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ABSTRACT 

 Transient receptor potential vanilloid member 1 (TRPV1) is a membrane protein 

ion channel that functions as a heat and capsaicin receptor. In addition to activation by 

hot temperature and vanilloid compounds such as capsaicin, TRPV1 is modulated by 

various stimuli including acidic pH, endogenous lipids, diverse biological and synthetic 

chemical ligands, and modulatory proteins. Due to its sensitivity to noxious stimuli such 

as high temperature and pungent chemicals, there has been significant evidence that 

TRPV1 participates in a variety of human physiological and pathophysiological 

pathways, raising the potential of TRPV1 as an attractive therapeutic target. However, the 

polymodal nature of TRPV1 function has complicated clinical application because the 

TRPV1 activation mechanisms from different modes have generally been enigmatic. 

Consequently, tremendous efforts have put into dissecting the mechanisms of different 

activation modes, but numerous questions remain to be answered. 

 The studies conducted in this dissertation probed the role of the S1-S4 membrane 

domain in temperature and ligand activation of human TRPV1. Temperature-dependent 

solution nuclear magnetic resonance (NMR) spectroscopy for thermodynamic and 

mechanistic studies of the S1-S4 domain. From these results, a potential temperature 

sensing mechanism of TRPV1, initiated from the S1-S4 domain, was proposed. 

Additionally, direct binding of various ligands to the S1-S4 domain were used to 

ascertain the interaction site and the affinities (Kd) of various ligands to this domain. 

These results are the first to study the isolated S1-S4 domain of human TRPV1 and many 
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results indicate that the S1-S4 domain is crucial for both temperature-sensing and is the 

general receptor binding site central to chemical activation.  
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CHAPTER 1 

GENERAL INTRODUCTION 

Higher organisms are surrounded by various stimuli. Detecting and responding to 

stimuli are crucial in biology to survive and adapt in the environment. At the molecular 

level, the transient receptor potential (TRP) ion channel superfamily is responsible for 

various sensations. TRP channels are widely expressed in various cells and tissues, and 

they are sensitive to various stimuli from temperature to chemical ligands. This ion 

channel superfamily is divided into subfamilies based on the homology [1]. In general, 

the architecture of TRP channels resembles that of voltage-gated potassium ion channels 

(VGICs), including six transmembrane helices. In VGICs, first four transmembrane 

helices (S1 through S4) form the voltage sensing domain (VSD), which corresponds to 

the S1-S4 domain, or voltage sensor-like domain in TRP channels. Following 

transmembrane helices, S5-S6, form the pore domain (PD). One common feature in TRP 

channels is a post S6 amphipathic helix, TRP helix. This helix is conserved throughout 

the TRP channel superfamily. These ion channels are tetrameric, meaning that the four 

PDs ensemble together to form a functional channel [2].  

Transient receptor potential vanilloid 1 (TRPV1) is the most extensively studied 

member among TRP channels. From its vanilloid sensitivity, it inherited the name 

vanilloid receptor 1 (VR1), serving as the founding member of TRPVs [3]. Besides 

vanilloid compounds, a variety of chemical and physical stimuli such as heat [3], protons 

[4, 5], endogenous lipids [6], weak voltage and membrane proteins like PIRT [7] 

modulate TRPV1 function. Because of the sensitivity to various noxious stimuli, TRPV1 
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functions as a nociceptor and is also involved in human diseases and physiology from 

obesity [8], cancer [9], to inflammation [10, 11], making TRPV1 an attractive novel 

therapeutic target. For the past several decades, thousands of studies have been conducted 

to understand the various functions of TRPV1 from different angles such as the mode of 

activation, novel drug discovery, and role in human physiology and diseases. With 

tremendous effort, we are now starting to understand the mechanism of this ion channel 

in more detail.   

 

One main topic in TRPV1 research is probing and understanding the mechanism 

of temperature activation. Intrinsically heat sensitive, TRPV1 functions as a primary heat 

sensor in humans [3, 12]. TRPV1 is one of a handful thermosensitive TRP channels 

(thermoTRPs), which possess strong temperature dependence to initiate the channel 

gating. One simple way to understand the thermodynamics of temperature gating is that 

 

Figure 1.1 General architecture of TRP channels. (A) A TRP channel has six 
transmembrane helices. The S1-S4 domain (red) is coupled to the pore domain 
(PD, green) by the S4-S5 linker (yellow). Followed by the S6 helix in the PD, 
there is a conserved TRP helix (cyan) that is crucial in TRP channel function. (B) 
The structure of rat TRPV1 determined by cryo electron microscopy. The full 
channel is in the tetrameric form. 
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there are two conformation states, open and close. In the case of TRPV1, as temperature 

increases, open probability of the channel increases. This results in a sigmoidal-shaped 

curve when Po is plotted against temperature. The Po can be defined as below: 

 
𝑃 =

1

1 + 𝑒
∆

 [1] 

where Go is the change in free energy that is evolved from the opening and closing of 

the channel, R is the ideal gas constant, and T is temperature. Applying that Go is 

related to the changes in enthalpy (Ho) and the changes in entropy (So) (∆𝐺 = ∆𝐻 −

𝑇∆𝑆 ), the equation [1] for Po can be re-written: 

 
𝑃 =

1

1 + 𝑒
∆ ∆

 [2] 

This equation indicates that transition between open and closed states of the ion channel 

is related to H and S. From this sigmoidal curve, two key parameters are the slope of 

the curve and the midpoint of the slope (T50). At the midpoint of the slope, T50, Go 

equals zero, and the equation can be rearranged as follows: 

 
𝑇 =

∆𝐻

∆𝑆
 [3] 

The slope of the sigmoidal curve can be described by taking the derivative of the 

equation [2]: 

 𝑑𝑃

𝑑
1
𝑇

= − 𝑃 (1 − 𝑃 )
∆𝐻

𝑅
     [4] 

Given that 𝑃 = 0.5 at the midpoint, the slope at the midpoint can be defined as follows: 
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−0.5(1 − 0.5)

∆𝐻

𝑅
= −

0.25∆𝐻

𝑅
=

∆𝐻

4𝑅
 [5] 

This implies that at the midpoint, the slope of the sigmoid is proportional to the changes 

in enthalpy, making the H a measurement of thermosensitivity [13]. Thermosensitive 

TRP channels tend to have large H magnitudes, and for TRPV1, the average H is 

approximately 90 kcal/mol [12, 14-17]. 

 

There are several hypotheses on how the thermosensitive TRP channels 

(thermoTRPs) have large enthalpic changes. The large thermodynamic signature could 

arise from the changes in protein conformations, and changes in heat capacity [18]. The 

Chanda group manipulated the residues in the VSD of Shaker Kv channel to engineer a 

thermosensitive Shaker Kv channel [19]. This work was conducted based on the 

assumption that the protein undergoes structural rearrangement as the thermal stimulus is 

applied, resulting in changes in solvent accessibility in certain regions of the protein. 

