EGTA (3 mM). Scale bar 10um. b.
The graphs represent the fluorescence intensities of lyso-sensor as a factor of lysosomal pH in different Ca?*-
chelated conditions. c. The graph represents fluorescence intensities of pHrodo as a factor of cytosolic pH in
different Ca?*-chelated conditions. One-way ANOVA test. (* = p <0.05, ** = p <0.01, *** =p < 0.001, **** =
p <0.0001 and ns = non-significant).
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Fig 87. TRPV3 modulation alters lysosomal pH with respect to Cytosolic pH differently different stressful
conditions. a-e. These graphs represent the correlation between cytosolic and lysosomal pH intensity in multiple
cells at control and different Ca?*-chelated conditions. The correlation value is significantly higher (r = 0.8503)
in case of FPP (1uM) with Ca?* chelation. f. The graph represents the ratio between cytosolic (pHrodo red) and
lysosomal pH (Lysosensor green) intensity in multiple cells at different conditions. Ca?*-chelation causes
significant decrease the ratio which can be rescued due to LPS treatment or TRPV3 modulation.

This can be relevant in case of TRPV3 mutants and/or in lysosomal stress conditions.

Collectively, these findings imply that TRPV3 functions as a lysosomal ion channel is involved
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in maintaining Ca?*homeostasis as well as lysosomal pH within these organelles. To understand
the possible involvement of TRPV3 in controlling lysosomal pH through its modulation overall
Ca?"-level have been chelated. In this case of Ca?" chelation-induced stress (chelation of
extracellular and intracellular Ca?"), the activation of TRPV3 demonstrates its efficacy in
significantly restoring lysosomal as well as cytosolic pH, underscoring its relevance in cellular
recovery (Fig 86, Fig 87). TRPV3 involves actively in rescuing the lysosomal as well as
cytosolic pH through its modulation. This also implies that TRPV3 modulation helps to rescue
the cell from different adverse physiological conditions and helps in the maintenance of its

integrity.

3.1.3.2 TRPV4 in the regulation of macrophage and lysosomal functions

Presence of TRPV4 in macrophage and its involvement in macrophage functions are
not well understood. A recent study has shed light on the involvement of the transient receptor
potential vanilloid 4 (TRPV4) ion channel in facilitating exocytosis by utilizing lysosomes as
a crucial reservoir for cargo storage (Li et al. 2022). This intricate process relies on the
interaction between various vesicle-trafficking proteins and lysosomes to finely regulate the
distribution of cargo within cells. Notably, the accumulation of lysosome-associated membrane
protein 2 (LAMP2) has been observed to be linked with TRPV4-mediated exocytosis in
melanoma cells, specifically the A375 cell line (Li et al. 2022). Another distinct investigation
has proposed the involvement of TRPV4 in the disruption of both epithelial and endothelial
barrier functions (Weber et al. 2020). This is particularly significant in the context of lung
edema formation, suggesting that TRPV4 plays a pivotal role in this pathological condition.
Moreover, the significance of TRPV4 in inflammatory responses has been underscored,
particularly in the processes like cytokine production, foam cell formation, and the formation
of giant cells (Simpson et.al 2019). The expression of TRPV4 in various macrophage subtypes

207



equips it with the ability to shape macrophage behaviour and phenotype, thereby exerting
influence over the innate immune response during pathogen encounters and instances of
inflammation. Furthermore, TRPV4 has emerged as a regulator of adipose oxidative
metabolism, inflammation, and the delicate balance of energy within the cellular system. It has
also become evident that TRPV4 involvement extends to immune functions and the meticulous
regulation of lysosomal parameters.

Based on this, the current study focuses on the role of TRPV4 modulations in relation
to lysosomal functions. TRPV4 is also functionally present in the lysosome and colocalized
with lysosome markers as well. In further investigations, it has been observed that TRPV4
activation helps to maintain lysosomal acidic pH. Thus, lysosomes become more acidic due to
TRPV4 activations. However, in case of TRPV4 inhibitions, the lysoSensor intensity decreased
significantly, indicating less acidification. Similarly, in case of BafAl-induced stress
(lysosomal pH disrupter) conditions, lysosome recovered to their acidic pH if the cells were
subjected to TRPV4 modulations. In macrophages, lysosome also maintains a slightly lesser
temperature when subjected to TRPV4 modulations. Other than lysosomal pH, the cells show
altered and balanced cytosolic pH, cytosolic ROS, and cytosolic NOS levels in case of TRPV4
activations. All these opens a new dimensions of further research where possible involvement
of TRPV4 in the regulation of lysosomal functions other cellular stress parameters can be

explored in details.

3.2 TRPs as cellular stress response regulators

So far, several reports suggest that TRP channels serve as key molecules relevant for
cellular stress responses. This is more because these channels sense and respond to various
stress signals within cells, such as change in temperature, oxidative stressors, osmotic pressure,

or other environmental challenges. Once TRP channels are activated, cascades of intracellular
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events are initiated. Activation of TRPs can lead to alterations in ion concentrations, cell
signaling pathways, and gene expression, ultimately helping the cell adapt and survive under
stressful conditions. The ability of TRP channels to act as cellular stress response regulators
highlights their significance in maintaining cellular homeostasis and ensuring cell viability,
especially in adverse conditions. Thus, presence of TRPs in cell or sub-cellular organelle and
their functions can provide additive advantages. The role of both TRPV3 and TRPV4 in cellular

stress response has been explored and discuss here elaborately.

3.2.1 TRP channels as sensor for nutrient-deprived stress conditions

TRPs are found in important body tissues that are related to metabolism. Thus,
alteration is TRPs expression or function affects how the body handles glucose and lipids. For
example, TRPV1 can be broken down through a process called autophagy when the body is
deprived of food or exposed to glucocorticoid hormones. TRPV channels are also crucial for
sensing glucose levels and triggering AMPK activation during glucose shortages (Li et al.
2019). Furthermore, TRPML is essential for controlling cell survival in various situations and
for promoting autophagy, during nutrient deprivation (Koivisto et al 2022; Abe K. and
Puertollano R. 2011). Notably, TRPML members are present in the lysosome and act as
molecular routs that permit influx of Ca?*, provides another layer of complexity to this
regulatory process. Intriguingly, the localization of TRPV3 to lysosomes appears to be
intricately connected with the overall stress levels experienced by the cell. This interactions
and complexity extend beyond temperature-induced stress. Furthermore, even under conditions
of starvation, TRPV3 activation proves invaluable in preserving lysosomal pH equilibrium.
Notably, the co-localization of TRPV3 with lysosomal markers became more prominent during
states of nutrient deprivation. Both mitochondria and lysosome are affected due to nutrient

starvation where the distribution and overall organelle status are also compromised (Fig 89a).
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Fig 88. Beneficial role of TRPV3 in starvation conditions. a. These images show the qualitative
representation of TFEB levels in cellular starvation condition (HBSS) along with TRPV3 modulations. Scale bar
10um. b. The graph represents nuclear TFEB count in different starvation conditions as shown in figure a.
Unpaired t-test (* = p < 0.05, ** = p < 0.01, and ns = non-significant). ¢. The figure shows the WB of the LC3B
(LC3-1 and LC3-I1) antibody in starvation conditions.

TRPV3 activation seems to be effective in minimizing the cellular damage in such
conditions. Remarkably, activation of TRPV3 also resembles to conditions that are observed
in case of autophagy, a process that involves self-degradation and recycling of cell components.
This is evidenced by the enhanced expression of LC3B, a marker for autophagy, in starved
conditions when TRPV3 is activated (Fig 88c). Furthermore, during starvation condition, the
intracellular relocation of TFEB (Transcription Factor EB, a regulator of lysosomal biogenesis
and autophagy) becomes more enriched in the nucleus when TRPV3 is activated (Fig 88a&Db).
All these observations indicate a multifaceted role of TRPV3 in response to cellular stressors,
maintaining lysosomal functionality, and influencing fundamental processes like autophagy.
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Fig 89. TRPV3 modulation maintains lysosomal and mitochondrial status at starvation conditions. a. The
images represent lysosomal and mitochondrial status at HBSS starvation and/or TRPV3 modulation conditions.
The merge intensity highlights lysosomes (RGB intensity scale) in contact with mitochondria (red) at different
conditions. Scale bar 10um. b. Representative graph shows lysosomal pH intensity upon HBSS-treated conditions
which is more in case of TRPV3 activations. One-way ANOVA test, ** = p<0.01. *** =p<0.001 and ns = non-
significant).
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While these findings shed light on the interplay between TRPV3 and cellular responses,
certainly there is a need for further research to unravel the precise mechanisms underpinning

these interactions and their broader implications for cellular health and survival.

3.2.2 Relevance of TRP channels in hyperthermic stress

Hyperthermia, is referrers to the conditions where the body temperature is elevated, and
it can trigger various cellular inflammatory responses. Hyperthermia affects different
responses, like adjusting local inflammation, by changing the body's response to inflammation
in specific areas. This can also lead to immune activation, cell death, and increased
inflammation. Hyperthermia can lead to the production of ROS and also increase the activity
of heat shock response proteins. Furthermore, hyperthermia can trigger the production of pro-
inflammatory signalling molecules, i.e. cytokines, including interleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-a) (Lavanderos et al. 2020). These cytokines activate immune cells
and attracting them to the sites of infection or inflammation. Hyperthermia can boost the
activity of immune cells like macrophages and natural killer (NK) cells. This heightened
activity improves their ability to engulf and destroy pathogens, produce more cytokines, and
kill infected cells (Lavanderos et al. 2020).

Hyperthermia can also activate TRPs as these are the sensors in the body responsible
for detecting temperature changes. Specific channels, like TRPV1, TRPV4, and TRPMS, are
associated with various immune processes, including inflammation and pain (Benemei and
Dussor. 2019). However, recent studies in various organisms, like Aphelinus asychis and rats
exposed to stressful conditions, suggest that TRPs are indeed involved in responding to heat
stress (Liu et al. 2021). While there isn't any direct evidence for TRPs' role in human heat
stress, experiments with TRPV1 receptors have shown interesting effects (Garami et al. 2018).

Activation of these receptors can cause cooling, while blocking these can lead to overheating.
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Moreover, desensitizing TRPV1 can prolong the body's overheating response by reducing heat
release through the skin (Garami et al. 2018). These findings indicate at the potential
involvement of TRPs in human heat stress. However, further research is necessary to fully
understand how these channels contribute to this process.

In the context of hyperthermic stress, this study focuses on the role of TRPV3 as a
thermal stress regulator. In this study, it has been observed that during hyperthermic shock
conditions (such as exposure to temperatures of 42°C for a duration of 2 hours), a noteworthy
phenomenon emerges: i.e. macrophages lose their susceptibility to being labelled by
lysotracker red or other LysoSensor dyes. This clearly suggests the loss of lysosomal low pH.
This intriguing observation points towards a compromised ability to maintain a sufficiently low
pH within the lysosomes at elevated temperatures. However, either pharmacological activation
or inhibition of TRPV3, rescues these lysosomal deficiencies under such harsh conditions. This
dynamic interplay between TRPV3 and lysosomal pH regulation proves especially impactful
at the cellular level, particularly when cells are under stress or facing challenges. This signifies
the importance of TRPV3 channel modulation for the overall survival of the organism. Yet, the
precise molecular and cellular mechanisms underlying how TRPV3 exert their influence on

lysosomal pH remain unclear, representing an area that requires further investigations.

3.2.3 TRP channel in pathogenic stress

TRPs channels are important in controlling several functions of immune cells (like
monocytes and macrophages) including phagocytosis (engulfing foreign particles). These
channels influence phagosome maturation, which is a crucial step in the process. TRPs also
affects macrophage survival, cellular Ca?*-levels, and cell movement, all of which impact their
ability to engulf and digest foreign particles. For instance, TRPV2 is essential for phagocytosis

by macrophages as it helps macrophages to bind and uptake particles (Lévéque et al. 2018;
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Froghi et al. 2021; Wu et al. 2023; Partida-Sanchez et al. 2021). TRPs also plays roles in
immune cell migration, phagocytosis, and the production of signaling molecules called
cytokines. In summary, TRPs are important players in phagocytosis, affecting various aspects
of this immune cell function. This also suggests that targeting TRPs could be a potential
strategy for treating inflammatory and immune-related diseases. All these functions also link
TRPs in the Pathogen Associated Molecular Pattern (PAMP) response. In this context the thesis

further discussed the possible role of TRPV3 and TRPV4 in pathogen clearance.

3.2.3.1 Importance of TRPV4 in in vivo and in vitro bacterial clearance

The current study investigated the role of both TRPV3 and TRPV4 ion channels in
macrophage functions, specifically on the phagocytosis and bacterial clearance processes, both
in vivo and in vitro systems. The infiltration of macrophage cells at the wound site during early
infection (from day 4" is crucial for effective wound healing and the elimination of bacteria.
Among the various factors which influence wound healing, TRPV4 has gained attention for its
potential in modulating inflammatory responses and tissue repair. Due to its physical presence
in skin cells and sensory nerve endings, TRPV4 acts as a cellular sensor that translates external
cues into intracellular signaling cascades. Activation of TRPV4 leads to Ca?*-influx, triggering
a range of cellular responses, including inflammation and cell migration. Some studies propose
that TRPV4 activation may modulate immune responses against bacterial pathogens,
potentially influencing infection clearance and wound healing (Boudaka et al. 2020; Michalick
L. and Kuebler W.M. 2020) Additionally, the interplay between TRPV4, microbial
colonisation, and biofilm formation presents intriguing prospect for further exploration. In the
context of oesophageal keratinocytes wound healing, one of the reports shows that the

activation of TRPV4 leads to the release of ATP which further contributes to the decrease in
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rate of in vitro wound healing (Boudaka et al. 2020). This phenomenon, in turn, exerts an
inhibitory influence on the pace of in vitro wound healing.

In this regard, the in vivo wound healing assay has been carried out by using MRSA
(Staphylococcus aureus) infection in the wound tissue. The results show unique observations
that the TRPV4 inhibition (RN1734) was more efficient in clearing the bacteria rather than
DMSO control. The wound closure was also observed to be faster than other two conditions.
Interestingly, the activation also seems to be effective in the clearance of bacteria in the wound
site, though not as significant as in inhibition conditions, but more efficient in minimizing
infection than DMSO control conditions. Thus, TRPV4 modulation seems to play a crucial role
in bacterial clearance in the wound site and better wound closure. By modulating the TRPV4,
the duration and severity of bacterial infection can be reduced. This finding demonstrates that
modulation of TRPV4 significantly enhances wound healing and clearance of MRSA
(Staphylococcus aureus) bacteria. Furthermore, the in vitro experiments revealed a notable
decrease in bacterial colony-forming units (CFU) under conditions of TRPV4 modulation,
indicating the involvement of TRPV4 in macrophage activation for bacterial clearance through
phagocytosis.

The phagocytosis as well as bacterial survival has also been investigated by using Rv
and Ra variants of Mycobacterium tuberculosis. The total time period taken for the infection
was 24 hours. It is observed that these two variants of Mtb has different response to the TRPV4
modulation, i.e. activation or inhibitions. The Rv variant shows well response as compared to
Ra variant. The phagocytosis percentage is significantly less in case of Rv sample in TRPV4
activation conditions at initial hours, while at 24 hours of infection the percentage of survival
is significantly more in case of TRPV4 activation (as per the CFU count). In this case TRPV4

inhibitions also show better survival in comparison with DMSO control (Fig.90). These
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observations specifically indicate that TRPV4 is involved in the pathogenic clearance and
TRPV4 modulations can be used as a pharmacological target for several pathogenic diseases.

M. tuberculosis infection
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Fig 90. Role of TRPV4 modulations in in-vitro bacterial (Mycobacterium tuberculosis) clearance in
macrophage cells. a & b. The graphs here represent Mtb-infected cells for 24 hours’ time periods. Here the graph
shows the percentage of phagocytosis and the percentage of survival upon Mtb infection after 24 hours. One-way
ANOVA test. (** = p< 0.01, *** = p<0.001 and ns = non-significant). (Acknowledgement to Dr. Vinay
Nandicoori and Dr. Sabita from NII, New Delhi for conducting this experiment at their facility).

3.2.3.2 TRPV3 in in vitro and in vivo bacterial clearance

Because of the abundance in the skin tissue, TRPV3 seems to be important in skin
inflammatory functions like dermatitis, skin infections, pruritus, and wound infection. The
keratinocytes cells are associated with blood vessels, neuronal cells, and different immune cells
like dendritic cells, neutrophils cells, macrophage cells, mast cells, and other immune cells.

Keratinocytes and their nearby environments are very important in clearing out pathogens and
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repairing of the skin tissue and the re-epithelization. The abundance of macrophages in the
wound tissue in the TRPV3 activations as well as bacterial clearance in the wound area are
correlated events and shows the significance of TRPV3 in the immune regulation in the wound
tissue. The available data collectively imply a noteworthy engagement of TRPV3, and possibly
other TRP channels also, in tissues that undergo recurrent encounters with diverse bacterial
(and thus pathogenic) challenges. Notably, the modulation of TRPV3 presents a potentially
advantageous strategy when contending with various challenges such as pruritus, microbial
infections, tissue injuries, and persistent inflammatory processes (Um et al. 2022). Activation
of TRPV3 via FPP (Farnesyl pyrophosphate) results in recruiting primary macrophages at the
wound tissue, coinciding with the expression of TRPV3 in these immune cell populations. This
suggests the potential involvement of TRPV3 to the surveillance of tissue damage and
subsequently orchestrate localized immune responses within the microenvironment of wounds.
Likewise, in culture conditions, activation of TRPV3 by FPP results in more bacterial
phagocytosis and bacterial clearance as confirmed by CFU analysis. This also suggests an
efficient lysosomal function; as bacterial clearance needs low pH at the lysosome. This could
further indicate the possible involvement of lysosomal acidic pH (at wound tissue

microenvironments) regulated by TRPV3.

3.2.3.3 Role of TRPs in chronic intestinal inflammation and bacterial clearance

TRPs play a significant role in inflammatory bowel disease (IBD), a condition
characterized by intestinal inflammation. So far, several TRP channels have linked to gut
disorders, such as heightened sensitivity in the gut (visceral hypersensitivity) and the immune-
related aspects (such as IBD), which can either worsen or alleviate inflammation and
sensitivity. Based on the recent findings, TRPV1 and TRPAL, appeared as potential targets for

new IBD treatments. TRPV1 is more active in the nerves of the colon in people with IBD as
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compared to those without the pathogenic condition. However, the role of TRP channels,
particularly TRPV1 and TRPAL, in IBD is still not clearly understood, and studies are ongoing
to understand how these channels might be involved in IBD (Chen et al. 2020; Cseko et al.
2019). In summary, few TRP channels, especially TRPV1 and TRPAL, are implicated in IBD
and visceral hypersensitivity. These two channels hold promise as potential targets for IBD
therapies. Increased TRPV1 activity in the colon of IBD patients is linked to the severity of
abdominal pain. Further research is needed to uncover the exact mechanisms by which TRP
channels contribute to IBD.

In the context of colon infection and acute infection in the colon, this thesis focuses on
TRPV3 as a potential therapeutic target. Other than skin tissue, TRPV3 is also abundant in the
gastrointestinal (GI) tract and intestine. Different TRP channels (such as TRPV1-V4, TRPM2,
TRPM4, TRPM5, and TRPC) are also present in the intestine, and gastrointestinal (Gl) tract
and are involved in chronic inflammation and colitis. The abundance of TRPV3 in the Gl tract
(other than skin tissue) implicates its role in colon infection and inflammation. For instance,
TRPV3 activation effectively minimise Salmonella typhimurium infection in the colon and
divert it to the spleen for its early elimination of the pathogen. The colon length also reduced
in case of colitis-induced mice with DMSO or DPTHF (TRPV3 inhibitor) treatment, but there
are non-significant changes in case of TRPV3 activation (such as by carvacrol, thymol). This
data suggests the crucial role of TRPV3 activation, which helps in reducing and helps in
recovering from Salmonella infection. The detectable presence of TRPV3 including other TRP
channels in both macrophages and in T cells substantiates this notion, implying their potential
involvement in immune-related activities (Majhi et al. 2018). Collectively the data suggests
that TRPV3 play important role in minimizing bacterial infection and control inflammatory

functions of the tissues that are frequently invaded by pathogens.
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3.3 TRPV3 in the nucleolus: importance and application of TRPV3 in the nucleolus
3.3.1 Lysosome and nucleus as stress response regulator

Both the nucleolus and lysosomes are vital sub-cellular structures that respond to
cellular stress. Nucleolus helps to make ribosomes, and is also acts like a “stress response
regulator”. The factors contribute to the nuclear stress are thermal stress, osmotic stress,
pathogenic stress, ionic stress, and nutrient stress. Nucleolar size and structure correlate with
the nucleolar health, and at molecular level correlates with rRNA transcription, cell growth and
the metabolic rate of a cell (Latonen L. 2019). Nucleolus is important for the cell to grow and
stay alive. On the other hand, lysosomes also act like control centres for dealing with stress and
regulate how the cell uses energy. These can also sense cellular stress happening in the cell and
manage it using different pathways. Nucleolus also takes part in controlling autophagy, a
process where the cell cleans up and recycles molecules that cell doesn't need. In case of
cellular stress, nucleolus can “senses” that and can signal the cell to start this clean-up process
faster. This helps cell to cope-up during cellular stress. So, both nucleolus and lysosomes are
crucial when the cell faces stress (Saftig P. and Puertollano R. 2021; Dannheisig et al. 2021;
Pfister A.S. 2019). The nucleolus detects stress and helps with cleaning up, while lysosomes
manage how the cell deals with stress and uses energy, indicating the importance of these
subcellular structures for maintaining the cellular balances under challenging conditions. In a
molecular level both lysosomes and nucleolus are linked with each other functionally (Fig. 91).
Both these compartments contribute to the cell’s health, aging of cells, and ultimately combat
with various diseases. The nucleolar localization of TRPV3 could be relevant for understanding

role of TRPV3 in nucleolar stress.
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Fig 91. Physiological effects on lysosome and nucleolus in relation to cellular stress. The representative image
shows effect of cellular stress on nucleolar and lysosomal structure and functions. (Granular components-GC
Fibrillar components-FC, Dense fibrillar components-DFC). This image is adapted from Latonen L. 2019 and
Lakpa et al. 2021.

3.3.2 Importance of ion channels in the nuclear functions

It is widely known that ion channels are expressed in the plasma membrane. However,
a few studies have suggested that several channels including voltage-gated K* (Kv) channels
also exist in intracellular organelles where these are involved in the biochemical events
associated with cell signaling. Kv1.3 channels are primarily localized in the nucleus of several
types of cancer cells and human brain tissues where these are capable of regulating nuclear
membrane potential and activation of transcription factors, such as phosphorylated CREB and
c-Fos (Jang et al 2015). Reports also suggests that upon activation of TRPV4, it binds to the
DEAD-box RNA helicase DDX3X and regulates its function (Dofate-Macian et al 2018).
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TRPV4-mediated Ca?* influx releases DDX3X from the channel and drives DDX3X nuclear
translocation (Dofate-Macian et al 2018). NRs (Nuclear receptors) are intimately involved in
macrophage development as well as in macrophage inflammatory response and host defence
pathways. Nuclear receptors (NRs) comprise a superfamily of intracellular transcription factors
that are key players in macrophage homeostasis, metabolism, and transcriptional regulation
(Leopold et al. 2019). All these reports suggest that there are proteins (including K* channels)

that localizes and accumulates in the nucleus and all have a specific role.

3.3.3 Nucleolar localization of TRPV3

Nucleolar functions are critical for the preservation of cellular homeostasis and
prevention of complex diseases. These functions are pivotal in enabling cells to acclimate to
challenging conditions while upholding their regular operations. Based on the findings from
this thesis work, a unique role of TRPV3 can be proposed. TRPV3 is found in both nucleolus
and in the lysosome, the organelles that transmit information regarding cellular stress, and
employing distinct proteins. Under stress-induced circumstances, lysosome orchestrates the
transmission of information to the nucleolus, which subsequently enacts stress-responsive
measures.

A remarkable revelation in this study is the detection of TRPV3 within the nucleolus.
Co-localization studies confirm the presence of TRPV3 with fibrillarin-enriched structures, an
established nucleolar marker, as opposed to other markers indicative of nuclear compartments.
Though full-length TRPV3 is detected in the nuclear fraction, the nature and the structure of
TRPV3 within the nucleolus remain unclear. Noteworthy is the identification of a distinct
NoLS sequence within TRPV3. This sequence exhibits significant conservation among warm-
blooded organisms and originates from a unique evolutionary lineage. Given the nucleolus's

specialized engagement in cellular stress and thermal retorts, along with the presence of the
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thermosensitive ion channel TRPV3 within this domain, further studies are required to

understand the involvement of TRPV3 in stress response.

3.3.4 TRPV3 can be involved in the regulation of nuclear temperature spectrum

The thermal pattern has been investigated through NTG thermal dye. It has been
observed that the channel modulations have a specific role in the distribution of thermal
patterns in the nucleus. The findings indicate that the nucleus itself has a definite pattern of
thermal spectrum. The nucleolus region does not emit any signal. This is mainly due to the lack
of Ds-DNA at the nucleolus. The temperature varies according to the TRPV3 modulations or
LPS stimulations. It has been observed that the absolute intensity increases according to the
TRPV3 modulations as well as LPS stimulations. The % of pixels corresponding to “zero
intensity” or “highest intensity” level varies in different conditions. The more the intensity, the
less the temperature, so at TRPV3, modulation or LPS stimulation representing the cold
temperature level increased significantly while the hot sensing part decreased accordingly.
Overall the data suggests that TRPV3 modulation or even expression of NoLS alters the
thermal spectrum of the nucleus. Though the change in the nuclear thermal spectrum matches

well with the cellular stress levels, further studies are needed in this aspect.

