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ABSTRACT 

 All organisms need to be able to sense and respond to their environment. Much of 

this process takes place via proteins embedded in the cell membrane, the border between 

a living thing and the external world. Transient receptor potential (TRP) ion channels are 

a superfamily of membrane proteins that play diverse roles in physiology. Among the 27 

TRP channels found in humans and other animals, TRP melastatin 8 (TRPM8) and TRP 

vanilloid 1 (TRPV1) are the primary sensors of cold and hot temperatures, respectively. 

They underlie the molecular basis of somatic temperature sensation, but beyond this are 

also known to be involved in body temperature and weight regulation, inflammation, 

migraine, nociception, and some types of cancer. Because of their broad physiological 

roles, these channels are an attractive target for potential therapeutic interventions. 

 This dissertation presents experimental studies to elucidate the mechanisms 

underlying TRPM8 and TRPV1 function and regulation. Electrophysiology experiments 

show that modulation of TRPM8 activity by phosphoinositide interacting regulator of 

TRP (PIRT), a small membrane protein, is species dependent; human PIRT attenuates 

TRPM8 activity, whereas mouse PIRT potentiates the channel. Direct binding 

experiments and chimeric mouse-human TRPM8 channels reveal that this regulation 

takes place via the transmembrane domain of the channel. Ligand activation of TRPM8 is 

also investigated. A mutation in the linker between the S4 and S5 helices is found to 

generally decrease TRPM8 currents, and to specifically abrogate functional response to 

the potent agonist icilin without affecting icilin binding. 
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 The heat activation thermodynamics of TRPV1 are also probed using 

temperature-controlled electrophysiology. The magnitude of the gating enthalpy of 

human TRPV1 is found to be similar to other species reported in the literature. Human 

TRPV1 also features an apparent heat inactivation process that results in reduced heat 

sensitivity after exposure to elevated temperatures. The work presented in this 

dissertation sheds light on the varied mechanisms of thermosensitive TRP channel 

function and regulation. 
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CHAPTER 1 

INTRODUCTION 

Fundamental to life on earth is the ability of organisms to sense and respond to 

their environment. All cells, from unicellular bacteria and archaea to the hundreds of cell 

types in a human body, are enveloped in a lipid membrane that defines the cell boundary, 

encloses organelles, controls the internal environment and allows life-sustaining chemical 

reactions to take place. Embedded in this membrane are proteins that link the inner life of 

the cell with the outer world it lives in. These proteins have evolved to sense the internal 

and external environment, allow select ions and molecules to pass into or out of the cell, 

and respond to the environment in distinct ways. 

Among these integral membrane proteins, ion channels are a diverse family of 

proteins that form pores in the membrane. Depending on the sequence and structure of 

the channel, these pores can be opened, or gated, in response to a wide variety of stimuli. 

Transient receptor potential (TRP) ion channels are a superfamily of channels that have 

evolved to fill an abundance of physiological functions. The first member of this family 

was identified in 1969, when Cosens and Manning reported a Drosophila mutant that 

lacked a sustained response to light during electroretinogram measurements [1]. In 

keeping with the traditional (albeit somewhat counterintuitive) practice in genetics of 

naming a gene for its loss-of-function mutant phenotype, the gene was later named 

transient receptor potential (trp), in reference to its momentary electrical response when 

exposed to light [2]. It wasn’t until twenty years later that Montell and Rubin successfully 

cloned the trp gene and recognized it as an integral membrane protein, although its role in 
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the phototransduction pathway was still unclear[3]. Advances in isolating Drosophila 

photoreceptor cells by Hardie et al. [4] allowed for recording whole cell currents under 

controlled conditions, and using this technique it was soon discovered that the protein 

encoded by trp was a Ca2+-permeant channel [5]. 

Since the discovery of that founding member of the TRP channel family, many 

other related channels have been discovered; currently 27 distinct TRP channels have 

been identified in humans (Figure 1.1, left). Based on sequence homology, these have 

been grouped into five subfamilies: TRPA, TRPV, TRPM, TRPC, and TRPML. Unlike 

other ion channel families, TRP channels show remarkable diversity in ion selectivity, 

structure, activation mechanisms, and physiological roles. Even within a subfamily, the 

channels can have widely divergent functional properties. For example, within the TRPM 

subfamily, TRPM8 activates at cold temperatures and is non-selectively permeable to 

both divalent and monovalent cations [6, 7], whereas TRPM5 is activated by warm 

temperatures and is selectively permeable to monovalent cations [8, 9]. Within the TRPV 

family, TRPV1 is activated by the pungent compound capsaicin [10], while other TRPV 

channels are unresponsive to this ligand. Besides functional diversity between different 

members of the superfamily, TRP channels have also evolved to be fine-tuned for a 

particular organism and its environment. For example, the temperature range and 

sensitivity of the cold-sensing channel TRPM8 is tuned to the body temperature set point 

and environmental temperature of a given organism; TRPM8 from cold-blooded frogs 

activates at lower temperatures compared to rodents and birds with their higher core body 

temperature [11]. Other branches of the animal kingdom have likewise “adjusted the 
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thermostat” by shifting the range of their thermosensing TRP channels [12]. 

Understanding the molecular basis of this functional diversity has been an overarching 

goal of the field over the past few decades. 

 

Figure 1.1 TRP channel evolutionary relationships and representative structures. Left, a 

phylogenetic tree of human TRP channels, including an ancestral non-mammalian 

TRPN1 channel (Gray). Yellow stars indicate that a structure of either the human or an 

ortholog channel has been determined. To date, at least two structures have been 

determined from each human TRP subfamily, with exception of TRPA1, where there is a 

lone human subfamily member. Representative structures have been determined for the 

entire vanilloid (TRPV) subfamily. The structures reveal a conserved general 

transmembrane architecture with highly diverse extramembrane loops and N- and C-

terminal domains. The collective structural information has shaped understanding of how 

TRP channels gate in response to chemical and physical stimuli. TRPA is for ankyrin, -V 

for vanilloid, -M for melastatin, -C for canonical, -ML for mucolipin, -P for polycystic. 

 

TRP channels are structurally diverse in their cytoplasmic N- and C-terminal 

domains (Figure 1.1, right), but they share a conserved transmembrane topology of six 

helices per subunit, termed the S1 through S6 helices. They share a general architecture 

with classical voltage-gated potassium (KV) channels; the first four transmembrane 

helices (S1–S4) comprise a helical bundle homologous to the voltage-sensing domain of 
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KVs, while helices S5 and S6 form a pore domain. The channels are homotetramers, with 

the S5 and S6 helices forming the conducting pore in a domain-swapped configuration 

(Figure 1.2). Also similar to KV channels, a short helical S4-S5 linker connects the S1–S4 

domain to the pore domain and allows for functional coupling between the two domains. 

Finally, a feature conserved in all TRP channels and unique to the superfamily is a post-

S6 amphipathic “TRP helix” that extends below the S1–S4 domain and interacts with the 

S4-S5 linker to modulate channel gating. In the last several years as cryo-electron 

microscopy has matured, TRP channel structures from each subfamily have been 

determined, confirming many of the features that had been hypothesized by functional 

studies while raising new questions. 

 

 

Figure 1.2 The conserved transmembrane architecture of TRP ion channels. A TRP 

channel monomer (left panels) contains six transmembrane helices, including two 

conserved structural domains. The S1-S4 (blue) domain forms a four-helix bundle. The 

last two transmembrane helices, S5 and S6, form the pore domain (PD, red) where the 

tetramer of the PD forms the conductance pathway of the channel. The S1-S4 domain and 

the PD are linked by an S4-S5 linker (orange). Two additional conserved helices are the 

pore helix (PH, violet) and the amphipathic TRP helix (cyan). A functional channel is 

composed of a domain-swapped tetramer, with the PD helices interacting with adjacent 

subunits (right panels). Structural and functional studies suggest that allosteric networks 

between binding, temperature sensing, and other stimuli regulate these channels. 
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The primary tool for investigating ion channel function is patch-clamp 

electrophysiology, first pioneered by the legendary Hodgkin and Huxley [13]. The 

studies presented in this work use the whole-cell patch clamp technique, which measures 

the total electrical currents through all ion channels in a cell under various conditions. In 

this technique, the channel of interest is biologically expressed and trafficking to a cell 

membrane. A fine-tipped glass pipette is filled with a solution that mimics the ionic 

concentrations of the intracellular environment, and an electrode is inserted into the 

pipette. The pipette is brought into contact with the membrane surface of an individual 

cell, and a tight seal is formed between a “patch” of the bilayer and the glass pipette, 

typically with more than gigaohm of resistance. The patch of membrane is torn away by 

applying negative pressure, giving the electrode access to the interior of the cell. A 

second electrode is placed outside the cell in an extracellular solution, and electronic 

equipment is used to clamp the membrane potential at a desired voltage (Figure 1.3). Any 

deviation from this voltage is quickly compensated by an injection of current; this current 

is measured and recorded. Measuring these currents under different conditions provides 

insight into ion channel selectivity and response to stimuli such as voltage, ligands, or 

temperature. 
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Figure 1.3 Whole-cell patch-clamp electrophysiology. After forming a seal between the 

glass pipette and the plasma membrane, tearing away the membrane patch under the 

pipette opening gives electrical access to the cell interior and allows for control of the 

potential across the membrane. 

 

The work presented here focuses on two of the thermosensitive TRP channels: the 

cold-sensing channel TRPM8 and its heat-sensitive counterpart TRPV1. Chapter 2 

presents a broad overview of TRP channel physiology and function, focusing particularly 

on thermosensing. This chapter also highlights techniques that can be used to study TRP 

channels, including X-ray crystallography, cryo-EM, nuclear magnetic resonance and 

fluorescence spectroscopy, and computational methods. Chapter 3 presents a study to 

investigate regulation of TRPM8 by PIRT, a small two-span membrane protein. The 

results of this study underscore the importance of the transmembrane domain in channel 

function and regulation, and they demonstrate a novel difference in PIRT modulation 

between species. Chapter 4 presents the identification of a point mutation in TRPM8 that 

causes a general attenuation of channel function and selectively abolishes response to the 

TRPM8 agonist icilin. Insights and possible interpretations of this effect are discussed. 

Chapter 5 discusses variously the measurement of TRPV1 heat activation energetics, an 
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attempt to probe the regions of TRPM8 involved in its cold temperature sensitivity, and a 

study of a novel TRPM8 antagonist. Finally, Chapter 6 summarizes the conclusions of 

this work and discusses future directions for further study. 
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CHAPTER 2 

UNDERSTANDING THERMOSENSITIVE TRANSIENT RECEPTOR POTENTIAL 

CHANNELS AS VERSATILE POLYMODAL CELLULAR SENSORS 

Reproduced with permission from Hilton, J. K., Rath, P., Helsell, C. V. M., Beckstein, 

O., and Van Horn, W. D. Biochemistry 2015, 54:2401-2403.  Copyright 2015 American 

Chemical Society. 

2.1 Abstract 

Transient receptor potential (TRP) ion channels are eukaryotic polymodal sensors 

that function as molecular cellular signal integrators. TRP family members sense and are 

modulated by a wide array of inputs, including temperature, pressure, pH, voltage, 

chemicals, lipids, and other proteins. These inputs induce signal transduction events 

mediated by nonselective cation passage through TRP channels. In this review, we focus 

on the thermosensitive TRP channels and highlight the emerging view that these channels 

play a variety of significant roles in physiology and pathophysiology in addition to 

sensory biology. We attempt to use this viewpoint as a framework to understand the 

complexity and controversy of TRP channel modulation and ultimately suggest that the 

complex functional behavior arises inherently because this class of protein is exquisitely 

sensitive to many diverse and distinct signal inputs. To illustrate this idea, we primarily 

focus on TRP channel thermosensing. We also offer a structural, biochemical, 

biophysical, and computational perspective that may help to bring more coherence and 

consensus in understanding the function of this important class of proteins. 

2.2 Introduction 

 TRP channels are a family of diverse ion channels with broad physiological roles 

found primarily in higher organisms. These protein channels share structural homology 
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with voltage-gated potassium and related ion channels (Figure 2.1). Since cloning and 

sequencing of the first transient receptor potential (TRP) ion channel in 1989, this protein 

superfamily has emerged as a diverse group of cellular sensors.[1] With the identification 

of temperature, gustatory, and mechano-sensing TRP channels in the late 1990s and early 

2000s, TRP channels have been widely associated with sensory physiology. Many 

investigations have shown that in addition to significant roles in sensory biology, TRP 

channels are involved in a wide variety of physiological and pathophysiological roles. 

Unlike many protein families in which characteristic functional attributes identify family 

members, TRP channels are sufficiently evolutionarily diverse such that they are defined 

solely by their sequence, perhaps underscoring the ability of TRP channels to function in 

a variety of biological contexts.[2] In addition to high sequence and functional diversity 

among family members, individual TRP channels have been evolutionarily fine-tuned 

and multipurposed in a species dependent manner. This molecular speciation complicates 

comparative studies and seems to convolute attempts to elucidate molecular mechanisms. 

Compounding this, many TRP channels are modulated by a number of distinct stimuli. 
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Figure 2.1 Architecture of TRP channels. A) The membrane domain structure of TRP 

channels is homologous to voltage-gated potassium channels. The sensor domain is 

comprised of helices S1-S4 (blue). This domain is linked to the pore domain S5-S6 

transmembrane helices (red) by an S4-S5 α-helix linker (cyan). The C-terminal 

juxtamembrane region is comprised of an α-helical segment (orange) which includes a 

short segment of generally conserved basic residues that have been implicated in PIP2 

regulation of TRP channels. B) Structural view of the membrane regions of the 

functionally relevant tetrameric TRPV1 channel from 3J5P.pdb with the same coloring as 

panel A. The bottom panel is an extracellular view of the membrane regions of TRPV1. 
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The inherent polymodal modulation of themoTRP channels is illustrated by 

TRPV1, which is the most thoroughly studied family member (Figure 2.2). In humans, 

TRPV1 is the primary heat sensor and is activated by elevated temperatures.[3, 4] It is 

also activated by pH, changes in membrane potential (voltage), divalent cations (Mg2+ 

and Ca2+), phosphoinositide lipids, a small membrane protein named PIRT, and perhaps 

mechanical force.[3, 5-10] TRPV1 is also directly and indirectly modulated by an array 

of natural and synthetic compounds, including capsaicin from spicy chili peppers, THC 

(Δ9-tetrahydrocannabinol) from cannabis, and a variety of toxins originating from 

spiders, fungi, and bacteria.[3, 11-15] While a given TRP channel may be sensitive to a 

wide variety of stimulatory inputs, TRPV1 and other TRP channels have evolved to fill 

specific species-dependent roles. For example, human and rodent TRPV1 channels are 

sensitive to capsaicin, while amphibian and avian TRPV1 are not.[16] Similarly, above 

physiological temperatures, human TRPV1 activates and thus fulfills its role as a 

molecular thermometer.[4] Vampire bats, on the other hand, utilize a truncated TRPV1 

isoform in specialized organs to detect infrared radiation, allowing for thermal imaging of 

prey.[17]  

This work briefly highlights the polymodal modulatory nature of thermosensitive 

TRP channels, the importance of these channels in roles outside of sensory biology, and 

uses this as a platform to examine controversial modes of modulation by proteins, lipids, 

and thermal stimuli. We suggest that the inherent diversity of TRP channels and their 

means of channel modulation give rise to apparently opposing experimental results. 
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Finally, we offer some yet to be investigated avenues that may help identify molecular 

mechanisms of thermosensation which have so far eluded previous investigations. 

 

Figure 2.2 Polymodal modulation of thermosensitive TRP channels. TRPV1 is regulated, 

modulated, and gated by a variety of diverse stimuli. These include chemical compounds, 

such as capsaicin; lipids, such as phosphoinisitides; and membrane proteins, such as 

PIRT. In addition TRPV1 function is modulated by heat, voltage, and pH. The polymodal 

nature of TRPV1 modulation exemplifies a general feature of thermosensitive TRP 

channels.  

 

2.3 TRP Channels Beyond Sensory Physiology  

Of the 27 TRP channels identified in mammals, ten have been identified as 

thermosensors, or thermoTRP channels.[18] While many are familiar with TRPV1 and 

TRPM8, which function as heat and cold sensors respectively, a number of other TRP 

channels have been implicated as thermosensors, including TRPV2-V4, TRPA1, 

TRPM2, TRPM4, TRPM5 and TRPC5.[18, 19] These ion channels are well known as 

vanguards of the somatosensory system; however, research is increasingly revealing a 

wide variety of physiological roles beyond temperature and ligand sensing. Here, we 

highlight a few recent results that illustrate some of these diverse physiological roles. 

TRPM8 is the primary cold sensor in higher organisms and several studies have 

shown that TRPM8 regulates body temperature.[20-23] Mice and rats experience a 

transient drop in core body temperature following administration of TRPM8 
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antagonists.[20, 22] This is apparently due to thermoregulatory systems of the brain 

misinterpreting the body’s core temperature feedback system; consequently, 

thermogenesis factors such as vasoconstriction, oxygen consumption, brown adipose 

tissue thermogenesis, and cold-avoidance behavior are suppressed, resulting in a lower 

core temperature. Perhaps unsurprisingly, activation of TRPM8 channels by agonists, 

such as menthol and icilin, has an opposite physiological hyperthermic effect.[21, 23] 

The thermoregulatory effect of TRPM8 was shown to be connected to the cold 

hyperalgesia symptom of opiate withdrawal via a direct interaction with the opioid G-

protein coupled receptor (GPCR), OPRM1.[24] Upon OPRM1 activation by morphine, 

TRPM8 and OPRM1 are co-internalized, resulting in a reduction of cold- and menthol-

activated currents in vitro. In wild-type mice, morphine treatment causes cold analgesia, 

whereas TRPM8 knockout results in a decrease in this effect.[24] The thermoregulatory 

role of TRPM8 also has downstream physiological effects. In a recent study, TRPM8 

activation in brown adipose tissue was shown to upregulate expression of a UCP1, the 

mitochondrial uncoupling protein that bypasses ATP synthesis and harnesses the 

transmembrane proton gradient to produce heat.[25] Further, mice fed a high fat diet 

supplemented with a TRPM8 agonist gained significantly less weight than non-

supplemented mice, suggesting that TRPM8 plays a role in obesity and body weight 

regulation.[25] 

TRPM8 has also been shown to be involved in insulin regulation. TRPM8 

knockout mice exhibit increased rates of insulin clearance, which is apparently the result 

of increased liver expression of an insulin-degrading enzyme.[26] The precise 
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mechanism underlying this effect is unclear, given that TRPM8 is not expressed in either 

the pancreas or liver; however, TRPM8 afferent neurons do innervate the hepatic portal 

vein.[26] Taken together, while TRPM8 is best known for its role in cold 

thermosensation, it is implicated in a wide variety of physiologically important roles. 

TRPV1 is a heat-activated channel that is also sensitive to a number of noxious 

stimuli.[27] It was the first human thermosensing channel identified, and is one of the 

most studied TRP channels. Its role in thermosensing is well established, but recent 

reports suggest more complex physiological roles. For example, TRPV1 knockout mice 

have longer lifespans and maintain a youthful metabolic profile, the downstream effects 

of inactivation of a calcium signaling cascade that results in improved glucose 

homeostasis.[28] In addition, TRPV1 expressed in osteoclasts is involved in regulating 

bone resorption via crosstalk with GPCR cannabinoid receptors. Mice models of 

osteoporosis with either genetic or pharmacological inactivation of TRPV1 have restored 

osteoclast quiescence and improved bone density and morphology.[29] 

TRPM2 is activated by H2O2 and other agents that produce reactive oxygen 

species (ROS), in addition to intracellular adenosine diphosphate ribose (ADPr). It is 

involved in a diverse array of physiological roles, and new roles continue to be identified. 

Recently, TRPM2 was shown to play an important role in neuritogenesis during 

embryonic brain development.[30] In this process, axonal growth and retraction must be 

properly balanced as the brain is shaped. Neurons that lack TRPM2 activity have 

significantly longer neurites than native cells.[30] This study also linked TRPM2 to the 

lysophosphatidic acid (LPA) signaling pathway, which is known to induce neurite 
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retraction. LPA activates poly-ADPr polymerase 1, which results in increased production 

of ADPr, an endogenous activator of TRPM2.[30] 

 TPRM2 is also expressed in mucosal mast cells, where it is involved in the 

degranulation process in response to antigen stimulation. Oda and coworkers 

demonstrated that TRPM2-mediated calcium influx is important in this process, and 

TRPM2 inhibition improved symptoms in a mouse model of food allergy.[31]  

 Finally, Numata et al. demonstrated that ADPr- and cyclic ADPr-induced TRPM2 

currents were identical to hypertonicity-activated currents in HeLa cells.[32] Further 

experiments revealed that a splice variant of TRPM2 is likely the hypertonicity-induced 

cation channel in HeLa cells. TRPM2 appears to be activated downstream of CD38, an 

ectoenzyme responsible for exporting ADPr and cADPR out of the cell. siRNA 

knockdown of both TRPM2 and CD38 significantly reduced regulatory volume increase 

in response to hypertonic challenge.[32] While the nature of the crosstalk between CD38 

and TRPM2 remains unclear, the finding suggests an interesting role of TRPM2 in cell 

volume regulation, an important factor in cell proliferation and apoptosis. 

These highlights are just a few of the extensive roles thermosensitive TRP 

channels play in diverse aspects of physiology, but are far from a comprehensive list.[33] 

Nonetheless, thermoTRP channels clearly play significant roles beyond sensory 

physiology.  

2.4 Variation in Thermosensitive TRP Channel Modulation 

Surprising differences in modulation have been documented between 

thermosensitive TRP orthologues, even in closely related species (Figure 2.3). TRPA1 is 
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a prime example of species dependent differences, which has probably contributed to the 

controversy surrounding this channel’s function.[34] TRPA1 is a chemical and 

thermosensitive nociceptor in animals. Sequence variation between species likely 

accounts for the observed differences in identified in TRPA1 function. As an example, 

human and mouse TRPA1 share 80% sequence identity, though lower conservation is 

found between more distantly related species. TRPA1 serves as a heat sensor for reptiles 

while it is reportedly a cold sensor in rodents and other mammals.[35, 36] A screen of 

potential new TRPA1 antagonists revealed that trichloro(sulfanyl)ethyl benzamides 

inhibit human TRPA1, but some of the compounds elicited far smaller inhibitory effects 

on rat TRPA1, while others even activated it, demonstrating differential pharmacological 

profiles between the two species’ channels.[37] Similarly, caffeine activates mouse 

TRPA1 but inhibits human TRPA1; the mouse channel activation by caffeine can be 

reversed to inhibition by a single point mutation.[38-40] There is substantial evidence for 

evolutionary differentiation of mammalian TRPA1 from other animals: pit vipers express 

TRPA1 as an infra-red sensor, and TRPA1 appears to be a heat sensor in Drosophila 

melanogaster.[41-43] Indeed, the function of TRPA1 as a nociceptor is well-conserved 

throughout many species, but there are many examples of species-dependent differences: 

for a more thorough analysis of this literature, refer to the review by Chen and Kim.[44]  

In addition to clear functional differences for TRP channels between species, it is 

clear that specific isoforms of TRP channels expand functional properties for a given 

channel in a given species. This idea is highlighted in Drosophila TRPA1 studies that 

carefully characterized four channel isoforms.[42, 45] Two Drosophila TRPA1 isoforms 
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are heat sensitive while the other two isoforms are not temperature sensitive. 

Interestingly, the Drosophila TRPA1 isoforms exhibit differential expression profiles, 

apparently physiologically tailored to either heat- or pain-sensing neurons. 