When the polarities of amino acid residues in the VSD were modified, the Shaker Kv 

 

Figure 1.2 Simulated open probability 
(Po) as a function of temperature. The 
slope of the sigmoidal curve represents 
the changes in enthalpy (H), which 
functions as the measurement of 
thermosensitivity. The more 
thermosensitive the channel is, the 
higher H becomes. Simulated red 
curve has H of approximately 100 
kcal/mol, while the black curve has 
H = 30 kcal/mol. 
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channel exhibited temperature-induced activation [19]. This work is remarkable in that it 

tested the physical principal of the temperature activation. 

Despite the interest, it has been challenging to pinpoint a specific region that 

functions as a main heat sensor in TRPV1. Countless researchers have had different 

hypotheses, have performed experiments and have suggested the locations of the 

“thermo-switch” in TRPV1 [14, 20-22]. However, all these efforts have produced 

contradictory results, leaving the temperature gating mechanism of TRPV1 unknown. 

One study generated a chimera between TRPV1 and TRPM8, a cold sensing TRP 

channel, swapping the C-terminus [20]. This study resulted in the reversed temperature 

sensitivity; TRPV1 with TRPM8 C-terminus was activated at cold temperature and vice 

versa, suggesting that this C-terminal region is the key to temperature sensing in 

thermoTRPs. Unfortunately, this intriguing result has not been reproduced by any groups 

since its publication, making the results questionable. Another potential region that 

researchers are focusing on is the membrane proximal domain (MPD), N-terminal region 

that is prior to the Pre-S1 helix. One study inserted the MPD of TRPV1 into TRPV3 to 

dissect the molecular determinant of temperature activation. TRPV3 is a warm 

temperature sensitive channel, and its activation has been reported to be the use-

dependent, which means that the channel becomes sensitized over repeated stimulation. 

To understand its complex thermal activation mechanism, Qin and coworker noticed that 

in the membrane proximal region of TRPV3, one amino acid residue was deleted, while it 

was present in TRPV1 (S404). The insertion of this residue in TRPV3 resulted in a more 

stable temperature activation, indicating that this single residue plays a role in use-
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dependent activation of TRPV3 [23]. Furthermore, a few molecular dynamics studies 

have shown that the MPD exhibits the large heat-induced motion after performing three 

sets of ten MD simuations at 200 ns timescale at three temperatures, 30, 60 and 72 °C, 

suggesting that this region may participate in thermosensing [24]. The pore domain also 

has gained attention for its role in temperature activation. Some studies suggested that the 

pore turret, 20 amino acid residues between the S5 helix and the pore helix, is the key 

thermosensor as replacement of 14 amino acids in the pore turret with an artificial 

sequence, G4PG4SG4S, caused the abolition of heat sensitivity [14]. Ironically, the 

truncated rat TRPV1 construct that was used for cryo-EM omits the entire pore turret, 

and this minimal construct remained heat sensitive [21]. Interestingly, a recent study has 

highlighted the intrinsic thermosensitive nature of the pore domain (PD) [22]. This work 

created a chimeric ion channel between TRPV1 and Shaker potassium channel that is not 

activated by the thermal stimulus. The transplant of TRPV1 PD in Shaker channel 

inherited the heat sensitivity, concluding that the PD is the main source of heat sensing in 

TRPV1 [22]. As seen above, the temperature sensing mechanism is extremely complex, 

and new theories emerge, but the consensus indicates that the temperature sensing arises 

from the transmemebrane domain (TMD) [2]. As an example, a rodent TRPV1 isoform is 

naturally expressed with the deletion of majority of N-terminus; it is missing four of the 

Ankyrin repeat domain, but it remains thermosensitive, and it also is pressure sensitive 

[25]. Furthermore, TRPA1 is either hot or cold sensing TRP channel, depending on 

species [26]. Although a few mutations in the N-terminus can switch the nature of 
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temperature sensitivity, i.e. from cold sensing to warm temperature sensing [27], deletion 

of the whole N-terminus didn’t abrogate the thermosensitive nature of TRPA1 [28].  

Another “hot” topic in TRPV1 studies is its interaction with vanilloid compounds 

and other ligands. The most well-known agonist of TRPV1 is capsaicin, a chemical of 

pungency. Some vanilloid analogues include capsiate, chemical very similar to capsaicin, 

but does not have pungency, and resiniferatoxin (RTX), much more potent than 

capsaicin. Unlike the temperature activation, the capsaicin activation mechanism is 

relatively well understood. The Julius group first discovered the molecular determinant of 

capsaicin sensitivity in TRPV1 [29]. While TRPV subfamily is named with “vanilloid” 

due to the sequence homology, only TRPV1 is sensitive to vanilloid compounds. 

Naturally, chicken are insensitive to capsaicin, but retains the sensitivity to heat and 

protons, suggesting that there may be a rudimentary vanilloid binding site in chick 

TRPV1 [29]. The chicken TRPV1 ortholog (Gallus gallus, gTRPV1) has relatively high 

amino acid sequence similarity (~79%) to the mammalian TRPV1 (rat or human), and 

TRPV2, initially referred as VRL1, shows approximately 50% sequential similarity to 

rTPV1. Leveraging these differences, various chimeras between rTRPV1 and gTRPV1, 

and rTRPV1 and rTRPV2, were generated, and the key region that influence capsaicin 

sensitivity was narrowed down to the S2-S4 transmembrane helices [29].  

A main contributing piece of work that aided the determination of the molecular 

determinant of capsaicin was the crystal structure of capsaicin-bound reaction center 

(RC) of photosystem [30]. Using the chemical structure of capsaicin that resembles the 

characteristics of some inhibitors of photosystem II, one group tested capsaicin as an 
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inhibitor of the photosynthetic activity. The residues in the RC that bound capsaicin had 

specific interactions with three major functional moieties of capsaicin. First, the vanilloid 

moiety formed pi-electron interactions with an aromatic residue, second, the amide neck 

interacted with polar residues by forming a hydrogen bond, and lastly, the carbon chain 

had hydrophobic interactions [30]. Julius and coworker realized that the S3 helix of 

TRPV1 was in the similar size of capsaicin binding site in the RC, and focused on this 

region to further dissect the molecular determinant of capsaicin in TRPV1. Based on 

these results, next investigation looked for the residues that are different in rTRPV2, yet 

conserved in gTRPV1. One of the amino acids that satisfied all these qualifications was 

Y511, a residue that resides in intracellular side and initiates the S3 helix. The mutation 

of this residue to alanine led to a significant loss in capsaicin sensitivity, indicating that 

Y511 is a key residue for capsaicin sensitivity [29]. Using a similar approach, a couple of 

amino acid residues in the S4 helix (M547 and T550) that affect capsaicin sensitivity 

were identified using the rabbit TRPV1 ortholog (Oryctolagus cuniculus, oTRPV1), 

which is less sensitive to capsaicin than the rat and human TRPV1, but more capsaicin-

sensitive than the chicken TRPV1 [31].  