3.3.5 Evolution of TRPV3 NoLS sequence

The NoLS have been screened and scored the NoLS of different species like fish,
amphibians, turtles and birds along with humans. The predicted score of NoLS have found to
be more in case of mammals but some exception like amphibians (Nanorana parkeri). The
predicted score for the human (0.905), bird (0.5-0.7), turtle (0.3-0.5), fish (0.0) and amphibian
(0.908) remain variable. All these constructs -tagged with GFP vector and their localization is

found to be more in the nucleolar region. It is more for higher scored sequences, i.e. human
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and Nanorana parkeri but distributed throughout in case of less-scored sequences such as in
fish (elephant shark-Callorhincus milii). In that context, it has been found that the distribution
of TRPV3-NoLS is concentrated in the nucleolar region in case of humans, Nanorana parkeri,
to some extent in turtles (Chelonia mydas) and in Gallus gallus but not in case of fish (where
it was dispersed throughout the cell). This indicates the enrichment in the nucleolar region
depends on the score of the NoLS, at least to some extent and human species NoLS have more
enrichment in the nucleus than others. Nevertheless, it is important to mention that the
nucleolar localization of TRPV3 is marked by specificity and remain responsive to diverse
cellular conditions, particularly in the context of stress stimuli. These findings suggest and
provide insight into the role of TRPV3 in the cellular response and its actions as a cellular stress
response regulator. Further investigation is required for a better understanding of the molecular

basis of TRPV3 in nucleolar stress response and the involvement of other molecules.

3.3.6 Application of TRPV3 NoLS as a novel sensor for studying nucleolar environment

As NoLS of TRPV3 shows specific and exclusive localization within nucleolus, it is
possible to use the same for a nucleolus-specific sensor. For that purpose, the NoLS sequence
of TRPV3 has been tagged with a Ca?*-sensor (i.e. GCaMP6f). This NoLS sequence tagged
with the GCaMP can be useful to study Ca?*-dynamics in the nucleolus. The NoLS-GCaMP is
able to localize within the nucleolus and respond to TRPV3 modulations and/or LPS
stimulation. This shows great signs of NoLS-GCaMP being able to measure Ca?*-status in the
nucleus, and it will be a great prospect for future studies. The construct can be further used as
nucleolar Ca?*-sensor in the future and it would be useful for the nucleolar stress study (Fig.

92).
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Fig 92. TRPV3 activation increases nuclear Ca?*-level as detected by NoLS-GCaMP. a & b. The graph shows
the Ca?*-influx in the Raw 264.7 cells (expressing NoLS-GCAMP) after TRPV3 activation. TRPV3 activation
shows a significant increase in the Ca?*-level in the nucleus due to FPP addition at the 20" frame. ¢ & d. The
representative image and graphs show the NoLS-GCaMP intensity in Raw 264.7 cells. Scale bar 10um. (c) and
the quantitative fluorescence intensity observed in the cytosolic and nuclear regions (d). e & f. The images
represent the nuclear intensity changed upon LPS stimulations at 20™ frames along with the intensity plot. The
intensity peak shows upon LPS stimulation at 20" frame. Scale bar 10um. Unpaired t-test. (**** = p< 0.01).
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3.4 TRP channels as potential regulators of viral infection
3.4.1 TRP channel role in the regulations of viral infections

Viruses primarily engage with host cells at the plasma membrane (PM), which is rich
in a variety of ion channels, exchangers, pumps and receptors. These components play crucial
roles in maintaining cellular Ca?* homeostasis, mainly due to the engament of certain Ca?*
channels. Viruses have evolved mechanisms to manipulate this homeostasis, aiding in
successful infections. Consequently, these membrane proteins become direct targets of viral
interaction (and also for pharmacological agents for treatment purposes). Moreover,
intracellular membrane proteins involved in Ca?* regulation have also been implicated in
various stages of viral life cycles. Among these, TRP channels have emerged as significant
regulators of Ca?*-dynamics within host cells during viral infections (Kumar et al. 2022). Ca?*
plays a pivotal role in viral pathogenesis by regulating host-virus interactions and influencing
viral infection processes. The elevation of intracellular Ca?*-levels during viral infection is
associated with enhancing viral replication and orchestrating pro-viral responses within host
cells. This underscores the importance of Ca?*-signaling pathways mediated by TRP channels
in viral pathogenesis, highlighting their potential as targets for developing antiviral strategies.
The complex interplay between Ca?* and viral infections emphasizes the necessity of
comprehending and targeting these mechanisms to effectively combat viral diseases (Kumar et
al. 2022).

TRP channels have an important role in viral infections by controlling Ca?*-levels
inside host cells, which impacts various stages of the viral life cycle. These stages include viral
fusion, entry, replication, maturation, and release. TRP channels also influence how the virus
interacts with host cells because these channels allow Ca?* into the cells and often many
interactions are Ca?*-dependent or remain Ca®*-sensitive. During a viral infection, TRP

channels like TRPV1, TRPAL, TRPMS8, TRPV2, and ASICS3 show higher expression and
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activation. This increased activity can affect functions like the “sensitivity of cough reflexes”
induced by respiratory viruses and the behaviour of nerve and airway cells (Omar et al 2017,
Abdullah et al. 2014).

A recent study revealed that ChikV infected cells have higher TRPV1 activation. Also
blocking of TRPV1 in the presence of ChikV, the infection rate decreased significantly. The
Ca?*-level in the ChikV-infected cells increased instantaneously and TRPV1 activation
contributes in such Ca?*-levels. Such Ca?*-increment was not observed in case of TRPV1
inhibition This indicates the involvement of TRPV1 in viral infection (Kumar et al. 2021).

Another report described that following cleavage, spike glycoproteins have the
capability to engage with distinct intracellular receptors like NPC1 (in Ebola virus) or lampl
(in case of Lassa virus) (Zhao et al 2021). This interaction facilitates fusion between the viral
envelope and the endo-lysosomal membrane, a process mediated by spike glycoproteins.
Furthermore, lysosomal ion channels such as TPCs and TRPMLZ2 play a role in initiating the
fusion process, potentially serving as channels for releasing Ca?* within lysosomes (Zhao et al
2021). In this context, lysosomal TRPs channel involvement in viral pathogenesis seems to be
relevant for future investigation.

In summary, TRP channels appears to be important players in the context of viral
infections as these channels regulate intracellular Ca?*-levels within host cells and imitates a
series of Ca?*-dependent as well as Ca%*-independent signalling events which influence various
stages of the viral life cycle. These channels, because of their involvement, could be potential

molecular targets for developing antiviral therapies.

3.4.2 TRPV3 in the regulations of ChikV infection
In this context of Chikungunya Virus (ChikV) infection, the potential role of the

TRPV3 has been investigated along with the possible antiviral responses. A dynamic
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relationship between TRPV3 expression and ChikV infection seems to be plausible.
Experimental manipulation of TRPV3 expression levels reveals a compelling pattern: i.e. under
conditions of TRPV3 inhibition, a significant reduction in TRPV3 expression is observed. At
the same time, the significantly heightened intensity of the E2 protein, a component of ChikV,
is detected upon TRPV3 inhibition (DPTHF 100uM). Remarkably, the application of
pharmacological agents to inhibit TRPV3 yields notably more (PFU/mI) viral particles as
compared to TRPV3 activation as quantified through the plaque assay (more PFU/ml). Though
the PFU/ml is found to be more in the case of both TRPV3 activation as well as inhibition
conditions, but TRPV3 inhibition shows a more significant increase in viral plaque as
compared to TRPV3 activations. The correlation data of TRPV3 expression with E2 protein
from ChikV infection in different conditions also suggests that TRPV3 modulation alters such
relationship (Annexure 7.3). The Ca?*-efflux also varies upon TRPV3 modulatory conditions
along with ChikV administration. The Ca?*-levels change significantly in TRPV3 activation
(FPP, 1uM) and more Ca?*-influx upon further administration of ChikV in the live cell system.
However, in case of TRPV3 inhibition, the Ca®*-efflux was non-detectable, which further
increased upon addition of ChikV particles in the live cell. These findings collectively indicate
the intricate interplay between TRPV3 and ChikV infection dynamics. Further research in this
direction can be beneficial to introduce targeted therapeutic strategies harnessing TRPV3

modulation to combat ChikV and potentially other viral infections.
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Fig 93. ChikV infection is more in TRPV3 inhibitory conditions. a. The representative image shows E2 protein
and TRPV3 protein localization in Raw 264.7 cells after ChikV infection over certain period of time (8 hour
infection). Scale bar 10um. b. The graph represents intensity plot of TRPV3 in the ChikV infected macrophage
cells c. The representative graph shows percentage of viral particle (PFU/ml) with and without TRPV3
modulations. TRPV3 inhibition shows increase percentage of PFU/ml significantly. The values are normalized
with control condition as 100%. Unpaired t-test, * = p <0.05, *** = p <0.001, and **** = p <0.0001.
(Acknowledgement to Dr. Soma Chattopadhay and her lab members).
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Fig 94. Ca**-influx is more due to TRPV3 activation and addition of ChikV. a. The representative image
shows Ca?*-influx upon TRPV3 modulations and ChikV administration respectively. Scale bar 10um. b-d. The
representative graph shows the changes in the Ca?*-level upon different treatments. Administration of ChikV
causes instant increases the Ca*2. However, such increases in Ca?*-become more when TRPV3 is activated by
FPP (1uM) or inhibited by (DPTHF, 100uM). e. The graph represents the area-under-curve values (equivalent to
total Ca?*-influx in a cell during the experiment) in different condition of ChikV infection, i.e. with or without
TRPV3 modulation. Unpaired t-test, * = p <0.05 and ** = p <0.01. (This experiment was performed in
collaboration with Dr. Soma Chattopadhay and her lab members, ILS Bhubaneswar).
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Conclusion and future prospects

This work demonstrates the effective role of TRPV3 in clearance of invading pathogens
in the skin wound and in colon tissue. As per previous report, specific expression of TRPV3 is
most abundant in the skin tissue and in the gastrointestinal tract (Gl tract). Notably, both skin
and Gl act as the protective barriers and GI maintains the gut microenvironments. These two
tissues act as the barrier for invading pathogen from external sources. It seems that molecular
evolution of TRPV3 is influenced by its protective role. The protective functions of TRPV3 is
mainly due to its presence in the immune cells and its subcellular localization and functions in
lysosomes. Other than carrying out ion-influx in the cell and in the sub-cellular compartments,
TRPV3 plays much bigger role. Lysosome is crucial for cellular homeostasis by controlling
pathogen clearance, waste management, ion homeostasis, and pH regulations. These
regulations of lysosomal functions are critical for cellular stress response. Both TRPV3 and
TRPV4 seems to be involved in the regulation of lysosomal functions. Both TRPV3 and
TRPV4 are involved in the cellular homeostasis and stress management.

TRPV3 acts as a protective barrier in the colon tissue as well as skin keratinocytes and
helps in pathogen clearance through its modulations. TRPV3 modulation, mainly activation
helps to clear bacterial pathogen (Salmonella typhimurium and Staphylococcus aureus) in both
colon tissue and skin tissue effectively. The activation of TRPV3 also recruits immune cells in
the wound site, which seem to be involved in better bacterial clearance. TRPV3 in the
macrophage cells helps in the maintenance of wound site repair management through its
modulations. TRPV3 modulation results in early clearance of bacteria and early closure of the
wound. This indicates the protective role of TRPV3 in terms of handling bacterial infections in
the wound site and in colitis conditions. Accordingly, in case of TRPV3 activation, the spleen

(which filtered out bacterial pathogens) show more CFU counts and colon sample show
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significantly lesser CFU. This signifies the effective role of TRPV3 activations in clearing out
bacteria in the colitis-induced animal.

Regulating inflammatory functions like wound healing and bacterial clearance, the
presence of TRPV3 in the immune cells like macrophages is more relevant. The cytosolic Ca?*
level is enhanced through TRPV3 activation in macrophage cells. The cells respond to TRPV3
activations (FPP, 1 mM) and exert Ca?*-influx both in primary macrophage and RAW 264.7
cells. The presence of TRPV3 both in the primary macrophage cells as well as in macrophage
cell lines are clear indicative of its role in macrophage functions. Notably its presence in the
subcellular compartment like lysosome and nucleus helps in the regulation of cellular stress
response. TRPV3 modulations help in the maintenance of lysosomal function in the
hyperthermic stress as well as in the LPS-induced stress conditions. TRPV3 modulation rescues
the cells from lysosomal stress and nuclear stress at LPS stimulations or at hyperthermic
conditions. Lysosomes tend to lose their integrity and low pH when lysosomal stress in induced
(BafAl, 4 hours) or hyperthermic stress (42°C, 2 hours) in introduced. TRPV3 modulation
helps in the maintenance of lysosomal low pH and lysosomal integrity in hyperthermic stress
and/or in lysosomal stress conditions. Generally, the cytosolic ROS-level, cytosolic Ca?*-level,
ATP-level, and other cellular parameters are disrupted due to hyperthermic stress, which is
effectively maintained in case of TRPV3 modulations.

The temperature gradient may be dysregulated in case of cellular stress. The relative
temperature of different subcellular organelles and temperature gradient at the subcellular level
also play significant roles in cellular homeostasis. The temperature differences within the cells
are crucial for maintaining cellular balance. To understand such issues in details, various
lysosomal parameters were characterized especially in conditions where TRPV3 is modulated.
The TRPV3 modulations play a significant role in maintaining lysosomal temperature at heat

stress or lysosomal stress conditions, and is able to rescue the cells to maintain its temperature
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gradient. At hyperthermic stress (42°C for 2 hours) or lysosomal stress (V-ATPase blocked by
BafAl), the temperature in the lysosome fluctuates and mostly increases as compared to the
control condition. TRPV3 modulations in cellular stress conditions maintain the lysosomal
temperature more comparable to the control level.

The status of cells expressing TRPV3 OS mutants or TRPV3-WT have also been
explored. TRPV3-WT cells have a better chance of survivability as compared to TRPV3 OS
mutants. The cellular Ca®*-level changes upon TRPV3 activation (increased at 1 mM FPP).
However, cells expressing TRPV3 OS-mutants fail to exert any response in the activation state.
The nuclear temperatures of individual cells are measured by using NTG dye. TRPV3-0OS
mutant expressing cells seem to be maintained with lower nuclear temperatures (more
fluorescence intensity) as compared to cells expressing TRPV3-WT. Such changes may affect
the transcription of genes drastically. Similarly, the plasma membrane thermal status (by using
PTG dye), lysosomal thermal status (by using LTG dye), and mitochondrial thermal status (by
using MTG dye) were compared in different conditions where TRPV3 were modulated. The
temperature of the lysosome, plasma membrane and mitochondria drastically increased in the
cells expressing TRPV3 OS-mutants as compared to cells expressing TRPV3-WT. Such altered
temperatures accord well with the low survival rate of the cells expressing OS-mutants

TRPV4 has also been investigated in this study as a functional homologous of the
TRPV3 ion channel. TRPV4 is involved in immune functions and regulating lysosomal stress
conditions. TRPV4 plays significant roles in both pro-inflammatory and in anti-inflammatory
processes. TRPV4, helps in clearing bacteria at the wound site and fastens wound closure
through its modulations. TRPV4 helps to maintain various cellular factors like ROS, NOS,
Ca?*, and pH during cellular stress or any pathogenic stress.

The data indicate that TRPV3 and TRPV4 can react to signals associated with both

pathogens and cell/tissue damage. Understanding this response is crucial in the context of
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pathogen infection and inflammation responses. As pathogen infection is followed by increase

in body temperature, activation of these thermosensitive channels seems to be obvious during

infection and cellular stress and thus indicating their essential role in recruiting feedback

signaling suitable for combating invading pathogens both at the cellular and tissue levels. The

temperature variations at the subcellular level are crucial for maintaining cellular homeostasis.

TRPV3 modulations cause altered lysosomal temperature during heat or lysosomal stress, thus

rescuing the cells and ensuring the maintenance of their temperature gradient (Fig.95 and Fig

96).
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In future, this study may form the basis to understand the functions related to stress in
lysosomes, nuclei, and in other sub-cellular organelles. This study also relevant to understand
the involvement of these two organelles in stress-induced conditions. These aspects may
become relevant in various health issues such as cancer, inflammatory diseases, pain, and other

physiological conditions.
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5.1 Materials
5.1.1 Chemicals used

Chemical used Source
“4aPDD Sigma - Aldrich
Acetic Acid Merck Millipore
Acrylamide Sigma — Aldrich
Agar Himedia
/Agarose Lonza
Ampicillin Sigma — Aldrich
Amphotericin-B Sigma — Aldrich
Amylose resin NEB
APS (Ammonium persulphate) Sigma — Aldrich
ATP Sigma — Aldrich
Bafilomycin Al CST
BAPTA-AM Sigma — Aldrich
Bis-acrylamide Sigma — Aldrich
Bromophenol Blue Sigma — Aldrich
BSA Sigma — Aldrich
Carvacrol Sigma-Aldrich
Complete protease inhibitor Sigma — Aldrich
Coomassie Brilliant Blue G250 MP biomedical
Cover Slip Himedia, VWR,
DAPI Invitrogen
DDT Sigma — Aldrich
DMSO Sigma — Aldrich
dNTPs NEB
DPTHF Sigma — Aldrich
EDTA Sigma — Aldrich
EGTA Sigma — Aldrich
Ethanol Merck
Ethidium Bromide Sigma — Aldrich

Fluoromount- G

Southern Biotechnology

Paraformaldehyde

Sigma — Aldrich
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F12 Himedia

FPP Sigma — Aldrich
G418 Sigma — Aldrich
Glutamate MP biomedical
Gluteral dehyde (4%) Sigma-Aldrich
Glycerol Sigma — Aldrich
Glycine Sigma — Aldrich
HBSS (1X) Invitrogen
HEPES Sigma — Aldrich
Hydrogen Chloride Merck
Hydrogen peroxide (H202) Sigma-Aldrich
lonomycin Sigma-Aldrich
IPTG MP biomedical
Kanamycin MP biomedical
LB powder Himedia
Leupeptin Hemisulfate Sigma — Aldrich
Lipofectamine 3000 Invitrogen

Lysosome Enrichment Kit for Tissues and Cultured Cells

ThermoFisher

LPS Invivogen
Maltose Sigma — Aldrich
Methanol Merck

MqgCl; Sigma — Aldrich
MitoTracker Red Invitrogen
NaBH, MP biomedical
NADH Sigma — Aldrich
NE-PER™ Nuclear and Cytoplasmic Extraction Reagents  [ThermoFisher
Paraformaldehyde Sigma — Aldrich
PBS (10X) Invitrogen
PIPES Sigma — Aldrich
PMSF Sigma — Aldrich
Potassium Hydroxide Sigma — Aldrich
Potassium phosphate monobasic Sigma — Aldrich
Power load (100X) Invitrogen
Probenecid Sigma — Aldrich
PVDF membrane Millipore
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Rapamycin Invivogen
RN1734 Sigma — Aldrich
RPMI Invitrogen
Skimmed milk powder Himedia
Sodium acetate Sigma- aldrich
Sodium Azide Sigma- aldrich
Sodium Chloride Sigma — Aldrich
Sodium Dodecyl Sulphate Sigma — Aldrich
Sodium Hydroxide Sigma — Aldrich
SS Agar Himedia
Streptomycin Sigma — Aldrich
Sucrose Sigma — Aldrich
TEMED Sigma — Aldrich
Thymol Sigma-Aldrich
Tris base Sigma — Aldrich
Triton X100 Sigma — Aldrich
Tryptone Himedia
Tween 20 Sigma — Aldrich
\Whatman paper \Whatman
Xylene cyanol Sigma — Aldrich
Yeast extracts Himedia
[3-mercaptoethanol Sigma — Aldrich
5.1.2 Kits and Markers
Reagents Source
Plasmid DNA isolation (midi prep) kit Qiagen
Plasmid DNA isolation (mini prep) kit Qiagen
Gel extraction kit Qiagen
Lipofectamine Cell transfection kit Invitrogen

Lysosome enrichment kit

ThermoFisher Scientific

ECL

Thermo Scientific

Bradford protein estimation kit Sigma-Aldrich
SDS-PAGE protein marker High-range Thermo Scientific
1 kb DNA ladder NEB
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100 bp DNA ladder NEB
Restriction Enzyme NEB
Q5 DNA polymerase NEB
Q5 buffer NEB

T4 DNA ligase NEB

5.1.3 Primary antibody used

Antibodies Host Source Application/s Dilution

MBP Mo NEB WB 1:30,000
Lampl Mo GeneTex WB, IF 1:500
TRPV4-Ct Rb Alomone WB, IF 1:500
TRPV4-Ext. loop Rb Alomone WB, IF 1:500
TRPV3-Ct Rb Alomone WB, IF 1:500
TRPV3-Ext. loop Rb Alomone WB, IF 1:200,
1:500
TRPV3-Ext. loop Rb Alomone IF 1:400

Atto-633
P62 Mo CST WB, IF 1:500
NLRP3 Rb CST WB, IF 1:500
NFkB-P65 Mo Santacruz IF 1:500
TFEB Rb CST WB, IF 1:500
Fibrillarin Mo CST WB, IF 1:500
Fibrillarin Rb Abcam WB, IF 1:500
a Keratin k3/k76 Mo DSHB IF 1:500
CD11b Mo DSHB IF 1:500
Atto-630-labeled Rb Alomone IF 1:500
TRPV3

LC3B Rb CST WB, IF 1:500
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Mo: Mouse monoclonal; Rb: Rabbit polyclonal; WB: Western Blot; IF: Immunofluorescence;

Dilution with respect to Western Blot analysis and Immunofluorescence assay.