 

Figure 2.3 Examples of variation in TRP channel function between species. A) Caffeine 

activates mouse TRPA1, but attenuates the activity of human TRPA1. B) Evolutionary 

divergence has produced cold-sensitive TRPV3 in Western Clawed Frogs, whereas 

TRPV3 has been implicated as a heat sensor in mice and other mammals. C) Avian 

orthologues of TRPV1 are insensitive to capsaicin, a key agonist of the mammalian 

channel. 

 

While TRPA1 is a particularly rich example of apparent speciation and complex 

regulation, it is not unique in this regard. The IR sensitive TRPA1 found in pit vipers is 

not the only TRP channel that has evolved to fill this functional niche: in vampire bats, a 
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TRPV1 isoform serves a similar function.[46] Western clawed frogs developed a cold-

sensitive TRPV3, whereas mammalian TRPV3 is likely a heat sensor.[47] There is 

conflicting evidence on TRPV3 and TRPV4 contributions to heat sensitivity that may 

potentially be explained by strain differences in mice.[48] 

Species dependent pharmacology has been shown for many compounds for a 

number of thermosensitive TRP channels. A putative TRPM8 orthologue in clawed frogs 

is activated by menthol, but with fine-tuned thermosensitivity across a much lower 

temperature range than the mouse and rat channels.[49] Similarly, chickens and other 

avians express TRPV1 orthologues that are insensitive to capsaicin, a key agonist of the 

mammalian channel.[50] The candidate anti-inflammatory compound JYL-1421 blocks 

capsaicin responses in rat TRPV1, but not in the human or monkey channels.[51] 

Likewise, phorbol 12-phenylacetate 13-acetate 20-homovanillate (PPAHV) is a strong 

agonist of rat TRPV1, but has no discernable effect on human TRPV1.[52] Zebrafish 

TRPV1 orthologues lack residues that are likely essential for endocannabinoid binding, 

suggesting that zebrafish TRPV1 may be insensitive to endocannabinoids known to 

interact with the mammalian channels.[53] Rat and mouse TRPV2 are activated by 2-

aminoethoxydiphenyl borate (2-APB), a known modulator of many TRPs and store-

operated calcium channels, but human TRPV2 is not responsive at all.[54]  

Even for well-established endogenous regulators, a given thermosensitive TRP 

channel’s modulatory profile can be complicated. In the case of PIP2 

(phosphatidylinositol 4,5-bisphosphate), an endogenous inner-leaflet membrane lipid 

known to interact with many ion channels and most TRPs, several channels have 
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produced conflicting accounts of activation and inactivation. There is emerging and broad 

agreement that PIP2 activates TRPV1 in a physiologically relevant context.[55] However, 

experiments with PIP2 in artificial liposomes produce an inhibitory effect.[56] This may 

be explained by the fact that these liposomes do not exhibit the leaflet segregation of PIP2 

found in natural membranes, so the localization of PIP2 in these experiments may not 

accurately reflect the endogenous biological context. However, the sensitivity of 

functional data to such minute differences demonstrates the intrinsic diversity of TRP 

channel modulation at a fundamental level. A TRP-like Drosophila melanogaster channel 

(dTRPL) has been reported to be both inhibited and strongly activated by PIP2.[57, 58] 

Similarly, TRPC4 may exhibit isoform-specific interaction with PIP2.[59] For a thorough 

analysis of these issues, see Rohacs’ 2014 review of phosphoinositide regulation of TRP 

channels.[55] 

In 2008, Dong et al. characterized a small two-span membrane TRP channel 

modulatory protein named PIRT (phosphoinositide interacting regulator of TRP), 

analogous to other β-subunits like the KCNE family for voltage-gated potassium 

channels.[9] In these studies PIRT activated TRPV1 channels, and PIRT knockout mice 

showed reduced sensitivity to heat and capsaicin. PIRT has since been implicated in 

pruritus, or itch sensation, with PIRT knockout mice exhibiting minimal scratching in 

response to injection of histamine and non-histamine pruritogens.[60] A more recent 

report revealed that PIRT also potentiates TRPM8 currents in a manner similar to 

TRPV1; PIRT knockout mice exhibited impaired response to cold temperatures, while 

electrophysiology recordings showed increased current density in response to cold or 
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menthol stimuli when PIRT was co-expressed with TRPM8.[61] These results reveal 

another layer of complexity in thermosensitive TRP channel modulation and given the 

diverse physiological roles of TRP channels, potentially this functional heterogeneity is 

achieved by modulatory proteins, including PIRT. 

Interestingly, like TRP channels, PIRT contains a putative PIP2-binding site. 

Initially it was proposed to be necessary for PIP2-mediated activation of TRPV1.[9] 

However, later work by Carmen et al. called that conclusion into question, as inside-out 

excised patches showed that PIRT had no effect on PIP2-dependent TRPV1 activation.[8] 

In any case, from in vivo studies PIRT seems to modulate TRPV1 activity, but questions 

about the interplay, interactions, and intricacies between channel, PIRT, and PIP2 remain 

to be answered. For example, PIRT was shown to bind directly to TRPV1,[9] but the 

binding site and stoichiometry of this interaction have yet to be elucidated, and the role of 

the phosphoinositide-binding region of PIRT is unclear.  

Differential modulation has been demonstrated in multiple thermosensitive TRP 

channels, suggesting that it is not an incidental feature of a few family members. Perhaps 

these distinct modulatory modes have allowed them to function as polymodal sensors 

well beyond the realm of sensory biology. This issue presents a potential problem for 

functional studies of TRP channels, because it can be difficult to discern spurious results 

from genuine differences in systems. Further study and careful analysis must be devoted 

to differential modulation of TRP channels to habilitate animal models and further drug 

development. 
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2.5 TRP Channels As Molecular Thermometers 

One of the most interesting features of some TRP channel family members is their 

functional role in thermosensing. TRP channel thermosensitivity is an intrinsic property 

of the proteins, which are directly activated or gated by temperature. This is evidenced by 

purified channels reconstituted into artificial membranes. Rohacs and coworkers 

expressed and purified full-length rat TRPM8 from E. coli, which was incorporated into a 

3:1 POPC:POPE planar bilayer and subjected to single channel electrophysiology 

measurements. Their results show that TRPM8 purified and reconstituted in a non-

biological bilayer produces cold-evoked currents with steep temperature dependence 

similar to results observed in cell membranes.[62] Similarly, Julius and coworkers have 

expressed and purified a truncated functional form of rat TRPV1 from Sf9 insect cells. 

The resulting protein was incorporated into soybean polar lipid extract-based liposomes 

for electrophysiology measurements probing thermal sensitivity.[4] The outcomes mirror 

those seen from recombinant TRPM8 studies and indicate that elevated temperature 

produces direct activation of TRPV1. These results clearly show that thermosensitivity is 

an inherent property of these channels. Despite the inherent thermosensitivity of TRPM8 

and TRPV1 (and presumably the other thermosensitive TRP channels), to date there is no 

coherent understanding of the temperature-dependent mechanism at the molecular level. 

Notwithstanding, a number of important ideas, frameworks, and mechanisms have been 

proposed, including experimentally testable hypotheses.[27, 63-65] 

 Part of the challenge in identifying a mechanism for TRP channel 

thermosensation arises because the nature of the protein region (or regions) used to sense 
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temperature has not been isolated. A number of studies have reported on regions that 

affect TRP thermosensitivity. In aggregate, the outcomes of these studies do not isolate a 

specific region or domain and are generally contradictory.[64] The resulting regions are 

spread throughout the channels both in sequence and structure space (Figure 2.4). For 

example, a number of studies have identified the N-terminal extra-membrane ankyrin 

repeat domains (ARD) of TRPV1 and TRPA1 as being involved in thermosensation. 

However, TRPM8 has no ARDs and TRPA1 has significantly more ARDs than TRPV1. 

This result suggests that either the ARDs are not key to thermosensing, or indicates that 

the TRPM8 thermosensing mechanism is distinct from TRPV1 and TRPA1, which 

admittedly could be the case as the channels are relatively divergent (TRPV1 and 

TRPM8 share about 11% sequence identity). Indeed, thermoTRP channels in general 

have low sequence homology, even between members of the same family (Figure 2.5). 

The lack of consensus between functional studies intended to isolate regions and 

mechanisms of thermosensing TRP channels has interesting implications in its own right. 

It either suggests that unlike other ion channel properties, such as voltage- or ligand-

dependent channel activation and ion selectivity (which are driven by localized structural 

regions), TRP channel thermosensation may be delocalized over structural space 

dependent on a new, yet to be identified mechanism. An alternative explanation for the 

challenges in isolating a TRP channel thermosensor is that using mutations, chimeras, 

and/or truncations may not be the most viable method to probe thermosensation 

mechanisms since these changes generally have unknown and unintended 
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thermodynamic consequences, which can result in energetic perturbations that change the 

functional output without inherently perturbing thermosensation.[63] 

 

Figure 2.4 Reported regions of TRP channels important for thermosensing. For a number 

of TRP channels various regions have been implicated as crucial to thermosensing. 

Thermosensing regions are plotted on the monomer topology diagram of a generic TRP 

channel. Colors represent different thermosensitive TRP channels as follows: TRPV1 

(red),[66-73] TRPM8 (blue),[68, 74] TRPA1 (green),[35, 40, 42, 75, 76] TRPV3 

(purple),[69, 77] and TRPV2 (cyan).[66] Each colored circle represents a published 

account of a region involved in thermosensing. 

 

Arising from the challenges in isolating a temperature-sensitive domain or sub-

domain, the hypothesis has emerged that perhaps TRP thermosensing regions are 

structurally dispersed over multiple domains. Notwithstanding, important strides to 

understanding thermosensation are forthcoming. It is clear from quantitative 

electrophysiology-based thermodynamic studies that TRP channels have relatively large 

magnitude changes in enthalpy (ΔH ≥ ±100 kcal/mol) upon channel activation.[78, 79] 

The magnitudes of ΔH are more than an order of magnitude larger than for many other 

reported proteins undergoing conformational change, and are similar to the reported 
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values for classical protein unfolding studies.[80] Interestingly, for the cold sensing 

protein TRPM8 ΔH of activation is exothermic (ΔH < 0), suggestive of an enthalpy 

driven activation as given by ΔG = ΔH – TΔS. On the other hand, for the heat sensing 

TRPV1, ΔH is endothermic, which suggests that the free energy of activation is entropy 

driven. The free energy of activation for thermosensitive TRP channels is similar to other 

ion channels (~10 kcal/mol), which demands that the large ΔH of thermosensitive TRP 

channels is compensated by significant changes in entropy (ΔS).[81] To this end, 

Clapham and Miller have proposed a thermodynamic model of TRP thermosensitivity 

mirroring early protein folding studies where the temperature dependent conformational 

change of these channels is driven by a change in heat capacity (ΔCp).[63] Historical 

protein studies have found that temperature dependent enthalpies and entropies are 

common and arise from a change in heat capacity. At a given temperature (T) the ΔH can 

be related to a reference enthalpy (ΔH°) at the reference temperature (T°) as a function of 

ΔCp:  

∆𝐻 = Δ𝐻° + ∆𝐶p(𝑇 − 𝑇°) 

Similarly a temperature dependent change in entropy, ΔS, includes a ΔCp term:   

∆𝑆 = Δ𝑆° + ∆𝐶p𝑙𝑛 (
𝑇

𝑇°
) 

These temperature-dependent thermodynamic entities give rise to non-linear protein 

stability curves, which dictates how ΔG varies as a function of temperature:  

∆𝐺 = ∆𝐻° − 𝑇∆𝑆° + ∆𝐶p (𝑇 − 𝑇° − 𝑇𝑙𝑛 (
𝑇

𝑇°
)) 
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Thus, changes in heat capacity can impact the temperature dependence of conformational 

changes, including potentially that of thermosensing TRP channels.[82] 

 

Figure 2.5 Low sequence conservation in human thermosensitive TRP channels . A) A 

multiple sequence alignment of the S4 and pore (PH) helices in known human TRP 

thermosensors represented using ALINE.[83] These two helices were chosen because, 

unlike strongly voltage-gated channels, the S4 helix is relatively poorly conserved in TRP 

channels, whereas the pore helix (PH) appears to contain the only residue that is 

absolutely conserved in the transmembrane region of human thermoTRPs. There is little 

to no homology in the loop regions, and limited homology in the helices. This alignment 

was generated using ClustalX[84] to iteratively add multiple sequences to a pairwise 

structural alignment of human TRPM8 to the apo structure of rat TRPV1 (3J5P) 

generated using MUSTANG.[85] Sequence similarity is indicated with a color spectrum 

from cyan to red using ALSCRIPT Calcons.[86] White, cyan, and red indicate 

subthreshold conservation, low conservation, and absolutely conserved residues, 

respectively. B) The sequence conservation is mapped to membrane regions of rTRPV1 

structure using the same colors as above. 

 

One prominent feature of the ΔCp-dependent thermosensing hypothesis is that 

both positive and negative enthalpies of TRPM8 and TRPV1 can be explained 

thermodynamically because transitions that have changes in heat capacity between states 
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have, by definition, protein stability curves that are non-linear where transitions can be 

either enthalpy or entropy driven, analogous to protein heat and cold denaturation. The 

most important outcome of this hypothesis is that it can be tested experimentally. It is 

clear from early protein folding studies what underlies changes in heat capacity. These 

underpinnings include changes in electrostatics, secondary structure, etc. However, it has 

been recognized for decades that changes in heat capacity usually correlate extremely 

well with changes in solvation. For example, a hydrophobic residue transitioning to a 

hydrophilic environment results in a large and positive ΔCp. Moreover, changes in 

solvent accessibility are observable in experimental and computational studies which may 

provide a method to link the existing thermodynamics to structural investigations.  

2.6 On the Path to a Structural Biological Mechanism of TRP Thermosensing 

Understanding thermodynamic measurements in terms of structure is at best 

inherently challenging. However, the emerging progress in TRP channel structural 

biology suggests optimism. The Cheng and Julius labs recently reported three high-

resolution structures of a truncated but functional rat TRPV1 channel in apo– and 

agonist–bound states.[87, 88] Their structures are the first to include membrane regions 

of a TRP channel at high resolution, and their studies highlight important features of 

agonist dependent channel gating. While seminal to understanding TRP channel function, 

the structures do not elucidate anything in particular regarding TRPV1 thermosensation. 

In addition to the recent TRPV1 structures, there are a handful of other low resolution 

structures and high resolution structural domains from some TRP family members as 

detailed in Table 2.1.  
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Beyond thermosensitive TRP channels, there are a number of other proteins and 

nucleic acids that have physiologically relevant temperature dependent responses, which 

may provide insight into TRP channel thermosensitivity.[89-91] One relevant example is 

DesK, a bacterial histidine-kinase thermosensor. DesK is a bifunctional membrane 

enzyme that is regulated between kinase and phosphatase activities by changes in 

temperature. Recent studies indicate that the temperature dependent switch in DesK is a 

membrane proximal helical segment that transitions between coil and helix 

conformations.[92] Interestingly, this conformational change alters the solvent 

accessibility of a patch of hydrophilic residues to and from the membrane, suggesting a 

mechanism that would produce significant changes in heat capacity (ΔCp) as has been 

proposed for TRP channel thermosensing.[63] 

Recently, Chanda and coworkers used rational protein design on the Shaker 

voltage gated potassium channel (Kv1.2), engineering significantly increased 

thermosensitivity at magnitudes on par with thermosensitive TRP channels.[93] The 

Shaker channel was used because it is well-studied and has negligible inherent 

temperature sensitivity. At the heart of the design principle was the idea that the ΔCp 

could be changed and thus thermosensitivity altered by modifying the polarity of residues 

that undergo a change in solvent accessibility as a function of gating. Chanda and 

coworkers focused on mutating the membrane interfacial residues of the S1-S3 helices 

and charge bearing S4 helix residues of the voltage-sensing domain and were able to 

confer temperature sensitivity to the Shaker channel (Figure 2.6). The outcome of this 

work supports the hypothesis that TRP channel thermosensitivity has a strong 
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dependence on ΔCp. Similarly, the outcomes suggest that alterations of a single structural 

domain, like the voltage-sensing domain of the Shaker channel, are sufficient to confer 

thermosensitivity. 

 

Figure 2.6 Residues and regions of the Shaker channel modified to confer thermosensing 

functionality. A) An extracellular view of a portion of the pore domain (bottom left) with 

the voltage-sensing domain (upper right) from the Shaker channel. Residues that were 

rationally mutated in helices S1-S3 are highlighted; these mutations generally increase 

temperature sensitivity of a non-thermosensing channel. These residues are posited to 

change solvent accessibility with domain conformational changes and are focused around 

the interface of the S4 helix. B) Close-up view of the residues mutated to increase 

thermosensitivity of Shaker. The reduction in S4 charged residues significantly increased 

thermosensitivity. The S4 helix is colored gray and is transparent. 

 

2.7 Identifying a TRP Specific Thermosensor  

The only conserved structural domains in all thermosensing TRP channels are the 

pore and sensor domains (S5-S6 and S1-S4 helices respectively). As a result, it should be 

possible to employ a “divide and conquer” approach to overexpress these (and other) 

structural domains of TRP channels on the path to identifying a thermosensor structural 

domain. Given the apparent thermodynamic similarities between thermosensing proteins 

and protein unfolding, one can tap into the immense and well-developed field of protein 

folding to gain mechanistic and thermodynamic insight into thermosensing, including 

answering the basic question of whether thermosensing is accomplished by a specific 
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domain or is diversified over many structural domains and ultimately what the nature and 

magnitude of the temperature dependent conformational changes are.  

Calorimetry data would be the gold standard for identifying and validating a 

thermosensing region. In particular, differential scanning calorimetry (DSC) provides a 

direct measurement of the molar heat capacity as a function of temperature which can be 

used to detect the change in enthalpy of the temperature dependent transition. DSC data 

can also provide the midpoint of the transition temperature and with further analysis the 

change in entropy and free energy. These values would be directly comparable to existing 

values obtained from functional studies and therefore very useful to potentially confirm 

the isolation of a thermosensing domain. There are downsides to this approach. The main 

limitation is that with a modern sensitive DSC instrument, one would still likely need 

milligram levels of pure and folded protein to ensure accurate and reliable calorimetry 

data, the same quantities needed for NMR and X-ray structural studies.  

In the absence of calorimetry data, reversible temperature dependent 

conformational changes can be measured by a handful of spectroscopic techniques 

(circular dichroism, fluorescence, NMR, etc.) and subjected to van’t Hoff analysis to 

obtain estimates of the changes in enthalpy, entropy, and heat capacity. For example, far 

ultraviolet circular dichroism (CD) offers a relatively sensitive, label-free, and 

straightforward method to subject potential thermosensing proteins and domains to 

thermodynamic analysis.[94] For far UV CD to properly detect a temperature transition, 

there must be a change in secondary structure, which seems likely if the structural 

transition is similar to DesK.  
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In addition to DSC and CD measurements, solution NMR is well-suited to 

thermosensing studies for a number of reasons. Both voltage-sensing and pore domains 

from other channels have been investigated by solution NMR.[95-97] The benefits for 

solution NMR are that the experiments are capable of probing atomic resolution protein 

dynamics over biological time scales, including the millisecond timescale regime where 

protein conformational changes generally occur. This information could be used in 

comparative studies of thermosensitive TRP channels to validate the outcomes with 

existing electrophysiology data. Lastly, modern NMR hardware makes it straightforward 

to probe structure, dynamics, and thermodynamics in a temperature dependent manner 

from zero to eighty degrees Celsius, making this technique particularly promising for 

TRP thermosensing studies. One classic study made use of relaxation dispersion 

experiments to probe conformational dynamics and energetics between states of a 

membrane bound enzyme.[98] Such methods would be very relevant to a TRP channel 

thermosensing domain. While it is unlikely with current methods that solution NMR 

could be used to determine the structure of a full-length TRP channel, it is feasible to 

determine the structures of the sensor domain or a tetrameric pore domain at distinct 

temperatures.  

In addition to NMR structural studies, advances in other structural techniques 

suggest that either cryo-electron microscopy (EM) or X-ray crystallography could 

potentially be able to determine the structure of a full-length thermosensing channel in 

distinct states. It is clear from the work of Cheng and Julius that high resolution cryo-EM 

is applicable to TRP channel structure determination. With new advances in EM 
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software, which includes the ability to perform single particle reconstruction on 

conformationally heterogeneous samples, and the use of time-resolved cryo-EM 

instrumentation, which can freeze samples on the order of milliseconds, it may be 

possible to trap and determine the structures of TRP channels in distinct conformations as 

a function of temperature.[87, 99] 

 One last promising structural technique that could have important implications for 

understanding the mechanism of thermosensitive TRP channels is the use of time-

resolved serial femtosecond X-ray crystallography (SFX). This emerging technique relies 

on intense femtosecond pulses from an X-ray laser that interact with a stream of small 

protein crystals causing X-ray diffraction prior to sample destruction. A recent example 

coupled time-resolved SFX with a yellow light laser to specifically activate photosystem 

(PS) II, resulting in the ability to probe structurally the PSII conformational changes 

associated with water-splitting which is central to photosynthesis.[100] Modifications on 

this theme, where instead of a light to activate PSII, one could modulate the temperature, 

perhaps by altering the distance between sample injector and X-ray laser, could give way 

to probing structurally the conformational changes central to TRP channel 

thermosensitivity. Given the advances in understanding of TRP channels and membrane 

protein structural biology, it seems likely that it is only a matter of time before the 

mechanism of TRP thermosensing emerges.   
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Table 2.1 Structures of TRP channels and TRP channel domains. 

Channel Source Domain studieda Expression system Method 
Resolution 

(Å) 

PDB 

code 

TRPV1[87, 

88, 101-103] 
Rat 

ARD (101-364) 

+ATP 
E.coli BL21 (DE3) X-ray 2.7 2PNN 

C-terminal (767-

801)+ CaM 
E.coli BL21 (DE3) X-ray 1.95 3SUI 

full length* S.cerevieae BJ5457 Cryo-EM 19 N/A 

near full length (110-

603//627-764) 
Baculovirus 

transduction in 

HEK293S GnTI- 

 

Cryo-EM 

3.4 3J5P 

+DkTx and RTx† 3.8 3J5Q 

+ Capsaicin† 4.2 3J5R 

TRPV2[104-

106] 

Rat full length S.cerevieae BJ5457 Cryo-EM 13.6 5688b 

Human ARD(68-319) E.coli DL41 X-ray 1.7 2F37 

Rat ARD (75-321) E.coli BL21 (DE3) X-ray 1.65 2ETB 

TRPV3[107] Mouse ARD (118-367) Rosetta (DE3) X-ray 1.95 4N5Q 

TRPV4[108, 

109] 
Human 

ARD(149-397) 

+ATP 
E.coli BL21 (DE3) X-ray 2.85 4DX1 

 Rat full length‡ 
Baculovirus-

infected Sf9 cells 
Cryo-EM 35 N/A 

TRPV6[110] Mouse ARD (44-265) E.coli BL21 (DE3) X-ray 1.7 2RFA 

TRPA1[111] Mouse full length§ S.cerevieae BJ5457 
Negative-

stain EM 
16 5334b 

TRPM2[112] Human full length‡ HEK 293 
Negative-

stain EM 
28 N/A 

TRPM7[113, 

114] 

Rat 
coiled-coil (1230-

1282) 

E.coli BL21 

(DE3)pLysS 
X-ray 2.0 3E7K 

Mouse 
alpha-kinase (1549-

1828) 

Baculovirus-

infected Sf9 cells 
X-ray 2.8 1IAJ 

TRPC3[115] Mouse full length HEK 293 Cryo-EM 15 N/A 

TRPP2[116, 

117] 

Human coiled-coil (833-872) Rosetta2 (DE3) X-ray 1.9 
3HRN 

3HRO 

Human EF hand (720-796) 
BL21(DE3) codon 

Plus RIL 
NMR 1.9c 2KQ6 

Human EF hand (680-796) BL21(DE3) NMR 4.2c 2KLD 

2KLE 

TRPP3[118] Human coiled-coil (699-743) Rosetta (DE3) X-ray 2.8 4GIF 
aNumbers indicate residues used for structural studies. ARD and CaM stand for the ankyrin repeat domain and 

calmodulin binding domain, respectively. Full length or near full length channels were reconstituted in various 

artificial hydrophobic environments such as (*) n-decyl-B-D-maltoside, (†) Amphipol A8-35, (‡) n-dodecyl-B-D-

maltoside and (§) Fos-choline 12. bReference numbers for the EMDataBank. cPredicted equivalent 

resolution.[119] 

 

X-ray crystallography and cryo-EM may provide structures at medium to high 

resolution, and NMR can reveal a structural, dynamic, and thermodynamic context. 