These key residues in vanilloid sensing were confirmed with the ligand-bound 

TRPV1 cryo-EM structures [32, 33]. The cryo-EM structures in atomic resolution 

ranging from 2.9 to 4.4 Å have allowed researchers to perform computational studies to 

investigate the putative capsaicin activation mechanism. The capsaicin-bound TRPV1 

cryo-EM structure (PDB ID: 3J5R) was informative in that the capsaicin binding leads 

partial opening of the channel [32]. However, the capsaicin molecule was poorly resolved 
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to understand in what orientation this molecule is binding. The Zheng group used the 

capsaicin-bound cryo-EM structure (PDB ID: 3J5R) to dock capsaicin, and revealed that 

the capsaicin binds in the binding pocket in head-down, tail-up orientation [34]. In more 

detail, the vanilloid head group forms a hydrogen bond with Y511, and the amide in the 

neck also forms a hydrogen bond with T550. This agrees with the trend shown in 

capsaicin-bound photosystem reaction center. Furthermore, this study suggested a 

potential capsaicin mechanism by comparing different states that were simulated by 

Rosetta docking method. Based on the structural analysis of these different states, the 

initial hydrogen bond seems to be formed between the neck of capsaicin and T550 in the 

S4 helix. Following capsaicin occupation in the putative binding pocket induces the 

movement of S4-S5 linker, resulting in the opening of the lower gate [34]. This was 

further studied in the later study using phi analysis where it showed that the 

conformational wave initiates from the capsaicin binding to T550 [35]. While the 

capsaicin activation mechanism is 

fairly well understood, how other 

types of ligands such as lipids, 

cannabinoids and antagonists 

modulate TRPV1 is at its infancy. 

The majority of work 

presented here was achieved by a 

biophysical technique, solution 

nuclear magnetic resonance (NMR) 
 

Figure 1.3 Heteronuclear single quantum 
coherence (HSQC) spectrum of the S1-S4 
domain of human TRPV1.  The amide proton 
is irradiated by the radiofrequency, and the 
magnetization is transferred to the amide 
nitrogen. The amide proton and nitrogen bond 
appears as a peak, or resonance, on a two-
dimensional spectrum, which corresponds to an 
amino acid in the protein. 
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spectroscopy. Solution NMR is a powerful tool to study protein dynamics and structure. 

NMR utilizes the energy difference between two spin states of spin ½ nuclei induced by 

the magnetic field. The most commonly performed NMR experiment in structural 

biology is heteronuclear single quantum coherence (HSQC), which detects the bond 

between amide proton and nitrogen that transfer magnetization to each other (Figure 1.3). 

The spectrum resembles a contour map, including two dimensions, and each peak, or 

resonance, corresponds to one amino acid in the protein. Since the HSQC spectrum 

displays resonances from the amide backbone, it is considered as a fingerprint of the 

protein.  

The protein of interest can be isotopically labeled with both 13C and 15N for triple-

dimensional experiments that allow magnetization to transfer over the peptide bonds. The 

minimum experiments that are required for this amide backbone assignments include 

HNCA, HN(co)CA, HNCACB, CBCAcoNH, and HNCO, and all these experiments have 

a carbon (C, C, Co) that is tied to the 1H-15N plane.  These experiments provide the 

whole picture of how the atoms are linked to each other through bond, and this enables 

the assignment of each amide backbone, which provides specific amino acid information. 

In addition, the chemical shifts of all the atoms can be useful to predict the secondary 

structure or predict dihedrals of the protein by using a software TALOS-N [36]. 

Another benefit of using NMR is that a wide range of temperature is accessible. 

This allows the collection of 1H-15N HSQC spectra at different temperatures (temperature 

titration). As temperature increases, changes in chemical shifts and changes in resonance 

intensity evolve. As temperature increases, changes in hydrogen bonding networks occur, 
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which enhances the changes in chemical shifts. Also, protein molecule tumbles faster at 

higher temperature, decreasing the transverse relaxation rate (R2) and increasing the 

resonance intensity. The transverse relaxation rate has been considered to be sensitive to 

the changes in protein dynamics such as a protein conformational change. Therefore, 

monitoring the changes in resonance intensities as a function of temperature could 

provide thermodynamic properties of a protein. This work is extensively studied in 

Chapter 3.  

A series of 1H-15N HSQC can be useful to monitor the interactions between a 

ligand and a protein [37]. For a ligand L and a receptor protein P, a reversible reaction 

between P and L can be written as follows: 

 𝑃 + 𝐿 ↔ 𝑃𝐿 [6] 

where P is a protein of interest, L is the ligand to be tested, and PL is the protein-ligand 

complex. When this reaction is at equilibrium, the association constant (Ka) is: 

 
𝐾 =

[𝑃𝐿]

[𝑃][𝐿]
 [7] 

In reverse, dissociation constant (Kd) is a parameter that informs how tightly or weakly a 

ligand binds to protein, and it can be written: 

 
𝐾 =

[𝑃][𝐿]

[𝑃𝐿]
 [8] 

In NMR-detected ligand experiment, the chemical shifts are sensitive to the local 

environment of the nuclei; therefore, addition of a ligand would cause some changes in 

chemical shift, . The trend of chemical shift perturbations can be different depending 
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on the off-rate. If the off-rate is greater than the on-rate, the chemical shifts of the ligand-

bound protein would deviate as a function of ligand concentration. On the other hand, if 

the off-rate is slower than the on-rate, this indicates that it takes longer for a ligand to 

detach from the target, which also means that the ligand binds to protein tightly. Because 

the exchange rate between the ligand and protein is slow, two signals can arise, one from 

the free protein, and another from the ligand-bound protein. As a ligand is titrated, the 

signals of free protein would decrease, while the signals from the ligand-bound protein 

would increase simultaneously [37]. In general, fast-exchange is more commonly 

observed in NMR-based ligand titration. Since the chemical shifts occur in two 

dimensions, chemical shift perturbations can be calculated with the following equation: 

 

∆𝛿 = (∆𝛿 ) +
1

5
(∆𝛿 )  [9] 

where obs is the change in chemical shifts from the free state, H is the change in 

proton chemical shifts, and N is the change in nitrogen chemical shifts (Figure 1.4). 