5.1.4 Secondary antibody used in immunofluorescence

Description Host Source Dilution
Alexa-594-labelled Chicken Molecular Probe 1:750
anti-mouse
Alexa-594-labelled Chicken Molecular Probe 1:750
anti-rabbit
Alexa-488-labelled Chicken Molecular Probe 1:750
anti-rabbit
Alexa-488-labelled Chicken Molecular Probe 1:750
anti-mouse
Alexa-647 labelled Chicken Molecular Probe 1:500
anti-mouse
Alexa-647 labelled Chicken Molecular Probe 1500
anti-rabbit

5.1.5 Dyes used for live and fixed cells

Description

Source

\AF-488 Phalloidin

Thermo Fisher Scientific

\AF-594 Phalloidin

Thermo Fisher Scientific

BCECF

Molecular Probe

DAPI

Molecular Probe

ER Tracker blue

'Thermo Fisher Scientific

Fluo4-AM

Molecular Probe

LysoSensor Green

'Thermo Fisher Scientific
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LysoTracker Green

Thermo Fisher Scientific

LysoTracker Red

Thermo Fisher Scientific

Mito CMX Ros

Thermo Fisher Scientific

MitoSox Red

Thermo Fisher Scientific

MitoTracker Red

Thermo Fisher Scientific

Rhod-3 Thermo Fisher Scientific

LTG Kind gift from Prof Y T Chang lab (South Korea)
MTG Kind gift from Prof Y T Chang lab (South Korea)
NTG Kind gift from Prof Y T Chang lab (South Korea)
PTG Kind gift from Prof Y T Chang lab (South Korea)

5.1.6 Secondary antibody used in western blotting

Description Host Source Dilution
HRP labelled anti-mouse Donkey GE Healthcare 1:10,000
HRP labelled anti-rabbit Donkey GE Healthcare 1:10,000
5.1.7 Blocking peptide
Peptide Sequence Blocking activity against Source
Extracellular loop TRPV3 /Alomone
1st extracellular loop (464-478aa)
REEEAIPHPLALTHK
1st extracellular loop (647-662) TRPV4 /Alomone
(C)EDQSN(S)TVPSYPA(S)RD
5.1.8 Vectors
\Vectors Source
H2A-GFP Addgene
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pCDNA3.1 Prof. Jon D Levine (UCSF, San Francisco)

pRsetB-pHRed Addgene

pSGFP2-C1 Addgene

pCMV6-AC-GFP Dr. Yong Yang (Peking University, Beijing, China)
pGP-CMV-GCamP6f Addgene

5.1.9 Cell line

Cell lines Source

F11 Prof. F. Hucho (FU, Berlin)

HaCaT Prof. F. Hucho (FU, Berlin)

MC3T3-E1 Kind gift from Dr Naibedya Chattopadhyay (CDRI,

Lucknow)

Sa0s-2 NCCS Pune

Raw 264.7 NCCS Pune

THP1 Dr Santosh Chauhan Lab (ILS, Bhubaneswar)

5.1.10 Bacterial cell line

Bacterial cell line

Source

BL21DE3

CG-Lab, NISER, India

DH5a

CG-Lab, NISER, India

Staphylococcus aureus (MRSA)

ATCC-33591, India

Salmonella typhimurium

/A kind gift from Dr. Sandeep Panda Lab, KIIT,
Bhubaneswar, India

5.1.11 Constructs

Constructs used Vector Expression system Source
TRPV3-NoLS GFP pSGFP2-C1 and Mammalian Prepared in
pCDNAS3.1 (backbone) CG lab
TRPV3-GFP pCMV6-AC-GFP Mammalian Dr. Yong
Yang
MBP-TRPV3-Ct pMalc2x Escherichia coli Prof. F.
Hucho (FU,
Berlin)
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TRPV3-mutant-GFP (OS) pCMV6-AC-GFP Mammalian Dr. Yong
Yang,
Beijing,
China
hTRPV3 NoLS GFP pSGFP2-C1 Mammalian Prepared in
CG lab
TRPV3 NoLS RFP pmCherry-C1 Mammalian Prepared in
CG lab
TRPV3 NoLS NTD GCAMP | pGP-CMV-GCaMP6f Mammalian Prepared in
CG lab
TRPV3 WT(OS) Mcherry pmCherry-C1 Mammalian Prepared in
CG lab
5.1.12 Construct Gift from other lab
Constructs used Source

Fibrillarin-GFP Dr. Dibyendu Bhattacharyya Lab, ACTREC Mumbai
LaminA-RFP Dr. Dibyendu Bhattacharyya Lab, ACTREC Mumbai
CENPA-YFP Dr. Ben E. Black and Dr. Clevland lab, USA

5.1.13 Primers used

Species Forward primer Reverse primer
NoLS GFP 5’CACCGGATCCGCCACCATGGAGCAGACCGGCGC | 5°CACCGAATTCTT
Gallus gallus CCGCAAGAAGCTGAAGAAATACATCTTCAGCAAG | ACTTGTACAGCTCG
(bird) GGCGAGGAGCTGTTC3® TCCATGCC3’
NoLS GFP 5’CACCGGATCCGCCACCATGCCGAAGAAAACACC | 5°CACCGAATTCTT
Nanorana AAAAAGGCCACCAAAAAATCTTCTGTTCAGCAAGG | ACTTGTACAGCTCG
parkeri GCGAGGAGCTGTTC3’ TCCATGCC3’
(Amphibian)
NoLS GFP 5’CACCGGATCCGCCACCATGAAACAAAGGAAGCT | 5°CACCGAATTCTT
(Callorhinchus | TCAAAACAGGGTATGGGTAGACTTCTATAGCAAGG | ACTTGTACAGCTCG
milii) Fish GCGAGGAGCTGTTC3’ TCCATGCC3’
NoLS GFP 5’CACCGGATCCGCCACCATGCACTGGAACAATGCC | 5°CACCGAATTCTT
Chelonia CGAAAAAAGCTGAAGAAATATATGTTTAGCAAGG | ACTTGTACAGCTCG
mydas (Turtle) | GCGAGGAGCTGTTC3’ TCCATGCC3’
NoLS GFP 5’CACCGGATCCGCCACCATGGTGCAGAGGAGGAA | 5>CACCGAATTCTT
Human AAAGAGGCGGCTGAAGAAGCGCATCTTTAGCAAG | ACTTGTACAGCTCG
GGCGAGGAGCTGTTC3’ TCCATGCC3’
TRPV3-hNoOLS- | 5°>CACCGCTAGCATGGTGCAGAGGAGGAAAAAGAG | 5°CCTTGGATCCTTA
mCherry GCGGCTGAAGAAGCGCATCTTTAGCAAGGGCGAG | CTTGTACAGCTCGT
GAGGATAACATG3’ CCATGCC3’
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TRPV3-Al112- TRPV3 F1- TRPV3 R1-

124 hNLS-GFP, | S’CACCAGATCTATGAAAGCCCACCCCAAGGAG3’, 5’TCAGACACGGCT

TRPV3-Al112- TRPV3 F2- GCCTCTTCCTTGGC

124 hNLOS- 5’CTGGCCAAGGAAGAGGCAGCCGTGTCTGAGGGC | CAGCTGTGC3’,

GFP TG3’ TRPV3 R2-
5’CACCGTCGACCT
ACACCGAGGTTTCC
GGGAATTC3’

5.2 Methods

5.2.1 Methods related to molecular biology
5.2.1.1 Construct preparation

DNA fragments corresponding to the desired coding regions were obtained
using two methods: cutting the available cDNA with restriction enzymes or amplifying
the desired sequence by PCR with specific primers. Following this, both the PCR-
amplified DNA fragments and the vectors were treated with restriction enzymes to create
complementary overhanging ends. The resulting insert (fragment) and vector were then
separated and purified from the agarose gel using DNA purification kits. After
purification, the desired insert and vector fragments were joined together through
ligation. The ligated product was then introduced into Escherichia coli cells through
transformation. To ensure a successful transformation, the Escherichia coli cells were
plated on a LB medium supplemented with a specific antibiotic (as selection marker
present in the ligated vector). From the transformed colonies, plasmid DNA was isolated
using plasmid DNA purification kits. The extracted plasmid DNA was further subjected
to various analyses to confirm the presence of the desired insert. These analyses involved
restriction digestion to check for the correct fragment size and PCR amplification to
confirm its presence. To conclusively validate the insert's identity, the constructs were

confirmed through sequencing.
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5.2.1.2 Agarose gel electrophoresis

The process of separating double-stranded DNA (dsDNA) was carried out using
horizontal agarose gel electrophoresis in the presence of 1X TAE buffer. To prepare the
gel, agarose powder was mixed with electrophoresis buffer (1X TAE) at a concentration
ranging from 0.8% to 1.2% (depending on the size of the DNA). The mixture was then
heated in a microwave until the agarose completely melted. The exact percentage of
agarose used in the gel was determined based on the length of the dsDNA fragments to
be separated (Lower size DNA needs higher percentage of agarose gel and vice versa).
To aid in DNA visualization, Ethidium Bromide (EtBr) was added to the liquefied gel
at a final concentration of 0.1 to 0.5ug/ml. A casting tray was placed horizontally on the
workbench. The hot and molten gel solution was poured into the casting tray containing
a sample comb and allowed to solidify at room temperature (25°C). The comb was then
carefully removed from the gel without damaging the bottom of the wells. The solidified
gel was placed into an electrophoresis chamber and covered with electrophoretic buffer.
DNA samples were mixed with loading buffer and loaded into the sample wells. A
constant current source was connected to the apparatus for electrophoresis. The DNA
loading buffer contained tracking dyes, such as a mixture of Bromophenol blue and
Xylene Cyanol, which help to visualize the migration of DNA within the gel during
electrophoresis. After sufficient migration, the DNA fragments were visualized using an
ultraviolet transilluminator, as DNA emits fluorescence in response to UV excitation.
This is due to the presence of Ethidium Bromide in the DNA which got incorporated
during electrophoresis. Gel images were captured using a camera and documented using
a gel documentation system.
Solutions and buffer required:

(1X) TAE buffer: 40mM Tris/Acetic acid, pH7.8; 1ImM EDTA pH 8.0
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(5X) DNA loading buffer: 40% (w/v) Sucrose, 240mM Tris/Acetic acid, pH7.8, 5mM

EDTA, pH 0.8, 0.25% (w/v) Bromophenol blue, 0.25% (w/v) Xylene Cyanol FF.

5.2.1.3. Polymerase chain reaction (PCR)

In order to create various constructs within specific expression vectors, PCR reactions

were employed to accurately amplify different coding regions while incorporating specific

restriction sites at the ends. This was necessary for transferring a particular insert from one

expression vector to another. The PCR master mix, used for these reactions, included Template

DNA, specific forward and reverse primers, dNTPs, 1X Q5 buffer, Q5 DNA polymerase, and

miliQ water. The PCR master mix was then subjected to PCR amplification. Throughout all

PCR reactions, the following standardized conditions were applied. Q5 DNA-polymerase from

NEB served as the enzyme for these procedures.

PCR reaction conditions:

Template = 0.5ul
dNTPs (10mM) = 2pl
10x buffer = 2.5ul
H.O = 17ul

Enzyme = 1ul

Forward Primer (100nM) = 1l
Reverse Primer (100nM) =1pl

Total Volume = 25l

The mixture was subjected to a temperature change in an Eppendorf thermocycler

instrument, as described below.

Step Process Temperature and duration
1. Denaturation 95°C for 5 minutes

2 Denaturation 94°C for 30 sec

3 Annealing 55°C for 30 sec

4 Extension 72°C for 1 minute/Kb
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5 Repeat step 2 for 29 Cycles

6 Extension 72°C for 10 minutes

7 End and store 4°C

All PCR-amplified DNAs were further confirmed by agarose gel electrophoresis.

5.2.1.4 Restriction digestion of dsSDNA

About 1pg of double-stranded DNA (dsDNA) was utilized for restriction digestion
in each 20ul reaction mixture. The restriction digestion mixture consisted of a specific
restriction buffer at a concentration of 1x, along with double-distilled autoclaved water. The
addition of restriction enzymes was based on a ratio of 1 unit per ug of DNA, depending on
their activity. The reaction mixtures were then incubated at 37°C for either 3 hours or
overnight, depending on the enzymes' activity. In the case of double restriction digestion, a

compatible buffer was selected as per the instructions provided by the manufacturer (NEB).

5.2.1.5 Ligation of dsDNA:

Following the restriction digestion of both the insert and vector DNA, the resulting
fragments were analyzed on a 0.8% agarose gel, and the bands of appropriate sizes were
excised from the gel. The double-stranded DNA (dsDNA) was then purified from the gel
using a DNA gel extraction kit from Qiagen, following the manufacturer's protocol.
Subsequently, the concentration of both the insert and vector DNA was determined using
Nanodrop from Thermo Scientific. For the ligation process, the insert DNA and vector DNA
were mixed in a ratio of 3:1, based on their respective concentrations. Additionally, T4-
DNA ligase compatible buffer (1X) was included in the ligation mix, and double-distilled

autoclaved water was added to achieve the final desired reaction volume. T4-DNA ligase
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was then introduced into the reaction mixture, which was incubated for 12 hours at 16°C to

facilitate the ligation process.

5.2.2 Methods related to bacterial cell
5.2.2.1 Competent Escherichia coli cell preparation by CaCl. Method

To prepare competent Escherichia coli cells, both DE3 and DH5a strains, single colony
of bacterial cells from respective LB plates with either strain was taken and incubated in 3ml
of Luria-Bertani (LB) broth and cultured overnight at 37°C and 220 RPM. From this starter
culture, 1ml was transferred to 100ml of fresh LB liquid medium, and the broth culture was
further incubated at 37°C and 220 RPM. The cells were allowed to grow until the OD (at 600
nm) of the culture reached 0.4-0.5. Once the desired OD was reached, the culture was placed
on ice for 10 minutes and then subjected to centrifugation at 3000 RPM for 5 minutes at 4°C.
The resulting pellet containing the bacterial cells was resuspended in 30ml of ice-cold CaCl;
solution (100mM) and incubated for an additional 30 minutes on ice. Following this, the
suspension was centrifuged again for 5 minutes at 4°C and 5000 RPM.
Finally, the pellet was resuspended in ice-cold CaCl, solution (100mM) supplemented with
10% glycerol. The competent Escherichia coli cells were then distributed into tubes and stored

at -80°C for future use.

5.2.2.2 Competent Escherichia coli cell preparation by RbCIl method

To prepare competent Escherichia coli cells (DHSa or DE3), a single colony was
introduced into 3ml of Luria-Bertani (LB) broth and allowed to grow overnight at 37°C in a
shaker at 220 RPM. From this initial culture, a Iml inoculum was transferred to 100 ml of fresh
LB liquid medium and incubated at 37°C and 220 RPM. The cells were cultivated until the

broth's optical density (OD) reached the range of 0.4-0.5 at 600nm.
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Next, the bacterial culture was subjected to incubation on ice for 10 minutes, followed
by centrifugation at 4500 RPM for 10 minutes at 4°C. After centrifugation, the supernatant was
discarded, and the entire 100ml culture was pelleted by centrifugation once more. The resulting
pellet was then resuspended in 30ml of Tfbl buffer and incubated on ice for 15 minutes.
Subsequently, the cells were subjected to another round of centrifugation at 4000 RPM for 5
minutes at 4°C.

The obtained pellet was resuspended again, but this time in 6 ml of Tfbll buffer. The
bacterial cells suspended in Tfbll buffer were divided into aliquots and placed into
microcentrifuge tubes. These competent cell-containing tubes were rapidly chilled using liquid

nitrogen and then stored at -80°C for future use.

Solutions and buffer required

LB media: 10g Bacto Tryptone, 5g Bacto Yeast extract, 10g NaCl dissolved in 1 litre of double
distilled water and autoclave at 121°C at 15 Ibs for 20 minutes.

Tfbl buffer: Rubidium Chloride (RbCI, 100mM), Manganese Chloride (MnClz, 50mM),
Potassium Acetate (CH3zCO2K, 30mM), Calcium Chloride (CaCl;, 10mM), Glycerol (15%).
Adjusted the pH to 5.8 with diluted acetic acid (0.2%; 1.0M). Filter sterilized (not by
autoclaving) and stored at 4°C.

Tfbll buffer: MOPS (10mM), Rubidium Chloride (RbCI, 10mM), Calcium Chloride (CaCls,
75mM), Glycerol (15%). Adjusted the pH to 6.5 with KOH. Filter sterilize (not by autoclaving)

and stored at 4°C.

5.2.2.3 Transformation of Escherichia coli
For the transformation of Escherichia coli, competent cells (DHS5o or DE3 strain)

containing aliquots were taken out from -80°C and thawed in ice for 10 minutes. Purified
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plasmid DNA (~100ng/ul) or ligated DNA products were then added to 50ul of competent cell-
containing vials. This mixture was incubated for 10 minutes in ice. After incubation, this
mixture was given a heat shock at 42°C for 45 seconds by dipping the tube in a water bath.
Immediately after heat shock, the tube was kept in ice for 2 minutes. After subsequent cooling,
800uL of LB media was added to the mix. The cells were allowed to grow for 1 hour at 37°C
and 220 RPM in an incubator shaker with constant shaking. After 1 hour, the bacterial
suspension was centrifuged at 13,500 RPM for 30 seconds. The resulting pellet was
resuspended in 100uL supernatant and plated on LB plates containing the desired antibiotic.
Subsequently, the plates were kept at 37°C for 12 hours and single colonies were obtained after

12 hours of incubation.

5.2.2.4 Bacterial expression of pRsetB-pHRed

pRsetB-pHRed DNA construct from addgene transformed into competent cells
(Escherichia coli BL21-DE3) and transformed bacteria plated in an Ampicillin plate. The
colony obtained was picked and cultured with Ampicillin in a 4ml culture LB broth media. The
culture was grown up to OD (optical density) around 0.4-0.8, and then IPTG was added for
induction for at least 4 hours. Then the culture was pellet down at RPM 13000 for 2 minutes.
The pellet was resuspended with PBS and spread in a glass slide to test the fluorescence of pH-
Red. And for the bulk production of the protein, the colony picked from the plate was grown
overnight in a 5ml LB culture medium with antibiotics. In the morning, the culture was grown
in the 50ml 2xYT LB medium (Tryptone 5gm, Yeast extract 3gm, NaCl 1.25gm dissolved in
250ml 2xYT media). From 5ml culture, 100ul primary culture was taken and mixed with 50ml
2xYT medium till the OD reached 0.8. Then the culture was grown for at least 4 hours, pellet

down, and proceeded for chemical fixation.
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5.2.2.5 Live imaging of pH-sensor bacteria in Raw 264.7 cells

The especially fixed Escherichia coli cells with pH-Red were used for the imaging of
pH changes in the phagocytosed compartments. The Raw 264.7 cell was used for the live cell
imaging of phagocytosed bacteria. The cells were grown in the humified incubator chamber
with 5% COzat 37°C. Then the cells were seeded in the 25 mm coverslip and kept for 24 hours
till the cells reached 70-80% confluency before the experiment. The especially fixed bacteria
expressing pH-Red were incubated with the cells for 30 minutes before imaging. The bacteria
expressing pH-Red was first allowed to phagocytosis by the macrophage cell line, i.e., Raw
264.7 cell. Subsequently, the engulfed bacteria eventually transferred to the lysosome. The
engulfed bacteria emit fluorescence intensity as per the pH of the respective environment, i.e.
the phagocytosed compartment. The more acidic organelle, like the functional lysosome, will
have more fluorescence intensity of engulfing bacteria than compartments that have a neutral
or basic pH. However, the endocytosed bacteria finally disintegrate in the lysosome due to the

Iytic activities there and thus lose their fluorescence intensity.

5.2.3 Methods related to protein chemistry
5.2.3.1 Separation of denatured proteins by SDS-PAGE

SDS-PAGE, a widely used technique for protein separation, involves electrophoretic
separation of denatured proteins. The incorporation of Sodium Dodecyl Sulphate (SDS), a
strong anionic detergent, aids in denaturing the proteins, leading to their separation based on
molecular size, hence the term SDS-PAGE. U.K. Laemmli first introduced this valuable protein
separation technique (Laemmli U.K. 1970; Kashino Y. 2003). SDS-PAGE was performed by
using 10% acrylamide gels in a BioRad mini-apparatus, unless stated otherwise.
To prepare the protein samples for SDS-PAGE, they were fully denatured by adding Laemmli

protein loading buffer in a 1:4 v/v ratio (from a 5x stock of Laemmli buffer) and then heating
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the mixture at 95°C for 5 minutes. The SDS-PAGE cassettes were assembled using clean glass
plates (10cm wide and 7cm high) separated by spacers (Lmm thick). Resolving gel (about 5
ml) was poured into the cassettes and allowed to polymerize. A thin layer of water was gently
added to the top of the resolving gel to create a smooth surface. After polymerization, the excess
water was removed, and a stacking gel mixture (approximately 2ml) was poured on top of the
resolving gel. To form wells for loading protein samples, a 10-well or 15-well comb was
inserted into the stacking gel. After the stacking gel solidified, the combs were carefully
removed without disturbing the wells.

The assembled cassette was placed vertically into an electrophoresis chamber, which
was then filled with an electrophoresis running buffer. Denatured protein samples were loaded
into the wells using a Hamilton syringe. The apparatus was connected to a constant current
source (10mAmp) to facilitate electrophoresis. The tracking dye (bromophenol blue), present
in the protein loading buffer aided in visualizing the migrated proteins within the gel. Once the
dye-front neared the end, electrophoresis was stopped, and the separated proteins in the gel
were visualized through Coomassie Brilliant Blue (CBB) staining.

For Western blot analysis, the unfixed gel was used to transfer the separated proteins

onto a PVDF membrane.

Buffers required:
SDS-PAGE running buffer (1x): Glycine 196mM, SDS 0.1%, Tris-HCI (pH 8.3, 50mM)

Laemmli protein loading buffer (5x): Tris HCI (pH 6.8, 62.5mM), B-mercaptoethanol (5%, v/v), Glycerol (50%,
v/iv), SDS (2%, w/v), Bromo phenol Blue (0.1%, w/v). All the time, the final volume was adjusted by adding
water.

Resolving gel mixture: Bis-Acrylamide (10%, v/v), Tris HCI (pH 8.8, 375mM), SDS (0.1%, w/v), Ammonium
persulfate (0.1%, w/v), TEMED (0.005%, v/v) in water.

Stacking gel mixture: Bis-Acrylamide (4%, v/v), Tris HCI (pH 6.8, 125mM), SDS (0.1%, w/v), Ammonium
persulfate (0.1%, w/v), TEMED (0.005% v/v) in water.

Bis-Acrylamide stock solution (30%), APS stock solution (10%), TEMED solution (100%), SDS solution (10%)
and Tris-HCI (pH 8.8, 1.5M solution for separating gel)/or Tris-HCI (pH 6.8, 0.5M solution for stacking gel) were
used to prepare separating and stacking gel solutions. APS and TEMED were added just prior to pouring the
liquid.

257



5.2.3.2 Coomassie staining of the protein bands in gel

Coomassie staining is a commonly used method for visualizing proteins separated by

SDS-PAGE. For that, a solution of 0.1% Coomassie Brilliant Blue dye in methanol (50%, v/v)
and glacial acetic acid (10%, v/v) was employed. This staining solution helped to selectively
stain proteins in the gel after the SDS-PAGE separation. The addition of acidified methanol in
the staining process facilitated the precipitation of the proteins.
Staining typically took place overnight with gentle agitation of the gel in the staining solution.
Agitation aided in the uniform circulation and penetration of the dye throughout the gel.
Although the dye diffused through the entire gel, it binds specifically to the proteins, resulting
in permanent staining of the protein bands. After staining, the gel was transferred to a de-
staining solution composed of acetic acid/methanol to remove excess dye. Gentle agitation
during de-staining effectively washed out the excess dye.

To achieve optimal results, a two-step de-staining process was employed. The gel was
first de-stained in a solution containing 50% methanol and 10% acetic acid for 1-2 hours. This
step caused the gel to shrink, expelling much of the liquid component. In the second de-staining
step, a solution containing 7% methanol and 10% acetic acid was used. This step allowed the
gel to swell and clear up, resulting in better visualization of the stained protein bands against a
clear background.

During the staining process, the original dye front, represented by bromophenol blue
dye, disappeared. Bromophenol blue, acting as a pH indicator, turned light yellow under acidic
conditions before being washed out.

It's important to note that Coomassie blue staining has its limitations. It may not
effectively stain proteins present in very low amounts or proteins with high carbohydrate

content. Nevertheless, Coomassie staining remains a widely used and valuable technique for
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protein visualization in SDS-PAGE gels. The stained gels were scanned using a scanner

connected to a computer to document the stained protein bands.

5.2.3.3 Western blot analysis

Following the separation of proteins by SDS-PAGE, the electrotransfer to a PVDF
membrane was performed using the semi-dry transfer method. Initially, unfixed gels were
briefly incubated in a transfer buffer, while Whatman paper and PVDF membranes were
soaked and equilibrated in the same transfer buffer. The P\VDF membrane was then carefully
placed on top of the gel, and two layers of Whatman papers were added on each side of the gel-
membrane combination. To ensure the transfer set was free of air bubbles, the entire assembly
was rolled over with a glass rod.

Next, the transfer set was placed on a transfer apparatus, with the gel connected to the
cathode and the membrane connected to the anode. The apparatus was then connected to a
power supply, and the electro-transfer was conducted at a constant current of 50 mA (for a
single gel) for 1 hour. The efficiency of protein transfer from the gel to the membrane was
verified by staining the membranes with Coomassie solution.

After the transfer, the PVDF membranes were subjected to blocking with 5% non-fat
milk dissolved in 1XTBS-T buffer. Following the blocking step, the membrane was incubated
with the primary antibody in TBS-T buffer for 1 hour at room temperature or overnight at 4°C.
This was followed by three washes with TBS-T buffer to remove any unbound primary
antibody. Subsequently, the membrane was incubated with a secondary antibody in TBST
buffer for 1 hour, followed by another round of washing with TBST buffer three times.

To detect the protein bands, the membranes were developed using the
chemiluminescence method (using Super Signal™ West Femto Maximum Sensitivity

Substrate from Thermo Scientific) and detected using a chemidoc apparatus from Bio-Rad.
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In some experiments, the membrane blots were "stripped-off" by incubating the blots in a
stripping buffer at 50°C for 30 minutes. This stripping step allowed for the removal of
previously bound antibodies, enabling the re-probing of the membranes with a different

primary antibody if needed.

Buffers and solutions required:

Transfer buffer: SDS (0.1%, w/v), MeOH (20%, v/v), TRIS/HCI (48mM), Glycine (39 mM)
Ponceau Red solution: Ponceau S dye (5%, w/v), Acetic acid (5%, v/v)

TBS-T: Tris (20mM), NaCl (150Mm). Tween-20 (0.1%, wiv)

Stripping buffer: SDS (1%, w/v), TRIS/HCI (pH 6.8, 20mM), B-Mercaptoethanol (1%, v/v)

5.2.3.4 Protein estimation method

For the estimation of protein concentration, the Bradford reagent was used (Kruger N.J.
2009). Pure BSA protein standards (Sigma-Aldrich) were purified at concentrations of 20, 40,
60, 80, and 100pug in 100uL of PBS solution was used. Bradford reagent (Sigma-Aldrich) was
added to the tubes containing different BSA concentrations and incubated for 5 minutes. The
OD was measured at 595 nm, and Aa blank solution was made by adding 100uL of PBS and
900uL of Bradford reagent without any protein. All measurements were acquired using a

Beckman Coulter spectrophotometer at 595 nm.

5.2.4 Cellular fractionation methods
5.2.4.1 Isolation of lysosome from Raw 264.7 cells

The Raw 264.7 cells were grown in 100mm cultured dishes in a humidified chamber
maintained at 5% CO and 37°C for 24 hours. Subsequently the cells were subjected to different
modulators before harvesting in 1.5ml centrifuge tubes. Protease inhibitor 1x was used during
the scrapping of cells. The cells were immediately resuspended with an ice-cold

homogenisation buffer [HEPES (10mM, pH 7.4), EDTA (1ImM), Sucrose (320mM)]). Briefly,
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the cells present in the suspension were ruptured by passing the cells at least 20 times through
2.5ml syringe with a needle (23Gx25mm). The resuspended solution in a lysosome isolating
buffer contains a complete protease inhibitor cocktail (Sigma-Aldrich). After complete rupture,
the suspension was centrifuged for 20 minutes at 1200g (Benchtop centrifuge- MicroClick
24x2 rotor). Subsequently, the S1 fraction was collected, which contains cell organelle like ER,
Mitochondria, lysosome etc. Subsequently, the S1 fraction was centrifuged at 12000g for 30
minutes, and the pellet contain mitochondria and loosely attached fraction contains lysosome.
The pellet was resuspended with homogenisation buffer and centrifuged again at 20000g for
20 minutes. After 20 minutes, the loosely attached pellet was collected which contains
predominantly lysosomes. Subsequently, the lysosomal pellet was resuspended in isolating
buffer, aliquoted and kept at -80°C for long-term storage. All isolation procedures and

centrifugation steps were carried out at 4°C.