Computational approaches can yield complementary insights to these and other 

experimental approaches previously discussed. Computer simulations take static protein 

structures as input but are able to reveal the details of conformational changes, protein-
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membrane, or protein-solvent interactions at the atomic level and can also provide 

dynamic information.[120] Computer simulation output is often sufficient to construct 

mechanistic molecular models. Computational methods model the interactions between 

atoms with physical or heuristic inter-atomic interaction potentials and utilize 

computational algorithms to sample the conformational dynamics of a given channel.  

The gold standard of these studies are molecular dynamics (MD) simulations 

which provide a means to computationally explore the dynamics of structural models of, 

for instance, a TRP channel embedded in a lipid bilayer.[121] Based on atomic resolution 

experimental structures, MD simulations show the interactions of the channel with the 

solvent (ions and water molecules) and the membrane lipids, and allow for qualitative 

and quantitative analysis of thermodynamic and kinetic properties of the channel. [122-

125] To date, few TRP channel MD studies have been carried out due to the lack of 

reliable atomic-resolution input structures, although a number of studies combined 

experiments with short (<20 ns) simulations of TRPV1 models based on Kv, HCN, or the 

KcsA channel structures. [74, 126-128] The first atomic resolution structures were 

published in late 2013, and as a result, the first MD simulations based on these 

experimental input structures are only now beginning to emerge.[87, 129] Recently, the 

TRPV1 selectivity filter of the isolated pore structure was studied to probe its interaction 

with sodium, potassium and calcium ions.[130] This study concludes that the selectivity 

filter of TRPV1 is highly flexible and hypothesizes that the cryo-EM observed selectivity 

filter is not optimized for ion conductance.[129] Another recent study combined 

experimental mutagenesis, electrophysiology, and MD simulations to identify a binding 
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site for PI(4,5)P2.[131] These studies utilized equilibrium MD simulations of a few 

hundred nanoseconds that explicitly contained all atoms of the protein, lipid and solvent 

molecules. Similar simulations will continue to yield further insights, especially when 

carried out over longer time scales to increase sampling of solvent and protein degrees of 

freedom. Unbiased equilibrium MD is particularly useful since no specific assumptions 

are made about the protein of interest and the system evolves naturally, driven by thermal 

fluctuations. However, due to their high computational demands, equilibrium MD is 

currently limited to tens of microseconds on standard supercomputers and hundreds of 

microseconds on special purpose machines.[132] Importantly, enhanced sampling 

methods can be employed to obtain equilibrium properties over longer timescales, 

including conformation changes underlying channel gating.[133-136] MD-based methods 

also exist to compute thermodynamic information that may be useful to correlate 

experimental observables such as single channel conductance or thermodynamics with 

structural conformational changes.[137, 138] Because TRP channels are temperature 

sensitive, temperature-based ensemble methods, such as temperature replica exchange 

(typically coupled with Hamiltonian exchange), are of particular interest.[139, 140] Non-

equilibrium MD simulations that include the membrane potential have been used to study 

ion permeation of other channels in a voltage-dependent manner and have yielded 

observables such as completer current-voltage curves and ion selectivity, as well as new 

insights into voltage sensor dynamics.[141-144] Thus, computational methods have 

demonstrated their usefulness in bridging the gap between structure and function, in 
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particular for ion channels, and therefore present another meaningful technique to dissect 

the function of thermosensitive TRP channels. 

One of the primary questions that needs to be addressed by these techniques is 

whether the thermosensitivity of TRP channels is governed by discrete modular domains 

or distributed throughout the channel in smaller, structurally unrelated regions. As 

explained earlier, random mutagenesis studies have so far not yielded definite 

conclusions for distinguishing these two models. Testing the dispersed thermosensing 

hypothesis will require high-resolution structural information from full-length or near 

full-length native channels to identify regions of the channel that are involved in 

temperature-dependent conformational change. The cryo-EM or X-ray crystallography 

techniques discussed above could provide high-resolution insight into these changes. 

Residues or regions that are identified as potential contributors to channel 

thermosensitivity could then be probed and tested functionally in a hypothesis-driven 

approach. Chowdhury et al. demonstrated an excellent example of such an approach by 

utilizing the wealth of structural information on the Shaker channel to rationally guide 

experiments.[93] In this context, one of the major challenges limiting fundamental TRP 

studies is the ability to produce sufficient quantities of pure, reconstituted, and 

biologically-relevant TRP channels and related domains. As this hurdle is overcome, 

more biophysical, structural, and computational investigations will follow, yielding new 

insight into this important class of proteins. 

As pointed out earlier, thermosensitive TRP channels are inherently susceptible to 

multiple distinct stimuli. In addition, a number of studies have identified TRP channel 
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orthologs with species dependent functionality. The TRP channel activation and 

modulation landscape is further expanded by reports of isoforms and 

heteromultimerization with additional diversified functional output.[145] It thus stands to 

reason that TRP channels are exquisitely balanced for sensitivity to a variety of distinct 

inputs, which likely is at the heart of reported challenges isolating and identifying 

mechanisms associated with PIP2, PIRT, and thermosensing based gating. This idea is 

supported by recent molecular phylogenetic studies that indicate TRP channels originally 

evolved in non-neuronal cells and later in animal evolution acquired neuronal 

functionality associated with sensory biology.[146] The intrinsic plasticity of TRP 

channels notwithstanding, important inroads are being made pointing towards a more 

complete understanding of how these proteins are integrated into many diverse 

physiologically important signal transduction pathways.  

In addition to providing a brief synopsis of the state of thermosensing TRP 

channel studies, we offer a perspective of a few structural and biophysical methods that 

should complement the existing functional electrophysiology data that has been 

foundational for the current understanding of these fascinating channels. These types of 

studies are needed to test specific hypotheses that have recently emerged and will 

hopefully lead to a better understanding of the molecular intricacies of thermosensation, 

with a long term view of elucidating how these channels not only sense temperature, but 

also by what means they are able to integrate numerous diverse stimuli. 
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CHAPTER 3 

PHOSPHOINOSITIDE-INTERACTING REGULATOR OF TRP (PIRT) HAS 

OPPOSING EFFECTS ON HUMAN AND MOUSE TRPM8 ION CHANNELS 

3.1 Abstract 

Transient receptor potential melastatin 8 (TRPM8) is a cold-sensitive ion channel 

with diverse physiological roles. TRPM8 activity is modulated by many mechanisms, 

including an interaction with the small membrane protein phosphoinositide-interacting 

regulator of TRP (PIRT). Here, using comparative electrophysiology experiments, we 

identified species-dependent differences between the human and mouse TRPM8–PIRT 

complexes. We found that human PIRT attenuated human TPRM8 conductance, unlike 

mouse PIRT, which enhanced mouse TRPM8 conductance. Quantitative Western blot 

analysis demonstrates that this effect does not arise from decreased trafficking of TRPM8 

to the plasma membrane. Chimeric human/mouse TRPM8 channels were generated to 

probe the molecular basis of the PIRT modulation, and the effect was recapitulated in a 

pore domain chimera, demonstrating the importance of this region for PIRT-mediated 

regulation of TRPM8. Moreover, recombinantly expressed and purified human TRPM8 

S1–S4 domain (comprising transmembrane helices S1–S4, also known as the sensing 

domain, ligand-sensing domain, or voltage sensing-like domain) and full-length human 

PIRT were used to investigate binding between the proteins. NMR experiments, 

supported by a pulldown assay, indicated that PIRT binds directly and specifically to the 

TRPM8 S1–S4 domain. Binding became saturated as the S1–S4:PIRT mole ratio 

approached 1. Our results have uncovered species-specific TRPM8 modulation by PIRT. 
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They provide evidence for a direct interaction between PIRT and the TRPM8 S1–S4 

domain with a 1:1 binding stoichiometry, suggesting that a functional tetrameric TRPM8 

channel has four PIRT-binding sites. 

3.2 Introduction 

Transient receptor potential melastatin 8 (TRPM8) is a temperature sensitive ion 

channel that activates at temperatures below 25 °C; it is considered the primary cold 

sensor in mammals [1, 2]. Besides temperature, TRPM8 activity is modulated by a 

variety of stimuli, including small molecules (the most well-known of which is menthol), 

pH, and the phospholipid phosphoinositide 4,5-bisphosphate (PIP2) [3, 4]. Although 

TRPM8 function is typically considered in the context of sensory physiology, TRPM8 

also has important roles in other physiological processes such as pain [5], core body 

temperature regulation [6-8], body weight regulation [9], vasoconstriction regulation 

[10], and osmolality sensing [11]. Understanding the regulation of TRP channel activity, 

including TRPM8, is currently an area of much investigation and debate. 

TPRM8 activity is also modulated by PIRT, a small two-span membrane protein [12, 13]. 

PIRT was originally identified as a regulator of TRPV1, and it is exclusively expressed in 

dorsal root ganglia, trigeminal ganglia, and enteric neurons of the peripheral nervous 

system [14]. PIRT knockout mice exhibit impaired temperature response to both hot and 

cold temperatures, and electrophysiology and calcium imaging studies demonstrated that 

both TRPM8 and TRPV1 activity are enhanced in the presence of PIRT [12, 14]. In 

addition, PIRT was shown to contribute to visceral pain sensation [15], bladder activity 

regulation [16], and TRPV1-dependent and -independent itch (pruritus) sensation [17], 
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suggesting broader physiological roles and underscoring the biological importance of this 

modulatory protein. Coimmunoprecipitation experiments show that PIRT interacts with 

TRPV1 and TRPM8, suggesting that the regulation is mediated via a direct interaction 

with the channel [14]. Cell surface trafficking experiments indicate that enhanced channel 

activity in mice is not caused by changes in expression levels or channel trafficking, 

supporting the idea that PIRT enhances channel activity by interacting directly with the 

channels rather than increasing the number of channels in the membrane [12, 14]. More 

recently, it was shown that PIRT works synergistically with PIP2 to enhance TRPM8 

currents by increasing conductance at the single channel level [13]. However, the details 

of this interaction including the binding site and stoichiometry of PIRT to TRPM8 are 

unknown. 

Notably, these studies were carried out using mouse models and apparently 

heterologous expression of the mouse Pirt and Trp channel genes. TRP channels exhibit 

remarkable functional and sequence diversity not only between different channels in the 

family, but also between orthologs, i.e. the same gene product from different species [18, 

19]. These differences can manifest as important selected features between species; for 

example, the thermosensitivity of different species of TRPM8 is evolutionarily tuned to 

the appropriate temperature range based on organismal core body temperature and 

environment [20], and avian TRPV1 is insensitive to capsaicin, a potent agonist of the 

mammalian ortholog, which allows for seed disbursement [19]. 

The results of this study focus on the human TRPM8 and PIRT gene products and for the 

first time reveal that in contrast to the increased conductance seen in the mouse proteins, 
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human TRPM8 currents are attenuated in the presence of human PIRT. Analogous to 

previously published mouse studies, human PIRT does not reduce human TRPM8 cell-

surface expression. Additionally, nuclear magnetic resonance (NMR) chemical shift 

perturbation and in vitro pull-down experiments show that PIRT binds specifically to the 

S1–S4 domain of TRPM8, with a 1:1 stoichiometry. Transmembrane domain chimeras of 

human/mouse TRPM8 showed that residues in the transmembrane domain (helices S1-

S6), and in particular the pore domain (S5-S6), are the basis for modulation by PIRT and 

the species differences observed. These results shed light on the PIRT–TRPM8 

interaction and reveal that the PIRT–TRPM8 complex has evolved in a 

species-dependent manner. 

3.3 Results 

3.3.1 PIRT Modulation of TRPM8 Is Species Dependent 

Whole-cell patch-clamp electrophysiology was used to measure current responses 

of human embryonic kidney (HEK) 293 cells that were transiently transfected with either 

human TRPM8 and human PIRT or human TRPM8 and empty vector (Fig. 3.1A). Current 

responses to voltage steps from -100 to +100 mV were recorded using a standard step 

protocol (Fig. 3.1D). At ambient room temperature (~23 °C), recordings of cells 

transfected with both human TRPM8 and human PIRT resulted in significantly reduced 

currents compared to cells transfected with human TRPM8 and an empty pIRES2-DsRed 

vector at voltages of +60 mV and above; at +100 mV, cells transfected with human PIRT 

showed on average ~69% of the current measured from cells expressing hTRPM8 alone. 
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Figure 3.1 Human PIRT attenuates whole-cell currents of human TRPM8. (A) Average 

current traces and current-voltage plot of whole-cell patch-clamp electrophysiology 

recordings of HEK-293 cells expressing hTRPM8 or hTRPM8 and hPIRT taken at 

ambient temperature (23 ± 1 °C). Current-voltage plots are of steady-state current values 

taken from the time point indicated by an arrow in the average current traces. At ambient 

temperature, hTRPM8 currents are significantly attenuated at voltages above +60 mV 

when coexpressed with hPIRT. (B) Upon stimulation with saturating menthol 

concentrations (500 µM), hTRPM8 currents are significantly attenuated at voltages above 

+30 mV. (C) Cold-evoked currents were significantly attenuated at all measured voltages 

with the exception of -90 mV. An expanded view of negative potentials (bottom right) 

shows that hPIRT significantly attenuates cold-evoked currents at physiological 

membrane potentials. (D) The voltage step protocol used to record current responses 

from -100 to +100 mV in 10 mV steps with a holding potential of -80 mV between steps. 

Statistical significance was determined using a two-tailed Student’s t-test; single asterisk 

indicates p < 0.5, double asterisk indicates p < 0.01. Red triangles represent cells 

transfected with human TRPM8 and empty control vector DNA; gray circles represent 

cells transfected with human TRPM8 and human PIRT DNA. Error bars represent 

standard error of the mean. 
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We further tested hPIRT modulation of hTRPM8 in the more physiologically 

relevant context of low temperature and menthol stimuli. In the presence of a TRPM8 

saturating concentration of menthol (500 μM) [21], current from human PIRT transfected 

cells is significantly reduced at and above +30 mV, with ~65% of the maximum current 

observed at +100 mV (Fig. 3.1B). At 15 °C, a TRPM8 saturating temperature, human 

PIRT-transfected cells exhibited significantly attenuated currents at all measured voltages 

except -90 mV. At +100 mV, cells expressing hPIRT exhibited ~54% of the current 

evoked from TRPM8 alone (Fig. 3.1C). Temperature dependent inward hTRPM8 

currents were significantly reduced at physiological voltages (Fig. 3.1C). Statistical 

significance was determined by an unpaired Student’s t-test; a minimum of 15 and 

maximum of 43 cells were measured for these conditions and clearly specified in Figure 

3.1. 

Mouse PIRT (mPIRT) has previously been established as an endogenous 

regulator of TRPM8 that enhances TRPM8 currents [12]. Using whole-cell patch-clamp 

experiments, we were able to reproduce these results using the mouse orthologs, with 

mTPRM8 currents significantly higher in the presence of mPIRT. We note that the 

hTRPM8 currents are about twice the magnitude of mTRPM8 currents when PIRT was 

not expressed, highlighting the inherent functional differences between the two TRPM8 

orthologs (Fig. 3.2A). Cross species expression of PIRT with TRPM8 (e.g. 

hTRPM8/mPIRT) did not result in significant differences in currents (Fig. 3.2B). 
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Figure 3.2 Human and mouse species dependent PIRT regulation of TRPM8 orthologs. 

(A) Comparison of steady state current density measured at room temperature (23 ± 1 °C) 

from HEK-293 cells coexpressing either mouse or human TRPM8 and PIRT. The 

presence of mouse PIRT increases current compared to TRPM8 alone, whereas human 

PIRT has an opposite, attenuating effect. (B) Comparison of TRPM8 currents in the 

presence and absence of PIRT from the opposite species. No significant difference can be 

detected between the two conditions. This is likely the result of an intermediate effect. 

Currents were measured at +100 mV at the same steady state time point indicated in 

Figure 3.1. (mTRPM8, n = 12; mTRPM8+mPIRT, n = 17; mTRPM8+hPIRT, n = 15; 

hTRPM8, n = 30; hTRPM8+hPIRT, n = 43; hTRPM8+mPIRT, n = 12) 

 

Previous studies have shown that TRP channel activity can be modulated by 

associated proteins that regulate channel trafficking to the membrane [22]. To test 

whether hPIRT affects hTRPM8 trafficking, we performed cell-surface expression 

experiments on HEK-293 cells transfected with human TRPM8 alone or with human 

TRPM8 and human PIRT. Western blot quantification from three independent 

experiments showed no significant difference in hTRPM8 plasma membrane expression 

levels in the presence and absence of hPIRT expression, confirming that hPIRT does not 

affect hTRPM8 membrane trafficking (Fig. 3.3A). This agrees with previous similar 

studies of the mouse orthologs, which show that mouse TRPM8 membrane trafficking is 
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also not affected by mouse PIRT coexpression and that mouse PIRT increases single 

channel conductance [12-14]. 

 

Figure 3.3 Human TRPM8 cell-surface trafficking is not affected by PIRT expression, 

and the purified proteins directly interact under in vitro conditions. (A) Representative 

Western blot from trafficking experiments. hTRPM8 cell-surface expression was 

measured by biotinylation and purification of surface proteins followed by western 

blotting. Negative signs indicate conditions in which cells were transfected with empty 

vector. The blot shows similar surface expression levels in the presence and absence of 

hPIRT. Three experiments were repeated using independently transfected cells, and the 

results are presented in the scatter plot. Black circles represent average expression level, 

and error bars represent standard error of the mean. (B) Human PIRT directly binds the 

TRPM8 VSLD. 6×His-hPIRT was mixed with the tag-cleaved hTRPM8 S1–S4 domain 

and the complex was bound to a Ni-NTA column. Coomassie stained SDS-PAGE 

revealed that hTRPM8 S1–S4 domain coelutes with PIRT, indicating that the two 

proteins bind directly. 
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3.3.2 PIRT Interacts Directly With the TRPM8 S1–S4 Domain  

Previously reported co-immunoprecipitation studies indicate that mTRPM8 and 

mPIRT interact in the context of HEK-293 cells [12]. In particular, the C-terminal 26 

residues of PIRT were shown to bind to both TRPV1 and TRPM8; additionally, a 

glutathione S-transferase-tagged form of the PIRT C-terminus was shown to modulate 

currents from these two channels [12, 14]. However, a follow-up study using mTRPV1 

and mPIRT fused to fluorescent proteins detected no FRET signal [23]. To date, nothing 

has been published regarding which regions of TRPV1 or TRPM8 interact with PIRT. To 

further probe the molecular basis of the TRPM8/PIRT complex, we performed an in vitro 

pull-down experiment. Given that PIRT is a small transmembrane protein, we reasoned 

that it likely interacts with a transmembrane region within TRPM8. TRP channels have a 

transmembrane topology similar to voltage-gated potassium channels, with six 

transmembrane helices that form an S1–S4 domain and a pore domain (S5–S6 helices) 

[18]. Using purified hPIRT and hTRPM8 S1–S4 domain, where only the hPIRT protein 

contained a histidine affinity tag, the two proteins were mixed, bound to Ni-NTA resin, 

washed extensively (>50 column volumes) and eluted from the column. Analysis of the 

eluted fractions by SDS-PAGE showed that both hPIRT and hTRPM8 S1–S4 domain 

were eluted from the mixture, demonstrating that hPIRT interacts directly with hTRPM8 

S1–S4 domain as shown in Figure 3.3B. The pull-down experiment was performed twice 

and had consistent results in showing the hTRPM8 S1–S4 domain–hPIRT interaction. 

To further study this interaction, we performed an NMR titration of 15N-labeled 

hPIRT with hTRPM8 S1–S4 domain. We used 1H,15N TROSY-HSQC experiments to 
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measure 1H and 15N chemical shifts of hPIRT with increasing concentrations of hTRPM8 

S1–S4 domain (Fig. 3.4, A and C). A number of hPIRT resonances exhibited significant 

chemical shift perturbation (Δδ) with increasing hTRPM8 S1–S4 domain concentration. 

Figure 3.4 highlights two representative resonances (Fig. 3.4B) and plots the change in 

chemical shift (Δδ) as a function of hTRPM8:hPIRT mole ratio (Fig. 3.4D). Fitting a 

single binding site model to these plots shows that binding becomes saturated as the 

molar ratio approaches 1 (Fig. 3.4D). The saturating chemical shift changes of these 

resonances indicate that the perturbation is the result of direct and specific binding 

interactions. The calculated Kd values for the two highlighted resonances were near a 

molar ratio of ~0.5. As a negative control, we expressed and purified the voltage sensing 

domain of KCNQ1 (KCNQ1-VSD), a voltage-gated potassium channel that is 

structurally homologous to TRPM8 but has not been shown to be modulated by PIRT. 

The TROSY-HSQC titration data of hPIRT and KCNQ1-VSD (Fig. 3.4, E and F) 

indicates that hPIRT does not bind to KCNQ1 as there is non-saturating and minimal 

chemical shift perturbation identified in this control experiment. These data confirm the 

pull-down experimental results and show that hPIRT binds specifically and directly to the 

hTRPM8 S1–S4 domain with a 1:1 binding stoichiometry. 
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Figure 3.4 NMR studies show that human PIRT directly binds to the TRPM8 S1–S4 

domain. Titration of 15N-labeled hPIRT with unlabeled hTRPM8 S1–S4 domain. (A) 

Overlaid 1H, 15N TROSY-HSQC spectra from samples with varying hTRPM8 S1–S4 

domain:hPIRT mole ratios from zero to two. Individual amino acid resonance chemical 

shift perturbations are highlighted by boxes 1 and 2. The chemical shifts of these 

resonances show evidence of saturable binding at elevated TRPM8 S1–S4 domain 

concentrations. (B) Expanded view of the chemical shift perturbations highlighted in 

panel A; note that in box 2 of panel B the spectral contours are raised such that the 

resonances are more easily observed. (C) The mole ratio legend for the titration of hPIRT 

with hTRPM8 S1–S4 domain. (D) Normalized change in chemical shift (Δδ) values from 

both resonances were plotted as a function of hTRPM8 S1–S4 domain:hPIRT mole ratio. 