Because the magnitudes of nitrogen chemical shifts are bigger than protons, the changes 

in nitrogen chemical shifts are scaled by multiplying 0.2. The obs at each titration point 

can be plotted as a function of ligand concentration, and the resulting plot will resemble a 

hyperbolic curve if a ligand binds specifically to the target. To calculate the binding 

dissociation constant, Kd, assuming that the ligand and protein are in 1:1 ratio upon 

binding, following equation can be used: 

 
∆𝛿 =

∆𝛿 ∙ 𝑥

𝐾 + 𝑥
 [10] 
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where obs is the chemical shift perturbation induced by ligand binding, max is the 

maximum chemical shift perturbation, x is the ligand concentration, and Kd is the 

dissociation constant. The work presented in Chapter 4 heavily involves the NMR 

monitored ligand interaction with the S1-S4 domain of human TRPV1. 

  

The work presented in this dissertation mainly focuses on the S1-S4 domain of 

human TRPV1. Chapter 2 presents the review of recently determined cryo-EM structures 

of TRP channels and how these structures have been informative in understanding the 

mechanisms of TRP channel gating. Chapter 3 includes a study to investigate the role of 

S1-S4 membrane domain of human TRPV1 in thermosensing. Chapter 4 presents a study 

that explores the interaction between the human TRPV1 S1-S4 domain and various 

ligands such as vanilloid compounds, antagonists such as capsazepine and ABT-102, and 

cannabinoids. Chapter 5 includes miscellaneous work including the expression and 

purification of a membrane protein enzyme vitamin K epoxide reductase (VKOR). At 

last, Chapter 6 concludes this work and suggests future directions.  

 

Figure 1.4 NMR ligand 
titration in fast exchange 
system. As the 
concentration of ligand 
increases, it promotes 
changes in chemical shifts. 
The obs represents a 
chemical shift from free-
state of the protein, and in 
the fast exchange system, 
the koff is larger than kon, 
the chemical shifts travel 
from the ligand-free state 
to the ligand-bound state. 
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CHAPTER 2 

STRUCTURAL AND EVOLUTIONARY INSIGHTS POINT TO ALLOSTERIC 

REGULATION OF TRP ION CHANNELS 

Reproduced with permission from Hilton, J. K., Kim, M., and Van Horn, W. D. Acc. 
Chem. Res. 2019, 52(6):1643-1652. Copyright 2019 American Chemical Society. 

 

2.1 Conspectus 

 The familiar pungent taste of spicy food, the refreshing taste of mint, and many 

other physiological phenomena are mediated by transient receptor potential (TRP) ion 

channels. TRP channels are a superfamily of ion channels that are sensitive to diverse 

chemical and physical stimuli and play diverse roles in biology. In addition to chemical 

regulation, some family members also sense common physical stimuli, such as 

temperature or pressure. Since their discovery and cloning in the 1990s and 2000s, 

understanding the molecular mechanisms governing TRP channel function and 

polymodal regulation has been a consistent but challenging goal. Until recently, a general 

lack of high-resolution TRP channel structures had significantly limited a molecular 

understanding of their function.  

 In the past few years, a flood of TRP channel structures have been released, made 

possible primarily by advances in cryo-electron microscopy (cryo-EM). The boon of 

many structures has unleashed unparalleled insight into TRP channel architecture. 

Substantive comparative studies between TRP structures provide snapshots of distinct 

states such as ligand-free, stabilized by chemical agonists, or antagonists, partially 

illuminating how a given channel opens and closes. However, the now ~75 TRP channel 
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structures have ushered in surprising outcomes, including a lack of an apparent general 

mechanism underlying the channel opening and closing among family members. 

Similarly, the structures reveal a surprising diversity in which chemical ligands bind TRP 

channels. 

 Several TRP channels are activated by temperature changes in addition to ligand 

binding. Unraveling mechanisms of thermosensation have proven an elusive challenge to 

the field. Although some studies point to thermosensitive domains in the transmembrane 

region of the channels, results have sometimes been contradictory and difficult to 

interpret; in some cases, a domain that proves essential for thermal sensitivity in one 

context can be entirely removed from the channel without affecting thermosensation in 

another context. These results are not amenable to simple interpretations and point to 

allosteric networks of regulation within the channel structure. 

 TRP channels have evolved to be fine-tuned for the needs of a species in its 

environmental niche, a fact that has been both a benefit and burden in unlocking their 

molecular features. Functional evolutionary divergence has presented challenges for 

studying TRP channels, as orthologs from different species can give conflicting 

experimental results. However, this diversity can also be examined comparatively to 

decipher the basis for functional differences. As with structural biology, untangling the 

similarities and differences resulting from evolutionary pressure between species has 

been a rich source of data guiding the field. This Account will contextualize the existing 

biochemical and functional data with an eye to evolutionary data and couple these 
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insights with emerging structural biology to better understand the molecular mechanisms 

behind chemical and physical regulation of TRP channels. 

2.2 Introduction 

Much of biology is determined by relative concentrations of ions across 

biological membranes. These concentration gradients are tightly regulated and 

used to transmit signals typically via ion channels. Ion channels are pore-forming 

proteins embedded in lipid bilayer membranes. Hundreds of different ion 

channels exist, with vast structural and functional diversity, but in principle, all 

work the same way: the channel pore has one or more "gates" that can open and 

close in response to specific stimuli such as chemical ligands, electrical potential 

across the membrane, temperature, or mechanical force. When open, ions freely 

flow through the pore down their concentration gradient forming cascades of 

information transmission.  

 Transient receptor potential (TRP) ion channels make up a superfamily of 

membrane proteins that are widely expressed in higher organisms. Based on sequence 

homology this superfamily is divided into seven subfamilies, six of which are found in 

humans (Figure 2.1).[1] Canonically the best studied ion channels are “gated”, that is 

opened or closed, by either chemical ligands or changes in potential (i.e., voltage) across 

the membrane. A feature that appears common to many TRP channels is responsiveness 

to multiple types of stimuli, such as chemical, electrical, thermal, pH, and mechanical 

stimuli. Diverse classes of endogenous lipids provide a variety of regulatory effects on 

TRP channels and can act as cofactors required for function or even as direct agonists and 
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antagonists.[2, 3] Channel activity can also be modulated by phosphorylation, which can 

directly affect channel gating or modify membrane trafficking.[4-7] Presumably because 

of their role as polymodal sensors, TRP channels are expressed in a variety of tissues and 

function broadly in physiology. Because a given TRP channel integrates diverse physical 

and chemical stimuli, a thorough understanding of the molecular mechanisms, including 

the interplay between stimuli and the similarities and differences between TRP channels, 

has been complicated and often controversial.  