5.2.4.2 Isolation of lysosomes from macrophage (KIT-based method)

Lysosome fractions were isolated from 90% confluent RAW 264.7 cells by density
gradient-based separation. The lysosomes from cells were isolated through the lysosome-
enrichment kit (ThermoFisher) for tissue and cultured cells. The kit contents include lysosome-
enrichment reagent A, lysosome-enrichment reagent B, OptiPrep cell separation media and
PBS. The gradient solution was made by gradient dilution buffer and OptiPrep gradients buffer.
The final gradient per cent were 17, 20, 23, 27, and 30% respectively. After proper
homogenized cell suspension is made (by sonication at 6-9W of power), the sample was
processed for the gradient centrifugation and isolation of lysosome. The cell samples were
ultracentrifuged at 145,000xg for 2 hours at 4°C using the lysosome enrichment kit for tissue

and cultured cells according to the manufacturer’s protocol (89839, Invitrogen). Fractions
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isolated from lysosome enrichment were re-suspended in an HBSS buffer, loaded with different

fluorescence probes followed by time-series imaging as and when required.

5.2.4.3 In situ subcellular fractionation (nuclear matrix fractionation)

In situ, sub-cellular fractionation of RAW 264.7 cells for immunofluorescence (IF) was
done through cytoskeletal (CSK) buffer by using protocol from (Sawasdichai et al., 2010).
First, the cells were grown on glass coverslips in 6 well plates for 24 hours with or without
LPS stimulation. Subsequently, the cells were fractionated by CSK buffer. Before the
fractionation through CSK buffer the cells were washed with ice-cold 1x PBS two times by
tilting the plate. After the extraction with CSK buffer, the portion of the cells remain attached
to the coverslips were fixed with 4% PFA and were further processed for antigen detection.
Then the rest of the coverslip washed with PBS and then PBS was removed gently from the
rest of the well plates, and gently placed 200ul CSK buffer with 0.1% Triton-X 100 was in the
well for further fractionation. The CSK solution in the coverslip was incubated for 1 minute in
ice and removed from the well subsequently. Then the coverslip containing well was washed
with ice-cold PBS twice by tilting. Then the coverslip was removed, representing tightly held
nuclear material and fixed for further processing. Then the remaining well went for further
processing by placing CSK buffer with 0.5% triton x 100 and incubated for 20 minutes in ice.
Then the coverslip was washed with PBS (ice-cold) after removing CSK buffer solutions, and
chromatin fractions were collected and fixed in 4% PFA. In the end, the rest coverslip was
incubated with CSK buffer with 100ug of DNAse | onto the remaining coverslip and incubated
for 30 minutes at 37°C. Then the coverslip was washed, representing the nuclear matrix
fraction. Then the nuclear matrix fraction went for fixation in 4% PFA and was processed for

immunofluorescence assay.
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After fractionation, cells present in the coverslips were fixed by adding 4%
paraformaldehyde (PFA) in PBS and incubated for 30 minutes at 37°C in humidified CO>
incubator chamber. Then coverslips were washed with PBS 3 times, and 0.1% Triton-X was
added for 5 minutes. Subsequently, the coverslips were washed three times using PBS and
blocked by incubating the cells with 5% BSA in PBS for 1 hour. Subsequently, TRPV3 primary
antibody (1:200, Alomone Lab) in PBS was added and incubated overnight at 4°C. The
coverslips were washed with PBST (With Tween 20 0.1%) 3 times and incubated with
fluorophore-tagged rabbit secondary antibody (1:750 dilution) for 1 hour. Again, the coverslips
were washed three times with PBST for 5 minutes each and incubated with DAPI in PBS
(1:1000) solution and washed with PBST. Finally, the coverslips were mounted in a glass slide
by using Fluromount-G.

Cytoskeletal (CSK) Buffer recipe (50ml volume):

Reagent Quantity (for 50 mL) Final concentration
PIPES/KOH (1M, pH 6.8) 0.5mL 10mM
NaCl (5M) imL 100mM
Sucrose 5.135gm 300mM
EGTA (250mM) 0.2mL 1mM
MgCl, (1M) 50uL 1ImM
DTT (1M) 50pL imM
Protease Inhibitor 1 tablet

5.2.5 Methods related to cell biology

5.2.5.1 Cell culture and transfection

Different cell lines, namely F11, Raw 264.7, Saos-2, MC3T3-E1 and HaCaT were
cultured in Ham’s F12 medium and RPMI medium, respectively and were supplemented with
FBS (10%), L-glutamine (2mM), Streptomycin (100ug/ml), and Penicillin (100U/ml). The
cells were grown in a humidity-controlled incubator maintained with 5% CO; set at 37°C. For
transient transfection, lipofectamine (Invitrogen) was used according to the manufacturer’s
protocol. MC3T3-E1 cell was cultured in aMEM medium and was supplemented with FBS
(10%), L-glutamine (2mM), Streptomycin (100ug/ml), and Penicillin (100U/ml).
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5.2.5.2 Isolation of murine peritoneal macrophage

All animal experiments were performed as per the guideline and approval (Institutional
Animal Ethics Committee no: 213/NISER/SBS/AH). Animals used in this work were in-house
at the Animal facility (NCARE) at NISER. PM cells were obtained from the peritoneal cavity
of Male BALB/c mice (4-6 weeks) by incubating RPMI-1640 (GIBCO) medium for 5 minutes.
After straining the cells with a 70um cell strainer, adherent PM, cells were cultured in a 60 mm
plastic tissue culture dish overnight with RPMI-1640 medium containing 10% Fetal Bovine
Serum (with added 1xPen-Strep-GIBCO and Amphotericin-B, 1ug/ml) in a humidity-

controlled incubator maintained at 37°C and 5% CO-.

5.2.5.3 Ca?*-imaging of adherent cells

Adherent cells (HaCaT, F11, Raw 264.7, PM) were seeded on 25mm coverslip in 35mm
dishes or 6 well plates and kept in a CO2 (5%) incubator humidified chamber at 37°C. After 24
hours, Ca2*-sensing dye Fluo-4 AM (5uM) which is a non-fluorescent form of acetoxymethyl
ester, was added to culture dishes for 40 minutes. Through the addition, due to esterase activity
inside the cell, this acetoxymethyl group gets cleaved off, and it binds to Ca?" and emits
fluorescence. Fluo-4 AM shows excitation maxima at 488nm and emission maxima at 520nm,
for which an argon laser was used. Subsequently, cells were gently washed two times with PBS
(1X), and then cells were used for live cell imaging. Live cell imaging was performed with a
confocal microscope 488nm argon laser and fluorescence microscope. During the imaging,
Specific drugs for TRPV3 and TRPV4 were added without disturbing the cells.

The Ca?*-imaging is also done through the Ca?*-sensor construct purchased through
addgene. The construct has a calmodulin-binding motif, which subsequently binds to the Ca®*
in the intracellular compartment or cytosol. The expressed protein shows high sensitivity to the

Ca?* ion in the cells. The GCaMP6f has excitation maximum at 488nm, and emission maxima
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at 520nm. For the Ca®'-imaging, adherent’s cells like HaCaT, Raw 264.7, and F11, the
resuspended cells were seeded in the 25mm coverslips placed within 35mm dishes or in the 6
well plates. Cells were maintained within the CO2 (5%) incubator at 37°C. Then around 70%
confluency, the cells were transfected with GCaMP6f. After 24 hours, the cells were stimulated
with cell/channel modulators and time series images were acquired. The live image was taken

for at least 200 frames for a total duration of ~3 minutes 36 seconds.

5.2.5.4 MitoTracker Red and Mito CMX ROS staining in adherent cells

Adherent cells (HaCaT) were grown and/or transfected on 18mm, or 25mm glass
coverslips. Approximately 24 hours after seeding or transfection, MitoTracker Red (1uM)/
MitoTracker Red CMXRos was added to cells for 30 minutes. Subsequently, the cells were
either washed with 1xPBS and used for live cell imaging, or cells were fixed by 4% PFA at
room temperature (RT, ~25°C). Both of the dyes (i.e. MitoTracker Red and MitoTracker Red
CMXRos Red) are dyes that can penetrate through the cell membrane and accumulate within
the mitochondria of living cells. This dye’s accumulation level is linked to the membrane
potential of the mitochondria (Pendergrass et al. 2004; Poot et al. 1996). Additionally, these
dyes can be fixed with aldehyde and remains detectable even after fixation. These dyes have

an excitation maximum of 580+10 nm and an emission maximum of 620+10 nm.

5.2.5.5 LysoTracker Red staining in adherent cells:

To visualize lysosomes of live cells, peritoneal macrophages, HaCaT, and Raw 264.7
cells were grown on 25 mm glass coverslips in a 35mm culture dish for 24 hours and
LysoTracker Red (1uM) was added for 30 minutes. After washing with 1xPBS, the coverslips
were imaged using a confocal microscope (FV3000 Olympus). LysoTracker Red is a

fluorescent dye that can freely permeate cells due to its weak base partially protonated at pH

265



7. LysoTracker Red selectively accumulates within the acidic organelles, with an excitation
maximum of 590nm and emission maxima at 620nm.

For fixed cell imaging, cells were grown on 12mm or 18mm glass coverslips and
incubated with LysoTracker Red (1uM) for 30 minutes before being washed with 1xPBS and

fixed with PFA (4%) at room temperature.

5.2.5.6 LysoSensor Green staining in adherent cells

To visualize lysosomes in live cells, peritoneal macrophages, HaCaT, and Raw 264.7
cells were grown on 25mm glass coverslips in 35mm culture dishes or in the 6-well plates for
24 hours before adding LysoSensor Green DND-189 (1uM) for 30 minutes. The LysoSensor
Green DND-189 dye is capable of sensing the pH changes of acidic organelles like lysosomes
because its fluorescence increases in acidic environments. This is due to the dye's weak base
side chain being relieved of fluorescence quenching by protonation, causing an increase in
fluorescence intensity (Lin et al. 2001). The LysoSensor dyes are “acidotropic” probes that
accumulate in acidic organelles through protonation, resulting in a pH-dependent increase or
decrease in fluorescence intensity. In contrast, the LysoTracker probes exhibit fluorescence
that is weakly affected by pH. The pKa value of LysoSensor Green DND-189 is~5.2.

After washing with 1xPBS, the coverslips were imaged using a confocal microscope
(FV3000 Olympus). It selectively binds to acidic organelles, with an excitation maximum of

443nm and emission maxima of 505nm.

5.2.5.7 Tetramethyl rhodamine (TMRM)-based imaging of mitochondrial membrane
potential
For imaging of mitochondrial membrane potential or its changes in live cells,

macrophage cells were seeded in 35mm culture dishes or in six-well plates in the 25mm
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coverslip for 24 hours before the addition of Tetramethyl rhodamine, methyl ester (TMRM)
reagent (100nM) for 30 minutes. TMRM s a dye that can penetrate cells and accumulate in
active mitochondria with intact membrane potentials. If the cells are healthy and have
functioning mitochondria, the signal will be strong. However, if the mitochondrial membrane
potential is low or lost, TMRM accumulation will stop, and the signal will become weaker or
disappear. It can be detected with RFP/TRITC filter set (absorbance maxima: 548nm, emission
maxima: 574nm). After the cells reached to required confluency (~70-80%), the cells were
loaded with TMRM dye (100nm) for 30 minutes. Then the cells were used for live cell imaging

by using confocal microscopy (FV 3000 OLYMPUS).

5.2.5.8 Thermosensitive dyes (LTG, PTG, MTG, NTG) imaging

To visualise live cells, the peritoneal macrophages, HaCaT cells and Raw 264.7 cells
were grown on 25mm glass coverslips in a 35mm culture dish or in the six-well plates for 24
hours before adding thermosensitive dyes for 30 minutes. All these probes were synthesized
and kindly provided by Dr Y.T Chang Lab.

Fluorescence based thermosensors are highly effective molecular tools for detecting
minor changes in temperature by measuring alterations in fluorescence signals, including
fluorescence intensity, anisotropy, and/or lifetime. This allows for precise and accurate
temperature readings. To create TGs, various organelle-targeting motifs were added to the
unsymmetrical BODIPY (boron-dipyrromethene) structure which has a temperature sensitivity
of 3.9%/°C (intensity) and 26 ps/°C (lifetime) in live cells. The TGs, which are added to the
BODIPY derivatives are as follows Lipid Droplet Thermo Green (DTG) with an n-undecanoyl
group, Mitochondria Thermo Green (MTG) with a triphenylphosphonium group, Lysosome
Thermo Green (LTG) with a 4-(2-aminoethyl) morpholine group, Plasma Membrane Thermo

Green (PTG) with a 3-(dodecyl(methyl)amino) propane-1-sulfonate group, Golgi Thermo
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Green (GTG) with a d-sphingosine group, and Nucleus Thermo Green (NTG) with Hoechst
33,258. The absorption and emission wavelengths of all the TGs dyes are all around 496 nm
and 512 nm, and for NTG, the excitation is around 353/395nm, and the emission is 511nm.
The expected percentage of temperature sensitivity of the TGs dyes per degree temperature is
as follows PTG 2.9%/°C, NTG 1.4%/°C, LTG 3.8%/°C, MTG 4.1%/°C respectively. Here
LTG, NTG, PTG and MTG have been used for the detection of lysosomal, nuclear, plasma
membrane and mitochondrial temperature upon TRPV3 modulations or LPS stimulations.
These thermosensing dyes share an inverse relationship with the temperatures. Thus, higher
the temperature, lower will be the fluorescence intensity and vice versa. The TGs dye, after
being loaded in the cells, was imaged after 30 minutes of incubation in a live cell chamber in

the confocal microscopy (FV 3000).

5.2.5.9 Cell viability assay (MTT assay)

For cell viability assay, 1x10° cell/well suspensions were prepared at a volume of
100pL/well seeded in 48 well plates (Corning) and cultured along with drugs for 2 hours and
exposed with HS in different temperature. This is followed by removing the medium, and
100uL MTT (tetrazolium salt 3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)
solution was added in each well in 37°C incubator for 3 hours. Then, MTT was removed, and
crystals dissolved in 100uL DMSO (Sigma). Then the absorbance has been checked at 570nm

using a Varioskan multi-plate reader. All the experiments were performed in triplicates.

5.2.5.10 Multiplate reading assay
For the multiple reading of cellular parameters like cellular ROS and NOS
measurements, or MTT-cell viability assay, the adherent cells were seeded in the 48 well plates

24 hours before the desired experiments. The cells were grown in a CO2 (5%) humidified
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chamber at 37°C before the assays. After the cells reached 70-80% confluency, the cells were
subjected to different experimental treatments as per the plan. Subsequently, the cells were
loaded with H.DCFDA (ROS) or DAPFM (NOS) dye and incubated for 30 minutes. Then the
plate was taken for multi-plate reading in the varioskan multi-plate reader. The excitation filter
for the ROS and NOS dyes was set at ~492-495nm, and the emission range was set at ~517-

527nm.

5.2.6 Methods related to immunocytochemistry and microscopy
5.2.6.1 Immunocytochemistry

For immunocytochemistry, cells were grown and/or transfected on glass coverslips. 24
to 48 hours after seeding or transfection, the cells were fixed with paraformaldehyde (4%) at
room temperature (RT), followed by permeabilization with Triton X-100 (0.1%) in 1xPBS for
5 minutes. Subsequently, the cells were gently washed with PBS-T (0.1% Tween 20) for 5
minutes. The cells were blocked with bovine serum albumin (BSA, 5%). After blocking, the
cells were incubated with primary antibody for 1 hour at RT. The primary antibody was added
in a solution of BSA (5%) and PBS-T (1:1). The cells were then washed three times with PBS-
T buffer. Cells were further incubated with a secondary antibody diluted in PBS-T buffer and
BSA (1:1). After incubation with the secondary antibody, the cells were washed three times
with PBS-T buffer. Subsequently, DAPI was added in PBS-T buffer at 1:1000 dilution for 10
minutes. Finally, the cells were washed with PBS-T for three times. Coverslips containing the
stained cells were mounted onto glass slides with Fluoromount G (Southern Biotech). Alexa
594-labelled Phalloidin was used to label and visualize the actin cytoskeleton. Images were
taken with a confocal laser-scanning microscope (Zeiss LSM780, FV 3000 OLYMPUS) with

a 63x objective and analysed by the FI1JI software.
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5.2.6.2 Immunohistochemistry/Animal experiments
5.2.6.2.1 In vivo wound healing experiments

In this study, the healthy Balb/c mice (6-8 weeks old) were used for wound healing
experiments. All animals were housed in standard polysulfone cages with floor area covered
with autoclaved corncob bedding. The animals were kept in a controlled environment with a
temperature range of 24 + 3°C and humidity between 40-70%. Before the experiment, the mice
were acclimatized for 7 days in separate cages and had access to food and water ad-libitum.
Only mice without any skin injury or inflammation were selected for the study. All animal
experiments were conducted following the guidelines of CPCSEA (Committee for the Purpose
of Control and Supervision of Experiments on Animals, Govt. of India), and the protocols were
approved by the Institute Animal Ethics Committee constituted by CPCSEA (Protocol no
SBS/NISER/AH-195).

For the experiments, the mice were anesthetized using Isoflurane administered through
a precision vaporizer with oxygen. The dorsal skin area of the animals was shaved and cleaned
three times with a weak antiseptic solution (Savlon- Cetrimide 0.5% w/w, Chlorhexidine
Digluconate 0.1%). Next, the shaved area was treated with a sterile gauge and a 5% povidone-
iodine solution. Excision wounds of 5 mm diameter were created on the back skin of the mice
using biopsy punches. These wounds were later infected with multidrug-resistant S. aureus
(MRSA) strains (100pL; equivalent to 1x108 CFU/mL in 24 hours) following the method
described before (Kumar et al. 2019).

The treatment with TRPV3-specific drugs commenced 24 hours after the inoculation.
The test substance was applied to the wound site every 24 hours. To protect the wounds, a
silicone splint of 7mm inner diameter and 0.5mm thickness, with suture sites (Grace Biolabs,
USA), was fixed around the outer diameter of the wound using commercially available topical

skin adhesive (Dermabond). The splinted wound was further secured by an interrupted suture
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pattern using 4-0 black braided silk sterile suture. Finally, the splinted wound was covered with

a polyurethane film dressing (Tegaderm).

5.2.6.2.2 In vitro wound healing assay

In vitro wound healing assay was conducted in RAW 264.7 cell line. The cell was
seeded 24 hours before the experiment in 12 well plates. Once the desired confluency in the
well is achieved, a scratch in a “plus-shape” was made. Before the scratch cells were treated
with TRPV3 modulators. Subsequent readouts were taken by taking images in different time
intervals like 3, 6, 8,10 and 24 hours. Then the graph was plotted in the percentage of area
covered from 0 to 24 hours. The data suggested that TRPV3 activation promotes better

migration of macrophage cells.

5.2.6.2.3 Bacterial CFU count
In vivo: The CFU of MRSA (Staphylococcus aureus, ATCC-33591) was determined by
examining the bacterial load in the infected wound area on 4™ and 10" day. Wounds were
swabbed with a sterile cotton swab which was serially diluted in PBS and subsequently cultured
on a Tryptic Soy agar plate overnight. Bacterial load was expressed as CFU by a standard plate
count method.
In vitro: The CFU of MRSA (Staphylococcus aureus, ATCC-33591) in the in vitro study was
carried out for analyzing bacterial phagocytosis as well as intracellular bacterial clearance
assay. To analyze the bacterial phagocytosis, cells were infected with MRSA (10 MOI) for 15
minutes as well as for 1 hour, respectively, along with the TRPV3 modulators, and
subsequently, the colony numbers were determined.

For the bacterial clearance assay, cells were first infected with MRSA for 4 hours and

then washed with cold PBS. Subsequently, the cells were incubated with gentamycin
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(200ug/ml) solution for half an hour and washed with cold PBS again. Then cells were
incubated with channel modulators for 4 hours and then processed for colony counting. In all
these cases, cells were washed with cold PBS and permeabilized with Triton-X-100 (0.1%) for
10 minutes. Subsequently the cells were taken out through scrapping and serially diluted with
the PBS and cultured on a Tryptic soy agar plate overnight. Then CFU was determined by the

standard plate count method.

5.2.6.2.4 Immunohistochemistry (IHC)

For immunohistochemistry, the tissue was fixed with 10% formalin buffer for long term
fixation (5 days). The tissue was subsequently kept in 4% PFA overnight before the paraffin
embedding in the tissue is performed. The next day the tissue sample was washed and
dehydrated repeatedly with different percentages of alcohol like 50%, 70%, 90% and finally
100% ethanol, respectively. Subsequently, the sample was transferred to acetone and
eventually to xylene. The tissue sample after xylene wash went for paraffin wax embedding
for 3 to 6 hours, according to the tissue sample (Skin tissue). Then the sample went for further
processing like sectioning with a 5pum thickness sample. The paraffin-embedded tissue sample
in a poly-lysine coated charged slide then went for Hematoxylin-Eosin (H&E) staining. The
hematoxylin and eosin staining was used for the nucleic acid and protein in the extracellular
matrix and cytoplasm, respectively. The H&E-staining shows deep blue-purple colour,
whereas the eosin stain shows pink colour. The H&E staining protocol involves different steps
like dewaxing the sections in xylene and then rehydrating in alcohol (100%, 95%, 70%).
Subsequently, the tissue sections were dipped in distilled water and stained with hematoxylin
(nucleic) for 4-10 minutes. Then the section was rinsed in tap water and stained with eosin for

cytoplasm and extracellular matrix staining. These tissue sections were processed for
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dehydration in alcohol (70%, 95%, 100%) and finally cleared in xylene and mounted with the
mounting agent.

For immunohistochemistry, the paraffin-embedded skin section was first
deparaffinized, dehydrated and then heated at 70°C (12 hours) for the antigen retrieval process.
Then the tissue was washed with PBS and was permeabilized with Triton X-100 (0.5%) in PBS
(15 minutes) and subsequently blocked with BSA (5%). For co-immunostaining with cellular
markers, specific antibodies were used [TRPV3 extracellular loop-specific antibody (1:300,
Alomone, conjugated with Atto dye); TRPV3 extracellular loop antibody (1:200, Alomone);
Fibrillarin (1:300, Abcam); CD11b (1:500, DSHB); a Keratin k3/k76 (1:500, Merck)]. In most
cases, Alexa-488 labelled anti-rabbit, was used as the secondary antibody. In some
experiments, Atto-630-labeled TRPV3 extracellular anti-rabbit was used to detect TRPVS3.
TRPV3 extracellular antibody peptide as antigen is also used for blocking the antibody to check
the specificity of the antibody. For comparative analysis, all imaging parameters were kept
constant, and images were acquired by confocal microscope (FV3000, Olympus and LSM780,
Zeiss). Fluorescence intensities of individual images were analyzed by Fiji software and
represented in pseudo colour. Fluorescence intensity was quantified by Fiji software with

manually marking the region-of-interest (ROI).

5.2.7 Live cell imaging
5.2.7.1 Live cell subcellular imaging

Live cell imaging was performed using an inverted confocal microscope. After seeding
the cells on 25 mm cover glass, the coverslip was transferred to a metal chamber, and slowly
media was added. Live cell imaging was performed using 63x Oil-immersion objective at 25°C.

Different genetically encoded proteins (GFP and RFP) and cell-permeant dyes, such as
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LysoTracker Red, MitoTracker Red etc., were used to observe cellular dynamics and organelle

movement.

5.2.7.2 Fluorescent Recovery After Photobleaching experiment (FRAP) Imaging

To visualise the localization and intracellular dynamics of hTRPV3-NoLS-GFP, live
cell imaging and/or FRAP assay were performed. Cells were grown on 25mm glass coverslips
overnight and transfected with hTRPV3-NLS-GFP construct. 24-48 hours after the
transfection, the cells were used for live-cell and/or FRAP assay. For all FRAP analysis, a
specific region of interest (ROI) with a circular shape and a fixed area (according to nucleolar
size) was selected. In all cases, the ROl was selected at the appropriate position in the
nucleolus, which was subject to photo bleach and subsequent recovery. For FRAP, time series
images were acquired. A total of 30 frames (~34 sec) were taken for FRAP analysis and
subjected to bleaching on the 3 frame. The laser used here is a 488nm laser for 100%
bleaching in point focus. In each case, at least 20 or more region-of-interest (ROI) were
measured. During imaging, cells were maintained at a constant temperature (25°C) with the
help of a controlled chamber. Images were acquired by a confocal microscope (FV 3000,
Olympus) using a 63x objective. All these images were analyzed and quantified through

Olympus CellSens imaging software.

5.2.8 Image processing, analysis, and quantification by different software
5.2.8.1 Microscopy image processing

All confocal images were processed using LSM image examiner software, while live
cell time series images and movies were analyzed using Image J and Fiji software. Changes in

lysosomal movement and numbers were calculated using TrackMate (Fiji software), while cell
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size, morphology, cell shape, neurite number, etc. were calculated manually using LSM image

examiner. Image resolution and labeling were done using Adobe Photoshop software.