The data were fit to a single binding site model using the equation 𝑓(Δ𝛿) =
(Δ𝛿)(Δ𝛿𝑚𝑎𝑥)/(𝐾𝑑 + Δ𝛿). Kd values for resonances 1 and 2 were calculated to be 0.50 ± 

0.11 and 0.41 ± 0.07, respectively, both with r2 coefficients of 0.98. (E) Overlaid 1H, 15N 

TROSY-HSQC spectra from samples with varying concentrations of the KCNQ1 voltage 

sensing domains (VSD). The lack of PIRT chemical shift perturbation upon addition of 

the KCNQ1-VSD suggests that it does not interact with PIRT. (F) An equivalent Δ𝛿 plot 

for KCNQ1-VSD:PIRT showing that there is no significant chemical shift perturbation to 

the corresponding PIRT resonances from panel A upon addition of KCNQ1-VSD to 

PIRT. (G) Concentration legend for the PIRT–KCNQ1-VSD titration. 
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3.3.3 Functional Determinants of PIRT Modulation in the TRPM8 Transmembrane 

Domain 

Chimeric ion channels have proven a valuable research tool for identifying 

molecular bases of channel regulatory mechanisms and of functional differences between 

orthologues.[19, 24-26]. To probe the functional determinants of TRPM8 modulation by 

PIRT, we generated a series of mouse and human TRPM8 chimeras to search for regions 

that give rise to species-specific phenotypes. The transmembrane core is known to be the 

nexus of TRP channel integration of stimuli. Because of this and the concise nature of 

PIRT, we chose to focus our search on this region, and we generated a series of 

transmembrane domain (TMD) chimeras. Based on sequence homology with other TRP 

channels for which cryo-EM structures have been solved, we defined the TMD as 

residues 672-1012. Within this region, there are only 11 residues that are different 

between mouse and human TRPM8. A recently determined cryo-EM structure of F. 

albicollis TRPM8 allowed us to map these residues to specific regions in the channel 

(Fig. 3.5A) [27]. Two divergent residues are found in the helical pre-S1 domain, four in 

the S2 helix, three in the pore loop, one in the S6 helix, and one in the TRP helix. We 

mutated residues in mTRPM8 to the corresponding residues found in hTRPM8 to 

generate three chimeric channels: mTRPM8hTMD, which includes all eleven residues from 

hTRPM8; mTRPM8hS1S4, which includes only hTRPM8 residues from the voltage 

sensor-like domain; and mTRPM8hPD, which includes hTRPM8 residues from the pore 

domain and TRP helix (Fig. 3.5B). We performed electrophysiology measurements to 
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determine whether these chimeras reproduce the human phenotype in the presence of 

human PIRT. 

 
Figure 3.5 Mouse-human chimeric channels demonstrate functional determinants of 

TRPM8 modulation by PIRT (A) Divergent residues in the transmembrane domains of 

human and mouse. (B) Topology plots illustrating the locations of divergent residues in 

each chimeric construct. The full transmembrane domain has eleven mutations, the 

VSLD has six, and the pore domain has three. (C) Current-voltage plots showing 

attenuation of currents when chimeric channels are coexpressed with hPIRT. 

Measurements were made at ambient temperature (~23 °C) in the presence of 500 µM 

menthol (mTRPM8hTMD, n = 15; mTRPM8hTMD+hPIRT, n = 15; mTRPM8hS1S4, n = 14; 

mTRPM8hS1S4+hPIRT, n = 14; mTRPM8hPD, n = 12; mTRPM8hPD+hPIRT, n = 13). (D) 

Jitter plot of steady-state current density from individual cells at +100 mV in the presence 

of 500 µM menthol. Human PIRT significantly attenuates current response from 

mTRPM8hTMD and mTRPM8hPD chimeras. Average current from mTRPM8hS1S4 channels 

is also lower but not to a significant degree. All error bars represent standard error of the 

mean. Red circles represent cells transfected with TRPM8 and vector, grey circles 

represent cells transfected with TRPM8 and hPIRT, and black circles represent average 

current density. 

 

The mTRPM8hTMD construct produced a phenotype similar to hTRPM8 in the 

presence of hPIRT. When coexpressed with hPIRT, the channel exhibited 67 ± 13% of 

the current density without hPIRT at 100 mV with 500 µM menthol; this is close to the 
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reduction observed with wild-type hTRPM8 and hPIRT (vector only, n = 15; hPIRT, n = 

15; p = 0.03). This channel exhibited no difference in current when expressed with or 

without mPIRT, suggesting that the TMD plays a key role in the modulatory effect (Fig. 

3.5C). The mTRPM8hS1S4 channel also exhibited a decreased average current density to 

67 ± 13% of the current without hPIRT; however, a Student’s t-test resulted in a higher p-

value (vector only, n = 14; hPIRT, n = 14; p = 0.1) (Fig. 3.5C). Finally, mTRPM8hPD 

showed significantly decreased current density to 75 ± 10% of the current without hPIRT 

(vector only, n = 12; hPIRT, n = 13; p = 0.03) (Fig. 3.5C). Taken together, these results 

point to the transmembrane domain, and particularly the pore domain, as key functional 

determinants of TRPM8 modulation by PIRT. 

Intriguingly, the mTRPM8hPD chimera showed significantly increased currents 

compared to the other chimeras (Fig. 3.5D). An ANOVA test showed significant 

difference between the three groups (p = 0.0001; F = 11.4121) and a Tukey HSD test 

showed significant difference between mM8hPD and mM8hS1S4 (p = 0.004), and between 

mM8hPD and mM8hTMD (p = 0.0002), but not between mM8hS1S4 and mM8hTMD (p = 0.6). 

Wild-type mTRPM8 current density was also significantly lower compared to wild-type 

hTRPM8; thus, the five mutations in the pore domain and TRP helix are sufficient to 

confer higher, human-like current density to the mTRPM8 chimera. 

3.4 Discussion 

PIRT has previously been shown in behavioral knock-out mice studies to be 

important in thermosensation via regulation of the thermosensitive TRP channels TRPV1 

and TRPM8, demonstrating that the biophysical effects of PIRT on TRPM8 are 
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functionally significant at the organismal level [12, 14]. These studies focused on mouse 

orthologs of both the Trp channel and Pirt genes. Here, we present data from the human 

orthologs and show that the human PIRT–TRPM8 interaction results in an opposite 

modulatory effect compared to the mouse proteins. 

Previous studies have investigated PIRT binding with TRP channels. Dong and 

coworkers expressed the first 53 residues of the N-terminus and the last 26 residues of the 

C terminus fused to GST tags and performed a pull down assay with mouse TRPV1 and 

TRPM8. Their results indicate that the PIRT C- and N-termini bind strongly and weakly 

to the two TRP channels, respectively [14]. However, as whole cell lysate was used, this 

data does not rule out an indirect interaction with other partner proteins in the complex. A 

second study by Gordon and coworkers used a Förster Resonance Energy Transfer 

(FRET) approach where fluorescent proteins were genetically fused to the termini of 

TRPV1 and PIRT and the fluorescent signal was measured in HEK-293 cells [23]. No 

FRET signal was observed; nevertheless, the lack of FRET signal does not necessarily 

rule out an association between the proteins, as this negative result could potentially 

occur for a number of reasons, such as suboptimal structural arrangement of the 

fluorophores [23]. The lack of FRET could arise because the fluorophore was fused to the 

C-terminus of PIRT, which is implicated in TRP channel binding [14]. Also, given the 

relatively small size of PIRT (~15 kDa) compared to the size of the YFP fluorophore 

(~26 kDa), it is possible that the C-terminal tag could sterically interfere with the 

TRPV1-PIRT interaction. 
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Our data indicate that the TRPM8 S1–S4 domain binds specifically with PIRT in 

a 1:1 binding stoichiometry. This association is demonstrated using two different 

methods that show a direct interaction between the two proteins. In functioning TRP 

channels, the S1–S4 domain is positioned at the periphery of the tetrameric channel with 

the conducting pore in the center. The molecular mechanism of TRP channel gating is 

currently under investigation; however, the gating mechanism of similarly structured 

voltage-gated potassium (KV) channels is better established. It is known that the S4 helix 

within the voltage sensing domain of KV channels is responsible for opening the gate 

upon membrane depolarization [28]. Thus from an evolutionary standpoint it is possible 

that the structurally homologous S1–S4 domain of TRP channels is involved in channel 

gating. Recent studies of TRPM8 and TRPV1 identify the respective S1–S4 domains as 

central to ligand binding and activation [29, 30]. The 1:1 stoichiometry we observed 

suggests a possible mechanism of fine-tuning TRPM8 activity; each channel has four S1–

S4 domains, so it may be possible that up to four PIRT proteins can interact with the 

channel (Fig. 3.6). Different levels of PIRT expression could result in varying degrees of 

attenuation for the human channel (or activation for the mouse channel), as has recently 

been shown with KV channel-interacting proteins [31]. 

Mounting evidence points to the complex role of regulatory proteins in TRP 

channel function. Gkika et al. recently reported a family of TRPM8-associated proteins 

found in prostate cells [22]. These TRP channel-associated factors (TCAFs) regulate 

TRPM8 trafficking to the plasma membrane as well as kinetic states at the single channel 

level [22]. Weng et al. reported that a protein known as Tmem100 enhances TRPA1 
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activity by modulating the physical association of a TRPA1–TRPV1 complex, thus 

interfering with TRPV1-mediated inhibition of TRPA1 [32]. Interestingly, a Tmem100 

mutant was found to have the inverse effect, inhibiting TRPA1 activity by enhancing the 

association between TRPA1 and TRPV1 [32]. Based on this result, a synthetic peptide 

mimicking the Tmem100 mutant was designed and found to reduce pain behaviors 

induced by mustard oil, a TRPA1 agonist [32]. Like PIRT, Tmem100 is a small two-span 

membrane protein and is evolutionarily related to PIRT with 27% sequence identity 

between the human paralogs. In addition to TRP channel function being modulated by 

proteins like TCAFs and PIRTs, there is emerging evidence that PIRT is an endogenous 

regulator of P2X purinergic receptors [16, 33]. As with TRP channels, P2X receptors are 

considered promising therapeutic targets and highlight the possibility of developing 

therapeutics based on targeting modulatory proteins such as PIRT. 

 

Figure 3.6 A model of PIRT–TRPM8 complex stoichiometry. (A) Based on NMR 

titration data, PIRT binds the TRPM8 S1–S4 domain with a 1:1 stoichiometry. (B) 

Functional channels are homotetramers, suggestive that up to four PIRT proteins can 

simultaneously bind TRPM8. Thus, the number of PIRT proteins bound is a possible 

mechanism of further fine-tuning the channel activity. 
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In addition to TRP channels, many ion channels have been shown to be regulated 

by modulatory subunits. The voltage-sensitive channel KCNQ1 (KV7.1) is regulated in 

diverse ways by KCNE subunits, which are single span integral membrane proteins [34]. 

The five members of the KCNE family are known to modulate multiple different KV 

channels, resulting in changes in properties including current density, pharmacology, and 

activation and inactivation kinetics [35]. For example, KCNQ1 activation is dramatically 

slowed and current density increased when associated with KCNE1, whereas KCNE4 

completely abolishes KCNQ1 currents [36, 37]. This functional relationship is further 

complicated by the fact that KCNE1 and KCNE4 can also co-associate with KCNQ1 to 

form heteromultimeric complexes [38]. Mutations in these subunits disrupt native 

currents and are associated with inherited cardiac arrhythmias including long QT 

syndrome, underscoring the physiological importance of ion channel modulation [39]. 

Another example is the β-subunits of BK channels [34]. In cochlear hair cells, differential 

expression of β1 and β4 subunits is a mechanism of tuning BK channels to facilitate 

appropriate electrical oscillation frequency [40, 41], whereas the β2 subunit is responsible 

for inactivating BK channels in adrenal chromaffin cells [42]. Regulation by modulatory 

proteins is a well-established mechanism of enhanced functional diversity of ion 

channels; a single type of channel can be adapted for different roles in different tissue or 

cell types. TRP channels are likewise widely expressed and have diverse physiological 

roles; modulatory proteins like PIRT and Tmem100 (PIRT2) appear to be an additional 

mechanism that enhances functional diversity. 
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Previous studies have shown that the C-terminus of PIRT binds to both TRPV1 and 

TRPM8, and the PIRT C-terminus also binds to PIP2, a known regulator of TRP channel 

function [4, 14, 23]. In particular, the proximal C-terminus of TRPV1 has been 

implicated in regulation by PIP2 [23]. A FRET-based assay using the proximal 

C-terminal region fused to a cyan fluorescent protein showed a FRET signal when mixed 

with fluorescently labeled PIP2, indicating that this region binds PIP2. Deletion or 

neutralization of basic residues in this region eliminated TRPV1 capsaicin-activated 

currents; however, it was unclear whether this was due to disruption of PIP2 binding or 

unrelated changes in channel trafficking or function. Cryo-EM structures of TRPV1 

provide additional insight; the PIP2-binding region identified by Gordon and coworkers is 

found at the end of a juxtamembrane helix following the S6 helix, near a region that is 

conserved in TRP channels called the TRP box, which protrudes beneath the S1–S4 

domain [23, 43]. This supports the notion that the S1–S4 domain might be involved in 

channel regulation by PIP2. The proximal C-terminal region of TRPV1 has also been 

shown to bind to PIP2; this region is conserved across TRPV and TRPM channel 

families, and so the mechanism of PIP2 regulation may also be conserved [4, 23]. 

Our data show that PIRT binds specifically to the TRPM8 S1–S4 domain. 

Recently, cryo-EM structures of TRP channels from all subfamilies have become 

available. A general feature of these structures is that the aforementioned proximal 

C-terminal putative PIP2 binding site extends beneath the S1–S4 domain, placing them in 

close proximity. Also, TRPV family studies recently identified a potentially distinct 

phosphoinositide binding site where PIP2 binds residues in the S4 helix and S4–S5 linker 
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of PIP2 sensitive TRPV family channels [44, 45]. Taken together, these results suggest a 

possible regulatory mechanism in which PIRT and PIP2 interact and exert their 

modulatory effects near the VSLD. Our data also suggest possible differences in channel 

activation mechanisms between cold, menthol, and voltage stimulation. Under cold 

stimulation, hPIRT expression resulted in attenuated current response even at 

physiological negative voltages (Fig. 3.1C), whereas menthol and room temperature 

currents were only affected at positive voltages (Fig. 3.1, A and B).  

The transmembrane domain of TRP channels is an important functional nexus. 

For example, recent studies have elucidated that TRPM8-mediated thermosensitivity 

species differences in hibernating rodents can be recapitulated by swapping only six 

residues within the TRPM8-TMD, similar to the number of divergent residues between 

mouse and human TRPM8 in our experiments [24]. Previous studies have shown that 

species differences between a small number of residues in the transmembrane core give 

rise to capsaicin sensitivity in TRPV1 and icilin sensitivity in TRPM8 [19, 25]. 

Additionally, the transmembrane domain of TRPA1 is sufficient to recapitulate 

temperature and agonist response of this channel [46, 47]. Given the importance of the 

transmembrane core in TRP channel function, we focused our search on this region. 

Human and mouse TRPM8 have few sequence differences, but electrophysiology 

measurements from chimeric channels demonstrate that these few differences have 

significant functional consequences. Swapping the eleven human mutations in the 

transmembrane core produced a channel that recapitulated the human phenotype of 

TRPM8 attenuation by hPIRT, indicating key functional determinants are found in these 
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residues. Narrowing the chimeric region to the S1–S4 domain resulted in somewhat 

attenuated currents, whereas the pore domain chimera had significantly attenuated 

currents. Considering these results together with our data showing that PIRT binds the 

TRPM8 S1–S4 domain, it is possible that this domain is important for binding while most 

of the functional effect is produced in the pore domain. Besides interactions with hPIRT, 

swapping the three disparate residues found in the pore loop and TRP helix of hTRPM8 

into mTRPM8 produced a channel that exhibited significantly increased overall current 

magnitudes compared to the TMD and S1–S4 chimeras. The region these residues are 

found in is unresolved in the Ficedula albicollis TRPM8 cryo-EM structure, but it is clear 

they are in the pore loop following the pore helix [27]. In structures of TRPM4, where 

equivalent post pore helix residues are resolved, these residues are outside of the 

selectivity filter, so they likely do not directly determine channel conductance [48-50].It 

is noteworthy that this increase in conductance is not seen in the mTRPM8hTMD chimera, 

which also includes the pore loop and TRP helix changes. This is possibly a consequence 

of the spatial arrangement of these residues, as the TRP helix extends beneath the S1–S4 

domain and plays a key role in channel gating regulation [27].  

Species divergence has been well documented in other TRP channels [18-20, 51, 

52]. In particular, TRPM8 orthologs have significant differences in temperature 

sensitivity as a result of species-specific evolutionary pressure from environmental 

factors and thermoregulation [20, 24, 53]. Given this speciation it seems likely that a 

modulatory protein like PIRT would also be under evolutionary pressure to fine tune a 

given TRP channel for a particular environmental niche. As PIRT is expressed 
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exclusively in the peripheral nervous system [14], its physiological interaction with 

TRPM8 may be limited to modulating thermosensation, and the differences between 

modulation of human and mouse TRPM8 by PIRT could reflect the different 

thermosensation requirements of the two species. 

TRP channels, including TPRM8 are functionally diverse both within an 

organism and across species. Small modulatory proteins such as PIRT may provide a 

partial explanation for how a single TRP channel is physiologically repurposed for a 

variety of cellular needs.  

3.5 Experimental Procedures 

3.5.1 Cell Culture 

Human embryonic kidney (HEK) 293 cells (ATCC CRL-1573) were 

authenticated by polymorphic genetic marker testing (DNA Diagnostics Center Medical). 

Cells were cultured in growth medium consisting of 90% Dulbecco’s modified Eagle’s 

medium, 10% fetal bovine serum, 100 U·mL-1 penicillin-streptomycin, and 2 mM L-

glutamine (Gibco). Cells were cultured in 35 mm polystyrene dishes (Falcon) 

experiments at 37 °C in the presence of 5% CO2. Cells were transiently co-transfected 

with human or mouse gene orthologs of pIRES2-TRPM8-EGFP and either ortholog of 

pIRES2-PIRT-DsRed or, as a negative control, the empty pIRES2-DsRed plasmid. These 

constructs express bicistronic mRNA with an internal ribosome entry site (IRES) 

positioned between the gene of interest (TRPM8 or PIRT) and the fluorescent protein 

reporter gene (EGFP or DsRed) such that the reporter is not covalently fused to the 

protein of interest. Transient transfection was achieved using Fugene 6 transfection 
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reagent (Promega) and 0.5 μg of each plasmid in a 35 mm dish (Falcon) at a ratio of 3 μL 

transfection reagent per μg of plasmid. HEK-293 cells were authenticated by 

polymorphic genetic marker testing (DNA Diagnostics Center Medical). 

3.5.2 Electrophysiology Measurements 

Forty-eight hours after transfection, cells were released from culture dishes by 

brief exposure to 0.25% trypsin/EDTA and resuspension in supplemented DMEM; cells 

were then plated on glass coverslips and allowed to recover for 1–2 h at 37 °C in 5% 

CO2. Cells that exhibited yellow (green and red markers) fluorescence, indicating 

successful co-transfection of both plasmids, were selected for electrophysiology 

measurements. Whole-cell voltage-clamp current measurements were performed using an 

Axopatch 200B amplifier (Axon Instruments) and pClamp 10.3 software (Axon 

Instruments). Data was acquired at 2 kHz and filtered at 1 kHz. Patch pipettes were 

pulled using a P-2000 laser puller (Sutter Instruments) from borosilicate glass capillaries 

(World Precision Instruments) and heat-polished using a MF-830 microforge (Narishige). 

Pipettes had resistances of 2–5 MΩ in the extracellular solution. A reference electrode 

was placed in a 2% agar bridge made with a composition similar to the extracellular 

solution. Experiments were performed at 23 ± 1 °C unless otherwise noted. Cells were 

placed in a chamber with extracellular solution containing (in mM) NaCl 132, KCl 4.8, 

MgCl2 1.2, CaCl2 2, HEPES 10, and glucose 5, with the pH adjusted to 7.4 using NaOH 

and the osmolality adjusted to 310 mOsm using sucrose. Pipettes were filled with a 

solution containing (in mM) K+ gluconate 135, KCl 5, MgCl2 1, EGTA 5, and HEPES 

10; pH was adjusted to 7.2 with KOH, and osmolality was adjusted to 300 mOsm using 
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sucrose. Chemicals were obtained from Sigma-Aldrich. Osmolality was measured using a 

Vapro 5600 vapor pressure osmometer (Wescor). At least 15 cells were recorded for each 

condition. Unpaired two-tailed Student’s t-tests were performed to determine statistical 

significance, and differences were considered significant at p < 0.05 as indicated by a 

single asterisk (*). A double or triple asterisk indicates p < 0.01 or p < 0.001, 

respectively. 

 For temperature controlled experiments, extracellular solution was cooled using a 

Peltier-based perfusion system (ALA Scientific). For menthol perfusion experiments, a 

menthol stock solution was prepared by dissolving menthol in ethanol at a concentration 

of 100 mg·mL-1. This stock was then diluted with extracellular solution to 500 μM 

menthol. 

3.5.3 Cell Surface Expression 

A C-terminal human influenza hemagglutinin (HA) epitope tagged construct of 

hTRPM8 was generated. The tag sequence was as follows: YPYDVPDYA. An additional 

glycine residue was added before the tag sequence to promote structural flexibility. 

Functionality of the construct was verified by cold and menthol sensitivity in whole-cell 

patch-clamp experiments where it behaved like wild-type TRPM8 (data not shown). 

HEK-293 cells were cultured in 100 mm dishes as described above. Three sets of five 

dishes were transfected with pIRES2-hTRPM8-HA-EGFP/pIRES2-hPIRT-DsRed, 

pIRES2-hTRPM8-HA-EGFP/pIRES2-DsRed (a positive control), or empty vectors 

(pIRES2-EGFP/pIRES2-DsRed, a negative control). After ~42 hr, cells were washed 

twice with cold PBS (pH 7.4) and incubated with agitation in 0.5 mg·mL-1 sulfo-NHS-
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SS-biotin (Thermo Scientific) in PBS for 30 min at 4 °C. Cells were further washed three 

times in cold PBS, incubated with quenching solution (100 mM glycine in PBS) for 5 

min, and then washed two additional times with cold PBS. Cells were lysed in 600 µL 

RIPA buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris, 1% NP-40 substitute (4-

Nonylphenyl-polyethylene glycol), 0.5% sodium deoxycholate, 0.1% SDS, pH 7.4) and 

incubated with tumbling at 4 °C for 15 min. Lysate was centrifuged for 10 min at 14,000 

×g at 4 °C. Protein concentration of the lysate was measured by BCA assay (Thermo 

Fisher), and a normalized volume of lysate was added to 150 µL (75 µL bed volume) 

NeutrAvidin UltraLink resin (Thermo Scientific). Lysate was tumbled overnight at 4 °C. 

Supernatant was collected, and resin was washed with RIPA buffer. Surface-expressed 

biotinylated protein was eluted in 2× SDS-PAGE loading dye and analyzed by SDS-

PAGE and western blot.  

For hTRPM8 detection, the membrane was probed with a mouse monoclonal anti-

HA primary antibody (Thermo catalog #26183, lots #QK218547 and #SA244939) diluted 

to 1:1000. For loading control, mouse anti-beta-actin primary antibody (Thermo catalog 

#MA5-15739, lots #QH220961 and #SF253548) was diluted to 1:2000. In both cases, 

horse anti-mouse IgG secondary antibody (Cell Signaling Technology catalog #7076, lot 

#32) was diluted to 1:1500. Blots were developed with Clarity ECL blotting substrate 

(Bio-Rad) according to manufacturer protocol. Blot chemiluminescence was directly 

imaged using a Nikon D610 DSLR camera and Nikkor 50mm f/1.4G lens and the overall 

image exposure was adjusted with Adobe Camera Raw, in part after Khoury et al. [54]. 

Signal intensity was quantified using ImageJ, where the hTRPM8-HA intensity was 
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normalized to that of the β-actin loading control from the same sample. Blots were 

imaged using a Nikon D610 DSLR camera and Nikkor 50mm f/1.4G lens and processed 

using Photoshop [54]. In an effort to minimize experimental bias, the trafficking studies 

are from three independent sets of experiments that were carried out on independently 

transfected dishes of cells on different days.  

3.5.4 Chimera Generation 

Human and mouse TRPM8 sequences were aligned using Clustal Omega. 

Chimeric regions were swapped with the pIRES2 vector using MEGAWHOP PCR [55]. 