 Since the cryo-EM structures of TRPV1 reported in 2013, ~75 structures 

representing orthologs to about two-thirds of human TRP channels have been determined 

(Figure 2.1).[8, 9] This advancement has arisen primarily from developments in cryo-

electron microscopy (cryo-EM). As a result, TRP channel structures with resolutions 

between 2.9–5 Å have provided unprecedented insight into the molecular architecture of 

channels from various TRP subfamilies and bound in different states to a variety to 

chemical ligands. These structures show that TRP channels have widely divergent termini 

and loop regions. The only conserved structural features across all TRP channels are two 

transmembrane structural domains and the amphipathic “TRP” helix (Figure 2.2). The 

conserved membrane regions include a four-helix bundle domain comprising the S1-S4 

transmembrane helices that have been referred to nondescriptly as the S1-S4 domain or, 

because of homology to voltage-sensing domains found in voltage-gated channels, the 

voltage-sensing like domain (VSLD). The S5-S6 transmembrane helices tetramerize to 

form the pore domain (PD) where ion conduction occurs. Following the S6 

transmembrane helix is the conserved amphipathic TRP helix that lies along the 



 
21 

intracellular plane of the membrane. Besides these features shared across all TRP 

channels, other features are also shared between a few subfamilies. TRPA, TRPM, and 

TRPC channels have a C-terminal coiled-coil domain, thought to mediate and stabilize 

the tetrameric assembly. TRPA, TRPV, and TRPN channels have N-terminal ankyrin 

repeats that are capable of transducing conformational change to the pore. While TRP 

channels are typically considered homomeric, and indeed all current structures 

recapitulate this, there is evidence which suggests these channels can form heteromeric 

channel assemblies between TRP family members[10] or complexes between two 

homomeric TRP channels.[11] Alternative splicing isoforms of TRP channels further 

increase the complexity of regulation and diversity of function.[12] TRP channel function 

is further fine-tuned by other protein interactions. For example, TRPV1, the canonical 

heat and capsaicin sensor, has been implicated in interactions with at least 94 non-TRP 

channel proteins.[13]  
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 Numerous TRP channel structures have provided detailed information, such as 

domain architectures, domain packing, and key insights into chemical ligand-induced 

gating mechanisms.[8, 9] Despite significant successes in TRP channel structural biology 

and a well conserved transmembrane domain (TMD, helices S1-S6, Figure 2.2) 

architecture, surprisingly a general TRP channel gating mechanism has not emerged from 

the structural biology.  

Figure 2.1 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. 
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 Indeed, it is possible that the ability to detect a variety of stimuli and the diverse 

N- and C-terminal structural features preclude a single conserved gating mechanism 

across all the channels. Notwithstanding these challenges, and as outlined more 

thoroughly below, the conserved TMD seems to be central to function. Interactions 

between the TRP helix, the S1-S4 domain, and a linker helix between the S4 and S5 

helices are crucial to transducing stimuli from peripheral domains to gate the PD. Apart 

from the TMD and TRP helix, there are no domains that are present in all TRP channels, 

indicating the importance of these regions. Coupled with the recent structural 

information, TRP channel function is enriched and complicated by species-specific 

diversity, with some channels activated by a particular chemical while the same chemical 

inhibits the equivalent (orthologous) channel in a different species.[14] There are also 

reports characterizing a given thermosensitive TRP channel as a heat sensor in one 

Figure 2.2 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 ligand sensing domain (blue) is a four-helix bundle of first four 
transmembrane helices, S1 to S4. 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, purple) 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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species and a cold sensor in another.[15] Speciation can also extend to partner proteins 

that modulate the channels, such as opposite effects of the PIRT protein on human and 

mouse orthologs of TRPM8.[16] The emerging examples of species dependent function 

indicate that TRP channels are functionally plastic and that allosteric networks regulate 

channel function. In this Account, we highlight TRP channel structural and functional 

studies and leverage evolutionary and genetic data with the goal of identifying 

similarities and differences between family members. We also focus on the emerging role 

of allostery in functional regulation, with “function” defined as gating of the channel 

pore, and propose that TRP channels are a model system to probe and understand the 

fundamentals of allostery in biomolecular systems. 

2.3 Biochemical Insights from Genetics and Evolution 

 After the identification of the fly trp gene in 1989 [17], hundreds of TRP channels 

have since been identified primarily from organisms in the phylogenetic kingdom of 

Animalia and spanning a wide variety of animals including fish, sea squirts, rodents, 

flies, and humans. Each species genome typically encodes about 15-30 TRP channels, 

with 27 found in humans. Beyond animals, a few examples of TRP channels have been 

identified in fungi and non-land plants.[18] To date, no TRP channels have been 

identified in bacteria nor archaea.  

 Evolutionary-based studies of protein orthologs from distinct species with 

variable physiologies can be leveraged to help elucidate molecular mechanisms, either 

through direct comparative studies or by systematic analysis to identify different regions 

and their susceptibility to genetic variation. Evolutionary analysis of the menthol and 
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cold-sensing receptor TRPM8 indicates that it is found only in vertebrates and emerged 

about 400 MYA during vertebrate evolution.[19] Analysis of evolutionary conservation 

of TRPM8 orthologs indicates that diverse regions of TRPM8 have evolved with distinct 

selection pressures.[20] Presumably channel regions that are most well conserved are 

central to core channel function. Not surprisingly, the most highly conserved TRPM8 

regions are in the TMD and include the S3, S4, S5, and S6 transmembrane helices from 

the S1-S4 domain and the PD respectively. Two small membrane regions including the 

intracellular side of the S4 helix, S4-S5 loop, and intracellular S5 region that connect the 

S1-S4 domain to the PD appear to be completely conserved across the ~40 TRPM8 

orthologs that were sequenced at the time of the study.[19] These conserved regions in 

TRPM8 are reminiscent of the regions in the heat and capsaicin receptor TRPV1 

vanilloid binding site. Another direct result from expansive sequencing and evolutionary 

data is leveraged from statistical models of protein sequence evolution that can be used to 

identify residues that coevolve. This has been successfully employed and validated in 

structure prediction algorithms by identifying interacting residue pairs [21] but also 

provides insight into conformational changes, critical functional residues, and protein-

protein interaction information.[22] Looking at the evolutionary couplings of TRPM8 

and TRPV1 TMD regions, interesting patterns emerge (Figure 2.3). While the technique 

is typically used to identify residue-residue contacts (i.e., residues that are close in space), 

the TRPM8 and TRPV1 coevolutionary analysis shows that there are many evolutionary 

couplings that are spatially far apart. This suggests that these channels are allosterically 

regulated, and the patterns of evolutionary couplings are consistent with allosteric 
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communication between the S1-S4 domain and PD. Another feature to emerge from this 

analysis is that these coevolution patterns of allosteric networks between TRPV1 and 

TRPM8 are distinct. The differences indicate that there are likely some conserved 

activation and regulation mechanisms between TRPV1 and TRPM8, focused on coupling 

the S1-S4 domain to the PD via the S4-S5 linker. However, other distinct types of 

allostery and or mechanistic conformational changes might have emerged through 

evolution.  
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Figure 2.3 Insights from evolutionary studies. A) TRPM8 and TRPV1 show distinct patterns 
of co-evolution. Using GREMLIN software the 100 highest probability predicted coevolving 
residues were plotted on homology models of the human TRPV1 (red) and TRPM8 (blue) 
TMD regions (including helices S1-S6), with pseudo-bonds shown between coevolving pairs. 
The analysis identifies coevolution of the intracellular S1-S4 domain to the pore domain. 
However, patterning differences of the evolutionary constraints suggests there are distinct 
mechanisms and allosteric networks. B) The frequency of exonic human TRPM8 single-
nucleotide polymorphisms (SNPs) as a function of residue number. A decreased SNPs 
frequency in the TMD indicates that this region is less tolerant of mutations. Data were 
aggregated from the Ensembl database searching exclusively deposited human genomes.  