5.2.8.2 Statistical analysis

Graph pad prism software was used for statistical analysis. An unpaired t-test (non-
parametric) was performed to calculate the significance of the two data sets. The P-values are
as follows: **** = P <0.0001, *** = P <0.001, ** P = <0.01, * P = <0.05, ns = non-significant.
The correlation coefficient calculation was done with the help of GraphPad prism software.
Correlation analysis between two parameters were analysed. For that Pearson correlation
calculations were performed with the assumption that both X and Y values are sampled from
populations that follow a Gaussian distribution. The non-linear curve fit was put in the

correlation graph through the non-linear regression (curve fit) dialog.

5.2.8.3 Quantification
The colocalization study was done with the help of coloc-2 in the Fiji software. The “r”- value

(colocalization coefficient) was taken into the consideration in the present study.

5.2.8.4 Bioinformatics analysis

All the sequences of TRPV3 from vertebrates were obtained from NCBI or UniProt
database (Supplementary Table 1). All the sequences were stored in FASTA format and the
MUSCLE alignment tool in MEGA 5.1 software suite was used for the alignment of the
proteins as described before (Sardar et al. 2012). ENSEMBL database was used for Histone
H4 sequence (as a reference of highly conserved protein) retrieval. Box-plot analysis
(conservation pattern of TRPV3) was done by using R software. Multiple sequence alignment

of NLS (Nuclear Localization Sequence) was performed by Jalview software. NLS scoring was
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performed through SeqNLS prediction (http://mleg.cse.sc.edu/segNLS/) software available

online.
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Annexure 1

7.1 Thermo dye characteristics

Fluorescence Intensity-Based Thermometry Using a Palette of Organelle
Thermometers is a cutting-edge technique in the field of cellular biology and biophysics. This
method allows researchers to precisely measure temperature variations within different
subcellular compartments by utilizing a range of specialized fluorescent indicators or dyes.

Here's an overview of this technique, its accuracy, and its applications in cellular systems.

7.1.1 Methodology

Within the cell, micro-temperature changes play vital roles in cellular processes. To
measure this local temperature inside cells, molecular fluorescent thermometers have been
employed. These are fluorescence probes act as temperature sensors and convert information
related to change in temperature as detectable fluorescence signals. Investigating intracellular
temperature variations in different organelles requires the proper development and
characterization of organelle-specific thermosensors. In this study, a new series of fluorescence
thermos-sensors, known as Thermo Greens (TGs), has been further characterized and utilized
to visualize the temperature changes in almost all common sub-cellular organelles. Using
fluorescence lifetime-based cell imaging, some of the TGs have demonstrated their capability
to monitor temperature gradients in specific organelles induced by external heating. This
thermos-sensors can be utilized to investigate the distinct temperature changes that different
sub-cellular organelle experiences, mostly due to change in metabolism or external heating or
other unknown factors. TGs can also be utilized for quantitative imaging of heat production in
various organelles, such as in mitochondria, lysosome, nucleus, plasma membrane and the
endoplasmic reticulum in different cells. As of now, TGs represent the first collection of small

molecules that act as “fluorescence-based thermometers” and these molecules can be applied
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to virtually all common organelles. These findings hold the potential to inspire the development
of new molecular tools and technologies for probing local temperature changes that can
contribute to understanding of thermal biology in the future.

Furthermore, TGs have been applied to thermally image heat production in different organelles.
This versatile palette of “novel fluorescence-based molecular thermometers” are believed to
hold significant value in the exploration of previously unanswered biological questions.
Various organelle-targeting motifs were incorporated into the unsymmetrical BODIPY
structure, including the n-undecanoyl group (in Lipid Droplet Thermo Green, DTG),
triphenylphosphonium group (in Mitochondria Thermo Green, MTG), 4-(2-aminoethyl)
morpholine group (in Lysosome Thermo Green, LTG), 3-(dodecyl(methyl)amino) propane-1-
sulfonate (in Plasma Membrane Thermo Green, PTG), D-sphingosine group (in Golgi Thermo
Green, GTG), and Hoechst 33, 258 (in Nucleus Thermo Green, NTG). This ensemble of site-
specific organelle-based thermometers was collectively named Thermo Greens (TGs).

The introduction of organelle-targeting motifs had minimal impact on the fundamental
photophysical properties of these organelle-based thermometers. The absorption and emission
wavelengths of the newly developed thermometers remained consistent, typically at around
496 nm and 512 nm, closely resembling the properties of the parent compound, ETG. This
alignment of excitation and emission spectra closely matches the standard filter sets of
fluorescence/confocal microscopes, such as FITC, Alexa dyes or GFP, a feature not previously
achieved by the yellow color-based MTY and ETY. Additionally, the absorption spectrum of
NTG displayed a secondary peak at 353nm, attributable to the presence of the Hoechst motif.
The quantum yields of TGs exhibited only slight variations, falling within the range of 1.28%
to 1.74%. Overall, TGs demonstrated highly similar photophysical properties with relatively

low quantum yields.
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7.1.2 Accuracy

The accuracy of this method depends on several factors, including the choice of
fluorescent indicators, calibration procedures, and the precision of fluorescence measurements.
With proper calibration and controls, fluorescence intensity-based thermometry can achieve
high accuracy in temperature measurements. However, it's important to note that accurate
measurements may be influenced by factors like photobleaching, phototoxicity, and probe-
specific variations. Therefore, rigorous experimental design and data analysis are crucial for
the accurate measurement of the organelle temperature. Firstly, the organelle-specificity of the
newly developed TGs was confirmed, demonstrating that each of these “molecular
thermometers” are accurately localized within the intended organelles. Additionally, it was

observed that all the TGs had minimal cytotoxic effects on cells.

7.1.3 Characterization of the dye

An investigation into the fluorescence lifetimes of TGs within each organelle under
basal conditions (AT = 0) was conducted (Liu et al. 2022). The results indicated differences in
fluorescence lifetimes between PTG and DTG. This discrepancy can be attributed to the
differing rigidity of the plasma membrane compared to lipid droplets, with PTG existing in a
planar molecular rotor form, leading to a longer fluorescence lifetime. In contrast, DTG tends
to adopt a butterfly-like structure within the more fluidic environment of lipid droplets,
resulting in a shorter lifetime. It's worth noting that intracellular membranes (e.g., ER, Golgi,
mitochondria, and lysosome) were found to be more flexible than plasma membranes. Given
that TGs likely associated with organelle membranes due to their hydrophobic nature, this
supports the observation that the fluorescence lifetimes of LTG, ETG, MTG, and GTG were

shorter than PTG under basal conditions. Unlike the other thermometers, NTG does not bind
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to the membrane but rather adheres to condensed DNA via the Hoechst motif. This interaction

restricts the free motion of the rotor, promoting a planar structure with an extended lifetime.

7.1.4 Applications and uses

All these dyes offer great tools for the accurate measurement of temperature variation
in subcellular organelle and can estimate the exact % changes (in fold change) per degree
change in the temperature. The accuracy will always be dependent upon the sensitivity of the
dye, which is reported to exhibit high sensitivity to intracellular temperature. Like for example,
the sensitivity for PTG is 125 ps/°C, followed by NTG 74 ps/°C and MTG 60 ps/°C (Yamazaki
et al. 2023).
So, by looking at the accuracy and sensitivity of the organelle-specific thermo dye, some of the
dyes have been used for the measurement of the thermal status at different cellular conditions.

The thermo dyes used here for the study are PTG, LTG, NTG and MTG, respectively.

7.1.5 LTG calibration

The LTG (Lyso-thermo green) dye has been used to measure the lysosomal temperature
in the cellular system (Liu et al. 2022). The LTG dye was calibrated for the determination of
fluorescent intensity changes per °C change. For that, the peak intensity was converted to a
relative percentage scale, and 5°C-50°C temperature range was considered. Temperature-
dependent fluorescence spectra were collected using Edinburgh spectrofluorometer FLS 1000,
using a quartz cuvette of 10 mm optical path length. Appropriate baseline correction was
carried out with their respective blank solvents. A Quantum North West (TC 125) temperature
controller was used to maintain the temperature by circulating water through the cell holder.
All the samples were excited at 480 nm to collect the corrected fluorescence emission spectra.

The average percentage change per degree temperature was around~1.73%.
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Temperature (In °C) Intensity Relative % | Fold
(AU.) change/°C

35 13628.36 | 100 -

36 13030.75 | 95.61501 1.60646
37 12811.82 | 94.00855 1.56207
38 12598.94 | 92.44648 2.45208
39 12264.76 | 89.9944 1.58912
40 12048.19 | 88.40528 1.67152
41 11820.38 | 86.73376 2.0361
42 11542.9 84.69766 1.78027
43 11300.28 | 82.91739 0.45158
44 11238.73 | 82.46581 2.50629
45 10897.17 | 79.95952 -

Table 6 Relative changes in the intensity (in fold change) per °C change in temperature.
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Annexure 2

7.2 Bacterial construct generation
7.2.1 pRsetB pH red pH sensor

DNA construct from Addgene transformed into competent cells (Escherichia coli,
DE3-BL21) and transformed bacteria plated in Amphicillin plate. The colony obtained was
picked and cultured with Ampicillin in a 4ml LB broth media. The culture was grown up to
OD (optical density) around 0.4-0.8 and then IPTG was added for induction for at least 4 hours.
Then, the culture was pellet down at RPM 13000 for 2 minutes. The pellet was resuspended
with PBS and spread in a glass slide to test the fluorescence of pH red bacteria. For the bulk
production, a single colony was picked from the plate and grown for overnight in 5ml LB
culture medium with antibiotics. In the morning the culture was grown in the 50 ml 2XYT LB
medium (Tryptone 5gm, Yeast extract 3gm, NaCl 1.25gm in 250ml 2XYT media). From 5ml
culture 100ul primary culture was taken and mixed with 50ml 2XYT medium till the OD
reached 0.8. Subsequently, the culture was grown for at least 4 hours, pellet down, and

proceeded for cell fixation.

7.2.2 pH calibration of bacterial pH-sensor

For calibration of the pH red bacteria, pH buffer was made to check the efficiency. The
pH buffer used is acetate buffer with different pH ranging from pH 3.6-5.6. The solution for
making this buffer was 0.1M acetic acid and 0.1M sodium acetate. For 100ml acetic acid of
0.1M, 572.4098pl glacial acetic acid was used, and for 100ml 0.1M sodium acetate solution,
820 milligrams were used from the main stock. The pH buffer that has been prepared ranges
from 3.6, 4.0, 4.4, 4.8, 5.2, 5.6, 6 and 7. The mildly-chemically fixed bacteria were then

subjected to resuspend with different pH buffers for calibration. The image was taken at
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different pH buffers, which were then quantified using Fiji software, and a standard curve was

plotted based on the quantified data.

7.2.3 Induction of and storage of bacterial sensor

After induction with IPTG for 4 hours, the culture medium was pellet down and
proceeded for fixation and storage. First, the solution was mildly fixed with glutaraldehyde
(0.1% for 30 minutes). Then, the bacterial suspension with glutaraldehyde (0.1%) solutions
was kept for at least 30 minutes and pellet down to proceed with washing in 1X PBS (3 times).
Then, the pellet is stored in sodium azide solution (ImM) for long-term storage at 4°C. The
same procedure has been followed for the fixation and storage of pGP-CMV-GCaMP6f
bacteria. The glutaraldehyde fixation is perfect for fixation of the bacteria, then methanol:

acetone (1:1) fixation.
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Annexure 3

7.3 TRPV3 role in regulations of ChiKV infection

In the context of Chikungunya Virus (ChikV) infection, the role of TRPV3 have been
studied and its impact on the antiviral responses in the cells has been investigated. It has been
found that when TRPV3 is inhibited, there is a significant reduction in its expression, and the
intensity of the E2 protein, a key component of ChikV, increases (Fig 99a). This leads to a
higher number of viral particles in case of TRPV3 inhibition compared to its activation, as
measured through a plaque assay (Fig 99c).

The relationship between E2 and TRPV3 was examined, and it was observed that the
correlation between these two proteins is stronger in the presence of ChikV infection and even
stronger when TRPV3 is inhibited. When TRPV3 is activated, the correlation is not as
significant. The correlation between E2 and TRPV3 is more correlated in only ChikV infection
(r =5270) and ChikV infection with TRPV3 inhibitions (r = 0.5944). The correlation between
E2 protein and TRPV3 protein is correlated (r = 0.5944) in case of TRPV3 inhibition. TRPV3

activation shows a non-significant correlation (r = 0.1011) (Fig 99d-f).
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Fig 98. The early time point localization of E2 proteins with TRPV3. The figure shows early time point
localization of viral proteins (E2, red) along with TRPV3 (green). Scale bar 5pm.

The early time points of viral infection have been studied, which is from 15 minutes to
2 hours, to investigate the localization of E2 protein along with TRPV3. It has been observed
that the colocalization of E2 along with TRPV3 is more inside the cells and become time-
dependent. Thus, the colocalization is more at 2 hours. The viral particle (E2) was found more
inside the cells at 2 hours than in the periphery as compared to early time points, i.e. at 15

minutes or at 30 minutes (Fig 98).
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Fig 99. TRPV3 modulations affect ChikV infection. a. The graph shows the E2 protein intensity (in AU.) in
TRPV3 modulated conditions along with viral infections. The condition includes TRPV3 activation by FPP(1um)
and inhibition by DPTHF (100um) along with ChikV infections. b. The graph shows the TRPV3 intensity (in
AU.) in TRPV3 modulations conditions along with viral infections. c. The graph shows viral titer upon TRPV3
modulations. It shows the significant increase in titer (PFU/mI) in TRPV3 inhibition condition. d-e. The graph
shows correlation between TRPV3 and E2 protein in different conditions The correlation become more in case of
TRPV3 inhibition with ChikV infections (r = 0.5944). Unpaired t-test, ** = p <0.01, *** = p <0.001, **** =p
<0.0001 and ns = non-significant).

In addition, the intracellular Ca?*-levels have been observed in the cells during TRPV3
modulation and ChikV infection. It has been observed that TRPV3 activation led to an influx
of Ca* when ChikV was administered, and TRPV3 inhibition resulted in an undetectable Ca?*-
efflux (Shown in the discussion section).

Overall, these findings highlight the complex relationship between TRPV3 and ChikV
infection dynamics, suggesting that TRPV3 modulation could be a potential target for
therapeutic strategies against ChikV and other viral infections.
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Annexure 4

7.4. Table 7. TRPV3 sequence of difference species

Species

Accession
no.

TRPV3 Sequence

>Human

ACAS81614.1

MKAHPKEMVPLMGKRVAAPSGNPAVLPEKRPAEITPTKKSAHFFLEIEGFEPNPTVAKTSPPVFSKPMD
SNIRQCISGNCDDMDSPQSPQDDVTETPSNPNSPSAQLAKEEQRRKKGRLKKRIFAAVSEGCVEELVEL
LVELQELCRRRHDEDVPDFLMHKITASDTGKTCLMKALLNINPNTKEIVRILLAFAEENDILGRFINAE
YTEEAYEGQTALNIAIERRQGDIAALLIAAGADVNAHAREAFFNPKYQHEGFYFGETPLALAACTNQP
EIVQLLMEHEQTDITSRDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGNWELETTRNNDGL
TPLQLAAKMGKAEILKYILSREIKEKRILRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEITVYNT
NIDNRHEMLTLEPLHTLLHMKWKKFAKHMFFLSFCFYFFYNITLTLVSY YRPREEEAIPHPLALTHKMG
WLQLLGRMFVLIWAMCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFIQAVLVILSVFLYLFAYKEYLAC
LVLAMALGWANMLY YTRGFQSMGMY SVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCPKDNK
DCSSYGSFSDAVLELFKITIGLGDLNIQQNSKYPILFLFLLITYVILTFVLLLNMLIALMGETVENVSKES
ERIWRLQRARTILEFEKMIPEWLRSRFRMGELCKVAEDDFRLCLRINEVKWTEWKTHVSFLNEDPGP
VRRTADFNKIQDSSRNDSKTTLNAFEEVEEFPETSV

>Mouse

NP_659567.2

MNAHSKEMAPLMGKRTTAPGGNPVVLTEKRPADLTPTKKSAHFFLEIEGFEPNPTVTKTSPPIFSKPMD
SNIRQCLSGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRQKKKRLKKRIFAAVSEGCVEELRE
LLQDLQDLCRRRRGLDVPDFLMHKITASDTGKTCLMKALLNINPNTKEIVRILLAFAEENDILDRFINA
EYTEEAYEGQTALNIAIERRQGDITAVLIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQ
PEIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGNWELETMRNNDG
LTPLQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNT
NIDNRHEMLTLEPLHTLLHTKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREDEDLPHPLALTHKMS
WLQLLGRMFVLIWATCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKEYLAC
LVLAMALGWANMLY YTRGFQSMGMY SVMIQKVILHDVLKFLFVYILFLLGFGVALASLIEKCSKDKK
DCSSYGSFSDAVLELFKILTIGLGDLNIQONSTYPILFLFLLITY VILTFVLLLNMLIALMGETVENVSKES
ERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVADEDFRLCLRINEVKWTEWKTHVSFLNEDPGPI
RRTADLNKIQDSSRSNSKTTLYAFDELDEFPETSV

>Pygmy
Chimpan
zee

XP_00896084
3.1

MKAHPKEMVPLMGKRVAAPSGNPAVLPEKRPAEITPTKKSAHFFLEIEGFEPNPTVAKTSPPVFSKPMD
SNIRQCISGNCDDMDSPQSPQDDVTETPSNPNSPSAHLAKEEQRRKKRRLKKRIFAAVSEGCVEELVEL
LVELQELCRRRHDEDVPDFLMHKVTASDTGKTCLMKALLNINPNTKEIVRILLAFAEENDILGRFINAE
YTEEAYEGQTALNIAIERRQGDIAAVLIAAGADVNAHAKGAFFNPKYQHEGFYFGETPLALAACTNQP
EIVQLLMEHEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGNWELETTRNNDGL
TPLQLAAKMGKAEILKYILSREIKEKRLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTENSVLEITVYNT
NIDNRHEMLTLEPLHTLLHMKWKKFAKHMFFLSFCFYFFYNITLTLVSY YRPREEEAVPHPLALTHKM
GWLQLLGRMFVLIWAMCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKEYLA
CLVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCPKDN
KDCSSYGSFSDAVLELFKITIGLGDLNIQONSKYPILFLFLLITY VILTFVLLLNMLIALMGETVENVSKE
SERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEDDFRLCLRINEVKWTEWKTHVSFLNEDPGP
VRRTADFNKIQDSSRNNSKTTLNAFEEIEEFPETSV

>Rat

NP_00102092
8.2

MNAHSKEMVPLMGKRTTAPGGNPAVLTEKRPADLTPTKKSAHFFLEIEGFEPNPTVTKTSPPIFSKPMD
SNIRQCLSGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRQKKKRLKKCIFAAVSEGCVRELRE
LLQDLQELCRRRRGLDASDFLMHKLTASDTGKTCLMKALLNINPNTKEIVRILLAFAEENDILDRFINA
EYTEEAYEGQTALNIAIERRQGDITAVLIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQ
PEIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGNWELETMRNNDG
LTPLQLAAKMGKAEILKYILGREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNT
NIDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREDEALPHPLALTHKM
SWLQLLGRMFVLIWAMCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKEYLA
CLVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYILFLLGFGVALASLIEKCSKDK
KDCSSYGSFSDAVLELFKLTIGLGDLNIQONSTYPILFLFLLITYVILTFVLLLNMLIALMGETVENVSKE
SERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVADEDFRLCLRINEVKWTEWKTHVSFLNEDPGP
IRRTADSNKIQDSSRSNSKTTLYAFDELDEFPETSV

>Thirtee
n-Lined
Ground
Squirrel

XP_00533735
1.1

MHAHPKEMVPLVGRRTTGPSGNPVVLTEKRPAEVTPTKKSAHFFLEIEGFEPNPTVAKTSPPIFSKPMD
SNIRQCISGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRRKKKRLKKRIFAAVSEGCVEELVEL
LAELQELCKRRRGGMDVPDFLMHKLTASDTGKTCLMKALLNINPNTKEIVRILLAFAEENDILDRFIN
AEYTEEAYEGQTALNIAIERRQGDITAVLIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTN
QPEIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGTWELETTRNND
GLTPLQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEITVY
NTNIDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREVEALPHPLALTH
KMGWLQLLGRMFVLIWATCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFIQAMLVILSVFLYLFAYKEY
LACLVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCSE
DNKDCSSYGSFSDAVLELFKLTIGLGDLNIQQNSTYPILFLFLLITYVILTFVLLLNMLIALMGETVENVS
KESERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEGDFRLCLRINEVKWTEWKTHVSFLNED
PGPIKRTADINKMQDSSRNNSKTTLNAFDEMDEFPETSV

>Chicke
n

XP_00494673
2.1

MIKDNKEVVPLMGKKTNPPGAPPSNQQEKKPTESTPTKKSSHFFLEIEGFESNATPNNTSPPVFSKPMD
SNIRPCASANGEDMDSPQSLQDDVTEYSPNVDSCGANIAQGPEQTGARKKLKKYIFRAVSEGNVEELQ
GLLAELKERSNVCTNMTVPDYLMKKFTASDTGKTCLMKALLNINNNTNQIVNMLLSFAEENGILERFI
NAAYTEEAYRGQTALNIAIERRQFEITQTLIEKGADVNAHAQGIFFNPKHKHEGFYFGETALALAACTN
QPDIELLMDNTRTNIAAQDSRGNNILHALVTVAEDFKTQNDFVIRMYDMILLKSKDRNLEKVKNKEG
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LTPLQLAAKTGKLEVLKYILSREIRDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTADNSVLEIIVYNT
NIGNRHEMLTLEPLNSLLRMKWKRFARHMLFMSCCFYFLYNVTLTLVSYHRPNENEAPPYPLALTRG
VGWLQLSGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQAMLVIFSVFLYLSSYKEHL
VCLVLAMALGWANMLYFTRGFQSMGIYSVMIQKVILNDVIKFLVVYIVFLLGFGVALAALIETCQNGG
ECLSNSSLGPVLMDLFKLTLGLGDLEIQQNSKYPVLFLLLLITYVVLTFVLLLNMLIALMGETVEDISKE
SEHIWKLQRARTILEFEKFLPKSLRKKFQLGERCKVAENDTRVCLRINEVRWTEWKTHVSFINEDPGPT
DPSKVOQDNSRTNSKNTLNTFEETDDLPETSL

>Blind
Mole
Rat

XP_00885383
4.1

MNAHSKEMVPLIGRRATAPSGNPAVLTEKRAAELTPTKKSAHFFLEIEGFEPNPAVTKTSPPIFSKPMDS
NIRQCISGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRRKKKRILKKRIFAAVSEGCVEELVEAL
LELQELCKRRRGLDVPDFLMHKLTASDTGKTCLMKALLNINPSTKEIVRILLAFAEENDILDRFINAEY
TEEAYEGQTALNIAIERRQGDITALLIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQPEI
VQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSSNWELETMRNNDGLTP
LQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNTNID
NRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREEEALPHPLALTHKMGW
LQLLGRMFVLIWATCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKEYLACLV
LAMALGWANMLY YTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCSKDNKD
CSSYGSFSDAVLELFKLTIGLGDLNIQONSTYPILFLFLLITYVILTFVLLLNMLIALMGETVENVSKESE
RIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVADEDFRLCLRINEVKWTEWKTHVSFLNEDPGPIR
RTADLNKIQDSSRSNSKTTLNAFDELDEFPETSV

>Bactria
n Camel

XP_01094853
0.1

MNAHPKEMVPFMGRRATIASGSPAIMQEKRPADITPTKKSAHFFLEIEGFEPNPTVTKTSPPIFSKPMDS
NIRQCISGNCDDMDSPQSPQDDATETPSNPNSPSANLAKEERRRKKKRLKKRIFAAVSEGCVEELLELL
VELKELCRWRRESDVPDFLMHKITAMDTGKTCLMKALLNINPNTKEILRILLAFADENDILDRFINAE
YTEEAYEGQTALNIAIERRQGDITAALIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQP
EIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILRRGGNWELETMRNNDG
LTPLQLAAKMGKAEILKYILSREIKEKRLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNT
NIDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSY YRPREEEALPHPLALTHKM
GWLQLLGRMFVLIWAMCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFIQAVLVILSVFLYLFAYKEYLA
CLVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCPKDH
EDCSSYGSFSDAVLELFKLTIGLGDLNIQQNSKYPILFLFLLITY VILTFVLLLNMLIALMGETVEDVSKE
SERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEEDFRLCLRINEVKWTEWKTHVSFLNEDPGP
GRRTADFSKLQDSSRSNSKTTLNAFGEIDEFPETSV