The initial primer sequences for generating megaprimers are as follows: mTRPM8hTMD: 

forward, GTCTATTCATTATCCCCTTAGTGGGCTGTGGCTTTGTATCATTTAG; 

reverse, 

GACAACGAAGGGGAAGGGGATGTTTAGGCGGCTGCAGTACTCCTGCAC; 

mTRPM8hS1S4: forward, 

GTCTATTCATTATCCCCTTAGTGGGCTGTGGCTTTGTATCATTTAG; reverse, 

AACGTTCCATAGGTCGGTGAAATAATTCACTCCGTTTACGTACCACTGTCTCA

CTTC; mTRPM8hPD: forward, 

GGAGATGGATCTTCCGCTCTGTCATCTATGAGCCCTACCTGGCCATGTTC 

reverse, 

GACAACGAAGGGGAAGGGGATGTTTAGGCGGCTGCAGTACTCCTGCAC. 

Megaprimers were generated using PCR and purified using an agarose gel purification kit 

(Qiagen). Purified chimera plasmid DNA were verified by Sanger sequencing and 

transfected into HEK293 cells for electrophysiology experiments as described above. 
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3.5.5 Expression and Purification of hTRPM8 S1–S4 Domain and hKCNQ1-VSD 

Overexpression of the hTRPM8 S1–S4 domainwas carried out as previously 

described and used in PIRT binding studies [29]. Briefly, N-terminal 10×His tagged 

hTRPM8 S1–S4 domain was expressed and purified using a Ni2+-NTA column. The 

10×His tag was removed by cleaving with restriction grade thrombin (Novagen). 

Following thrombin cleavage, hTRPM8 S1–S4 domain was again flowed over a Ni2+-

NTA column to eliminate uncleaved 10×His-hTRPM8 S1–S4 domain. 

The voltage sensing domain of the human KCNQ1 potassium channel (hKCNQ1-

VSD) was expressed and purified according to a previously published protocol and used 

as a negative control in PIRT NMR binding studies [56]. 

3.5.6 Expression and Purification of hPIRT 

Recombinant hPIRT was expressed with a 6×Histidine tag on the N-terminus in a 

pET16b vector and grown in BL21 Star (DE3) Escherichia coli at 25 °C in M9 minimal 

media with 100 µg/mL ampicillin and enriched with 1 g/L (15N) ammonium chloride. 

0.5 mM IPTG was used to induce expression of hPIRT at OD600nm of 0.6, and cells were 

allowed to express for 20 h. 

Cells were harvested by 6000 × g centrifugation at 4 °C. The resulting cell pellets were 

resuspended in a lysis buffer (75 mM Tris-HCl, 300 mM NaCl, 0.2 mM EDTA, pH 7.7) 

with 20 mL per gram of cell pellet. Lysozyme (0.2 mg/mL), RNase (0.02 mg/mL), 

DNase (0.02 mg/mL), 1 mM phyenylmethanesulfonyfluoride (PMSF, Sigma-Aldrich), 

and 5 mM magnesium acetate were added and the solution and tumbled for 30 min at 

room temperature. Cells were then lysed by sonication using a Misonix Ultrasonic Liquid 
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Processor at 4 °C with a 50% duty cycle (5 s on, 5 s delay). Empigen (Sigma-Aldrich) 

was then added to 3.5% (v/v) and the lysate was allowed to rotate at 4 °C for 30 min. The 

cellular lysate was then centrifuged for 20 min at 20,000 ×g; the pellet was then discarded 

and the supernatant was used for PIRT purification. Ni-NTA Superflow resin (QIAGEN; 

2 mL of resin/g of cell pellet) was added to the supernatant and allowed to rotate at 4 °C 

for 30 min. The resin and supernatant mixture was then packed into a chromatography 

column and washed with 10 column volumes of primary buffer (40 mM HEPES, 300 

mM NaCl, 3% v/v Empigen pH 7.5). Ten column volumes of secondary buffer (1.5% 

Empigen, 30 mM imidazole, 40 mM HEPES, 300 mM NaCl, pH 7.5) was then used to 

wash nonspecific binding proteins from the resin. This was followed by five column 

volumes of tertiary buffer (0.2% DPC, 25 mM sodium phosphate, pH 7.2) used to 

exchange detergents from Empigen to dodecylphosphocholine (DPC, Avanti Polar 

Lipids). Lastly, the protein was eluted from the resin with an elution buffer (0.5% DPC, 

300 mM imidazole, 25 mM sodium phosphate, pH 7.8). All of the buffers used for 

chromatography contained 2.2 mM beta-mercaptoethanol (Sigma-Aldrich) that was 

added immediately prior to purification.  

Following nickel affinity chromatography, hPIRT was subjected to ion exchange 

chromatography. The high concentration of imidazole, 300 mM, was decreased to 

<1 mM by ultrafiltration, using an Amicon Ultra-15 centrifugal filter unit with 10 kDa 

cutoff. The protein solution was then bound to a 1 mL cation exchange column (GE 

Healthcare, HiTrap SP FF) using an AKTA Pure FPLC with low salt buffer (0.2% DPC, 

50 mM HEPES, 50 mM NaCl, pH 7.5) and eluted with high salt buffer (0.5% DPC, 50 
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mM HEPES, 1 M NaCl, pH 7.5). After purification steps, total yield of hPIRT was ~2 mg 

per liter of minimal media. For NMR experiments, the resulting eluent was then buffer 

exchanged to phosphate buffer (20 mM sodium phosphate, 0.5 mM EDTA, and pH 6.5) 

using an Amicon Ultra-4 centrifugal filter unit with 10 kDa cutoff to a final volume of 

180 µl with a resulting concentration of 0.5 mM protein. The sample plus 4 µl (2% v/v) 

of D2O were loaded into a 3 mm NMR tube (Bruker).  

3.5.7 hTRPM8 S1–S4 Domain and hPIRT Pull-down Experiment 

To test whether hTRPM8 S1–S4 domain and hPIRT directly interact in vitro, 

hTRPM8 S1–S4 domain and 6×His-hPIRT were expressed in E. coli and purified in 25 

mM Na2HPO4, pH 7.3 containing approximately 1% DPC (ca. 28 mM which is about 

nineteen times the CMC). 50 µg each of hTRPM8 S1–S4 domain (after thrombin 

cleavage and removal of the 10×His tag) and 6×His-hPIRT were mixed with continuous 

tumbling for 12 h at room temperature. This was followed by incubation with 100 µl of 

Ni-NTA resin for 2 h at room temperature. After Ni-NTA interaction, unbound protein in 

the supernatant was separated by centrifugation at 3000 × g for 2 min using a benchtop 

centrifuge (Thermo Scientific). Protein-bound Ni-NTA resin was washed with 6 mL (60 

column volumes) of 25 mM Na2HPO4, pH 7.3 buffer containing 0.25% DPC (w/v, ~7 

mM) followed by elution of the bound protein using the same buffer containing 500 mM 

imidazole. The eluted protein fractions were analyzed on 16% tris-glycine SDS-PAGE. 

3.5.8 hPIRT-hTRPM8 S1–S4 Domain and KCNQ1-VSD NMR Titration 

For 15N-labeled hPIRT, 1H,15N-TROSY-HSQC experiments were acquired at 40 

°C on a Bruker 850 MHz (1H) spectrometer with a helium cooled 5 mm TCI cryoprobe 
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and Avance III HD console. 128 transients, with 2048 points in the direct and 128 points 

in the indirect dimension, of hPIRT without the hTRPM8 S1–S4 domain were recorded 

and analyzed as the initial titration point. After the initial titration point was recorded, the 

sample was removed and TRPM8 S1–S4 domain added to the desired mole ratio and 

concentrated to 180 µl; iterations of this were done to produce several titration points at 

mole ratios ranging from 0:1 to 2:1 hTRPM8 S1–S4 domain:hPIRT. As a negative 

control, the same protocol was performed with the KCNQ1-VSD. 

NMR data were processed in NMRPipe and analyzed with CcpNmr Analysis [57, 58]. 

The change in chemical shifts (Δ𝛿) were plotted and compared to reference resonances, 

where Δδ = [(Δδ𝐻)2 + [0.2(Δδ𝑁)]2]1/2. Dissociation constants were extracted using the 

nlinfit function in Matlab R2013a and a single binding site model with the equation 

𝑓(𝑥) = (𝑥)(𝐵𝑚𝑎𝑥)/(𝐾𝑑 + 𝑥), where Bmax is the maximal change in chemical shift 

observed for a given resonance upon saturation with ligand (hTRPM8 S1–S4 domain), Kd 

is the dissociation constant, x is the hTRPM8 S1–S4 domain:hPIRT ratio, and f(x) is 

correlated to the absolute value of the change in chemical shift (Δ𝛿). 
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CHAPTER 4 

A MUTATION IN THE S4-S5 LINKER OF TRPM8 SELECTIVELY ABOLISHES 

ICILIN SENSITIVITY 

4.1 Introduction 

TRPM8 is activated by an array of small molecule ligands. Such “cooling 

compounds” are familiar to anyone who has tried a breath mint or applied a cooling gel to 

an injury. These compounds, such as menthol, activate TRPM8-expressing neurons, 

mimicking the sensation of cool temperatures. Besides menthol, other known TRPM8 

agonists include menthol derivatives such as menthyl lactate and WS-12, as well as the 

“super-cooling” agent icilin. Icilin is structurally unrelated to menthol and its activation 

of TRPM8 has distinct properties. It requires Ca2+ as a cofactor, and TRPM8 response to 

icilin is pH dependent; extracellular pH values below ~6.2 completely inhibit the icilin 

response, whereas menthol response is unaffected [1, 2]. 

Identifying the binding sites and unraveling the mechanisms of TRPM8 agonists 

has long been a challenge to the field. Early studies using random mutagenesis identified 

residues that seemed to be crucial to menthol activation. Functional experiments showed 

that the mutations Y745H in S1 and Y1005F in the TRP helix reduced or eliminated 

menthol sensitivity while the channel remained cold sensitive, suggesting that these 

residues are key to menthol sensitivity [3]. However, chimeric channels in which short 

(2-5 amino acids) sequences in this region from TRPM2, the menthol-insensitive nearest 

relative of TRPM8, were exchanged into TRPM8 did not show a specific effect on 

menthol sensitivity. This suggests that other residues or structural elements are important. 
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In another study, mutating the charged R842 residue in the S4 helix to a neutral amino 

acid significantly decreased menthol affinity for the channel. Radioligand displacement 

studies with 3H-menthol showed that both the Y745H and the R842A mutants had 

decreased affinity for the ligand [4].  

Residues important for icilin activation of the channel have also been identified. 

Using comparative functional studies between chicken TRPM8, which is insensitive to 

icilin, and icilin-sensitive rat TRPM8, Chuang et al. found that a single residue in 

position 805 accounts for the difference [2]. This residue is a glycine in mammalian 

TRPM8 channels, but alanine in avian orthologs. The A805G mutation in chicken 

TRPM8 conferred robust icilin sensitivity on the channel; whereas the converse mutation 

in rat TRPM8 abolished the icilin response. Two other residues, N799 and D802 at the 

bottom of the S3 helix, were also found to be critical to icilin activation. Recent TRPM 

structures make it clear that these two residues are part of a Ca2+-binding site that also 

includes E782 and Q785 at the bottom of S2 that are conserved in TRPM2, TRPM4, 

TRPM5, and TRPM8 [5-7]. 

Recently determined cryo-EM structures of TRPM8 bound to WS-12 or icilin are 

consistent with these results [8]. The ligands are bound inside the S1–S4 helical bundle; 

WS-12 is within interacting distance of the Y745, Y1005, and R842 residues mentioned 

above that are involved in menthol sensitivity. The structures also shed light on icilin 

interactions with the channel. The calcium binding site formed by E782, Q785, N799, 

and D802 is confirmed in these structures. While icilin does not directly interact with 

calcium, binding of calcium appears to induce a conformational change to accommodate 
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icilin binding. Additionally, icilin binding is accompanied by a transition from α-helical 

to 310-helical structure at the bottom of the S4 helix, causing the side chains of H844 and 

R842 to rotate toward the center of the S2–S4 domain within interacting distance of the 

ligand. This interaction with H844 likely explains the pH dependence of TRPM8 

sensitivity to icilin. 

These results are beginning to clarify the binding sites and mechanisms of 

TRPM8 agonists, but other studies complicate the picture. In a later study that used 

nuclear magnetic resonance spectroscopy to directly measure menthol binding to the 

isolated S1-S4 domain of TRPM8, binding affinity was not affected in either the Y745H 

or the R842H mutants [9]. Recently determined cryo-EM structures of TRPM2, TRPM4, 

TRPM7, and TRPM8 confirm that the Y745 and R842 residues are structurally conserved 

in the TRPM subfamily, yet TRPM8 is the only TRPM channel sensitive to these cooling 

compounds. Furthermore, an isoform of TRPM8 identified in the endoplasmic reticulum 

of keratinocytes is completely missing the S1 and S2 helices, including Y745 in S1, yet 

this truncated isoform retains sensitivity to cold and to cooling compounds including 

menthol, icilin, and WS-12 [10]. Therefore, other structural or allosteric mechanisms are 

likely involved in activation of TRPM8 by cooling agents. 

In contrast to the murky understanding of TRPM8 ligand activation, TRPV1 

activation by vanilloid ligands has been studied more extensively and the mechanism is 

much clearer. Cryo-EM structures show that vanilloid ligands, including the agonists 

capsaicin and resiniferatoxin, and the antagonist capsazepine, bind in a hydrophobic 

pocket between the S1–S4 domain and the S5/S6 pore helices [11, 12]. Computational 
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studies support this notion and give detailed insight into the mechanism of activation 

upon capsaicin binding [13, 14]. The ligand binds with the vanillyl head pointing down 

into the pocket between S3, S4, and the S4-S5 linker, while the aliphatic tail extends 

upward and samples nonspecific van der Waals interactions with the residues lining the 

pocket. The oxygen atom in the amide neck forms a specific hydrogen bond interaction 

with T551 of S4, while the head interacts with S513 at the base of S3 and forms a 

hydrogen bond with E571 in the S4-S5 linker. This pulls the linker toward the bound 

capsaicin molecule, dragging S6 along with it and opening the lower gate of the channel 

[13]. This initiates a conformational wave that eventually propagates to the upper gate in 

the selectivity filter, opening the channel [14]. Lending credence to these results, the 

principles elucidated in these studies were used to successfully engineer vanilloid 

sensitivity into TRPV2 and TRPV3 channels, which are not naturally sensitive to 

vanilloids [15-17]. 

TRP channels share highly conserved structural homology in the transmembrane 

region, including the vanilloid binding region discussed above. Given this homology 

across TRP channels, the importance of the S4-S5 linker in gating mechanisms of both 

TRPV1 and voltage-gated channels, and a demonstrated role for this region in TRPM8 

menthol sensitivity specifically [4], it is possible that residues within this region are 

important for ligand binding in TRPM8. To test this hypothesis, in this study several 

residues in this region of TRPM8 were tested to determine whether they have a role in 

ligand sensing by the channel. 
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4.2 Experimental Methods 

4.2.1 Cell Culture 

HEK-293 cells (ATCC cell line CRL-1573) were cultured in 35 mm dishes at 37 

°C in DMEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 4.5 

mg·mL-1 glucose, and 100 mg·mL-1 penicillin and streptomycin. Cultures were 

maintained in the presence of 5% CO2. All reagents were obtained from Life 

Technologies. Cells were plated in 35 mm dishes at ~30% confluency one day before 

transfection. Human TRPM8 was cloned into a pIRES2-EGFP vector, and cells were 

transiently transfected with 0.5 µg of plasmid in a 3:1 Fugene(µL):DNA(µg) ratio 36-48 

h before electrophysiology experiments were performed. 

4.2.2 Electrophysiology 

Transfected cells were trypsinized with 0.25% trypsin for 60 sec, then replated on 

glass coverslips 1–2 hours prior to electrophysiology measurements. Successfully 

transfected cells were identified with EGFP epifluorescence. Coverslips were placed in 

extracellular solution consisting of (in mM) NaCl 132, KCl 4.8, MgCl2 1.2, CaCl2 2, 

HEPES 10, and glucose 5; pH was adjusted to 7.4 with NaOH and osmolality was 

adjusted to 310 mOsm with sucrose. Borosilicate glass pipettes were pulled using a laser 

puller (Sutter Instruments P-2000) and were filled with intracellular solution comprising 

(in mM) K+ gluconate 135, KCl 5, MgCl2 1, EGTA 5, and HEPES 10, with pH adjusted 

to 7.2 using KOH, and osmolality adjusted to 300 mOsmol using sucrose. Osmolality of 

the solutions was measured with a Vapro 5600 vapor pressure osmometer (Wescor). 

Pipettes had resistances of 2–5 MΩ when placed in extracellular solution, with a 
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reference electrode placed in 2% agar salt bridge made from extracellular solution 

without glucose. Whole-cell patch-clamp experiments were performed using an Axopatch 

200B amplifier and pClamp 10.3 software (Molecular Devices). Data was acquired at 2 

kHz, filtered at 1 kHz, and digitized with a Digidata 1440a digitizer (Molecular Devices). 

For ligand experiments, (1R,2S,5R)-(−)-menthol (Sigma) and icilin (Cayman 

Chemical) were dissolved in stock solutions of DMSO at 650 mM,and 100 mM 

respectively, then diluted to the given concentrations in extracellular solution. For icilin 

experiments, intracellular solution was made without EGTA and with addition of 50 µM 

CaCl2. Temperature was controlled by perfusing pre-cooled extracellular solution through 

an HCPC perfusion cube (ALA Scientific). 

4.2.3 Expression Testing of the Human TRPM8 S1–S4 Domain 

 The S1–S4 domain of human TRPM8 (residues P716–P855) was cloned into a 

pET16b vector with the following 10xHis tag and thrombin cleavage site sequence 

preceding the N-terminal end: MGHHHHHHHHHHGLVPRGS. The plasmid was 

transformed into seven different E. coli cell lines for expression testing: BL21(DE3), 

BL21(DE3) Star, C41(DE3), Rosetta 2(DE3), C43(DE3) Rosetta2, BL21(DE3) 

CodonPlus RP, and BL21(DE3) LOBSTR. Transformed cells were tested for expression 

at 37 °C, 25 °C, and 18 °C, and with inducing IPTG concentrations of 0.3, 0.5, and 1 M.  

For 37 °C expression testing, 5 mL starter cultures of LB with appropriate 

antibiotic added were inoculated with a single colony from each of the transformed lines. 

Cultures were grown overnight for ~17 h with 250 rpm shaking. The next morning, 100 

mL cultures of M9 minimal media in 250 mL volume baffled flasks were inoculated with 
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all 5 mL of starter culture and grown at 37 °C with 250 rpm. M9 media consisted of 12.8 

g Na2HPO4·7H2O, 3 g KH2PO4, 0.5 g NaCl, and 1 g NH4Cl per liter of media. The pH 

was adjusted to 7.0 with 6 M HCl, media was autoclaved and cooled, then supplemented 

to a final concentration of 0.4% glucose, 2 mM Mg(SO4)2, 0.1 mM CaCl2, 1x MEM 

Vitamins Mix, and 5 µM metals mix (FeCl3, CuSO4, MnSO4, and ZnSO4). OD600 was 

checked every ~30min until it reached ~0.8. Three 5 mL aliquots were taken from the 

100 mL cultures of each cell line, and IPTG was added to 0.3, 0.5, or 1 mM final 

concentration so that each cell line had one of each concentration. As a negative control, 

1 mL of pre-induced culture was taken and centrifuged to pellet the cells, then 

supernatant was discarded and the pellet was stored at -80 °C. Cultures were allowed to 

express for 4 h, then the final OD600 was measured 0.5 mL of each culture was pelleted 

and stored at -80 °C. 

For 25 °C expression testing, 5 mL LB starter cultures with antibiotic added were 

inoculated with a single colony in the morning and allowed to grow for 7–9 h. Larger 100 

mL M9 media cultures were inoculated with 250 µL (for fast growing cell lines 

BL21(DE3), BL21(DE3) Star, C41(DE3), BL21(DE3) CodonPlus RP, and BL212(DE3) 

LOBSTER) or with 400 µL (for slow growing cell lines Rosetta 2(DE3), and C43(DE3) 

Rosetta2) of starter culture and grown overnight at 37 °C with 225 rpm shaking for ~14 

h. When OD600 reached ~0.8, cultures were induced with IPTG as described above and 

allowed to express for 24 h before harvesting. 

For 18 °C expression testing, cultures were prepared the as described for 25 °C 

above, except the 100 mL M9 cultures were inoculated with 1.5 mL starter culture for 
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fast-growing lines and 2 mL for slow-growing lines. Cultures were grown at 18 °C with 

225 rpm shaking for ~14 h, and induced for 48 h and harvested as described above. 

For quantification by Western blot, pellets were resuspended in lysis buffer (50 

mM Na2HPO4 300 mM NaCl, 0.5% DM, 2/0.2/0.2 mg/mL lysozyme/DNase/RNase, 2.5 

mM magnesium acetate, pH 7.5) at a ratio of 100 µL per OD600 unit at the time of 

harvest. Samples were incubated at room temperature 5-10 min, then lauroylsarcosine 

was added from 10% stock to a final concentration of 1%. Samples were incubated 

another 5-10 min at room temperature, then SDS loading dye was added to 1x. To 

quantify expression, 50 µL of each sample were run through a nitrocellulose membrane 

using a dot blot apparatus (Bio-Rad). Protein was detected using a mouse anti-HIS tag 

primary antibody (Abgent) and anti-mouse IgG HRP-linked secondary antibody (Cell 

Signaling Technology) with a standard Western blot procedure. The blot was visualized 

using Clarity Western ECL substrate (Bio-Rad) and imaged with a Nikon D610 DSLR 

camera and Nikkor 50-mm f/1.4G lens. The image was processed with ImageJ and 

quantified with the Protein Array Analyzer for ImageJ. 

4.2.4 Expression of the S1–S4 Domain 

The plasmid was transformed into the BL21 (DE3) Lobstr cell line [18]. The next 

morning, 5 mL of LB media for each planned liter of culture was inoculated with a single 

colony and grown for ~8 h at 37 °C and 250 rpm shaking. M9 minimal media was 

prepared as described above and 0.1 mM ampicillin was added. Each liter was inoculated 

with 3–4 mL of primary culture, then grown at 18 °C and 250 rpm shaking overnight. 

Once cultures reached OD600 ~0.6 (usually within ~16 h), they were induced with 0.15 



 

 

95 

mM IPTG and were maintained at 18 °C with 250 rpm shaking for an additional 40–48 h. 

Cells were harvested by centrifugation at 6000×g for 15 min, resulting in a pellet size of 

4–5 g per liter of culture. Pellets were stored at -80 °C until purification. 

4.2.5 Purification of the S1–S4 Domain 

For NMR samples, 15–20 g of cell pellet were purified. Cells were resuspended in 

6.5 mL of lysis buffer (75 mM Tris-HCl, 300 mM NaCl, 0.2 mM EDTA, pH 7.7) per 

gram of cell pellet. Lysis buffer was then supplemented with 0.15 mg/mL lysozyme, .015 

mg/mL DNase, 0.015 mg/mL RNase, 5 mM magnesium acetate, and 1 mM PMSF. 

Lysate was tumbled for 30 min at room temperature, then sonicated for 7.5 min with 55% 

amplitude and 5 sec on / 5 sec off duty cycle (Sonicator brand). Empigen was added to 

3% concentration, then lysate was tumbled at room temperature for 1 h to extract 

membrane proteins. Lysate was centrifuged at 18,000×g for 30 min at 4 °C, then 

supernatant was removed and tumbled with 0.5 mL pre-equilibrated Ni-NTA resin 

(Qiagen) per 50 mL lysate for ~2 h at 4 °C. Resin was transferred to a column and 

washed with 25 column volumes of Buffer A (40 mM HEPES, 300 mM NaCl, pH 7.5) 

with 1% Empigen, then with 25 column volumes of Buffer A with 1% Empigen and 50 

mM imidazole. Detergent was exchanged by washing with 20 CV of Buffer B (25 mM 

Na2HPO4, pH 7.8) with 0.05% LPPG (Anatrace). Finally, protein was eluted in 10 mL 

Buffer B with 0.05% LPPG and 500 mM imidazole. 