 Significant advances in DNA sequencing technology and the ease of obtaining 

human genetic information can also help to elucidate regions that are most prone to 

mutations and therefore presumably least crucial to function. Our analysis of human 

genomes found in the Ensembl database identify 26,975 human TRPM8 variants 

including insertions, deletions, and single nucleotide polymorphisms. Analysis of the 

human TRPM8 variants reflects frequency and tolerance to divergence and shows that 

this variance is not random. Figure 2.3B plots the single nucleotide polymorphisms 
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(SNPs) of the human TRPM8 gene as a function of protein residue number. As expected 

from protein domain conservation across species and from TRP structural studies, the 

TRPM8 TMD shows fewer SNPs than other domains, indicating its importance in 

TRPM8 function.  

 Analysis of TRP channel genetic data provides important insights into function, 

identifying the TMD as crucial to function and suggesting the importance of allosteric 

mechanisms. Leveraging the similarities and differences between orthologous and 

paralogous TRP channels has also provided biochemical insight into how these channels 

are gated. Although many of these channels are polymodally regulated, significant 

inroads have been made in understanding how chemical ligands regulate TRP channels 

and similarly, a framework for temperature activation is beginning to emerge. One 

constant from these comparative studies is that distal regulation of function, or allostery, 

is key in understanding the biochemical mechanism.   

2.4 Mechanisms of Ligand Gating  

 Many TRP channels are regulated by a variety of diverse chemical ligands, and 

structural studies are beginning to identify intriguing mechanistic commonalities and 

surprising differences between TRP channels. Among the best studied is TRPV1, which 

is activated by elevated temperatures and sensitive to a variety of ligands including the 

vanilloid capsaicin. Structural, functional, and computational studies of TRPV1 have 

delineated a clear vanilloid binding pocket and mechanism for TRPV1 ligand 

activation.[23, 24] Protein engineering studies of two non-vanilloid activated channels, 

TRPV2 [25, 26] and TRPV3 [27], have shown that this binding site is likely conserved as 
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are the mechanistic framework, at least in the TRPV family and potentially other TRP 

channels.[28-32] One key feature that emerges from the TRPV3 vanilloid engineering 

study is that allostery plays a significant role in ligand activation.[27]  

 Highlighting the diversity of allosteric mechanisms of ligand activation, TRPA1 

is uniquely activated via covalent modification by pungent electrophilic compounds such 

as allyl isothiocyanate and diallyl disulfide, found in wasabi, mustard oil, or garlic. These 

compounds covalently bond with cysteine residues in the N-terminal ankyrin repeat and 

pre-S1 regions. This induces conformational changes that propagate from the 

modification site to the pore.[33] A final unique example is allosteric regulation of 

TRPM7 by a kinase domain, which mediates nucleotide inhibition of the channel.[34] 

Human TRPM2, on the other hand has an evolutionary inactivated enzyme domain that 

still retains the ability to bind the historical substrate and this binding regulates channel 

activity allosterically.[35] Allostery seems to emerge as a key contributor in TRP channel 

ligand activation as highlighted below.  

2.4.1 Menthol Ligand-Gating in TRPM8 

 While experimental, computational, and structural data identify the vanilloid 

binding site in TRPV1, the TRPM8 menthol binding site is more controversial. Early 

mutagenesis data identified residues in the S1-S4 domain that selectively abrogate 

TRPM8 menthol sensitivity while leaving intact cold activation.[36] From this and other 

studies, Y745 (S1) and Arg842 (S4) have emerged as potential TRPM8 residues involved 

in menthol binding. Later radioligand binding studies of 3H-labeled menthol showed that 

the mutation Y745H decreases TRPM8 affinity for the radioligand, suggesting that it may 
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be directly involved in menthol binding.[37] More recently an NMR and microscale 

thermophoresis (MST) binding study of an isolated human TRPM8 S1-S4 domain 

showed that menthol and WS-12, a menthol analog and more potent TRPM8 agonist, 

directly bind to this domain.[38] The authors further tested the Y745H and R842H 

mutations in the isolated S1-S4 membrane domain, but unexpectedly neither impacted 

menthol affinity as monitored by NMR or MST. With the flood of TRPM cryo-EM 

structures, including TRPM2, TRPM4, TRPM7, and TRPM8, it is clear that the 

equivalent tyrosine and arginine residues for Y745 and R842 in TRPM8 are structurally 

conserved. These residue identities are also conserved across the human TRPM family. 

Given that TRPM8 is the only menthol-sensitive TRPM channel, it seems unlikely that 

either Y745 or R842 are key determinants for menthol selectivity. This idea is supported 

by the identification of a TRPM8 isoform (isoform 4) protein in epidermal cells that is 

missing parts of the N-terminus and a region of the TMD that includes helices S1 and 

S2.[39] The epidermally expressed TRPM8 isoform 4 trafficks differently from the full-

length protein but retains key functions such as cold sensitivity and activation by menthol 

and other cooling agents, namely WS-12 and icilin. Convoluting these data are recent 

agonist bound structures of TRPM8 identifying overlapping but distinct binding sites for 

WS-12 and icilin in an intracellular side cavity of the S1-S4 domain between helices S1-

S4.[40] Presumably the aggregate data suggest that Y745 modulates menthol sensitivity 

allosterically since mutating the residue influences TRPM8 menthol sensitivity and in the 

context of the full channel reduces affinity. However, TRPM8 isoform 4, which lacks the 

S1 helix that includes Y745, retains menthol sensitivity. It is clear from structural studies 
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that TRPM8 and TRPV1 have distinct agonist binding sites.[8, 40] Nonetheless, there is 

experimental evidence of reciprocal ligand effects between TRPM8 and TRPV1. The 

TRPM8 agonist menthol inhibits TRPV1 capsaicin activation, and the TRPV1 agonist 

capsaicin antagonizes menthol evoked TRPM8 currents.[41] Additionally, an early study 

published before the identification of TRPM8 used 3H-labeled menthol for radioligand 

binding studies in whole cell membranes, and among other things noted that labeled 

menthol is displaced by TRPV1 agonist capsaicin and antagonist capsazepine.[42] 

Menthol has also been implicated in activating or inhibiting other TRP channels, like 

TRPV3 and TRPA1.[43, 44] While TRPM8 ligand binding is coming into focus, the 

allosteric relationships and mechanisms of activation are still relatively opaque.  