>Prairie
Vole

XP_00534965
6.1

MSWAPAMNAHSKEMVPLMGRRTTAPSGNSVVLTEKRPADLTPTKKSAHFFLEIEGFEPNPTVTKTSLPI
FSKPMDSNIRQCMSGNCDDMDSPQSPQDDVTETPSNPNSPSVNLAKEEQRQKKKRLKKRIFAAVSEG
CVGELQELLQELEELCRRRRGLDVSDFLMHKITASDTGKTCLMKALLNINPNTKEIVRILLAFAEENGI
LGRFINAEYTEEAYEGQTALNIAIERRQGDITAVLIAAGADVNAHAKGIFFNPKNQHEGFYFGETPLAL
AACTNQPEIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGNWELET
MRNNDGLTPLQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSV
LEIIVYNTNIDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREDKDLPHP
LALTHKMSWLQLLGRMFVLIWATCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLF
AYKEYLACLVLAMALGWANMLYYTRGFQSMGMY SVMIQKVILHDVLKFLFVYILFLLGFGVALASLI
EKCSKDKKDCSSYGSFSDAVLELFKLTIGLGDLNIQQNSTYPILFLFLLITYVILTFVLLLNMLIALMGET
VENVSKESERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVADEDFRLCLRINEVKWTEWKTHVS
FLNEDPGPIRRTADVNKIQDSSRSNSKTTLYAFDELEEFPETSV

>Prairie
Deer
Mouse

XP_00699228
5.1

MNAHSKEMVPLMGRRTTAPSGNSVVLTEKRPADLTPTKKNAHFFLEIEGFDPNPTVTKTSPPIFSKPMD
SNIRQCHSGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRQKKKRLKKRIFTAVSEGCVEELWG
LLQELQELCKRRRGLDVSDFLMHKITASDTGKTCLMKALLNINPNTKEIVRILLAFAEENGILDRFINA
EYTEEAYEGQTALNIAIERRQGDITAVLIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQ
PEIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGNWELETMRNNDG
LTPLQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAY GPVSSSLYDLTNVDTTTDNSVLEIIVYNT
NIDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSY YRPRDDEDLPHPLALAHKM
SWLQLLGRMFVLIWATCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKVYLA
CLVLAMALGWANMLYYTRGFQSMGMY SVMIQKVILHDVLKFLFVYILFLLGFGVALASLIEKCAKDK
KDCSSYGSFSDAVLELFKLTIGLGDLNIQONSTYPILFLFLLITY VILTFVLLLNMLIALMGETVENVSKE
SERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVADEDFRLCLRINEVKWTEWKTHVSFLNEDPGP
IRRTADLSKIQDSSRCNSKTTLYAFDELDEFPETSV

>Golden
Hamster

XP_00506748
1.1

MNAHPKEMVPLMGRRTTAPSGNSVVLTEKRPADLTPTKKSAHFFLEIEGFEPNPTVTKTSPPIFSKPMD
SNIRQCISGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRQKKKRLKKRIFAAVSEGCVGELRD
LLQELQELCKRRRGLDVPDFLMHKITASDTGKTCLMKALLNINPNTKEIVRTLLAFAEENDILDRFINA
EYTEEAYEGQTALNIAIERRQGDITAVLIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQ
PEIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGNWELETMRNNDG
LTPLQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAY GPVSSSLYDLTNVDTTTDNSVLEIIVYNT
NIDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSY YRPREDEALPHPLALTHKM
SWLQLLGRMFVLIWATCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKEYLAC
LVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYILFLLGFGVALASLIEKCSKDKK
DCSSYGSFSDAVLELFKLTIGLGDLNIQQNSTYPILFLFLLITYVILTFVLLLNMLIALMGETVENVSKES
ERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVADEDFRLCLRINEVKWTEWKTHVSFLNEDPGPI
RRTADLNKIQDSSRSNSKTTLYAFDELDEFPETSV

>Lesser
Egyptian
Jerboa

XP_00467244
2.1

MNAHPKEMVPLMGRRTTAPSGNSVVLTEKRPAELTPTKKSAHFFLEIEGFEPNPTVTKTSPPIFSKPMD
SNIRQCISGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRQKKKHLKKYIFMAVSEGCVEELME
LLLELQELCSRRRGLDVPDFLMHKITASDTGKTCLMKALLNINPSTKEIVRILLAFAEENGILDRFINAE
YTEEAYEGQTALNIAIERRQGDITALLIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQP
EIVQLLMENDQTDITSQDSRGNNILHALVTVAEDFRTQNDFVKHMYDMILLRSGNWELETMRNNDGL
TPLQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTNVDTMTDNSVLEIIVYNT
NIDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSY YRPREEEALPHPLALTHKM
GWLQLLGRMFVLIWATCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKEYLA
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CLVLAMALGWGNMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYILFLLGFGVALASLIEKCSKDK
KDCSSYGSFSDAVLELFKLTIGLGDLNIQONSTYPILFLFLLITY VILTFVLLLNMLIALMGETVENVSKE
SERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEGDFRLCLRINEVKWTEWKTHVSFLNEDPGP
IRRTADFNKIQDSSRSNSKTTLNAFDEIDEFPETSV

>Degu

XP_00463833
7.1

MNAHPREMVPLMGRKANISSGNPAVLTEKRPAEVTPTKKSAHFFLEIEGFEPNPTVAKTSPPVFSKPMD
SNIRQCISGNCDDMDSPQSPQDDVTETPSNPNSPSANQAKEEQRRKKKRLKKRIFTAVSEGFVEELVEL
LVELQELCKRRRGLDVSDFLMHKITASDTGKTCLMKALLNINPNTKEIVHILLTFADENDILDQFVNAE
YTEEAYEGQTALNIAIERRQGDIAAVLIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQP
EIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFRTQNDFVKHMYDMILLRSGNWELETMRNNDGL
TPLQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNTN
IDNRHEMLTLEPLHTLLHMKWKKFAKYMFYLSFCFYFFYNITLTLVSYYRPREPEDLPHPLALSHNMG
WLQLLGRMFVLIWATCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFIQAVLVILSVFLYLFAYKEYLAFL
VLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCSDDNK
DCSSYGSFSDAVLELFKLTIGLGDLKIQQNSTYPILFLFLLITY VILTFVLLLNMLIALMGETVENVSKES
ERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEDDFRLCLRINEVKWTEWKTHVSFLNEDPGPI
RRTVDFNKIQDSSRSNSKTTLNAFEEIDEFPETSV

>Naked
Mole-
Rat

XP_00485726
6.1

MNAHPKEMVPLMGRKVNVASGNPAVLTEKRPAEVTPTKKSAHFFLEIEGFEPNPTITKTSPPIFSKPMD
SNIRQCLSGNCEDMDSPQSPQDDVTETPSNPNSPSANQAKEEQRRKKKRLKKCIFTAVSEGCVEELVEL
LVELQELCKRRCGLDVSDFLMHKITASDTGKTCLMKALLNINPNTKEIVRILLTFADENDILDQFINAE
YTEEAYEGQTALNIAIERRQGDIAAVLIAAGADVNAHAKGVFFNPKSQHEGFYFGETPLALAACTNQP
EIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGNWELETMRNNDGL
TPLQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNTN
IDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSY YRPREKEDLPHPLALSHKMG
WLQLLGRMFVLIWATCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFIQAVLVILSVFLYLFAYKEYLACL
VLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCSDDSED
CSSYGSFSDAVLELFKLTIGLGDLKIQQNSTYPILFLFLLITYVILTFVLLLNMLIALMGETVENVSKESE
RIWRLQRARTILEFEKMLPECLRSRFRMGELCKVAEDDFRLCLRINEVKWTEWKTHVSFLNEDPGPIR
RTVDENKIQDSSRSNSKTTLNAFEEIDEFPETSV

>Aardva
rk

XP_00793566
5.1

MNTHPKEMVPLMGRRVTAPSGNPAVLQEKRPTELTPTKKSAHFFLEIEGFEPNPTVAKTSPPIFSKPMDS
NIRQCISGNCDDMDSPQSGQDDVTETPSNPNSPSANLAKEEHRRNKKRLKKRIFTAVSEGCVEELVELL
VELQELCRRRRGLDVPDFLMHKITASDTGKTCLMKALLNINPNTKEIVRILLTFAEENDILDRFINAEY
TEEAYEGQTALNIAIERRQGDITAALIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQPE
IVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKHMYDMILLRSRNWELETMCNNDGLN
PLQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTDVDTMTDNSVLEIIVYNTNI
DNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREEEALPHPLALTHKMG
WLQLLGRMFVLIWAMCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFIQAVLVILSVFLYLFAYKEYLAC
LVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCAPDSS
NCSSYGSFGDAVLELFKLTIGLGDLNIQQNSKYPVLFLFLLITYVILTFVLLLNMLIALMGETVENISKES
ERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEEDFRLCLRINEVKWTEWKTHVSFLNEDPGP
VRRTADENKIQNSSRSNSKTTLNAFDEIDEFPETSV

>Cape
Golden
Mole

XP_00686332
4.1

MNAHPKEMVPLMGRRAVAPSGNPAILQEKRPTELTPTKKSAHFFLEIEGFEPNPTVNKTSPPVFSKPMD
SNIRQCISGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRRNKKRLKKRIFAAVSEGCVEELVEL
LMELQELSRRRRRGLDGPDFLMHKITASDTGKTCLMKALLNINSNTKEIVRILLTFAEENGILTRFINAE
YTEEAYEGQTALNIAIERRQGDITAALIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQP
EIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSRNWDLETMCNNEGL
NPLQLAAKMGKAEVLKYILSREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTDVDTTTDNSVLEIIVYNT
NIDNRHEMLTLEPLHTLLRMKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREEEALPHPLALTHKM
GWLQLLGRMFVLIWAMCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFIQAVLVILSVFLYLFAYKEYLA
CLVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCSKEN
NDCSSYGSFSDAVLELFKLTIGLGDLNIQQNSKYPILFLFLLITY VILTFVLLLNMLIALMGETVENISKE
SERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEDDFRLCLRINEVKWTEWKTHVSFLTEDPGP
VKRTADLNKIQNVSRSNSKTTLNAFDEIDEFPETSV

>Cape
Elephant
Shrew

XP_00689980
6.1

MNTQSKETVPLMGRRAAAPSGNPAIMQEKRPTELTPTKKSAHFFLEIEGFEPNPIVAKTSPPIFSKPMDS
NIRQCISGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRRNKKRLKKRIFAAVSEGCVEELVELL
LELQELCRRRRGLDVPDFLMHKITASDTGKTCLMKALLNINPNTKEIVRILLAFAEENDILDRFINAEY
TEEAYEGQTALNIAIERRQGDITAALIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQPE
IVQLLMENEQTDIMSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSRNWELETMCNNDGL
NPLQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTNVDTVTDNSVLEIIVYNT
NIDNRHEMLTLEPLHTLLRMKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREEEALPHPLALTHNLA
WLQLLGRMFVLIWATCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFIQAVLVILSVFLYLFAYKEYLACL
VLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCPKDSNE
CSSYGSFGDAVLELFKLTIGLGDLNIQQNSKYPILFLFLLITY VILTFVLLLNMLIALMGETVENISKESE
RIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEEDFRLCLRINEVKWTEWKTHVSFLTEDPGPVR
RTADISKIQNSSRSNSKTTLNAFDEIDDFPETSV

>Platypu
s

XP_00150871
22

MNKTQKELIPLMGKKTNPPSSASAGLLEKKPSEVTPTKKSSHFFLEIEGFEPNPAVSKPSPPIFSKPMDS
NIRQCISGNCEDMDSPQSPQDDITETPSNPNSPCVNLAREQNRNKKKIKKCIFAAVSEGNVEELNSLLV
ELKELSKRRRNMDIQDYLMHKFTASDTGKTCLMKALLNINPNTKEIVRHLLSFAEENGILERFINAEYT
EEAYKGQTALNIAIERRQCEITETLIEKGADVNVQAKGLFFNPKYKHEGFYFGETPLALAACTNQPEIV
QMLMDNNKTDIASQDSRGNTILHALVTVAEDFKTQNDFVKQMYDRILLRSKNMALETMQNNDGLTP
LQLAAKMGKSEILKYILSREIKEKPKRSLSRKFTDWAYGPVSSSLYDLTKVDTTTDNSVLEIIVYNTNID
NRHEMLTLEPLHTLLRMKWKKFAKYMFFMSFCLYFFYNITLTLVSY YRPREEEALPHPLALTHKMGW
LQLLGRMFVMIWATCITVKEGIAIFLLRPSDLQSILSDAWFHFAFFIQAVLVILSVFLYLFAYKEYLACLV
LAMALGWANMLY YTRGFQSMGMY SVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCPQNDSEC
SSYGSFSDAVLELFKLTIGLGDLDIQONSKYPILFLFLLITYVILTFVLLLNMLIALMGETVENISKESERI
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WRLQRARTILEFEKLLPEWLRSKFRLGELCKVADNDFRLCLRINEVKWTEWKTHVSFISEDPGPGRHS
GTFGFNKIQDVSRSNSKTTLNAFDEIEDFPETSV

>Norther
n Fulmar

XP_00957796
4.1

MIKDNNEIIPLMGKKTNPSGIPPSNQQEKKPTESTPTKKSSHFFLEIDGFESNATPNNTSPPVFSKPMDSN
IRPCASGNGEDMDSPQSLQDDATEYSPNVDSCCANISQGPEQTSARKKLKRYIFRAVSEGNIEELQCLL
AELKERSNACTNMTVPDYLMKKFTASDTGKTCLMKALLNINQNTNEIVNTLLSFAEENGIMERLINA
AYTEEAYKGQTALNIAIERRQYEITQSLIEKGADVNAYAQGIFFNPKHKHEGFYFGETALALAACTNQP
DIHQLLMDNTRTNITSQDSRGNNILHALVTVAEDFKTQNDFVIRMYDMILLKSKDRNLEKTKNKEGLTP
LQLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTTDNSVLEIIVYNTNIG
NRHEMLTLEPLNSLLRMKWKKFARHMFFMSCCFYFLYNVTLTLVSYHRPNENEAPPYPLALTRGVGW
LQLSGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHLVCLV
LAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCQDGSECHS
NSSLGPVLMDLFKLTLGLGDLEIQONSKYPVLFLLLLITYVVLTFVLLLNMLIALMGETVEDISKESEHI
WKLQRARTILEFEKFLPKCLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTDPS
KVODNSRTNSKNTLNTFEEMDDLPETSV

>Adelie
Penguin

XP_00932690
5.1

MIKDNNEIIPLMGKKTNPSGIPPSNQQEKKPTESTPTKKSSHFFLEIDGFESNATPNNTSPPVFSKPMDSN
IRPCASGNGEDMDSPQSLQDDATEYSPNVDSCCANLSQGPEQTSARKKILKRYIFRAVSEGNVEELQCL
LAELKERSNACTNMTVPDYLMKKFTASDTGKTCLMKALLNINQNTNEIVNMLLSFAEENGILERFINA
AYTEEAYKGQTALNIAIERRQYEVTQSLIEKGADVNAHAQGIFFNPKHKHEGFYFGETALALAACTNQ
PDIIQLLMDNTRTNITSQDSRGNNILHALVTVAEDFKTQNDFVIRMYDMILLKSKDRNLETTKNKEGLT
PLQLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTADNSVLEIIVYNTNI
GNRHEMLTLEPLNSLLRMKWKKFARHMFFMSCCEFYFIYNVTLTLVSYHRPNENEAPPYPLALTHGVG
WLQLSGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVILYLFSYKEHLVCL
VLAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCQDGGECH
SNSSLGPVLMDLFKLTLGLGDLEIQONSKYPVLFLLLLITYVVLTFVLLLNMLIALMGETVEDISKESEH
IWKLQRARTILEFEKFLPKCLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTDP
SKVQDNSRTNSKNTLNTFEEMDDLPETSV

>Emper
or
Penguin

XP_00927646
1.1

MIKDNNEIIPLMGKKTNPSGIPPSNQQEKKPTESTPTKKSSHFFLEIDGFESNATPNNTSPPVFSKPMDSN
IRPCASGNGEDMDSPQSLQDDATEYSPNVDSCCANLSQGPEQTSARKKLKRYIFRAVSEGNVEELQCL
LAELKERSNACTNMTVPDYLMKKFTASDTGKTCLMKALLNINQNTNEIVNMLLSFAEENGILERFINA
AYTEEAYKGQTALNIAIERRQYEVTQSLIEKGADVNAHAQGIFFNPKHKHEGFYFGETALALAACTNQ
PDIIQLLMDNTRTNITFQDSRGNNILHALVTVAEDFKTQNDFVIRMYDMILLKSKDRNLETTKNKEGLT
PLQLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTADNSVLEIIVYNTNI
GNRHEMLTLEPLNSLLRMKWKKFARHMFFMSCCFYFVYNVTLTLVSYHRPNENEAPPYPLALTHGVG
WLQLSGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHLVCL
VLAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCQDGGECH
SNSSLGPVLMDLFKLTLGLGDLEIQQNSKYPVLFLLLLITYVVLTFVLLLNMLIALMGETVEDISKESEH
IWKLQRARTILEFEKFLPKCLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTDP
SKVQDNSRTNSKNTLNTFEEMDDLPETSV

>QGreat
Cormora
nt

XP_00950182
7.1

MIKDNNEIIPLMGKKTNPSGIPPSNQQEKKPTESTPTKKSSHFFLEIDGFESNATPNNTSPPVFSKPMDSN
IRPCASGNGEDMDSPQSLQDDATEY SPNVDSCCANISQGPEQTSARKKLKKYIFWAVSEGNIEELQCLL
AELKERSNACTNMTVPDYLMKKFTAVDTGKTCLMKALLNINENTKEIVNALLSFAEENGILERFINAA
YTEEAYKGQTALNIAIERRQYEITQSLIEKGADVNAHAQGIFFNPKHKHEGFYFGETALALAACTNQP
DIHQLLMDNTRTNITSQDSRGNNILHALVTVAEDFKTQNDFVIRMYDMILLKSKDRNLEKTKNKEGLTP
LQLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAY GPVQSSLYDLTELDTTADNSVLEIIVYNTNIG
VRSDMKCLEPLNSLLRMKWKKFARHMFFMSCCFYFLYNITLTLVSYHRPNEKEAPPYPLALTRGVGW
LQLLGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHLVCLV
LAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCQDGSECHS
NSSLGPVLMDLFKLTLGLGDLEIQQNSKYPVLFLLLLITYVVLTFVLLLNMLIALMGETVEDISKESEHI
WKLQRARTILEFEKFLPKCLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTDPS
KVQDNSRTNSKITLNTFEEMDDLPETSV

>Little
Egret

XP_00963224
6.1

MIKDNNEIIPLMGKKSNPSGIPPSNQQEKKTTEGTPTKKSSHFFLEIDGFESNTTSNNTSPPVFSKPMDS
NIRPCASGNGEDMDSPQSLQDDATEY SPNVDSCCANISQGPEQTSGRKKLKRYIFRAVSEGNIEELQCL
LAELKERSNACTNMTVPDYLMKKFTASDTGKTCLMKALLNISQNTNEIVNTLLSFAEENGILERFINA
AYTEEAYKGQTALNIAIERRQYEITQSLIEKGADVNAHAQGIFFNPKHKHEGFYFGETALALAACTNQP
DIQLLMDNTRTNISSQDSRGNNILHALVTVAEDLKTQNDFVIRMYDMILLKSKDRYLETTRNKEGLTP
LQLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAY GPVQSSLYDLTELDTTADNSVLEIIVYNTNIG
NRHEMITLEPLNSLLRMKWKKFARHMFFMSCCFYFLYNITLTLVSYHRPNENEAPPYPLALTRGVGW
LQLSGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHLVCLV
LAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALTETCPGGSECHS
NSRLGPVLMDLFKITLGLGDLEIQONSKYPVLFLLLLITYVVLTFVLLLNMLIALMGETVEDISKESEHI
WKLQRARTILEFEKFLPKRLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTDPS
KVQDNSRTNSKNTLNTFEETDDLPETSV

>Dalmat
ian
Pelican

XP_00947790
3.1

MIKDNNEIPLMGKKTNPSGIPPSNQQEKKPTESTPTKKSSHFFLEIDGFESNVTPNNTSPPVFSKPMDS
NIRPCASGNGEDMDSPQSLQDDATEY SPNVDSCCANISQGPEQTSARKKLKRYIFRAVSEGNIEELQCL
LAELKERSNACTNMTVPDYLMKKFTASDTGKTCLMKALLNINQNTNEIVNTLLSFAEENGILERFINA
AYTEEAYKGQTALNIAIERRQYEITQSLIEKGADVNAHAQGIFFNPKHKHEGFYFGETALALAACTNQP
DIHQLLMDNTRTNITSQDSRGNNILHALVTVAEDFKTQNDFVIRMYDMILLKSKDRNLETTKNKEGLTP
LQLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAY GPVQSSLYDLTELDTTADNSVLEIIVYNTNIG
NRHEMITLEPLNSLLRMKWKKFARHMFFMSCCFYFLYNITLTLVSYHRPNENEAPPYPLALTRGVGW
LQLLGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHLVCLV
LAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCQGGSECHS
NSSLGPVLMDLFKILTLGLGDLEIQONSKYPVLFLLLLITFVVLTFVLLLNMLIALMGETVEDISKESEHI
WKLQRARTILEFEKFLPKCLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTDPS
KVOQDNSRTNSKNTLNMFEETDDLPETSV
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>Crested
Ibis

XP_00946280
3.1

MIKDSNEINIPLMGKKTNPSGIPPSNQQEKKPTESTPTKKSSHFFLEIDGFESNTTPNNTSPPVFSKPMDSN
IRPCASGNGEDMDSPQSLQDDATEY SPNIDSCCANISQGPEQTSARKKLKRYIFRAVSEGNIEELQCLLA
ELKERSNACTNMTVPDYLMKKFTASDTGKTCLMKALLNINQNTNEIVNTLLSFAEENGILERFINAAY
TEEAYKGQTALNIAIERRQYEITENLIEKGADVNAQAKGIFFNPKHKHEGFYFGETALALAACTNQPDI
IQLLMDNTRTNITSQDSRGNNILHALVTVAEDFKTQNDFVIRMYDMILLKSKDRNLETTKNKEGLTPL
QLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTADNSVLEIIVYNTNIGN
RHEMLTLEPLNSLLRMKWKKFARHMFFMSCCFYFLYNITLTLVSYHRPNENEAPPYPLALTRGVGWL
QLSGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHLVCLVL
AMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCQDGSECHSN
SSLGPVLMDLFKLTLGLGDLEIQQONSKYPVLFLLLLITFVVLTFVLLLNMLIALMGETVEDISKESEHIW
KLQRARTILEFEKFLPKCLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTDPSK
VQDNSRTNSKTTLNTFEEMDDLPETSV

>Golden

Collared
Manakin

XP_00892872
4.1

MIKDNNEVVPLMGKKTNPSGIPPSNQQEKKVTESTPTKKSSHFFLEIDGFESNATPNNTSPPVFSKPMD
SNIRPCASGNGEDMDSPQSLQDDATEYSPNVDSCCANISQGPEQTSARKKLKRFLFRAVSEGNVEELQ
CLLGELKERSRACTNMTVPDYLMKKFTASDTGKTCLMKALLNINENTNEIVNMLLSFAEENGILERFI
NAAYTEEAYKGQTALNIAIERRQYEITQSLIEKGADVNAHAQGIFFNPKHKHEGFYFGETALALAACT
NQPDIIQLLMDNARTNISSQDSRGNNILHALVTVAEDSKTQNDFVIRMYDMILLKSKDKNLETTKNKE
GLTPLQLAAKTGKLEILKYILSREIREKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTADNSVLEIIVYN
TNIGNRHEMLTLEPLNSLLRMKWKKFARHMFFMSCCFYFLYNVTLTLVSYHRPNENKAPPYPLALTR
GVGGLQLSGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHL
VCLVLAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCHEGG
ECHSNSSLGPVLMDLFKITLGLGDLEIQQNSKYPVLFLLLLITFVVLTFVLLLNMLIALMGETVEDISKE
SEHIWKLQRARTILEFEKFLPKCLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGP
TDPSKIQDNSRTNSKNTLNTFEEMDDLPETAV

>Downy
Woodpe
cker

XP_00990156
2.1

MIKDNNEIIPLMGKKTNPSGIPPSNQPEKKSTESTPTKKSSHFFLEIEGFESNATPNNTSPPVFSKPMDSN
IRPCASGNGEDMDSPQSLQDDATEYSPNADTCGANISQGPEQTRARKKLKRDLFRAVSEGNPEELQRL
LGELRERSSACTSATVPDYLMKKFTASDTGKTCLMKALLNINQNTHEIVNMLLSFAEENGILERFINAA
YTEEAYKGQTALNIAIERRQYEITQSLIEKGADVNAYAQGVFFNPKHKHEGFYFGETALALAACTNQP
DILQLLMDNTRTNITSQDSRGNNILHALVTVAEDFKTQNDFVIRMYDMILLKSKDRNLETTKNKAGLT
PLQLAAKTGKLEILKYILSREIRDKANRSLSRKFTDWAYGPVQSSLYDLTDLDTTSDNSVLEIIVYNTNI
GNRHEMLTLEPLNSLLRMKWKKFARHMFFISCCFYFLYNVTLTLVSYHRPNENEAPPYPLALTRGVG
WLQLCGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQAMLVIFSVFLYLFSYKEHLVC
LVLAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIDTCQDGSDC
HSNSSLGPVLMDLFKILTLGLGDLEIQONSKYPVLFLLLLITYVVLTFVLLLNMLIALMGETVEDISKESE
HIWKLQRARTILEFEKFLPKCLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTD
PSKVQDNSRTNSKNTLNTFEEMDDLPETSV