Eluted protein was exchanged to thrombin cleavage buffer (20 mM Tris, 100 mM 

NaCl, pH 8.0) using a 10 kDa cutoff Amicon Ultra centrifugal filter (Millipore). Protein 

was concentrated to ~250 µL, then diluted with 3 mL thrombin cleavage buffer for 4 
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cycles, until the concentration of imidazole was <0.1 mM. Thrombin buffer was added to 

a final volume of 1 mL, then 4 U of thrombin was added and the sample was tumbled at 

room temperature for ~20 h. The sample was then tumbled with Ni-NTA for 30–60 min, 

flowthrough was collected and the resin was washed with an additional 2 mL of thrombin 

buffer with 0.05% LPPG added. Flowthrough and wash fractions were combined and 

concentrated to 0.5 mL with a 10 kDa cutoff centrifugal filter. 

The concentrated sample was purified by gel filtration on a 33 cm XK 16 

Superdex S200 column (GE Healthcare) pre-equilibrated with NMR buffer (25 mM 

Na2HPO4, 0.5 mM EDTA, pH 6.5, 0.05% LPPG). Protein generally eluted in a peak at 

36–42 mL volume. Protein purity was verified with SDS-PAGE and Coomassie staining. 

Pure fractions were combined and concentrated for further experiments, and protein 

concentration was determined using a BCA assay. Protein identity was confirmed by 

trypsin digestion and LC-MS/MS (MS Bioworks), resulting in 12 unique peptides and 

31% sequence coverage (44/142 amino acids). 

4.2.6 Nuclear Magnetic Resonance Spectroscopy 

Protein was expressed and purified as described above, but 15NH4Cl (Cambridge 

Isotope Laboratories) was used in the M9 buffer to produce 15N-labeled S1–S4 domain. 

NMR experiments were carried out at 37 °C in a 3 mm NMR tube with 180 µL sample 

on a Bruker 850 MHz 1H Avance III HD spectrometer with a 5 mm TCI cryoprobe. 

Protein concentrations were typically 100–200 µM, with LPPG concentrations of ~1.4%. 

1H, 15N TROSY-HSQC experiments were performed with varying concentrations of 

menthol or icilin. Concentrated stocks of ligands were dissolved in DMSO, such that the 
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final concentration of added DMSO in the NMR sample of the last titration point did not 

exceed 4%. The data were processed in NMRPipe and analyzed in CcpNmr. The 

chemical shift perturbation was calculated by the following equation: 

∆𝛿 = [Δ𝛿H
2 + 0.2(Δ𝛿N

2)]1/2 

in which ΔδH and ΔδN are respectively the proton and nitrogen chemical shift position 

differences between the resonance at the initial titration point and a given ligand 

concentration. Δδ values were plotted as a function of ligand concentration and fit to the 

single binding site model: 

∆𝛿 = (∆𝛿max)(𝑥)/(𝐾d + 𝑥) 

where (Δδ)max is maximum chemical shift perturbation, x is the mol % of menthol, and Δδ 

is the absolute value of the change in chemical shift at a given concentration. 

4.2.7 Circular Dichroism 

Circular Dichroism (CD) samples were prepared in NMR buffer with a final 

concentration of 0.2 mg/mL S1–S4 domain. Spectra were recorded on a Jasco J-710 

spectropolarimeter, and temperature was controlled using a peltier device (Jasco). CD 

spectra were acquired from 190–250 nm with 100 mDeg sensitivity, data pitch of 0.5 nm, 

and scanning speed of 50 nm/min. Menthol stock was dissolved in 50% ethanol. Five 

scans were acquired per condition and signal averaged for each spectrum. Blank spectra 

were measured in NMR buffer alone or with 10 mol% menthol added. Data was 

processed using CDtoolX [19]. 
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4.3 Results and discussion 

4.3.1 N852A Mutation Causes a General Decrease in TRPM8 Currents 

At the time of initial identification of potential ligand-binding residues, a TRPM8 

structure had not yet been determined. Therefore, a homology model of human TRPM8 

based on the cryo-EM structure of rat TRPV1 was used [20]. Based on their apparent 

location in the ligand binding pocket of the homologous TRPV1 channel, four residues 

were identified as likely to be involved in ligand binding and the following point 

mutations were made: L699H at the bottom of S1, V755H at the bottom of S2, and 

N852A and G854H at the bottom of S4 near the S4-S5 linker (Figure 4.1A). Later, a 

cryo-EM structure of TRPM8 from the collared flycatcher bird, Ficedula albicollis, was 

published by Yin et al. [8]. An updated model of human TRPM8 shows that L699 is 

actually found in a pre-S1 juxtamembrane helical region, V755 is near the top of S1, and 

N852 and G854 are still near the S4-S5 linker as originally predicted (Figure 4.1B). After 

heterologous expression of each mutant in HEK-293 cells, whole-cell currents were 

measured to determine their activity. As shown in Figure 4.2A, three of these mutants 

(L699H, V755H, and G854A) showed no significant increase in current response 

compared to untransfected HEK-293 cells. These mutants also showed no sensitivity to 

500 µM menthol or application of extracellular solution pre-cooled to 15 °C. Most likely, 

these three mutations result in nonfunctional channels, either by disrupting trafficking to 

the plasma membrane or abolishing the ability of the channel to gate. In contrast, the 

N852A mutation did result in a functional channel that was sensitive to both menthol and 

cold (Figure 4.2B,C). 
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Figure 4.1 Locations of mutated residues. (A) Homology model of human TRPM8 based 

on a cryo-EM structure of rat TRPV1. Residues were chosen from this model based on 

vicinity to the known vanilloid TRPV1 binding pocket and are highlighted here in red. 

(B) Updated homology model of human TRPM8 based on the cryo-EM structure of 

Ficedula albicollis TRPM8. Based on this model, L699 and V755 are far away from the 

proposed binding pocket near the S4-S5 linker. 
 

TRPM8-N852A current magnitudes were significantly reduced compared to wild-

type TRPM8. Currents evoked by a +100 mV voltage pulse at 23 °C were reduced by a 

factor of 0.36 ± 0.06 compared to wild-type TRPM8 currents measured at ambient 

temperature. A decreased response to a similar degree was also observed in both 

menthol- and cold-evoked currents, which were reduced by factors of 0.52 ± 0.08 and 

0.38 ± 0.11 respectively (Figure 4.3A). Comparing the ratios of cold and menthol 

activation from TRPM8-N852A to the wild-type channel showed that both stimuli 

activate the mutant to a similar degree as the wild type, with no significant difference 

between the TRPM8-N852A and wild-type ratios (Figure 4.3B). 
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Figure 4.2 Electrophysiology measurements of mutant TRPM8 channels. (A) Steady-

state current magnitudes during a +100 mV pulse. Current magnitude from untransfected 

HEK-293 cells (n = 9) is shown for comparison. L699H (n = 3), V755H (n = 1), and 

G854H (n = 4) mutations resulted in apparently non-functional channels. The N852A (n 

= 13) mutation resulted in a functional channel that was sensitive to both menthol (n = 

13, p <0.0001) and cold (n = 8, p = 0.013). Wild-type TRPM8 (n = 8) is shown for 

comparison. TRPM8-N852A exhibited significantly smaller currents than wild-type 

TRPM8 at room temperature without menthol (p <0.0001). (B) Current-voltage plot of 

TRPM8-N852A at room temperature in the absence (gray) or presence (green) of 500 µM 

menthol. (C) Current-voltage plot of TRPM8-N852A at room temperature (gray) or 15 

°C (blue). All error bars represent standard error of the mean; (*) signifies p < 0.05, and 

(***) signifies p < 0.001. 
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Figure 4.3 (A) Ratios of TRPM8-N852A steady-state current response to wild-type 

current response during a +100 mV pulse. At room temperature, mutant current density is 

decreased by a factor of 0.36 ± 0.06. Menthol response decreased by 0.52 ± 0.08, and 

cold response by 0.38 ± 0.11. (B) the ratio of cold- and menthol-evoked current responses 

at +100 mV is similar between the wild-type and TRPM8-N852A channels. 

 

4.3.2 Menthol and Icilin Sensitivity of the N852A Mutant 

To further investigate the effect of the N852A mutation on ligand response in the 

channel, electrophysiology experiments were performed to measure the EC50 values of 

menthol and icilin. For menthol experiments, tail currents were measured after a voltage 

prepulse to determine whether the mutation affects the open probability of the channel in 

response to the ligand [21]. One common method of measuring tail currents involves a 

voltage step protocol in which a prepulse to various potentials is applied, followed 

closely by a fast pulse to a constant potential (Figure 4.4A). The channels take some 

amount of time to respond to this second potential, and the current that flows during this 

time is related to the kinetics of channel closing. For voltage-sensitive channels, as larger 

prepulse potentials are applied, the tail current begins to saturate as the number of open 
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channels approaches a maximum. Tail current magnitude can then be normalized to this 

maximum, giving the open probability at a given potential: 

𝑃Open(𝑉) =
𝐼Tail(𝑉)

𝐼Tail,max
1 

In this equation, ITail(V) is the measured tail current magnitude at a given prepulse 

potential and ITail, max is the tail current magnitude at very high prepulse potentials. 

Because TRP channels are only mildly voltage sensitive, this maximum value was 

determined by the projection of fitting the tail currents after a +160 mV prepulse at a 

range of menthol concentrations to a single binding site model, as illustrated in Figure 

4.5. 
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Figure 4.4 Representative current traces for wild-type TRPM8 and TRPM8-N852A in 

the presence of 500 µM menthol. (A) Voltage protocol used to measure tail currents. 

Membrane potential was held at -80 mV prior to a voltage pulse in a series of steps from -

120 mV to +160 mV, then to +60 mV to record tail currents. (B) current traces from 

wild-type and (C) N852A channels. Red dashed line represents 0 pA/pF. Insets with 

arrows show the tail currents at +60 mV. 

 

This method resulted in a menthol EC50 value of 46.5 ± 8.3 µM for the wild-type 

channel after a +100 mV prepulse, while EC50 for TRPM8-N852A under the same 

conditions was right-shifted more than twofold to 114 ± 12 µM, suggesting that the 

mutation does affect the open probability of the channel in response to menthol (Figure 

4.6A). 
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As discussed above, icilin activation of TRPM8 has features distinct from menthol, 

including calcium and pH dependence. Additionally, in contrast to menthol, icilin-evoked 

currents desensitize relatively quickly, making it difficult to obtain sustained steady-state 

recordings [2]. Therefore, to measure EC50 for icilin, another approach had to be used. In 

this approach, membrane potential was clamped at +60 mV and continuous recordings 

were made while icilin solutions of a range of concentrations were perfused across the 

cell. Maximum currents at each icilin concentration were then taken from the current 

traces. Currents were then normalized and fit to a single-binding site model to obtain 

EC50 values. Whereas the wild-type channel showed robust response to icilin with an 

EC50 of 3 ± 1 µM, the response was almost completely abolished in the N852A mutant 

such that a EC50 could not be determined (Figure 4.6B). These results indicate that the 

mutation has an effect beyond merely decreasing channel trafficking to the membrane; if 

this were the case, EC50 values would be maintained despite a decreased current 

magnitude. As shown in Table 4.1, the EC50 values measured for wild-type TRPM8 in 

this study are in the general range of those reported in literature. The polymodal nature of 

this channel can cause measurements to vary considerably due to factors like expression 

conditions, ambient temperature, and the species from which the gene originates.  
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Figure 4.5 Determination of ITail, max from the fit of tail currents following a +160 mV 

prepulse. Data was fit to the single binding site equation 𝐼 =
𝐼Tail,max×[menthol]

EC50+[menthol]
. The 

projected ITail,max is shown by the dashed gray line and in this case has a value of 336.4 

pA/pF.  
 

 
Figure 4.6 (A) Dose-response curves for menthol activation of wild-type TRPM8 (EC50 

= 46.5 ± 8.3 µM, n =5, blue) or TRPM8-N852A (EC50 = 114 ± 12 µM n = 4, red). (B) 

Dose-response curves for icilin activation of wild-type TRPM8 (EC50 = 3 ± 1 µM, n =2, 

blue) or TRPM8-N852A (EC50 could not be determined, n = 2, red). 
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Table 4.1 Literature values of menthol and icilin EC50 for TRPM8 

Compound Species Expression 

system 

Technique EC50 Reference 

Menthol Human HEK-293 Electrophysiology 46.5 ± 

8.3 µM 

This study 

Human HEK-293 Electrophysiology 27.4 µM [4] 

Human HEK-293 Ca2+ imaging 10.4 µM [22] 

Rat Dissociated 

trigeminal 

neurons 

Electrophysiology 80 ± 2.4 

µM 

[23] 

Rat X. laevis 

oocytes 

Electrophysiology 66.7 ± 

3.3 µM 

[23] 

Rat Purified 

from E. coli 

Electrophysiology 111.8 ± 

2.4 µM 

[24] 

Rat X. laevis 

oocytes 

Electrophysiology 62.1 ± 

3.1 µM 

[2] 

Mouse CHO cells Ca2+ imaging 101 ± 13 

µM 

[1] 

Mouse X. laevis 

oocytes 

Electrophysiology 196 ± 22 

μM 

[25] 

Chicken X. laevis 

oocytes 

Electrophysiology 15.0 ± 

1.2 μM 

[2] 

Ficedula 

albicollis 

HEK-293T 

cells 

Electrophysiology 28.0 ± 

4.4 μM 

[7] 

Icilin Human HEK-293 Electrophysiology 3 ± 1 µM This study 

Mouse CHO cells Ca2+ imaging 125 ± 30 

nM 

[1] 

Mouse X. laevis 

oocytes 

Electrophysiology 7 ± 3 μM [25] 

Human HEK-293 Ca2+ imaging 1.4 μM [22] 

 

4.3.3 Purification of the TRPM8 S1–S4 Domain 

Two possible explanations for the decreased agonist response in the N852A 

mutant are 1) decreased ligand binding affinity or 2) disruption of coupling between 

ligand binding and channel gating, affecting the energetics of channel gating. To test the 

first possibility, the TRPM8 S1–S4 domain (hM8-SD) was expressed and purified from 

an E. coli cell line for direct binding experiments using nuclear magnetic resonance 

spectroscopy. 
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Because membrane proteins tend to express in low quantities, to determine the 

conditions that would yield the most protein an array of expression conditions were tested 

on a small scale. To facilitate purification, the S1–S4 domain of human TRPM8 (residues 

P716–P855) was cloned into a pET16b expression vector with a 10xHis tag followed by a 

thrombin cleavage site. Expression in 7 different cell lines at 18, 25, and 37 °C, and with 

inducing IPTG concentrations of 0.3, 0.5, and 1 M were tested for a total of 63 different 

conditions as described in the methods section above. The results were quantified, and 

the highest yield was determined to be from BL21(DE3) CodonPlus RP at 25 °C and with 

0.3 M IPTG (Figure 4.7). However, further expression tests identified that the 

BL21(DE3) Lobstr cell line at 18 °C produced more consistent results with fewer 

contaminating proteins during the purification process. Furthermore, given the trend of 

decreased IPTG concentration yielding more protein (Table 4.2), additional trials found 

that a concentration between 0.1 and 0.2 mM IPTG produced the most consistently high 

yields. 

To purify the construct, whole-cell lysate was initially purified with Ni-NTA. The 

10xHis tag was removed by thrombin cleavage, and a second purification step was 

performed by rebinding the sample to Ni-NTA resin and collecting the flowthrough 

containing the cleaved S1–S4 domain. A final purification by size exclusion 

chromatography resulted in a sample pure enough for NMR experiments (Figure 4.8A). 

The identity of the purified product was confirmed by LC-MS/MS, with 31% of the 

sequence identified in 12 unique peptides (Figure 4.8B). The far-UV circular dichroism 

spectrum of the purified protein shows minima at ~220 and 208 nm, as expected for a 
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folded helical protein (Figure 4.8C). Typically, 1 L of culture yielded a pellet size of 4–5 

g and ~45 µg of purified hM8-SD per gram of cell pellet. The same expression conditions 

were used for both the wild type and the N852A mutant constructs. 

 
Figure 4.7 Expression testing of the TRPM8 S1–S4 domain. Cell lines are numbered as: 

0, BL21(DE3); 1, BL21(DE3) Star; 2, C41(DE3); 3, Rosetta 2(DE3); 4, C43(DE3) 

Rosetta2; 6, BL21(DE3) CodonPlus RP; 8 BL21(DE3) LOBSTR. 
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Table 4.2 Expression levels of TRPM8 S1–S4 domain under various conditions. 

 [IPTG] 

(mM) 
Cell Line 

  0 1 2 3 4 6 8 

18 °C 
0.3 0.21 0.06 0.26 0.39 0.24 0.42 0.52 

0.5 0.24 0.06 0.28 0.49 0.43 0.59 0.72 

1.0 0.26 0.06 0.41 0.64 0.66 0.79 0.79 

         

25 °C 
0.3 0.34 0.21 0.56 0.77 0.72 1.00 0.86 

0.5 0.30 0.14 0.36 0.49 0.47 0.52 0.53 

1.0 0.35 0.13 0.18 0.36 0.34 0.42 0.41 

         

37 °C 
0.3 0.37 0.29 0.24 0.38 0.24 0.51 0.47 

0.5 0.58 0.53 0.28 0.45 0.35 0.57 0.50 

1.0 0.79 0.79 0.24 0.54 0.62 0.75 0.51 

Signal intensity was quantified using ImageJ. The numbers were normalized to the 

highest value, and the color gradient from red to white to blue represents the lowest to 

highest signal intensity. Cell lines are numbered as in Figure 4.7. 

 

 

 
Figure 4.8 (A) Representative gels showing the purification of TRPM8 S1–S4 domain, 

with bands at the expected molecular weights. (B) Segments highlighted in blue in the 

sequence and shown on the structure were identified by LC-MS/MS. Peptides identified 

at both the N and C termini confirm successful expression of the full S1–S4 domain. (C) 

The far-UV circular dichroism spectrum features minima at ca. 220 and 208 nm and a 

maximum at ca. 195 nm, typical of a helical protein. 
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4.3.4 Ligand Binding Measurements Using NMR  

1H,15N-TROSY HSQC experiments were performed using 15N-labeled hM8-SD 

in LPPG micelles. The resulting NMR spectrum showed well-dispersed resonances in the 

7.0–8.6 ppm range of the 1H dimension, typical of a well-folded helical membrane 

protein (Figure 4.9) [26]. The quality of the spectrum was an improvement compared to a 

previously used construct [9] and was amenable to monitoring chemical shift 

perturbations during ligand titrations. The S1–S4-N852A mutant was also expressed and 

purified, and it likewise gave a well-dispersed HSQC spectrum (Figure 4.9). Most of the 

resonances in the two spectra overlaid closely, indicating a largely conserved global fold 

of the two constructs (Figure 4.10). However, a few resonances showed changes in 

chemical shift, suggesting local differences in fold or dynamics as a result of the N852A 

mutation. 

 
Figure 4.9 NMR spectra of wild-type (left, black) and N852A (right, red) TRPM8 S1–S4 

domain. Both spectra show well-dispersed peaks in a range typical of helical membrane 

proteins. Spectra were recorded with 32 scans at 37 °C and pH 6.5. LPPG concentrations 

were ~1.1–1.4 %. 
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Figure 4.10 Overlay of the same spectra shown in Figure 4.9 (black, WT; red, N852A). 

Major differences between the two spectra are indicated with arrows. The two spectra 

largely agree; only a few residues showed sizable chemical shift changes, indicating a 

conserved global fold with local differences in fold or dynamics due to the N852A 

mutation. 

 

To directly measure binding and establish ligand affinity for the wild-type sensing 

domain, a menthol titration was performed up to 10 mole percent menthol, where mole 

percent was defined as follows: 

moles ligand

moles ligand + moles LPPG + moles hM8-SD
× 100 1 

Because the ligands used are hydrophobic and only slightly soluble in water (menthol, 

0.42mg/mL [27], icilin ~0.1 mg/mL), mole percent is a more appropriate measure of the 

ligand concentration accessible by the protein in a detergent micelle, and has been used in 

similar cases in the literature [9, 28, 29]. The menthol titration showed evidence of ligand 

binding at two resonances in the spectrum (Figure 4.11). The same menthol titration was 
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carried out on the S1–S4-N852A. Looking at the two peaks that showed binding in the 

wild-type protein, one of the peaks did exhibit a saturating binding isotherm with a Kd 

increased to 0.9 ± 0.3, while the second fit poorly to the single site binding model (Figure 

4.12). These results may suggest disruption of menthol binding. 

 
Figure 4.11 Menthol titration of wild-type S1–S4 domain. Two resonances highlighted 

here exhibited saturating binding behavior. Peak 1 had a calculated Kd of 0.5 ± 0.2 mol 

%, while the Kd for peak 8 was calculated to be 1.0 ± 0.3 mol %. 

 

Icilin titrations were also carried out for both the wild-type and N852A proteins. 

In this case, four peaks were identified that showed saturating binding isotherms. Icilin is 

a more potent agonist than menthol; as described above the EC50 for menthol is ~15-fold 

larger than for icilin in electrophysiology experiments. Consistent with this, the Kd of 

icilin in the wild-type S1–S4 domain as measured by NMR is approximately an order of 

magnitude lower than for menthol (Figure 4.13). An icilin titration with S1–S4-N852A 
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also showed binding affinity similar to the wild-type. Thus, the diminished icilin response 

of the mutant cannot be explained by a decrease in binding affinity. 

 
Figure 4.12 Menthol titration of S1–S4-N852A. The corresponding resonances from the 

wild-type titration are also shown here; peak 1 had an increased Kd of 0.9 ± 0.3, and peak 

8 did not fit well to a single binding site model. 
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Figure 4.13 Icilin titration of the S1–S4 domain. The spectrum from wild-type is shown 

on the top left, and the N852A mutant spectrum is on the top right. Four peaks were 

identified that show saturating binding curves in both constructs. The calculated Kd in 

mol % from the fit to a single binding site model is shown in the top left of each curve. 

Curves from the wild-type are shown in red; those from N852A are shown in blue. The 

Kd values from corresponding peaks are similar in the wild-type and mutant constructs, 

indicating that the N852A mutation does not affect icilin binding. 

 

4.3.5 CD Measurements 

Activation of the TRPM8 channel involves a conformational change that causes 

the central pore to open. Based on recent TRPM8 structures, icilin binding in the S1–S4 

domain causes changes in the transmembrane domain; specifically, the S5 helix bends 

away from the pore, the S1–S4 domain rotates away from the pore domain, and the TRP 
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helix rotates and tilts downward [8]. Most relevant here, the bottom of S4 undergoes a 

transition from an α-helix to a tighter 310-helix. These movements allow for 

conformational shifts in the pore domain that lead to ion permeation. 

To monitor any changes in secondary structure of the TRPM8 S1–S4 domain as a 

result of ligand binding, far-UV circular dichroism (CD) spectroscopy measurements 

were carried out. An increase or decrease in helical content upon ligand binding can be 

observed as an increase or decrease the 208 and 220 nm peaks. As shown in Figure 

4.14A, there was no clear effect on secondary structure from addition of menthol up to 10 

mole percent. Thus, binding of this ligand appears not to significantly affect the helical 

content of this construct. This is in contrast to an hM8-SD construct that includes the N-

terminal juxtamembrane helices, which showed a significant decrease in the 208 and 220 

nm peaks with addition of 10 mole percent menthol [9]. 