2.4.2 The Convoluted Case of 2-APB 

 While the canonical vanilloid binding site seems to be conserved in TRPVs, clear 

mechanistic relationships between ligand regulations of TRP channels is still unresolved. 

The compound 2-APB (2-aminoethoxydiphenyl borate) modulates the activity of 

channels from at least the TRPA, -M, -V, and -C families. Such a compound presumably 

should provide tremendous insight into what constitutes conserved mechanisms of 

chemical activation. 2-APB regulates five of six TRPV family members, activating 

TRPV1, V2, and V3, and inhibiting TRPV5, and V6.[45-47] Structures from TRPV3 and 

TRPV6 have been determined in the presence of 2-APB which activates or inhibits the 

respective channel. The 2-APB bound TRPV6 structure identifies the inhibitor on the 

intracellular side in the S1-S4 domain that is distinct from the canonical vanilloid binding 

pocket.[47] The proposed mechanism whereby 2-APB inhibits TRPV6 is allosteric in 
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nature where conformational rearrangements in the S1-S4 domain, specifically motions 

in the S3 helix, pull on the S4-S5 linker shifting an activating lipid that binds at the 

interface between the S1-S4 domain and the PD, which ultimately results in channel 

inhibition.  

 In contrast, the TRPV3 structure identifies three different binding sites for 2-APB: 

one near, but distinct from the intracellular S1-S4 TRPV6 binding site, one below the 

intracellular TRP-helix, and one in the extracellular side of the S1-S4 domain (Figure 

2.4A).[48] According to this proposed activation mechanism of TRPV3, 2-APB binds the 

extracellular side of the S1-S4 domain, causing the S1-S2 loop to move; this results in the 

release of an extracellular leaflet lipid which couples 2-APB binding and allosteric gating 

across the membrane. The authors conclude that the extracellular binding site is key for 

TRPV3 activation since 2-APB binding in the other two intracellular sites were populated 

in closed state structures.[49] We note that other TRPV structures have a lipid binding 

site near that in the TRPV3 structure, raising potential that this may be a non-specific 

binding site.  

 The TRPV6 residues near the 2-APB binding site were also functionally studied, 

and a tyrosine residue in S4 (Y467A) was identified that increases 2-APB inhibitory 

potency of TRPV6.[47] This tyrosine in the S4 helix is conserved across the TRPV 

family, and the same mutation made in mouse TRPV3 caused a 20-fold increase in 2-

APB agonist potency.[48] This complicates the interpretation of 2-APB in activating 

TRPV3, suggesting that either TRPV6 and TRPV3 share the 2-APB binding site, in 

contradiction of the structural data, or imply that multiple 2-APB binding sites contribute 
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to TRPV3 activation but only one to TRPV6 inhibition. Another interpretation could be 

that regulation is achieved by allosteric coupling between the binding sites.   

 To complicate 2-APB modulation of TRPV channels further, a high-throughput 

mutagenesis functional screen of ~14,000 mutations in mouse TRPV3 identified two key 

residues (H426 and A696) that reside near the TRP-helix 2-APB binding site that was 

deemed non-activating in the TRPV3 structure studies.[50] TRPV4 has not been reported 

to be modulated by 2-APB, however, by mutating the equivalent residues (N456 and 

W737) to histidine and arginine respectively, the mutated TRPV4 becomes sensitive to 2-

APB activation. Taken together, these three studies suggest a complicated binding 

landscape for TRPV modulation by 2-APB, where allostery and multiple binding sites in 

and/or near the S1-S4 domain couple to channel gating in the S5-S6 PD.  

 

Figure 2.4 Allosteric coupling in ligand and temperature activation. Panel A shows structures 
of 2-APB bound TRPV3 and TRPV6 in gold and cyan respectively. Between the two 
structural studies four 2-APB binding sites have been identified in related TRPV channels. 
These coupled with functional studies suggest that in 2-APB ligand regulation of TRP 
channels allostery is key to modulating function. Panel B identifies residues essential to 
exchanging cold-sensing properties between TRPM8 channels from hibernating and non-
hibernating rodents. The six residues are far away in space indicating that allosteric networks 
are key to deciphering these outcomes. Comparing these six mutations with human TRPM8 
show that not only are allosteric networks important but also that there must be compensating 
pairs of residues that impact allostery.  



 
34 

 These studies clearly show that allosteric coupling between distinct binding sites 

in the S1-S4 domain and pore domain gating is a common mechanism to regulate TRP 

channel function. Figure 2.5 illustrates the relative structural rearrangements of the 

TRPV3 and TRPV6 S1-S4 domain induced by 2-APB that results in activation and 

inhibition, respectively. Other motions of S1-S4 domain in TRPV family gating are also 

shown, highlighting the apparently disparate structural mechanisms and diverse allosteric 

coupling TRPV channel gating.  

 

Figure 2.5 Diverse S1-S4 gating-coupled movements identified from TRPV structural 
studies.  In TRPV1, the S1-S4 domain remains immobile while a residing lipid (black 
rectangle) is replaced by a vanilloid ligand (red circle). In TRPV2, the S1-S4 domain, along 
with intracellular ankyrin repeat domains, rotates when the lower gate opens. In TRPV3, the 
S1-S4 domain tilts towards the PD when the agonist 2-APB (yellow diamond) binds to the 
S1-S4 domain. TRPV4 gating details are presently unclear, but a unique S1-S4 arrangement 
causes the S3 helix to contact S6 helix. In TRPV5, the S1-S4 domain tilts away from the PD 
when the antagonist econazole (dark green hexagon) enters the binding pocket, causing the 
lower gate to close. In TRPV6, the inhibitor 2-APB (yellow diamond) causes the S3 helix to 
move toward S4-S5 linker to close the lower gate. 
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2.5 Mechanisms of Temperature Gating 

 Eleven TRP channels from the TRPA, TRPV, TRPC, and TRPM families can 

integrate biological scale temperature changes into conformational change and eventually 

signal transduction. These channels, including TRPM8 and TRPV1, are inherently and 

acutely thermosensitive;[51, 52] however, the mechanisms and conformational changes 

associated with thermosensing are currently unknown. A number of studies implicate 

cross-talk between TRP channel thermal and ligand activation, in which small amounts of 

chemical agonist potentiate the channel to be more temperature sensitive.[53] This is also 

recapitulated in the aforementioned TRPV3 vanilloid engineering studies in which a form 

of TRPV3 is RTx insensitive until it has been prestimulated with heat.[27] While 

chemical and thermal activation are linked to some extent, there is also evidence of 

distinct mechanistic pathways; for example, TRPV1 channels maximally stimulated with 

high concentrations of capsaicin nevertheless show increased current when temperature is 

simultaneously elevated.[54] Reciprosity between chemical and temperature activation 

has also been observed at the organismal level, for example, chemical-based antagonism 

of TRPM8 in rodents transiently decreases body temperature.[55] Alternatively, chemical 

activation of TRPM8 triggers thermogenesis increasing metabolic output and has been 

suggested as a mechanism to chemically regulate obesity.[56, 57] Indeed, there is a 

correlation between a species body temperature set point and TRPM8 activation 

temperature, suggesting that the temperature sensitivity is relatively plastic between 

orthologs.[20, 58] The fact that a given thermosensitive TRP channel will respond to 
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temperature in a species dependent manner indicates a potential direction for 

investigating thermosensing mechanisms.  