>Comm
on
Cuckoo

XP_00955678
1.1

MIKDNNDIPLMGKKTNPSGTPPSNQQEKKPTESTPTKKSSHFFLEIDGFESNASPNNTSPPVFSKPMDS
NIRPCASGNGEDMDSPQSLQDDATEYSPNVDSCCANISQGAEQTSARKKLKKYIFRAVSEGNIEELQCL
LAELKERSNACRNMTVPDYLMKKFTAVDTGKTCLMKALLNINENTNEIVNTLLSFAEENGILERFINA
AYTEEAYKGQTALNIAIERRQYEITQSLIEKGADVNAHAQGVFFNPKHKHEGFYFGETALALAACTNQ
PDIQLLMDNARTNISSQDSRGNNILHALVTVAENLKTQNDFVIRMYDMILLKSKDRNLETTRNKEGLT
PLQLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTTDNSVLEIIVYNTNI
GNRHEMLTLEPLNSLLRMKWKKFARHMFFMSCCFYFLYNITLTLVSYHRPNENEAPPYPLALMHGVG
WLQLSGQVMVMLGAIFLAIKESVAIFLLRPSDLHSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHLVCL
VLAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCQDGSECH
SHSSLGPVLMDLFKLTLGLGDLEIQONSKYPVLFLLLLITFVVLTFVLLLNMLIALMGETVEDISKESEH
IWKLQRARTILEFEKFLPKCLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTDP
SKVQDNSRTNSKTTLNTFEETDDLPETSV

>Anna's
Hummin
gbird

XP_00849332
4.1

MIKDNNEIVPLMGKKTNPSGIPPSNQQEKKPTESTPTKKSSHFFLEIDGFESNATPNNTSPPVFSKPMDS
NIRPCASGNGEDMDSPQSLQDDATEYSPNVDSCCANMSQGPEQRSARKKLKRYIFRAVSEGNIEELQE
LLTELKERSNACTNMTVPDYLMKKFTASDTGKTCLMKALLNINENTNEIVNTLLAFAEENGILERFIN

AAYTEEAYKGQTALNIAIERRQYEITQSLIEKGADVNAHAQGIFFNPKHKHEGFYFGETALALAACTN

QPDIIQLLMDNARTNITSQDSRGNNILHALVTVAEDFKTQNDFVIRMYDMILLRSKDRNLETTKNKEG
LTPLQLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTADNSVLEIIVYNT
NIGNRHEMLTLEPLNSLLRMKWKKFARHMFFMSCWFYFLYNVTLTLVSYHRPNENEAPPYPLALTRG
VGWLQLLGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHL
VCLVLAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCQEGS
ECRHYNSSLGPVLMDLFKLTLGLGDLEIQQNSKYPVLFLLLLITFVVLTFVLLLNMLIALMGETVEDIS
KESEHIWKLQRARTILEFEKFLPKCLRKKFQLGERCKVAENDTRVCLRINEVRWTEWKTHVSFINEDP

GPTDPSKVQDNSRTNSKNTLNTFEEMDDLPETSV

>Red-
Legged
Seriema

XP_00969980
9.1

MIKDNNEIPLMDKKINPSGIPPPNQQEKKLTESTPTKKSSHFFLEIDGFESNATPNNTSPPVFSKPMDSNI
RPCASGNGEDMDSPQSLQDDATEYSPNVDSCCANISQGPEQTSARKKLKRYIFRAVSEGNIEELQCLLT
ELKERSNACTNMTVQDYLMKKFTALDTGKTCLMKALLNINQNTNEIVNTLLSFAEENGILERFINAAY
TEEAYKGQTALNIAIERRQYEITQSLIEKGADVNAHAQGIFFNPKHKHEGFYFGETALALAACTNQPDII
QLLMDNARTNITSQDSRGNNILHALVTVAEDFKTQNDFVIRMYDTILLKSKDRNLETTKNKEGLTPLQ
LAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTADNSVLEIIVYNTNIGNR
HEMLTLEPLNSLLRMKWKKFAQQMFFMSCCFYFLYNVTLTLVSYHRPNENEAPPYPLALTRGVGWLQ
LSGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHLVCLVLA
MALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCQDGSECHSNS
SLGPVLMDLFKITLGLGDLEIQQNSKYPVLFLLLLITYVVLTFVLLLNMLIALMGETVEDISKESEHIW
KLQRARTILEFEKFLPKCLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTDPSK
VOQDNSRTNSKTTLNTFEEMDDLPETSV

>Sunbitt
ern

XP 01015321
6.1

MIKDNSEINPLMGKKNPSGIPPSNQQEKKPTESTPTKKSSHFFLEIDGFESNATPHNTSPPVFSKPMDSNI
RPCASGNGEDMDSPQSLQDDATEYSPNVESCCANISQGPEQTRARKKLKRYIFRAVSEGNIEELQCLLA
ELKERSNACTSMTVPDYLMKKFTDVDTGKTCLMKALLNINQNTKEIVNMLLSFAEENGILERFINAAY
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TEEVYKGQTALNIAIERRQYEITQSLIEKGADVNAHAQGIFFNPKHKHEGFYFGETALALAACTNQPDI
IQLLMDNARTNITSQDSRGNNILHALVTVAEDLKTQNDFVIRMYDMILLKSKDRNLETTKNKEGLTPL
QLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTADNSVLEIIVYNTNIGN
RHEMLTLEPLNSLLRMKWKKFARHMFFMSCCFYFLYNVTLTLVSYHRPNQNEAPPYPLALTRGVGWL
QLSGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHLVCLVL
AMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCRDGTGCHSN
SSLGPVLMDLFKLTLGLGDLEIQQNSKYPVLFLLLLITYVVLTFVLLLNMLIALMGETVEDISKESEHIW
KLQRARTILEFEKFLPKCLRKKFQLGEQCRVAENESRVCLRINEVKWTEWKTHVSFINEDPGPTDPNK
VQDNSRTSSKNTLNTFEETDDLPETSV

>Barn
Owl

XP_00997099
6.1

MIKDNNEIIPLMGKKTNPSGIPPSNQQEKKPTEGTPTKKSSHFFLEIDGFESNATPNNTSPPVFSKPMDS
NIRPCASGNGEDMDSPQSLQDDATEYSPNVDSCCANISQGPEQTSARKKILKRYIFRAVSEGNIEELQCL
LAELKERSNACTNMTVPDYLMKKFTASDTGKTCLMKALLNINQNTNEIVNTLLSFAEENGILERFINA
AYTEEAYKGQTALNIAIERRQYEITQSLIEKGADVNAHAQGIFFNPKHKHEGFYFGETALALAACTNQP
DIQLLMDNTRTNITSQDSRGNNILHALVTVAEDSKTQNDFVIRMYDMILLRSKDRNLETTRNKEGLTP
LQLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTADNSVLEIIVYNTNIG
NRHEMLTLEPLNSLLRMKWKKFARHMFFMSCWFYFLYNVTLTLVSYHRPNENEAPPYPLALTRGVG
WLQLSGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHLVCL
VLAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCQDGSECH
SNSSLGPVLMDLFKLTLGLGDLEIQQONSKYPVLFLLLLITYVVLTFVLLLNMLIALMGETVEDISKESEH
IWKLQRARTILEFEKFLPKCLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTDP
SKVQDNSRTNSKNTLNTFEEMDDLPETSV

>
Stinkbir
d

XP_00994408
9.1

MIKDNNEIIPLMGKKTNPSGIPPSNQQEKKPTESTPTKKSSHFFLEIDGFESNATPNNVSPPVFSKPMDS
NIRPCVSRNGEDMDSPQSLQDDATEYSPNVDSCCANRSQGPEQTSARKKLKRYIFRAVSEGNLEDLQC
LLAELKERSNVCTNMTVPDYLMKRFTASDTGKTCLMKALLNINQNTNEIVKTLLSFAEENGILERFIN
AAYTEEAYKGQTALNIAIERRQYEITQSLIEKGADVNAHAQGIFFNPKHKYEGFYFGETALALAACTN
QPDIVQLLMDNTRTNITSQDSRGNNILHALVTVAEDFKTQNDFVIRMYDMILLKSKDRNLETTKNKEG
LTPLQLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTANNSVLEIIVYNT
NIGNRHEMLTLEPLNSLLRMKWKKFARHMFFMSCWEFYFLYNITLTLVSYHRPSENEAPPYPLALTRGM
GWMQLSGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQASLVIFSVFLYLFSYKEHLV
CLVLAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCQDGSE
CHSNNSLGPVVMDLFKLTLGLGDLEIQQNSKYPVLFILLLITFVVLTFVLLLNMLIALMGETVEDISKES
EHIWKLQRARTILEFEKFLPKRLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPT
DPSKIQDNSRTNSKNTLNTFEEMDDLPETSV

>Red-
Throated
Loon

XP_00981695
7.1

MIKDNNEIIPLMGKKTNPSGIPPSNQQEKKPTESTPTKKSSHFFLEIDGFESNATPNNTSPPVFSKPMDSN
IRPCASGNGEDMDSPQSLQDDATEYSPNVDSCCANISQGPEQTSARKKLKRYIFRAVSEGNIEELQCLL
AELKERSNACTNMTAPDYLMKKFTASDTGKTCLMKALLNINQNTNEIVNTLLSFAEENGILERFINAA
YTEEAYKGQTALNIAIERRQYEITQSLIEKGADVNARAQGIFFNPKHKHEGFYFGETALALAACTNQPD
IIQLLMDNTRTNITSQDSRGNNILHALVTVAEDFKTQNDFVIRMYDMILLKSKDRHLETTKNKEGLTPL
QLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTTDNSVLEIIVYNTNIGN
RHEMLTLEPLNSLLRMKWKKFARHMFFMSCWFYFLYNVTLTLVSYHRPNENEAPPYPLALTRGVGW
LQLSGQVMVMLGAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHLVCLV
LAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCQDGSECHS
NSSLGPVLMDLFKLTLGLGDLEIQQNSKYPVLFLLLLITYVVLTFVLLLNMLIALMGETVEDISKESEHI
WKLQRARTILEFEKFLPKCLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTDPS
KVQDNSRTNSKNTLNTFEEMDDLPETSV

>Dog

XP_00562501
5.1

MNAHPKEMVPLMGRRAAVPSGNPAILQEKRPAEITPTKKSAHFFLEIEGFDPNPTVSKTSPPIFSKPMDS
NIRQCLSGNCDDMDSPQSPQDDVTETPSNPNSPSANVAKEEQRRKKKRLKKRIFAAVSEGCVGELLEL
LVELQELCKRRRGLDVADFLMHKITASDTGKTCLMKALLNINTKTKEIVRILLAFAEENDILDRFVNA
AYTEEAYEGQTALNIAIERRQGDLTALLIAAGADVNAHARGVFFNPKYQHEGFYFGETPLALAACTNQ
PEIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGTWELETMHNNDG
LTPLQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNT
NIDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCLYFFYNITLTLVSY YRPREEEALPHPLALTHKM
GWLQLLGRMFVLIWAMCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVVLSVFLYLFAYKEYL
ACLVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCPSD
NKDCSSYGSFSDAVLELFKILTIGLGDLNIQQNSKYPILFLFLLITY VILTFVLLLNMLIALMGETVENVSK
ESERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEEDFRLCLRINEVKWTEWKTHVSFLNEDPG
PGRRTADFNKIQDSSRSNSKTTLNAFDEIDEFPETSV

>Domest
ic Cat

XP_00694001
8.1

MNVHTKEMVPLMGRRAAVPSGNPAILQEKRSAEITPTKKSAHFFLEIEGFDPNPTVSKTSPPVFSKPMD
SNIRQCLSGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRRKKRRLKKRIFAAVSEGSVEELLEL
LVELQELCKRRRGLEVADFLMHKITASDTGKTCLMKALLNINPNTKEIVRILLAFAEENNILDRFINAA
YTEEAYEGQTALNIAIERRQGDVTALLIAAGADVNAHASGVFFNPKYQHEGFYFGETPLALAACTNQP
EIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGTWELETMCNNDGL
TPLQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNTN
IDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSY YRPREEEALPHPLALTHKMG
WLQLLGRMFVLIWATCISVKEGMAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKEYLAC
LVLAMALGWANMLYYTRGFQSMGMY SVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCSSDNK
DCSSYGSFSDSVLELFKLTIGLGDLNIQONSKYPILFLFLLITYVILTFVLLLNMLIALMGETVENVSKES
ERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEEDFRLCLRINEVKWTEWKTHVSFLNEDPGP
VRRTADFNKIQDSSRSNSKTTLNAFDEIDEFPETSV

>Water
Buffalo

XP_00607977
1.1

MSICRTAMKAHPKEMVPLTGRRATIPFVNPAIMQEKRPSEITPTKKSAHFFLEIEGFEPNPTVAKTSPPIFS
KPMDSNIRQCVSGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRRKKKRLKKRIFMAVSEGCV
EELLELLGELQELCKRRHSLDVPDFLMHKITALDTGKTCLMKALLNINPNTKEIVRTLLAFAEENDILD
RFINAEYTEEAYEGQTALNIAIERRQGDITAALIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALA
ACTNQPEIVQMLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSRTWELETT
RNNDGLTPLQLAAKMGKAEILKYILSREIKDKRLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVL
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EIIVYNTNIDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREEEALPHPL
ALTHKMGWLQLLGRMFVLIWAMFISVKEGIAIFLLRPSDLQSILSDAWFHFVFFAQAVLVILSVFLYLFA
YKEYLACLVLAMALGWANMLY YTRGFQSMGMY SVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIE
KCPKSHENCSSYGSFSDAVLELFKLTIGLGDLNIQQNSKYPILFLFLLITYVILTFVLLLNMLIALMGETV
ENISKESECIWRLQRARTILEFEKILPEWLRSRFRMGELCKVAEDDFRLCLRINEVKWTEWKTHVSFLN
EDPGPGRRTADSDKIQDSSRSNSKTTLNAFEEIDEFPETSV

>Wild
Yak

XP_00590674
4.1

MKAHPKEMVPLTGRRATIPFVNPAIMQEKRPSEITPTKKSAHFFLEIEGFEPNPTVAKTSPPIFSKPMDSN
IRQCVSGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRRKKKRLKKRIFTAVSEGCVEELLELL
GELQELCKRRHSLDVPDFLMHKLTALDTGKTCLMKALLNINPNTKEIVRILLAFAEENDILDRFINAEY
TEEAYEGQTALNIAIERRQGDITAALIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQPE
IVOMLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSRTWELETTRNNDGLT
PLQLAAKMGKAEILKYILSREIKDKRLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNTNI
DNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREEEALPHPLALTHKMG
WLQLLGRMFVLIWAMFISVKEGIAIFLLRPSDLQSILSDAWFHFVFFAQAVLVILSVFLYLFAYKEYLAC
LVLAMALGWANMLYYTRGFQSMGMY SVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCPKSHE
NCSSYGSFSDAVLELFKLTIGLGDLNIQONSKYPILFLFLLITYVILTFVLLLNMLIALMGETVENVSKES
ERIWRLQRARTILEFEKILPEWLRSRFRMGELCKVAEDDFRLCLRINEVKWTEWKTHVSFLNEDPGPG
RRTADSNKIQDSSRSNSKTTLNAFEEIDEFPETSV

>

America
n
Buffalo

XP_01084578
4.1

MKAHPKEMVPLTGRRATIPFVNPAIMQEKRPSEITPTKKSAHFFLEIEGFEPNPTVAKTSPPIFSKPMDSN
IRQCVSGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRRKKKRLKKRIFTAVSEGCVEELLELL
GELQELCKRRHSLDVPDFLMHKLTALDTGKTCLMKALLNINPNTKEIVRILLAFAEENDILDRFINAEY
TEEAYEGQTALNIAIERRQGDITAALIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQPE
IVOMLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSRTWELETTRNNDGLT
PLQLAAKMGKAEILKYILSREIKDKRLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNTNI
DNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSY YRPREEEALPHPLALTHKMG
WLQLLGRMFVLIWAMFISVKEGIAIFLLRPSDLQSILSDAWFHFVFFAQAVLVILSVFLYLFAYKEYLAC
LVLAMALGWANMLYYTRGFQSMGMY SVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCPKSHE
NCSSYGSFSDAVLELFKILTIGLGDLNIQOQNSKYPILFLFLLITY VILTFVLLLNMLIALMGETVENVSKES
ERIWRLQRARTILEFEKILPEWLRSRFRMGELCKVAEDDFRLCLRINEVKWTEWKTHVSFLNEDPGPG
RRTADSNKIQDSSRSNSKTTLNAFEEIDEFPETSV

>Sheep

XP_00401261
4.1

MNAHPKEMVPLTGRRATIPFVNPAILQEKRPSEVTPTKKSAHFFLEIEGFEPNPTVAKTSPPIFSKPMDSN
IRQCVSGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEEQRRKKKRLKKRIFTAVSEGCVEELLELL
GELQELCKRRHSLDVPDFLMHKLTALDTGKTCLMKALLNINPSTKEIVRILLAFAEENDILDRFINAEY
TEEAYEGQTALNIAIERRQGDIPAVLIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQPEI
VQMLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGTWELETTRNNDGLTP
LQLAAKMGKAEILKYILSREIKDKRLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNTNID
NRHEMITLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNVTLTLVSYYRPREEEALPHPLALTHKMGW
LQLLGRMFVLIWAMFISVKEGIAIFLLRPSDLQSILSDAWFHFVFFAQAVLVILSVFLYLFAYKEYLACLV
LAMALGWANMLY YTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCPQNHENC
SSYGSFSDAVLELFKLTIGLGDLNIQQNSKYPILFLFLLITYVILTFVLLLNMLIALMGETVENVSKESERI
WRLQRARTILEFEKILPEWLRSRFRMGELCKVAEDDFRLCLRINEVKWTEWKTHVSFLNEDPGPGRRT
DFNKIQDTSRSNSKTTLNAFEEIDEFPETSV

>Sperm
Whale

XP_00712552
6.1

MDAHPREMVPLVGRIATLPSGNTAILQEKRPAEITPTKKSAHFFLDIEGFEPNPTVTNNSPLIFSKPMDS
NIRQCLLDSCDDMDSPQSPQDDGRETPFNPNCPSANLAKQEQRHKKKWLKKHIFVAVSEGCVEKLLE
LLMELQELCEQCRSLDVPDFLMHKITASDTGKTCLMKALLNINPSTKETVRILLAFAKENNILDRFINA
KYTEEAYEGQTALNIAIERRQGDITAVLIEAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQ
PEIVQLLMDNKQTDITSQDSRGNNILHALVTVAEDFKTQNDFVNHMYDMILLRSGNWELETMRNND
GLTPLQLAAKMGKAEILKYILSREIKEKRLRSLSRKFTDWAYGPVSSSLYDLTNVDTMTDNSVLKIIVY
NTNIDNRHDMLTLEPLHTLLHMKWKKFARYMFFLSFCSYFFYNITLTFISYYLPREEEALPRPLALTYK
MGCLQLLGSMFVLIWATCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVVLSVFLYLFGYKEYL
ACFVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKRSKV
NEDYSSYGSENDTVLELFKITIGLGDLKIQQNSKYPILFLFLLITYVTLTFVLLLNMLIALMGETVENISK
ESERIWRLQRARTILEFEKMLPAWLRSRFQMGELCKVAEQDFRLCLRINEVKWTEWKTHVSFLNEDP
GPGRRTADFNKIQDSSRSNSKTTLNASDEIDEFPETSV

>Pig

XP_00566917
4.1

MNAHPKEMVPLVGKRAVIPSGNPAILQEKRPAEITPTKKSAHFFLEIEGFEPNPTVAKTSPPIFSKPMDSN
IRQCISGNCDDMDSPQSPQDDVTETPSNPNSPSAHLAKEEQRRKKKRLKKRIFAAVSEGCVEELVELL
MELQELGKRRRGLDVSDFLMHKITASDTGKTCLMKALLNINPNTKEVVRILLAFAEENDILDRFINAE
YTEEAYRGQTALNIAIERRQGDITALLIHAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQP
EIVQLLMEHEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGTWGLETTRNKDGL
TPLQLAAKMGKAEILKYILSREIKDKRLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTENSVLEIIVYNTN
IDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREVEALPHPLALTHKMG
WLQLLGRMFVLIWAMCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKEYLAC
LVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCSKDNK
DCTSYGSFSDAVLELFKLTIGLGDLNIQONSKYPILFLFLLITYVILTFVLLLNMLIALMGETVEDVSKES
ERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEEDFRLCLRINEVKWTEWKTHVSFLNEDPGP
GRRTADFNKIQDSSRSNSKTTLNAFDEMEEFPETSV

>Europe
an
Shrew

XP_00460502
1.1

MNTIPKEMVPLMGRRGAVPNVNPGVLQEKRPAELTPTKKSAYFFLEIEGFEPNPAVAKNSPPVFSKPMD
SNIRQCISGNCEDMDSPQSPQDDVTETPSNPNSPCANLAKEEQRRKKKRLKKRIFAAVSEGCVEELLEL
LVELQELCKRRRGLDVPDFLMHKITASDTGKTCLMKALLNINPNTKEIVRILLAFAEENHILARFINAE
YTEEAYEGQTALNIAIERRQGDITAVLIAAGADVNAHAKGVFFNPKYLHEGFYFGETPLALAACTNQP
EIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLKSGNWELETMRNNDGL
TPLQLAAKMGKAEILKYILSREIKEKPIRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNTN
IDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSY YRPREEEAFPHPLAITHKMG
WLQLLGRMFVLIWAMCITVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKEYLAC
LVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCSEDNK

343




DCSSYGSFSDAVLELFKLTIGLGDLNIQQNSKYPILFLFLLITY VILTFVLLLNMLIALMGETVENVSKES
ERIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEEDFRLCLRINEVKWTEWKTHVSFLNEDPGP
GRRTADFNKIQDSSRSNSKTTLNAFDEIEEFPETSV

>Bat

XP_00676155
8.1

MNAHPKEMVPLMGRKATVTSGNQVVLQEKRPAEITPTKKSAHFFLEIEGFEPNPTVAKTSPPIFSKPMD
SNIRQCLSGNCDDMDSPQSPQDDATETPSNPNSPSANLAKEEQRRKKKRLKKCLFAAVSEGCVEELVQ
LLVELQELCKRRRNLDVPDFLMHKLTASDTGKTCLMKALLNINPNTKEIVRILLAFADENDILDRFINA
EYTEEAYEGQTALNIAIERRQRDITALLIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQ
PEIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGNWELETMRNNDG
LTPLQLAAKMGKAEILKYILSREIKEKRLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNT
NIDNRHEMLTLEPLHTLLRIKWKKFAKYMFFLSFFFYFFYNITLTLISY YRPREEEALPHPLALTHKMG
WLQLLGRMFVLIWAMCISVKEVIVLFELTPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKEYLAC
LVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCPKDHK
DCSSYGSFSDAVLELFKLTIGLGDLNIQQNSKYPILFLFLLITY VILTFVLLLNMLIALMGETVENVSKES
ERIWRLQRARTILEFEKMLPEWLRSRFRTGELCKVAEEDFRLCLRINEVKWTEWKTHVSFLNEDPGSV
RRTADENKIQDSSRSNSKTTLNAFEEIDEFPETSV

>Black
Flying
Fox

XP_00692225
5.1

MNAHPKEMMPLMGRKATIPSGNPAILQEKRPAEITPTKKSAHFFLEIEGFEPNPTVAKTSPPVFSKPMDS
NIRQCVSGNCDDMDSPQSPQDDMTETPSNPNSPSANLAKEEQRRKKKRLKKCIFVAVSEGCVEELLEL
LVDLQELCKRRRGLDVPDFLMHKLTSSDTGKTCLMKALLNINPNTKEIVRILLTFAEENDILDRFINAE
YTEEAYEGQTALNIAIERRQGDITALLIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQP
EIVQLLMENEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGNWELETMRNNDGL
TPLQLAAKMGKAEILKYILSREIKEKPLRRLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNTN
IDNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSY YRPREKEAFPHPLALTHKMG
WLQLLGRMFVLIWATCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKEYLAC
LVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCPDDKK
DCSSYGSFSDAVLELFKILTIGLGDLNIQONSKYPILFLFLLITYVILTFVLLLNMLIALMGETVENISKESE
RIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEEDFRLCLRINEVKWTEWKTHVSFLNEDPGPV
RRTADFNKIQDSSRSNSKITLNAFEELDEFPETSV

>Golden
Snub-
Nosed
Monkey

XP_01038052
2.1

MNAHPKETVPLMGKRVAAPSGNPAILPEKRAAEITPTKKSAHFFLEIEGFDPNPTVAKTSPPVFSKPMD
SNIRQCISGNCDDMDSPQSPQDDATETPSNPNSPGAHLAKEEQRRKKRRLKKRIFAAVSEGCVEELVEL
LVELQELCRRRRDEDVPDFLMHKLTASDTGKTCLMKALLNINPNTKEIVRVLLAFAEENDILGRFINAE
YTEEAYEGQTALNIAIERRQGDIAAVLIAAGADVNAHAKGAFFNPKYQHEGFYFGETPLALAACTNQP
EIVQLLMDHEQMDITSQDSQGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGNWELETTRNNDGL
TPLQLAAKLGKAEILKYILSREIKEKRLRSLSRKFTDWAY GPVSSSLYDLTNVDTTTDNSVLEITVYNTN
IDNRHEMLTLEPLHTLLRMKWKKFAKYMFFLSFCFYFFYNITLTLVSY YRPREEETFPHPLALTHKMG
WLQLLGRMFVLIWATCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFIQAVLVILSVFLYLFAYKEYLACL
VLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCPKDNK
DCSSYGSFSDAVLELFKILTIGLGDLNIQQNSKYPILFLFLLITYVILTFVLLLNMLIALMGETVENVSKES
ERIWRLQRARTILEFEKMLPEWLRSRFRMGELCRVAEEDFRLCLRINEVKWTEWKTHVSFLNEDPGPV
RRTADFNKIQDSSRNNSKTTLNAFEEIEDFPETSV