The effect of temperature on the secondary structure of the hM8-SD construct was 

also tested. CD spectra were measured from 10 to 57 °C, a temperature range that covers 

the physiological TRPM8 channel thermal response. Although a general decrease in the 

two peaks was observed with increasing temperature, this effect follows a linear trend as 

would be expected from the thermal expansion of any helical peptide before it reaches an 

unfolding transition [30, 31]. However, the slope of the trends is slightly different; the 

222 nm peak loses more intensity than the 207 nm peak with increasing temperature 

(Figure 4.14B). It has been shown that the intensity ratio of the 220 nm peak to the 208 

nm peak can be indicative of the type of helix in a peptide. α-helices tend to have a ratio 

close to 1, whereas 310 helices are theoretically predicted and have been measured to have 
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a 222/207 ratio around 0.4 [32-34]. Additionally, the positive peak around 195 nm is 

predicted to be significantly lower for a 310 helix compared to an α-helix. As shown in 

Figure 4.14C and D, as the temperature increases, both the 222/207 ratio and the 197 nm 

peak tend toward decreasing values as would be expected for increasing 310-helical 

content. As mentioned above, the cryo-EM structures of ligand bound TRPM8 show that 

the bottom of S4, from R842 to S849, forms a 310 helix. This would represent ~6% of the 

hM8-SD construct. The CD data presented here is consistent with a small increase in 310-

helical content at higher temperatures. However, this would be an unexpected result 

given that at higher temperatures the full channel would be in a closed state, whereas the 

ligand-bound structures suggest that the 310 helix forms upon channel activation by 

ligands. 
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Figure 4.14 Circular dichroism of TRPM8 S1–S4 domain. (A) Minima values of peaks at 

207 and 222 nm. The 207 nm peak loses more intensity compared to the 222 nm peak as 

a function of increasing temperature, possibly reflecting a decrease in α-helical content. 

(B) Peak intensity at 197 nm decreases as a function of temperature. (C) The ratio of 

222/207 nm peaks decreases with temperature, consistent with formation of a 310 helix. 

(D) A menthol titration showed no specific trend, indicating either that menthol does not 

bind to this construct or that menthol binding does not significantly affect helical content. 

 

4.4 Conclusion 

The N852A mutation was shown to have a general attenuating effect on TRPM8 

activity. Current response to cold and menthol stimuli were reduced by a similar amount, 

suggesting decreased sensitivity to these stimuli. Strikingly, icilin response of the mutant 

was severely diminished, whereas menthol still showed appreciable activation. This result 

highlights the distinct activation mechanism of these two agonists, despite recent cryo-
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EM structures that demonstrate similar binding sites [8]. Menthol binding affinity for the 

mutant construct was similar to the wild-type at one of the resonances, with a Kd of 0.9 ± 

0.3 compared to 0.5 ± 0.2. However, another resonance that showed binding to the wild-

type did not show binding in the mutant, suggesting that menthol binding was somewhat 

disrupted by the N852A mutation. In contrast, icilin binding affinity was similar for both 

constructs. Therefore, the decreased sensitivity of the channel for the two agonists 

appears to be the result of an effect other than ligand binding affinity. 

N852 is found at the lower end of the S4 helix as it connects to S5. Cryo-EM 

structures of icilin-bound TRPM8 reveal that the ligand binds inside the S1–S4 helical 

bundle in a way unlikely to directly interact with N852, consistent with the NMR data 

presented here. Additionally, the structures suggest that the side chains of H845 and Arg 

842, both at the bottom of S4, interact with icilin. These interactions are facilitated by a 

transition from α-helical to 310-helical structure in the C-terminal end of S4 when icilin is 

bound, shifting the register and placing H844 on the same side of the helix as R842, with 

both side chains pointing in toward the binding pocket. Neither of these residues interact 

with the bound WS-12 ligand; indeed, mutating H845 to alanine resulted in a dramatic 

decrease in icilin sensitivity without affecting WS-12 response. In the apo TRPM8 and 

WS-12 bound structures, N852 caps the C-terminal end of the -helical S4; the nitrogen 

in the side chain forms a hydrogen bond with the backbone carbonyl of T848 in S4. In the 

icilin-bound structure, this hydrogen bond is broken and N852 is shifted to a short linker 

loop between S4 and S5 as a result of the tighter turn in S4. Furthermore, breaking of the 

N852-T848 hydrogen bonding interaction frees the adjacent R851 residue to interact with 
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PIP2, an essential cofactor for TRPM8 activation. One possibility that could explain the 

differential effect of the N852A mutation on menthol and icilin sensitivity is that this 

mutation disrupts this α- to 310-helical transition, which would prevent H845 from 

interacting with icilin. 

Several experiments could be done to build on this work. The S1–S4 construct 

described here gives NMR spectra of sufficient quality that most of the resonances could 

be assigned with 3D NMR experiments. Ligand-bound cryo-EM structures provide a 

snapshot of the binding pocket, but NMR analysis with resonances assigned would reveal 

residues that directly interact with the ligand and provide quantitative information about 

binding affinity. Given that the structures suggest that icilin interacts with H845 and 

R842, assigning these resonances and carrying out ligand binding studies would confirm 

whether this is the case. Mutating H845 to alanine did decrease icilin response in the 

channel, but NMR would confirm whether this functional affect is the result of decreased 

binding affinity or some other effect from the mutation. 

4.5 Supplementary Information 

4.5.1 NMR Processing Scripts 

4.5.1.1 fid.com Script from NMRPipe Conversion Utility (Version 2017.263.14.36) 

#!/bin/csh 

 

bruk2pipe -in ./ser \ 

  -bad 0.0 -ext -aswap -AMX -decim 1960 -dspfvs 20 -grpdly 67.9862976074219  \ 

  -xN              2048  -yN               128  \ 

  -xT              1024  -yT                64  \ 

  -xMODE            DQD  -yMODE  Echo-AntiEcho  \ 

  -xSW        10204.082  -ySW         2585.315  \ 

  -xOBS         850.279  -yOBS          86.168  \ 

  -xCAR           4.641  -yCAR         117.953  \ 
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  -xLAB              HN  -yLAB             15N  \ 

  -ndim               2  -aq2D         Complex  \ 

  -out ./test.fid -verb -ov 

 

sleep 1 

#!/bin/csh 

 

4.5.1.2 nmrproc.com Script for nmrDraw 

set nodelist = (  11ppm 6ppm  ) 

 

set lbHz    =  1.0 

set g1      =  15 

set g2      =  20 

set off     =  0.33 

set pow     =  2 

set p0      =  -67.8 

set p1      =   0.0 

set c       =   0.5 

set extX1   = 11.0ppm 

set extXN   = 6.4ppm 

 

 

 

nmrPipe -in test.fid \ 

| nmrPipe -fn POLY -time                                 \ 

#| nmrPipe -fn LP -b -pred 20  -fix -ord                           \ 

| nmrPipe  -fn GM -g1 $g1 -g2 $g2 -g3 0.05 -c 0.75 -one            \ 

| nmrPipe  -fn ZF -zf 2 -auto                               \ 

| nmrPipe  -fn FT -auto                               \ 

| nmrPipe -fn BASE -nl $nodelist                         \ 

| nmrPipe  -fn PS -p0 $p0  -p1 $p1 -di -verb        \ 

| nmrPipe  -fn POLY -auto                             \ 

| nmrPipe -fn EXT -x1 $extX1 -xn $extXN -sw          \ 

| nmrPipe  -fn TP                                     \ 

#| nmrPipe -fn LP -fb -pred 50 -ord                       \ 

| nmrPipe  -fn SP -off $off -end 0.98 -pow $pow -c 0.5       \ 

| nmrPipe  -fn ZF -zf 2 -auto                               \ 

| nmrPipe  -fn FT -auto                               \ 

| nmrPipe  -fn PS -p0 90.00 -p1 0.00 -di -verb        \ 

#| nmrPipe  -fn POLY -auto                             \ 

        -ov -out test.ft2 
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4.5.2 MatLab Peak Chemical Shift Calculation and Fitting Script 

%%read in the files (keep in the same format as exported from CCPN 
clc 
close all 
clear 
warning('off') 
files=dir('*txt'); 
j=readtable(files(1).name,'Delimiter','\t'); 
n=size(files); 

  
%Calculate Delta-delta for each peak position 
for i = 1:n 
    j=readtable(files(i).name,'Delimiter','\t'); 
    N=j.PositionF1; 
    H=j.PositionF2; 
    dH=(H(:)-H(1)).^2; 
    dN=0.2*(N(:)-N(1)).^2; 
    Dd(:,i)=sqrt(dH+dN); 
end 
%% Correlate peak position to ligand concentration and fit to single 

binding site Hill equation 

  
x=[0 0.005 0.01 0.025 0.05 0.1 0.2 0.4 0.8 1.5 3.0]; %values of ligand 

concentration 

  
fit=@(b,x) b(1).*x./(b(2)+x); 
xData=x(:); 
yData=Dd(:,1); 
beta0=[max(yData),0]; 
[beta,R,J,CovB,MSE]=nlinfit(xData,yData,fit,beta0) 

  

  
%%  
close all 

  
%generate figures with fit line plotted 
 for i = 1:n 
    [xData yData]=prepareCurveData(xData,Dd(:,i)); 

     
    fit=@(b,x) b(1).*x./(b(2)+x); 
    yData=Dd(:,i); 
    beta0=[max(yData),0]; 
    [beta,R,J,CovB,MSE]=nlinfit(xData,yData,fit,beta0) 
    standev=sqrt(diag(CovB)); 
    SSresidual=sum(R.^2); 
    SStotal=sum((yData-mean(yData)).^2); 
    rsquare=1-(SSresidual/SStotal) 

     
    h=figure(i); 
    xfit=linspace(min(xData),max(xData));  
    g=plot(xData,yData,'o',xfit,fit(beta,xfit));  
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    kd(:,i)=beta(:,2); 
    standard_error(:,i)=standev(2); 
    rsquares(:,i)=rsquare; 
    

set(gca,'TickDir','out','Box','off','Color','none','TickLength',[0.025 

0.1],'FontSize',14,'LineWidth',2,'FontName','Arial') 
    g(1).MarkerSize=10; 
    g(1).MarkerFaceColor=[0 0 0]; 
    g(1).MarkerEdgeColor='none'; 
    g(2).Color=[0 0 1]; 
    g(2).LineWidth=2; 
    %ylim([0 0.045]); %undo comment and add a y limit if needed 
    xlabel('[Icilin] (mol%)','FontSize',22) 
    ylabel('\Delta\delta (ppm)','FontSize',22) 
    saveas(h,sprintf('./plots/FIG_%d.pdf',i)); % will create FIG1, 

FIG2,... 

  
end 
disp('done') 
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CHAPTER 5 

THERMODYNAMICS AND ANTAGONISM OF THERMOSENSITIVE TRP 

CHANNELS 

5.1 Introduction 

Beyond the core work presented in previous chapters, I also completed several 

smaller projects investigating TRPV1 and TRPM8 activity. Here I present three of those 

projects. The first is a set of electrophysiology experiments probing the thermodynamics 

of TRPV1 heat activation. The second is an attempt to locate regions important for 

TRPM8 cold sensing by testing TRPM2/TRPM8 chimeric channels. Finally, I present 

measurements to quantify the potency of a novel TRPM8 antagonist. 

5.2 Experimental Methods 

5.2.1 Cell Culture 

HEK-293 cells (ATCC cell line CRL-1573) were cultured in 35 mm dishes at 37 

°C in DMEM with 10% fetal bovine serum, 2 mM L-glutamine, 4.5 mg·ml-1 glucose, and 

100 mg·ml-1 each of penicillin and streptomycin in the presence of 5% CO2. All reagents 

were obtained from Life Technologies. 

5.2.2 Generation of TRPM2–TRPM8 Chimeras 

Chimeric regions were swapped with the pIRES2 vector using MEGAWHOP 

PCR [1]. To generate megaprimers, the following initial primer sequences were used:  

hTRPM2[M8-TMD]S0-TRP:  

Forward: 

CTCGCCCTGGAGGCCAAGGACATGAAGTTTGTGTCTCACCCTGGGGTCCAGA



 

 

127 

ATTTTCTTTC 

Reverse: 

CAGGTGGCTGAGGAGGATGAAGGGGGGCGGGATATTGAGGCGGCTGCAGTA

CTC 

hTRPM2[M8-PD]S4/S5-TRP: 

Forward: 

TACCATCAGTAAGACGCTGGGGCCCAAGATCATCATGCTGCAGAGGATGCTG

ATCG 

Reverse: 

CAGGTGGCTGAGGAGGATGAAGGGGGGCGGGATATTGAGGCGGCTGCAGTA

CTC 

hTRPM2[M8-PD]S4/S5-S6: 

Forward: 

TACCATCAGTAAGACGCTGGGGCCCAAGATCATCATGCTGCAGAGGATGCTG

ATCG 

Reverse: 

GCGCTGGAACTTCCAAATCTGGTCCGTGTGCTCCTGCACGGTGCCCACCGTGT

AGCCAAAC 

hTRPM2[M8-PD]S5-S6: 

Forward: 

GCGGATGATGAAGGACGTCTTCTTCTTCCTCTTCCTGTTTGCGGTGTGGATGG

TGGCCTTTG 
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Reverse: 

GCGCTGGAACTTCCAAATCTGGTCCGTGTGCTCCTGCACGGTGCCCACCGTGT

AGCCAAAC. 

Megaprimers were generated using PCR and purified using an agarose gel 

purification kit (Qiagen). Purified megaprimers were then used to generate chimeric 

genes in a second round of PCR. Purified chimera plasmids were verified by Sanger 

sequencing and transfected into HEK-293 cells for electrophysiology experiments as 

described below. 

5.2.3 Plasmid and Mammalian Cell Transfection 

A pIRES-2 plasmid also containing the EGFP gene was used as a vector for all 

ion channel genes. This construct produces bicistronic mRNA containing an internal 

ribosome entry site (IRES) between the two genes, allowing for the independent 

translation of the channel and the EGFP reporter. Cells were transiently transfected with 

0.5 µg DNA using FuGENE 6 transfection reagent (Promega) in a 1:3 µg DNA:µL 

FuGENE ratio 48 h before electrophysiology measurements were performed. 

5.2.4 Electrophysiology 

Transfected cells were released from the culture dish surface by briefly exposing 

them to 0.25% trypsin-EDTA (Thermo) and resuspending in supplemented DMEM. Cells 

were plated on glass coverslips and incubated for 1-2 h at 37 °C. Whole-cell voltage-

clamp measurements were performed with an Axopatch 200B amplifier and pClamp 10.3 

software (Molecular Devices). Data was acquired at 2 kHz, filtered at 1 kHz, and 

digitized using a Digidata 1440a digitizer (Molecular Devices). Patch pipettes were 
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pulled from borosilicate glass capillaries (World Precision Instruments) using a P-2000 

laser puller (Sutter Instruments) and heat polished with a MF-830 microforge 

(Narashige), resulting in resistances of 2-5 MΩ. A reference electrode was inserted into a 

salt bridge composed of 2% agar in extracellular solution. Glass coverslips plated with 

cells were placed in a chamber and covered with extracellular solution containing 132 

mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 5 mM glucose. 

The pH of the solution was adjusted to 7.4 using NaOH and osmolality was adjusted to 

310 mOsm using sucrose. Pipette solution contained 315 mM K+ gluconate, 5 mM KCl, 

1 mM MgCl2, 5 mM EGTA, and 10 mM HEPES, with pH adjusted to 7.2 using KOH and 

osmolality adjusted to 300 mOsm using sucrose. Osmolality was measured using a Vapro 

5600 vapor pressure osmometer (Wescor). Temperature was controlled by perfusing 

preheated or cooled extracellular solution using an HCPC perfusion system and HCT-10 

temperature controller (ALA Scientific), which heats or cools solution by supplying a 

specified voltage to a Peltier device through which perfusion solution flows. The HCPC 

has an internal thermistor to maintain a specified temperature, but this value does not 

accurately report on the temperature of the solution as it exits the capillary. To calibrate 

the temperature for electrophysiology experiments, a calibration curve was generated by 

identifying the voltage necessary to maintain a given solution temperature for values 

between 5 °C and 50 °C, in 5 °C increments. The temperature of the solution exiting the 

capillary was measured directly and the requisite voltage was noted. The calibration 

curve was almost perfectly linear in the 5–50 °C range. A line was fit to the data and the 
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resulting equation was used to calculate the voltage input required for the desired 

temperature. 

For TRPM8 inhibition experiments, (1R,2S,5R)-(−)-menthol (Sigma) was 

dissolved in DMSO at a concentration of 650 mM and diluted to 500 µM in extracellular 

solution. Compound 103 was also dissolved in DMSO to 3.6 mM, then diluted to 1 µM in 

extracellular solution also containing 500 µM menthol. A serial dilution of compound 

103 in 500 µM menthol-containing extracellular solution was performed to make 

solutions with the given concentration of inhibitor. Solutions were perfused using an 

Automate Multi-barrel Perfusion Pencil. 

5.3 TRPV1 Thermosensitivity 

5.3.1 Introduction 

Transient Receptor Potential Vanilloid 1 (TRPV1) is a heat sensitive ion channel 

that is involved in a variety of physiological processes. The channel activates at elevated 

temperatures, with a half-maximal temperature of ~42 °C [2]. TRPV1 was the first of 

several thermosensitive ion channels discovered that allow somatic sensation of 

temperature in metazoans [3]. The channel is intrinsically heat sensitive, requiring no 

secondary messengers or cofactors [4]. The mechanism of thermosensation by the 

channel is not clearly understood, and it has been the subject of much investigation and 

debate since its initial discovery.  

Thermosensitive TRP channels have evolved to sense a wide range of 

temperatures depending on the species and physiological context. For example, vampire 

bats express a shortened isoform of TRPV1 in their infrared-sensing trigeminal nerve 
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fibers that responds to a much lower temperature range, with a T1/2 of ~34 °C, compared 

to ~42 °C for rat TRPV1 [5]. This drastic difference in thermosensing is caused by a C-

terminal truncation of 62 residues. The short isoform is co-expressed with the canonical 

TRPV1 sequence in vampire bat trigeminal nerves, and measurements from 

heterologously co-expression of the two isoforms produced an intermediate thermal 

response. At the other end of the spectrum, TRPV1 from heat-tolerant squirrels and 

camels shows very little heat sensitivity; this physiological adaptation appears to be the 

basis of their ability to inhabit otherwise inhospitable environments [6]. The molecular 

basis of this loss of thermosensitivity comes down to a single amino acid change in one 

of the ankyrin repeat of the N terminus [6]. Evolutionary pressure also extends to other 

thermosensitive TRP channels; for example, the cold sensitivity of TRPM8 is correlated 

with the core body temperature of a species, with TRPM8 from cold water-dwelling frogs 

having a temperature response shifted to lower temperatures [7]. Winter hibernating 

rodents have also adapted to survival in cold temperatures in part due to attenuated cold 

response from their TRPM8 orotholog [8]. 

As shown in Table 5.1, literature values for the ΔH° of TRPV1 gating are highly 

variable. Furthermore, to date, there are no published values for the human TRPV1 

ortholog. Given this variation and the paucity of data on the thermodynamic properties of 

human TRPV1, this study sought to measure the enthalpy of gating in human TRPV1. 

5.3.2 Thermodynamics of TRPV1 Activation  

Upon heating, a conformational change takes place in the TRPV1 channel, 

opening the ion-conducting pore and initiating action potentials that the brain interprets 
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as heat sensation. The details of this conformational change remain to be resolved, but the 

fundamental thermodynamic properties have been measured using electrophysiology 

techniques. Following is a brief treatment of the thermodynamics of thermosensing ion 

channel gating. 

The open probability (PO) of an ion channel can be described by a two-state 

sigmoidal Boltzmann function [9]: 

𝑃𝑂 =  
1

1 + 𝑒
∆𝐻°
𝑅𝑇

−
∆𝑆°
𝑅

 1 

From this equation, it can be seen that the temperature dependence of ion channel 

opening is related to the enthalpy change of channel opening. This sigmoidal curve is 

defined by two parameters: the midpoint of the curve (T1/2, or the point at which PO is 

equal to 0.5), and the steepness of the curve. Solving for T1/2 shows that the midpoint will 

always be equal to ΔH°/ΔS°. Differentiating the function with respect to 1/T gives the 

relationship: 

𝑑𝑃𝑂

𝑑 (
1
𝑇)

= −𝑃𝑂(1 − 𝑃𝑂)
∆𝐻°

𝑅
  2 

Thus, the steepness of the curve is determined by the value of ΔH°. All ion channels are 

nominally sensitive to temperature if a wide enough temperature range is considered, but 

to be biologically useful a thermosensing channel must have a narrow temperature range 

over which it will move from PO near zero to PO close to unity. In other words, the slope 

of its temperature response curve will be relatively steep. Figure 5.1 illustrates two 

instances of Equation 1 plotted with the same T1/2 value but different values of ΔH°; the 

steeper red curve has a higher ΔH° than the shallower black curve. Temperature sensitive 
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TRP channels are therefore expected to have a relatively high ΔH° of channel opening 

compared to temperature insensitive channels. For comparison, ΔH° for the C-type 

inactivation process of the canonical voltage-gated potassium channel Shaker has been 

measured at ~17 kcal/mol [10], while ΔH° of nerve Na+ channel opening was measured 

to be ~24 kcal/mol [11]. In contrast, ΔH° for TRPV1 activation has been measured in the 

range of ~65 to 150 kcal/mol, depending on the species and the conditions under which it 

is measured (Table 5.1). To determine the enthalpy of gating of human TRPV1 and place 

it in the context of published measurements of other species, temperature-controlled 

electrophysiology experiments were carried out. 

 
Figure 5.1 Calculated open probability curves for a temperature-sensitive channel (red, 

ΔH° = 98 kcal/mol) compared to a temperature-insensitive channel (black, ΔH°= 24 

kcal/mol). The red curve uses a value for TRPV1 gating enthalpy determined in this 

study, while the black curve uses a value for Na+ channels [11]. 
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Table 5.1 Literature values for ΔH° of TRPV1 channel gating. 

Reference 
H° 

(kcal/mol) 

Potential 

(mV) 
Method 

TRPV1 

species 

Protein Origin/ 

Membrane Type 

This Study 98 ± 12 +60 Whole-cell Human HEK293/HEK293 

[12] 64.9a -70 Whole-cell Rat HEK293/HEK293 

[13] 150 ± 13 -60 Inside-out Rat 
X. laevis/ 

X. laevis 

[14] 26.8 +80 Inside-out Murine HEK293/HEK293 

[2] 
101 ± 4 

65 ± 6 
-60, +60 Outside-out Rat HEK293/HEK293 

[15] 90 ± 3 -60 Whole-cell Rat HEK293/HEK293 

[4] 86.2 ± 3.9 -60 
Proteoliposome 

patch 
Rat 

Sf9 Insect 

cells/Soybean polar 

lipids 

[16] 155 +100 

Single-channel 

planar lipid 

bilayers 

Rat 
HEK293/3:1 

POPC:POPE 

[17] 65 ± 5.7a -60 Whole-cell Rat 
X. laevis/ 

X. laevis 

[18] 88 ± 8 +60 Inside-out Rat HEK293/HEK293 
aThe reported temperature coefficient (Q10) was converted to ΔH° according to ∆H ≈ 20lnQ10 [19]. 
b Protein was purified and reconstituted in proteoliposomes. 