>Small
Madagas
car
Hedgeho

g

XP_00471622
0.1

MNTNPKEMVPLLGRRTVVPSGNPAVLQEKRATELTPTKKSAHFFLEIEGFEPNPIVSKTSPPIFSKPMDS
NIRQCISGNCDDMDSPQSPQDDVTETPSNPNSPSAHLAKEEQRRNKKRLKKRLFAAVSEGCAEEVVEL
LMELQERCRRRRGLDVPDFLMHKITASDTGKTCLMKALLNINPNTKEIVRILLTFAEENDILDWLINAE
YTEEAYEGQTALNIAIERRQGDITAELIAAGADVNAHAKGFFFNPKSQHEGFYFGETPLALAACTNQPE
IVQLLMENEQTDITSQDSRGNNILHALVTVSEDFKTQNDFVKRMYDMILLRSGNWELETTCNNDGLN
PLQLAAKMGKAEILKYILSREIKEKPLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNTNI
DNRHEMLTLEPLHTLLRMKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREDEALPHPLALTHKMG
WLQLLGRMFVLIWAMCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKEYLAC
LVLAMALGWANMLYYTRGFQSMGMY SVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCPEDSG
DCSSYGSFSDAVLELFKLTIGLGDLNIQQNSKYPILFLILLITY VILTFVLLLNMLIALMGETVEKISQESE
RIWRLQRARTILEFEKMLPEWLRSRFRMGELCKVAEEDFRLCLRINEVKWTEWKTHVSFLNEDPGPG
RRTADLNKVONSSRSNSKTTLYAFDEIDDFPETSV

>Yellow

Throated
Sandgro
use

XP_01008199
6.1

MIKDNNEIIPLMGKKTNPSGIPPSNQQEKKLTESTPTKKSSHFFLEIDGFESNATPNNTSPPVFSKPMDSN
IRPCASGNGEDMDSPQSLQDDATEYSPNVDSCCANISQGPEQTSARKKLKRYIFRAVSEGNIEELQCLL
AELKERSNACRNMTVPDYLMKKFTAADTGKTCLMKALLNINQNTNEIVNTLLSFAEENGILERFINAA
YTEEAYKGQTALNIAIERRQYEITRSLIEKGADVNAHAQGIFFNPKHKHEGFYFGETALALAACTNQPD
IIQLLMDNTRTNITSQDSRGNNILHALVTVAEDSKTQNDFVIRMYDMILLKSKDRNLETMKNKEGLTPL
QLAAKTGKLEILKYILSREIRDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTADNSVLEIIVYNTNIGN
RHEMLTLEPLNSLLRMKWKKFARHMFFMSCCFYFLYNITLTLVSYHRPNENEAPPYPLALTRGVGWL
QLSGQVMVMLGAIYLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQALLVIFSVFLYLFSYKEHLVCLVL
AMALGWANMLYFTRGLQSMGIYSVMIQKVILHDVIKFLVVYIVFLLGFGVALAALIETCQDGSECNSN
SSLGPVLMDLFKITLGLGDLEIQONSKYPVLFLLLLITFVVLTFVLLLNMLIALMGETVEDISKESEHIW
KLQRARTILEFEKFLPKRLRKKFQLGERCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTDPSK
VQDNSRTNSKNTLNTFEETFEEMDDLPETSV

>Killer
Whale

XP_00426708
4.1

MDAHLKEMVPLTGRIATMPSGNAAILQEKRLAEITPTKSAHFFLEIEGFEPSPTVTKTSPLIFSKPMDSNI
RQCLPGSCDDMDSPHSPQDDVTETPFNPNSPSANLAKQEQRHKQKRLKKHIFAAVSEGCVQQLLELL
MELQELCEQRHSLEVPDFLMRNLTALDTGKTCLMKALLNVNPSTKEIVRILLAFAEENDILDRFINAKY
TEEAFEGQTALNIAIERRQGDIAAVLIEAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQPEIL
VELLMGNEQTDITSQDSRGNNILHALVTVAEDFKTQNDFVKHMYDMILLRSGNWELETMRNNNGLT
PLQLAAKMGKAEILKYILSREIKEKRLRSLSRKFTDWAYGPVSSSLYDLTNVDTMTDNSVLKIIVYNTTI
DNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCSYFFYNITLTIISY YHTRGEEALKHPLANKMGWL
QLLGRMFVLIWAMCISVKEGIAIFLLRPSDMQSILSDAWFHFVFFVQALLVILSVLLYLFACKEYLACLV
LAMALGWANMLY YTRGFQSMGMY SVMIQKVILHDVLKFLFVYIVFLFGFGVALASLIEKCSKDNEDC
TSYGSFSDTVLELFKLTIGLGDLKIQQNSKYPILSLILLITY VILTFVLLLNMLIALMGETVENISKESERI
WRLQRARTILEFEKMLPEWLKSRFQMGELCKVAEQDFRLCLRINEVKWTEWKTHVSFLNEDPGPGRR
SDFNKIQDSSRNNSKTTLNAFDDIDEVPETSV
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>Horse

XP_00559772
0.1

MNAHPKEMMPLMGRRATIPGAHPAILQEKRPAELTPTKKSAHFFLEIEGFEPNPTVTKTSPPVFSKPMD
SNIRQCVSGNCDDMDSPQSPQDDVTETPSNPNSPSANLAKEERRRKKRRLKKRIFGAVSEGCVEELLE
LLAELLEICKRRRSVDVPDFLMHKITASDTGKTCLMKALLNINPNTKEIVRILLAFAEENDILDRFINAA
YTEEAYEGQTALNIAIERRQGDITAALIAAGADVNAHAKGVFFNPKYQHEGFYFGETPLALAACTNQP
EIVQLLMENEQTDITSQDSQGNNILHALVTVAEDFKTQNDFVKRMYDMILLRSGNWELETTRNKDGL
TPPQLAAKLGKAEILKYILSREIREKPLRSLSRKFTDWAYGPVSSSLYDLTNVDTTTDNSVLEIIVYNTTI
DNRHEMLTLEPLHTLLHMKWKKFAKYMFFLSFCFYFFYNITLTLVSYYRPREEEALPHPLALTHKMG
WLQLLGRMFVLIWAMCISVKEGIAIFLLRPSDLQSILSDAWFHFVFFVQAVLVILSVFLYLFAYKEYLAC
LVLAMALGWANMLYYTRGFQSMGMYSVMIQKVILHDVLKFLFVYIVFLLGFGVALASLIEKCSKDNK
NCSSYGSFSDAVLELFKLTIGLGDLNIQONSKYPILFLFLLITYVILTFVLLLNMLIALMGETVENISKESE
RIWRLQRARTILEFEKMLPEWLRSRFQMGELCKVAEEDFRLCLRINEVKWTEWKTHVSFLNEDPGPG
RRTDDFNKIQDSSRSNSKTTLNAFDEIEEFPETSV

>QGreen
Sea
Turtle

XP_00705781
2.1

MKINNYESIYYRNMIKDNKENIPLMAKRTNTSGPPTTNHQEKKPTENTPTKKSSQFFFEIEGFESNSSP
RQTSPPVFSKPMDSNIRPCASVNGEDMDSPQSLQDDITEYATNIDSYCTNMLQGGHWNNARKKLKKY
MFRAVSEGNIEELQCLLMQVKERSNACRNMTVQDYLMKKILTDSDTGKTCLMKALLNINQNTNEIVK
MLLSFGEENSFLERLINAEYTEEAYKGQTALNIAIERRQYDIAQTLIEKGADVNAHSQGVFFNPKHKHE
GFYFGETPLALAACTNQPDIVQLLMDNRRTDITSQDSRGNNILHALVTVAEDFKTQNDFVIRMYDMIL
LKSKSRTLETMKNKDGLTPLQLAAKSGKLEILKYILSREIKDKPKRSLSRKFTDWAYGPVQSSLYDLTE
LDTTADNSLLEIIVYNTNIGNRHEMLTLEPLHSLLRMKWKKFARHMFFMSCCFYFIYNIMLTLVSYYRP
RRDEAPPYPLDLTGNLGWLQLLAQVLIMIAAIFLAIKESVAIFLLRPSDLQSILSDAWFHFAFFIQAVLVIF
SVFLYLFSYKEHLVCLVLAMALGWANMLYFTRGFQSMGIYSVMIQKVILQDVLKFLVVYIVFLLGFGV
ALAALIDTCPNDSKCYTHSSLGAVLMELFKILTIGLGDLEIQQNSKYPVLFLLLLITYVLLTFVLLLNMLI
ALMGETVENISKESEHIWRLQRARTILEFEKMLPKYLKKRFQLGELCKVAENDTRVCLRINEVKWTE
WKTHVSFINEDPGPTGYNRIQDTSRSNSKNTLNTFDEMDYLLETTV

>Americ
an
Alligator

XP_00627525
9.1

MGKKPNPPGTPPTHHQDKKATESTLPKKSSHFFLELDGFDSNSTPSHASPPVFSKPMDSNIRPCASGNG
EDIDSPQSLQDDITNTDSCCNYFTAQPSQQNNVRKKLKKYLFRAVSEGNIEELCHLLIEIKERSNACRN
MTVPEYLMKKITASDTGKTCLMKALLNINRNTNEIVNILLSFAEENSILEIFINAAY TDEAYKGQAALNI
AIERRQYDIAKTLIEKGADVNAHAEGVFFNPKYKHEGFYFGETPLALAACTNQPDIVQLLMANSRTDI
TSQDSRGNNILHALVTVAEDFKTQNDFVIKMYDMILLKSKARMLETMKNKDGLTPLQLAAKTGKVEI
LKYILSREIKDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTVDNSLLEIIVYNTNIGNRHDMLTLEPLN
SLLRMKWKKFARHMFFISCCFYFIYNVTLTLVSYHKPHGEEDPPYPLILTRNMGWLHLMGQLFVMLG
ALGLAVRESVAIFLLRPSDLQSILSDAWFHFAFFIQAVLVIFSVFLY YFSYKEHLVCLVLAMALGWANML
YFTRGLQSMGIYSVMIQKVILHDVIKFLVAYIFLLGFGVALAALVDPCPKNTECHSYSSLGKVLMELFK
LTIGLGDLEIQQONSKYPLLFLLILITY VILTFILLLNMLIALMGETVENISKESEHIWKLQRARTILEFEKIL
PKYLRKKFKLGELCKVAENDTRLCLRINEVKWTEWKTHVSFINEDPGATDYNRIQDNSRSNSKNTLN
TFDEMDDLRETTV

>Chines
e
Alligator

XP_00603319
1.1

MIKDNKETIPLMGKKPNPPGTPPTNHQDKKATESTLPKKSSSHFFLELDGFDSNSSPSHASPPVFSKPM
DSNIRPCASGNGEDIDSPQSLQDDITNTDSCCTNLPHGAQQNNVRKKLKKYLFRAVSEGNIEELCHLLI
EIKERSNACRNMTVPEYLMKKLTASDTGKTCLMKALLNINRNTNEIVNILLCFAEENSILEIFINAAYTD
EAYKGQAALNIAIERRQYDIAKTLIEKGADVNAHAEGVFFNPKYKHEGFYFGETPLALAACTNQPDIV
QLLMANSRTDITSQDSRGNNILHALVTVAEDFKTQNDFVIRMYDMILLKSKARMLETMKNKDGLTPL
QLAAKTGKVEILKYILSREIKDKPNRSLSRKFTDWAYGPVQSSLYDLTELDTTVNNSLLEIIVYNTNIGN
RHDMLTLEPLNSLLRMKWKKFARHMFFISCCFYFIYNVTLTLVSYHKPHGEEDPPYPLILTGNMGWLH
LMGQLFVMLGALGLTVRESVAIFLLRPSDLQSILSDAWFHFAFFIQAVLVIFSVFLYYFSYKEYLVCLVL
AMALGWANMLYFTRGLQSMGIYSVMIQKVILHDVIKFLVAYIIFLLGFGVALAALIDPCPNNTECHSYS
SLGKVLMELFKLTIGLGDLEIQONSKYPLLFLLILITY VILTFILLLNMLIALMGETVENISKESEHIWKL
QRARTILEFEKILPKYLRKKFELGELCKVAENDTRLCLRINEVKWTEWKTHVSFINEDPGATDYNRIQD
NSRSNSKNTLNTFDEMDDLRETTV

>Wester
n
Clawed
Frog

NP_00124321
8.1

MINKHPGEMSPLISRERLAPGTPPRSPRHTENGLKRNDTTDFSRSNPLWLSTQMDTNNYSNEKKNEDT
DTPQTTQTAFSPCYGWQGRKPALTRNTRKPTKKLLFKAVSEGDTEMLTDLLSEAKSSSRVYSVTQAKE
FFMHKILTSKDTGKTCLMKALLNINEKTPEVVRSLLTFAEENDILETFINAEY TEENYKGQTALNIAIERR
QVELVKYLIEKGAKIDVRAQGRFFNPKNKYEGFYFGETPLALAACTNQPEIVQLIMDKSPTIGTIQDSL
GNTVLHALVNVADNSEAQNDFIIGMYDTILRNCKNKSLEQIPNNEGLTSMQLAAKLGKTEILHYILSRE
IKEKENMVLSRKFTDWAYGPVSSSLYDLTSIDTCWPNSVLEIVVYNTDIDNRHELLTLEPLHTLLQMK
WKKFARYMFFLSFLLSFTYNIALTLVSYYRPRGEQDVYPLNLSYENGWLQLVGQMFIIVCATYLMVKE
AVVMFLVKQSDLKSVLSDAWFHILFFIQAVLVIVSVFCYLFGVDFYLVFLVLAMALGWMNLLY YTRGF
QSLGIYSVMIQKVILNDVLKFLFVYILFLLGFGVALASLLENCEDGEECQSLSTAILELFELTIGLRGLEM
DKDPKYPVLFLFLLITFVILTFVLLLNMLIALMGETVEKISQESEHIWRLQRARTILEFEKSLPAWLQAR
FQLGESCTVSKGDNNRICLRINEVKWTEWNNHVTCIKEEPGLTFFPDTKDTNTASEDELDSFEKFAGISI
SVGDLEDQAMETTV

>Elepha
nt Shark

XP_00789472
8.1

MIKFRARRELRMMDKNLRVLLATEVDSCTPDPCNEMKIKQRKLQNRVWVDFYRSIAEGDLGEFDKFL
QLFQESKTKLTAEWLRDPRTGKTCLMKALLNLNDNTQEMVEKLISFAEASDSLEQLINAEYTDREYK
GQTALHIAIERRCKTIVQLLVEKGADINAKAQGRFFKPKKILKHGFYFGELPLSLAACTNQPDIVTLLMA
SGRTDVRAQDAWGNCILHALVTVADDSEDNTTFVTEMYDMILMSSQDHNLEGICNLRGLNPLQLAA
KLGKFKIFSHILCREFKDKKHLNLSRKITDWAY GPVSSSLYDITEVDTNHQNSVLEIVVHNTKIQNRHE
LLSVEPLNTLLEEKWLTFGAHMFTITCIVYVLYIIGFTTVYYNQAERYQSLISENLTSTTSLQLFGEISSFT
AAWVVIIKEGLVLVRLRPSDLRSIVTDAWFHILFFLQALMTASSAVLCWARVEAHLLLLVPALALGWIN
ILYFTRGFKSMGIYSVILQKVLLTDVLLFLFVYLLFLIGFSVALASLIDSCPNSLECSPYLTFNTVILELFK
LTLGLGDLQIQQHAKYPQLFLLLLGVYVVLTFVLLLNMLIALMSETVEDTAKESKNIWKLQRARMILN
LERSLPKCLRRRFQLGTILKNSQGHSRRYIRINEVNWTKWKTSVARIHEDPGNEEEEQEDKSSDEVEH
KICPGTTLQSVQTTSGPSDSEKEEPRCKRIGKLRIKAKNMNTLHSEAVLEQETYPLQEPSNTTQ

>Wester
n
Painted
Turtle

XP_00816718
7.1

MLHVVMTIIHVLQGHNFSSSSSLCPSFMGVAPELRSPWKSRNMIKDNKENIPLMGKRTNTSGPIANHQ
EKKPSENTPTRKSSQFFFEIEGFESNSSPRQTSPPVFSKPMDSNIRPCASGNGEDMDSPQSLQDDITEYAT
NVDSYCTNMLQGDHQNNARKKLKKYMFRAVSEGNIEELQCLLMEVKERSNACRNMTVQDYLMKK
LTDSDTGKTCLMKALLNINQNTNEIVKILLSFGEENNFLERLINAKYTEEAYKGQTALNIAIERRQYDIA
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QTLIQKGADVNAHSQGVFFNPKHKHEGFYFGETPLALAACTNQPEIVQLLMDNRRTDITSQDARGNNI
LHALVTVAEDFKTQNDFVIRMYDMILLKSKSRTLETMKNKDGLTPLQLAAKSGKLEILKYILSREIKDK
PNRSLSRKFTDWAYGPVQSSLYDLTELDTTADNSLLEIIVYNTNIGNRHEMLTLEPLHSLLRMKWKKFA
RHMFFMSCCFYFIYNIILTLVSYYRPRRDEAPPYPLALTRNMGWLQLLVQVLIMIAAIFLAIKESVAIFLL
RPSDLQSILSDAWFHFAFFIQAVLVIFSVFLYLFSYKEHLVCLVLAMALGWANMLYFTRGFQSMGIYSV
MIQKVILQDVIKFLVVYIVFLLGFGVALAALIETCPNDSKCHSHSSLGAVLMELFKLTIGLGDLEIQQNS
KYPVLFLLLLITYVLLTFVLLLNMLIALMGETVENISKESEHIWRLQRARTILEFEKMLPKYLKKKFQL
GELCKVAENDTRVCLRINEVKWTEWKTHVSFINEDPGPTGYNRIQDTSRSNSKNTLDTFDEMDYLLET
TV

>Burmes
¢ Python

XP_00743895
5.1

MIKDIKEMVPLMGNKKPGPRETPPAADQDKRAAEGAPAKKRLNPASLLFPSTLSWRVQHRQIPNVTPH
LGSSHFFLEIEAFESNVSPSRTSPPIFSKPMDSNIRPCASANCEDMDSPQSIQDDMTEYTPNAESSCTNST
HNAQONNYRKKLKKYLFRAVSEGNLEDLQRLLVEMKDRSQRCQNLTVQEYLMNKMTSSDTGKTCL
MKALLNINQHTKEIVNMLLSFAEENQILEKLINASYTEEAYRGQTALNIAIERRQYDITQTLIEKGADV
NARAQGVFFNPKRKHEGFYFGETPLALAACTNQPDIVQLLMENSKTDIMSQDARGNNILHALVTVAE
DFKTQNDFVRRMYDTILLKSRSRDLETMKNKAGLTPLQLAAKTGKLEILKYILSREIKEKPIRSLSRKF
TDWAYGPVQSSLYDLTELDTTSENSLLDIIVYNTNIGNRHEMLALEPLHSLLRMKWKRFARHVFFLSC
CLYFFYNLILTLISYYRPHTTQPPPYPLALIGDLNWLQLAGQAAVILGAVFIAIKESVALFLLRPSDLQTIL
SDAWFHFAFFIQAVLVIFSVFLYLFSYKGHLPCLVLAMSLGWANMLYFTRGLQSMGIYSVMIQQVILHD
VIKFIVVYLVFLFGFGVALAALVDSCPEDSKCNEYSVLGSIEIDLFMLTLGLGELDVPKNAKYPILFLLL
LISFVILTFVLLLNMLIALMGETVEDISKESEHIWRLQRARTIVEIEKLLPQFLRRRFQLGEWCKVADSD
SRLCLRINEVKWTEWKTHVAFINEDPGSTDCSRMQDTSRSNSKTTLNAFEEIYDLPETTV

>Nanora
na
parkeri

XP_01841313
5

MSKNDGVALLAKDRIPPGTPPRTHKPLDNGLKKSDTTDFPVAPSKSSFPVFSKPMDSNIKHCDIRKSEDI
DSPQTSPEVSEYLLKKYNNGVDSISPKKTPKRPPKNLLFKAVSEGDIESLNRLLQEAKESAATYTQKEA
QDFFVYKLTSKDTGKTCLMKALLNINDNTPEIVCILMSFAEENGFLERLINAAY TEENYKGQTALNIAI
ERRQSDLAKCLIRKGANINVRAQGRFFNPKHKHEGFYFGETPLALAACTNQPDVVQLLMENSQTNVT
IQDSLGNTVLHALVTVAENSEAQNVFIIRMYDTILRTCKNKSLESIENNEGLTPMQLAAKTGKTEILHYT
LSREIKEKENRVLTRKFTDWAYGPVSSCLYDLKDVDTCSRNSLLEIVVYNTNTNNRHELLALEPLHTLL
QLKWKKFARYMFLLSFLLSLTYNVALTLISYYRPRGEQALYPLSLTYDRGWLQLVGQMFIIVCATYLMI
KEGVVIFLVKPSDLRY VLSDAWFHVLFFIQAVLVILSVFCYLFGVKEYLAFLVLAMALGWANMLY YTR
GFQSLGIYSVMIQKVILNDVLKFLFVYILFLFGFGVALASLIENCTDGDECSAYKSFSTAIVELFKLTIGL
GDLEIQHDSKYPVLFLLLLIAYVILTFVLLLNMLIALMGETVEKVSKESEHIWRLQRARTILEFEKNLPM
WLKGKFQLGESCTVSKNDNRTCLRINEVKWTEWHNHVTCINEEPGFAMCSGTSYANFNAEDEPDSFE
NDQPVTIEFKDVVEPCIETTV

>Xenop
us laevis

XP_01810115
9

MKRQKMINKHPGEMSPLISRMPPGTPPPRSPRHTENGLKRNDTTDFSRSQPLLLSTQMDTKNFSDDRK
PEDIDTPQTTQTVFPCSWQARKLALASNTRKPIKKLLFKAVSEGDTEMVTELLAEAKSYSMVFAKTQA
KDFLIHKLTSKDTGKTCLMKALLNINEMTPEIVRILLTFAEENDILQPLVNAEYTEENYRGQTALNIAIE
RRQLELVKYLIEKGAGIDVRAQGRFFNPKNKYEGFYFGETPLALAACTNQPDIVQLIMDKCPTIGTMQ
DSLGNTVLHALVIVADNSEAQNDFIIRMYDTILRNCKNKSLEQIPNNEGLTSMQLAAKLGKTEILHSILS
REIKEKENMVLSRKFTDWAY GPVSSSLYDLTGIDTCWPNSVLEIAVYNTKINNRQELLTLEPLHTLLQM
KWKKFARYMFFMSFLLSFTYNIVLTLVSY YRPREEQDRYPLNLSYENGWIQLIGQMFIIVCATYMMVK
EAVVIFLVKQSDLKSVLSDAWFHILFFIQAVLVIVSVFCYLFGVTIYLVFLVLAMALGWLNLLYYTRGF
QSLGIYSVMIQKVILNDVLKFLFVYILFLLGFGVALASLLEDCKDGEQCQSLSTTIMELFELTIGLRGLE
MDNEPKYPALFLLLLITFVILTFVLLLNMLIALMGETVEKISQESEHIWRLQRARTILEFEKNLPTWLQS
RFQLGESCTVSKGDNNRICLRINEVKWTEWNNHVTCINEEPGLMFVADTKETNTASEDELDSFEKFPG
ISISIGDLEDQVMETAV
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MEDSAAEGILLMERAGSNISIDNETIVPLQDHSEEMDSEDDKCPDHMDIPYFVVPIETVLECSNPKETRI
GELSEAICDGSLEKVKAILNELPSKTFEEFKVSANGQTYLMKALLNFNEKTKETVELLLTFAEDNGFLK
VLINAEYENGDYKGQTALHIAIERRCKDIVKLLLNKGADVDAKACGDFFNPKMNMDGFYFGETPLAL
AACTNQLEIVQMLLEKGSDTGFQDSRGNTVLHALVEVADDSENYINSIKQIYEEILTKHEGENLEAVTN
NKNLTPVHLAAQRGKRWILKYILERELKDKKTRNLSRKHTTWAYGPVSSSVYDLTGLDADQDISVLK
LIVYNSEIPERHEMLALEPLNTVLCMKWEKFASKMFSISFLFYFTYNVILTLISY YRPNRDKFPVPLDLS
RHSGRLHFSGQVFVFICAIYLMIKESIELILLRPSDLKIVLSDAWFHITFFLQAALIIVSSIMCWSSLKECV
IVLVLGLSLGWINMLY YTRGFETLGIYSVMVQKVILNDVLKFLLVYALFLLGFGVALASLVNTCPDNN
DCSPYSSYHTTVLELFKLTLGLGDLELQKHSLYPELFLALLVLY VLLTFVLLLNMLIALMGETVEELSK
KSKNIWKLQRARTILDLERRLPPYFRKKFRIGQFYHFNDNHRWCIRINELNWTEFNTSVACTEEDPAKK
EHNGSTRRMSPLLPEESS
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