 

Human TRPV1 was heterologously expressed in HEK-293 cells, and whole-cell 

measurements were made at a range of temperatures from 20 °C up to ~50 °C. These 

measurements were made using two different experiments; in both methods, temperature 

was controlled by perfusing pre-warmed bath solution over the cells as currents were 

recorded. For the first set of experiments, cells were perfused until temperature and 

current was stable, then current was recorded with a voltage pulse at +60 mV (Figure 

5.2A). These measurements were made from 20 °C to 50 °C in 5 °C increments. Steady 

state current magnitudes were plotted as a function of temperature.  
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Under steady state conditions, the channel can be considered in equilibrium 

between the open and closed states, with equilibrium constant K, which can be written as 

the fraction of the concentration of the open state (α): 

𝐾 =
[open]

[closed]
=

𝛼

1 − 𝛼
 3 

K is also related to the change in Gibb’s free energy between the open and closed states 

in the familiar equation: 

∆𝐺° = −𝑅𝑇ln(𝐾) 4 

ΔG° is related to the change in enthalpy (ΔH°) and entropy (ΔS°) between states: 

∆𝐺° = ∆𝐻° − 𝑇∆𝑆° 5 

At the midpoint temperature (T1/2) of the transition between open and closed states, the 

concentrations of the two states are equal, K is equal to 1, and ΔG° is equal to 0 by 

equation 4. Then according to equation 5 ΔS° can be written in terms of T1/2: 

∆𝑆° =
∆𝐻°

𝑇1
2

 6 

Combining equations 4, 5, and 6, K can be written in terms of the change in enthalpy 

(ΔH°), temperature (T), and midpoint temperature (T1/2): 

𝐾 = 𝑒
(

∆𝐻°
𝑅𝑇

)(
𝑇

𝑇1
2

−1)

 7
 

Rearranging equation 3 yields: 

𝛼 =
𝐾

1 + 𝐾
 8 

Assuming that the measured steady-state current is directly proportional to the number of 

open channels, the following mathematical description can be written: 
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𝐼 = 𝛼(𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛) + 𝐼𝑚𝑖𝑛  9 

where I is the current at a given temperature, Imax is the maximum measured current, and 

Imin is the smallest measured current. Whole-cell measurements of heterologously 

expressed channels in HEK-293 cells always feature a baseline amount of current from 

endogenous ion channels. Fitting steady state current measured at range of temperatures 

to this two-state model yields values for the enthalpy change of the closed to open 

transition (which reflects the slope of the sigmoidal curve, a measure of the temperature 

sensitivity of the channel) and the midpoint temperature (which reflects the temperature 

range over which the channel is sensitive). Fitting steady-state currents to equation 9 

yielded a ΔH° of 98 ± 12 kcal/mol (Figure 5.2B), in the general range of values 

previously reported in the literature (Table 5.1). 

 
Figure 5.2 Temperature-controlled electrophysiology measurements of human TRPV1. 

(A) Representative current traces from a single cell. Membrane potential was held at -80 

mV and briefly pulsed to +60 mV for the series of temperatures shown. (B) Steady state 

currents at each temperature (taken at the time point marked by the arrow in (A)) from 7 

individual cells were plotted and fit to a two-state model (Equation 9) to extract ΔH°, 

which was found to be 98 ± 12 kcal/mol, with a T1/2 of 38 ± 0.3 °C. Error bars in (B) 

represent standard error of the mean. 
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To corroborate the ΔH° values measured by the temperature step method 

illustrated in Figure 5.2, a second method was used in which TRPV1-expressing HEK-

293 cells were subjected to continuous temperature ramps. Membrane potential was 

clamped at +60 mV and current was continuously recorded while the temperature of the 

solution was ramped from 20 to ~50 °C. The currents were then plotted as a function of 

temperature (Figure 5.3A). The full temperature response of TRPV1 is difficult to 

experimentally interrogate due to biological limitations at high temperatures. In this case, 

the first part of the sigmoidal curve can be approximated by a simplified Boltzmann 

exponential [9]: 

𝑃𝑂 = 𝑒−
∆𝐻
𝑅𝑇

+
∆𝑆
𝑅  10 

This function assumes an equilibrium between the open and closed states. The 

temperature ramp used here had a heating rate of ~1 °C/s; because TRPV1 has a heat 

activation time constant in the low millisecond time regime, these measurements were 

considered to be pseudo steady-state [20]. The calculated ΔH° value using this method 

was 93 ±13 kcal/mol (n = 2), in good agreement with that measured using the steady-step 

temperature step method described above. 

5.3.3 Heat Inactivation of Human TRPV1 

Recently, it has been reported that heat activation of TRPV1 leads to an 

irreversible inactivated state of the channel [18]. Patches that had previously been 

exposed to high temperatures showed decreased maximum current, decreased activation 

rate, and a decrease in the enthalpy associated with channel opening. This inactivation 

resulted in a substantially lower heat response and reflects a decrease in ΔH° of 
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activation, from ~90 kcal/mol in channels not previously exposed to high temperatures, to 

~17 kcal/mol after heat stimulation, on par with temperature-insensitive channels. These 

studies were performed using rat TRPV1 expressed in HEK-293 cells.  

 
Figure 5.3 (A) Currents were measured as temperature was gradually increased from 20 

to 50 °C over ~30 seconds. Each color represents a trace from a different cell (n = 5). 

Traces were fit individually to (Equation 10), and the average ΔH° and ΔS° values from 

these fits were used to plot the black solid line (average of red and violet traces, not 

previously exposed to heat) and dashed line (average of blue, green, and orange traces, 

previously exposed to heat). (B) Calculated ΔH° values for 1) all five cells (average ΔH° 

= 67 ± 26 kcal/mol), 2) cells that were not previously exposed to warm temperatures 

before temperature ramp recordings (average ΔH° = 93 ± 19 kcal/mol and 3) cells that 

were previously heat exposed (average ΔH° = 50 ± 2 kcal/mol). Thick black lines 

represent the mean, and colors of the data points correspond to the individual traces in 

(A). Error bars represent standard error of the mean. 

 

To test whether this heat inactivation mechanism is present in human TRPV1, a 

second set of temperature ramp measurements were made on cells that had previously 

been exposed to a series of temperature increases from 20 to 50 °C before the 

temperature ramp was recorded. Consistent with the results from rat TRPV1, ΔH° for the 
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heat-exposed cells showed a clear decrease to 49.5 ± 1.3 kcal/mol (n = 3, Figure 5.3B), 

compared to ΔH° of 93 ±13 kcal/mol for cells that had not been previously subjected to 

warm temperatures. These results indicated that human TRPV1 has a heat inactivation 

mechanism similar to rat TRPV1 [18]. 

 The ΔH° values of heat-induced gating of TRPV1 as measured by the two 

methods reported here are generally in agreement; however, some discrepancies must be 

pointed out. The temperature step method shown in Figure 5.2 resulted in a saturating 

maximum current as the temperature approached 45 °C. This is in contrast to the results 

from current ramps shown in Figure 5.3, which continued on an exponential curve at 

temperatures between 45 to 50 °C. Additionally, the T1/2 values between the two sets of 

experiments are clearly different. Although the temperature ramp measurements do not 

reveal an accurate value of T1/2 because the currents do not reach an inflection point, they 

are clearly shifted several degrees higher than the ~38 °C T1/2 calculated from the 

temperature step measurements. These discrepancies in the results of the two 

measurement methods are likely caused by heat inactivation of TRPV1 channels during 

the longer heat exposures required to complete the temperature step measurements. The 

temperature ramp measurements were completed over the course of ~1 minute, much 

shorter than the several minutes it took to complete temperature step measurements. 

Therefore the leveling of the curve in Figure 5.2B may be due to a fewer number of 

active channels as an increasing number of channels became heat inactivated over the 

course of the measurements. 
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5.3.4 The R557A Mutation Abolishes TRPV1 Heat Sensitivity 

NMR experiments using 15N NOESY-TROSY showed that R557 in the TRPV1 

S1–S4 domain normally resides within the membrane mimic; however, at elevated 

temperatures (~45 °C) a water cross-peak appears in the spectrum, indicating that R557 

becomes solvent-exposed (Van Horn lab, unpublished data). To test whether this residue 

has a functional role in temperature sensing, a human TRPV1 R557A mutant was 

generated and transiently expressed in HEK-293 cells. Currents from the mutant and 

from wild-type TRPV1 were measured at different temperatures. Consistent with 

previous studies using rat TRPV1 [21], this mutant showed no significant response to 

elevated temperatures that evoked robust currents in wild-type TRPV1 (Figure 5.4). 

These functional experiments support the notion that R557 is important for TRPV1 

thermosensation.  

 
Figure 5.4 The role of R557 in heat sensitivity. (A) Average traces from the indicated 

number of cells expressing wild-type or R557A TRPV1 measured at potentials from -100 

to +100 mV in 10 mV steps. (B) Steady-state current density from individual cells used 

to generate the traces in (A). As expected, wild-type TRPV1 showed robust response at 

35 °C (Student’s t-test, p = 0.00002), while the R557A mutant showed no significant 

change (p = 0.194). Error bars represent standard error of the mean. 
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5.4 Probing TRPM8 Cold Sensing With TRPM2-TRPM8 Chimeras 

Much energy has been expended in the effort to understand mechanisms of 

thermosensation by TRP channels, but the domains and conformational changes involved 

are not fully understood. However, the theoretical thermodynamic framework for 

temperature sensitive proteins was expounded by Clapham and Miller [19]. In brief, 

because a conformational change of a protein involves a change in molar heat capacity 

(ΔCp), thermodynamics imposes that ΔH° and ΔS° for that process are both temperature 

dependent. This results in a U-shaped curve of ln(K) as a function of temperature, where 

K represents the equilibrium constant between open and closed states of the channel. The 

curve is greater for larger values of ΔCp; thus, the conformational change associated with 

temperature-dependent TRP channel gating must involve relatively large values of ΔCp. 

These changes in heat capacity are the result of hydrophobic moieties becoming exposed 

to water as the protein changes conformation [19]. As large tetrameric complexes, TRP 

channels contain many such moieties available to contribute to this phenomenon. 

This hypothesis was tested empirically by Chowdhury et al. using the canonical 

voltage-sensitive potassium channel known as Shaker KV [22]. This channel shows very 

little native temperature sensitivity. Eight polar residues within the voltage-sensing 

domain of Shaker were identified as likely to become solvent-exposed upon channel 

activation. Two of these residues, Y323 and E293, showed correlation between polarity 

of the substituted residue and temperatures sensitivity of the channel. Furthermore, 

combining two mutations that individually result in a more temperature sensitive channel 

caused a marked increase in temperature sensitivity. This result is expected if the 
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mutations indeed increase ΔCp for channel gating; since ΔCp is an additive property, the 

combination of two mutants should increase ΔCp further and lead to a steeper slope in the 

ln(K) versus temperature curve. 

It is noteworthy that all the residues tested by Chowdhury et al. reside in the 

voltage-sensing domain of the channel, suggesting that, although the thermodynamic 

principles apply to the system as a whole, the molecular determinants can plausibly be 

contained in a relatively small domain of the channel. This possibility is further 

strengthened by a second study from Zhang et al. [17], in which the pore domain of the 

rat TRPV1 was exchanged into the scaffold of the Shaker KV channel. The resulting 

channel is heat-sensitive, with a Q10 value similar to that of wild-type TRPV1 (40.8 ± 7.5 

for the pore domain-exchanged channel versus 26 ± 7.4 for wild-type rat TRPV1). These 

data suggest that discreet domains are plausibly responsible for temperature sensing in 

TRP channels. 

TRP channels are structurally homologous but functionally diverse in temperature 

and ligand sensitivity. In such systems, chimeric channels, in which a region from one 

ortholog is genetically exchanged for a homologous region from a channel with a 

different functional property, can prove useful in probing which domains of the channel 

are important for a given function. For example, chimeras between vanilloid-sensitive 

mammalian TRPV1 and vanilloid-insensitive avian TRPV1 channels were used to 

identify the residues involved in binding vanilloid ligands [23]; a similar approach was 

used to find the functional determinants of icilin sensitivity in mammalian TRPM8 versus 

icilin-insensitive chicken TRPM8 [24]. In Chapter 3 of this dissertation, human/mouse 
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chimeras were used to show that the transmembrane domain is key to species specific 

modulation of TRPM8 by PIRT [25].  

The nearest relative to TRPM8 is TRPM2 (Figure 1.1); the human orthologs of 

these two channels share ~43% sequence identity overall, and ~49% identity within the 

transmembrane region and post-S6 TRP helix (Figure 5.5). Despite its sequence 

similarity with TRPM8, TRPM2 is activated by warm temperatures above ~40 °C [26]. It 

has been characterized as a possible somatic warm sensor in mice, with other 

temperature-dependent roles in body temperature and circadian rhythm regulation [27, 

28]. Given that TRPM2 is closely related to TRPM8 yet not sensitive to cold 

temperatures, it may be possible to create a cold-sensitive chimeric channel by 

exchanging the right TRPM8 region into a TRPM2 scaffold. Such a channel could 

provide valuable insight into the regions of TRPM8 that are important for thermosensing.  
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Figure 5.5 Sequence alignment between human TRPM8 and TRPM2 transmembrane 

domains. Transmembrane helices S1–S6 and the pore helix (PH) as determined from the 

cryo-EM structure of Ficedula albicollis TRPM8 are indicated. Chimeric region 

beginning and ending sites are indicated by colored lines. Corresponding residues are 

shown on a single subunit of a human TRPM8 homology model. 

 

To this end, four chimeric channels were generated incorporating varying regions 

of the TRPM8 transmembrane domain into a TRPM2 scaffold. A sequence alignment 

was generated with Clustal Omega software, and homologous sequences were selected to 

generate one chimera exchanging the entire transmembrane domain from TRPM8, and 

three other chimeras exchanging varying regions of the pore domain from TRPM8 
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(Figure 5.6). Each was tested by whole-cell patch-clamp electrophysiology in HEK-293 

cells. Preliminary recordings were made at room temperature to establish baseline 

currents. The cells were then stimulated with cold perfusate at 15 °C, then 500 µM 

menthol at room temperature (23 °C). A final recording was made after washing out the 

menthol with room temperature perfusate. The results are summarized in (Figure 5.7). 

None of the chimeras showed obvious cold or menthol sensitivity, although caution is 

warranted in interpreting these data as only one cell was measured for each chimera. 

 
Figure 5.6 Topology plots of TRPM2/TRPM8 chimeras. With human TRPM2 as the 

scaffold, four different chimeras were made exchanging the indicated regions from 

human TRPM8. 

 

It is not uncommon for chimeric channels to be nonfunctional; newly introduced 

sequences can disrupt trafficking to the plasma membrane or interfere with functional 
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mechanisms that are delicately balanced in the wild-type channel [29, 30]. This is 

particularly true when homology alignments are not precise due to, for example, lack of 

structural information. At the time these chimeras were generated and tested in early 

2017, no high-resolution structures of channels from the TRPM family had been 

published. Therefore, the selection of chimeric sequences was inferred based on other 

methods, including sequence alignment to TRPV1, which has several published 

structures [31-33], and homology modeling of TRPM8 to TRPV1. After these chimeras 

were made and tested, a cryo-EM structure of TRPM8 from the collared flycatcher 

(Ficedula albicollis) was published, giving more structural information on these 

chimeras. The location of chimeric start and stop sequences are shown in Figure 5.5 

along with updated transmembrane helix locations based on the TRPM8 structure (PDB: 

6BPQ) and a human homology model. The chimeric sequences selected as the beginning 

of the transmembrane domain and the end of S6 agree well with the structural data. On 

the other hand, the beginning of the S4-S5 linker likely should have be selected earlier in 

the sequence, possibly at Asn852 or Leu853. The beginning of S5 was likewise selected 

too late in the sequence; according to the structure it should be closer to Lys856. In future 

work, it may be possible to make functional chimeras by taking these newer structural 

data into account.  
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Figure 5.7 Electrophysiology measurements of TRPM2/TRPM8 chimeras. Values were 

taken from steady state current during a +100 mV voltage pulse and normalized to the 

measured capacitance of the cell (HEK-293, n = 9; hTRPM8, n = 8; chimeras, n = 1). A 

baseline measurement (dark gray bars) at room temperature was taken. Cells were then 

subjected to perfusate pre-cooled to 15 °C (blue), followed by a 500 µM menthol solution 

at 23 °C (green). Cells were then washed with regular bath solution at 23 °C (light gray). 

The chimeras do not show obvious sensitivity to cold temperatures or menthol. 

 

5.5 TRPM8 Compound 103 Antagonism 

Beyond the temperature sensitivity discussed above, TRP channels are also 

sensitive to other diverse stimuli. Like other ion channels TRP channels can be activated 

or inhibited by a variety of ligands [34]. Given their broad role in physiology and 

potential for modulation by small molecules, TRP channels have long been an attractive 

target for pharmacological interventions [35]. In particular, TRPM8 is a potential target 

for a variety of conditions including bladder disorders [36, 37], obesity or weight 

regulation [38], and several types of cancer [39]. However, one factor limiting 
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therapeutic targeting of TRPM8 has been the availability of potent, selective antagonists 

[40]. 

To help address this gap, tested the potency of compound 103 (C103), a novel 

TRPM8 antagonist (Figure 5.8). Whole-cell patch-clamp electrophysiology was used to 

more directly probe the potency of this antagonist against TRPM8. Human TRPM8 was 

expressed in HEK-293 cells and a series of solutions containing 500 µM menthol and 

C103 at different concentrations was tested. As shown in Figure 5.9, C103 inhibited 

menthol-evoked currents in a dose-response manner, with an IC50 of 64 ± 2 nM. The 

discrepancy between IC50 in Ca2+ imaging and whole-cell patch-clamp measurements, 

and between competitive antagonism of icilin versus menthol, highlights how different 

experimental conditions and techniques can give different results. These differences 

should be taken into account when assessing the ligand in question. 

 

Figure 5.8 Chemical structures of TRPM8 agonists menthol and icilin, and antagonist 

Compound 103. 
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Figure 5.9 Inhibition of menthol-evoked TRPM8 currents by C103. Currents were 

measured by whole-cell patch-clamp electrophysiology of HEK-293 cells transiently 

transfected with human TRPM8. (A) Average current traces (n = 4) measured by a +80 

mV voltage pulse upon exposure to a saturating concentration of 500 µM menthol and 

varying concentrations of Compound 103. (B) Dose response of C103 measured at 

concentrations from 1 nM to 1 µM at +80 mV. Current response was normalized to the 

maximum current magnitude measured without antagonist for each cell. Data was fit with 

a single binding site Hill equation, and the IC50 was calculated to be 64 ± 2 nM (n = 6 

cells). Error bars represent standard error of the mean. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

TRP channels are complex polymodal sensors that play crucial roles in 

physiology. The fifty years since the discovery of the first TRP channel in Drosophila 

have seen great progress in understanding their function and structure. The work 

presented here contributes to that understanding with experiments to investigate 

regulation of TRP channels by temperature, by small molecule ligands, and by the 

modulatory subunit PIRT. 

Chapter 2 of this work discusses the role of thermosensitive TRP channels in 

physiology. Although they are best known for as the primary somatic thermosensors, 

these channels also involved in a variety of other related processes. Body temperature 

regulation requires detecting and responding to the internal and external environment of 

the organism, and these channels are key to that process. This regulation intersects with 

other physiological processes including body weight regulation and nociception via 

interaction with opioid receptors. Species diversity between orthologs presents a 

challenge in experimentally studying these channels and must be taken into account when 

designing experiments and interpreting results. The molecular mechanism of intrinsic 

thermosensation by TRP channels to date remains unclear, and Chapter 2 discusses 

suitable methods of probing this mechanism, such as calorimetry, spectroscopic 

techniques, structure determination by cryo-EM and X-ray crystallography, and 

molecular dynamics simulations. 
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Chapter 3 presents a specific example of TRP channel speciation in a study of the 

TRPM8 modulatory subunit PIRT. In contrast to previously reported results from mouse 

studies in which TRPM8 activity is potentiated by PIRT, human PIRT has an attenuating 

effect on the human ortholog of the channel. PIRT was shown to bind directly to the S1–

S4 domain of TRPM8 in vitro, with an apparent binding stoichiometry of one PIRT 

molecule per TRPM8 subunit. Chimeric ion channels demonstrate that the 

transmembrane domain is key to regulation by PIRT and suggest specific residues that 

may be important for this regulation. The species-dependent regulation of TRPM8 by 

PIRT, when considered in the context of other functional speciation of TRP channels, 

implies that care must be taken when designing experiments and interpreting results in 

the literature. At the same time, leveraging differences between species can be a useful 

tool to identify the molecular basis of channel function, as shown with the chimera 

experiments presented here. 

In Chapter 4, a novel mutation in TRPM8 that selectively removes icilin 

sensitivity is demonstrated. The N852A mutation, at the junction between S4 and the S4-

S5 linker, causes a general attenuation of cold- and menthol-evoked channel currents, 

with a small decrease in menthol sensitivity. However, the potent TRPM8 agonist icilin 

shows little response in the N852A mutant. NMR experiments with the purified S1–S4 

domain from TRPM8 confirm that icilin still binds to this domain; therefore, the mutation 

appears to disrupt the transduction of the binding event to pore opening. Recently 

published structures of TRPM8 bound to icilin reveal that the binding causes the bottom 

of S4 to transition from - to 310-helical; this transition moves N852 from the capping 
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helical position to a loop between S4 and S5. One possible reason for the observed icilin 

insensitivity in the mutant is that it interferes with this structural transition. Close 

inspection of the apo and bound structures may suggest coupling mechanisms that could 

be tested with rational mutations of other residues. 

Chapter 5 explores the thermodynamics of TRPV1 heat sensitivity. Temperature-

controlled electrophysiology experiments were used to measure the enthalpy of TRPV1 

gating in human TRPV1, which has not been previously reported in the literature. 

Consistent with studies using rat TRPV1, human TRPV1 shows evidence of hysteresis 

and heat-induced inactivation. In a separate set of experiments, four chimeric channels 

between cold-sensitive TRPM8 and warm-sensitive TRPM2 were generated to identify 

regions in the transmembrane domain that may be important for thermosensing. None of 

these chimeras resulted in functional channels. A cryo-EM structure of TRPM8 published 

later show that some of the alignment predictions used to make the chimeras did not 

match with the actual transmembrane helices, one possible reason that they were 

nonfunctional. Finally, a novel TRPM8 antagonist was tested for inhibition of menthol-

evoked currents and found to have an IC50 of ~64 nM. 

The results presented here provide insight into two of the primary thermosensors 

in human biology, TRPM8 and TRPV1. Because of their diverse roles in human 

physiology and disease, understanding these channels is important from a basic science 

perspective and holds the promise of novel therapeutic strategies in the years to come.
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APPENDIX A 

SUPPLEMENT TO CHAPTER 3: ADDITIONAL HUMAN-MOUSE TRPM8 

CHIMERA DATA 
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In addition to the mouse-human TRPM8 chimeras described in Chapter 3 of this 

dissertation, a hTRPM8[mM8-TMD] and a hTRPM8[mM8-SD] chimera were 

constructed and tested with and without human and mouse PIRT. The following figure 

show the results of these experiments. These experiments were carried out using the 

methods described in Chapter 3. 

 

Figure A.1 Current-voltage plots of the hTRPM8[mM8-SD] channel expressed in HEK-

293 cells under conditions indicated in the figure. Human PIRT had no significant effect 

on this chimera. 
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Figure A.2 Current-voltage plots of the hTRPM8[mM8-TMD] channel expressed in 

HEK-293 cells. Conditions are indicated in the figure. Besides a single point at +100 mV 

in the absence of menthol, neither PIRT ortholog had a significant effect on this chimera. 
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Figure A.3 Summary of chimera results. Values shown are steady-steady current density 

at +100 mV in the presence of 500 µM menthol. Error bars represent standard error of the 

mean.



 

 

187 

APPENDIX B 

PUBLISHED PORTIONS 



 

 

188 

Portions of this dissertation have been previously published. These portions were 

included with permission from all co-authors. 

 

Chapter 2: 

Reproduced with permission from Hilton, J. K., Rath, P., Helsell, C. V. M., Beckstein, 

O., and Van Horn, W. D. Understanding Thermosensitive Transient Receptor Potential 

Channels as Versatile Polymodal Cellular Sensors. Biochemistry 2015, 54:2401-2403.  
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