 The regions that are directly sensitive to temperature and mechanisms that 

underlie the structural rearrangements are not currently clear and diverse regions have 

been implicated in modulating thermosensing.[14, 59-61] Nonetheless, the 

thermodynamics that forms the basis of TRP channel temperature sensitivity likely mirror 

standard protein folding/unfolding frameworks. Suitably large temperature-induced 

thermodynamic driving forces can arise from entropic and enthalpic contributions to 

charged or hydrophobic residues sequestered to or released from the hydrophobic 

membrane bilayer (entropic) or the aqueous environment and balanced by local changes 

in secondary structure, such as an α-helix forming or unfurling (enthalpic) to give 

biologically accessible changes in free energy. One can also think about the 

conformational changes in terms of changes in heat capacity (ΔCp); however, ΔCp can be 

thought of in terms of how temperature impacts enthalpy, entropy, or free energy. 

Similarly, it has long been recognized that the hydrophobic effect is temperature 

dependent suggesting that changes in hydrophobic exposure as a function of temperature 

is likely key to the high magnitude TRP channel thermosensitivity. Experimental data 

supporting these thermodynamic principles are beginning to emerge. For example, 

engineering changes in hydrophobic accessibility of a temperature insensitive voltage-

gated potassium ion channel endowed the channel to be temperature sensitive.[62] A 

separate study performed a high-throughput functional screen of ~7,300 random mutants 

of rat TRPV1 for ligand and temperature sensitivity.[63] This impressive feat did not 
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explicitly identify the structural domains or mechanisms that give rise to 

thermosensitivity, but two crucial insights emerge from the data. First, TRPV1 mutations 

that decrease hydrophobicity are generally less tolerated for retention of temperature 

activation relative to chemical activation by capsaicin. Second, in general all TRPV1 

regions and domains are functionally tolerant to incorporation of mutations, emphasizing 

that allosteric networks across the channel must be important. Still, there are hints that the 

core thermosensing regions are found in the TMD and that these structural domains are 

sufficient for temperature activation. For example, the engineered temperature-sensing 

voltage-gated potassium channel mentioned above, relied exclusively on mutations in the 

equivalent S1-S4 domain, indicating that a single domain can be sufficient to confer 

thermosensitivity.[62] On the other hand, transferring the TRPV1 PD to a non-

thermosensitive channel scaffold is also sufficient to confer thermosensitivity.[64] 

Although these results implicate different regions in thermosensing, it is noteworthy that 

they are both in the transmembrane domain. Given that the TMD is the most conserved 

feature across TRP channels, it seems likely that this region is central to mechanisms of 

thermal activation.  

 While the key regions involved in thermosensing may be narrowed down to the 

TMD, studies attempting to identify more specific domains responsible for temperature 

activation have given seemingly contradictory results, as illustrated by the following 

examples of TRPV1, TRPM8, and TRPA1. This lack of an identified thermosensing 

domain suggests allosteric modulation is also present in thermosensing. The first high-

resolution TRP channel structure was a cryo-EM structure of a truncated rat TRPV1.[9] 
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The rTRPV1 truncation removed 109 residues from the N-terminus, 23 residues from the 

pore turret, and, and 74 residues from the distal C-terminus. The final construct 

represents 632/838 residues or about 75% of the wild-type rat protein. Despite these 

deletions, the truncated channel behaves well structurally and recapitulates the general 

features of the biological channel including sensitivity to capsaicin and other vanilloids, 

pH, and elevated temperatures. In an unrelated study of mouse TRPV1 thermosensitivity, 

it was found that exchanging a 14 residue subset of the pore turret in mouse TRPV1 for 

an artificial polyglycine sequence abolishes temperature sensitivity while retaining 

vanilloid sensitivity.[54] Strikingly in the minimal rat TRPV1 structural construct, the 

exact pore turret region is deleted with no effect on thermosensitivity. Presumably, this 

suggests that parts of the pore turret in the PD form an allosteric network that modulates 

thermosensitivity but is not crucial mechanistically.  

 Differences in thermosensing between TRPM8 orthologs have been used to gain a 

foothold in identifying domains or residues that are mechanistically important, but again 

the results have been difficult to interpret. A recent study leveraged the fact that mouse 

TRPM8 is more cold sensitive than chicken TRPM8. Swapping the pore loop was 

sufficient to recapitulate the relative differences suggesting that this region either directly 

or allosterically modulates TRPM8 cold sensitivity.[65] This region overlaps with the 

pore loop in TRPV1 mentioned above that allosterically modulates thermosensitivity. 

Another recent study of TRPM8 orthologs showed that the TRPM8 from hibernating 

rodents retained menthol chemical activation but was poorly activated by 

temperatures.[58] By swapping the TMD from rat TRPM8, which is potently activated by 



 
39 

cold, that cold-sensitivity could be transferred to the less sensitive hibernating rodent 

TRPM8 channel. Of the 15 amino acids that vary between rat and a hibernating squirrel 

TRPM8, exchanging six amino acids between the rat and squirrel orthologs was 

sufficient to alter the cold sensitivity without affecting chemical sensitivity. All six 

residues were absolutely required to swap the cold sensitivity; swapping any five 

particular residues was not sufficient to transfer the phenotype between channels. Two 

key points emerge from these studies: first, allosteric coupling across the membrane 

likely contributes to the observed effects, because five of the six residues are on the 

extracellular side, one is on the intracellular side, and none reside in transmembrane 

helices (Figure 2.4B). Second, two of the six hibernating rodent residues are identical 

with the equivalent human TRPM8 residues; as human TRPM8 is robustly cold-sensitive, 

this suggests that not only is there allosteric coupling, but there must also be 

compensation between networks of residues.  

 TRPA1 provides a final example of thermosensation regulation by allosteric 

networks. TRPA1 can be either hot– or cold–sensing depending on the species.[15] 

Mutating three amino acid residues that cluster to a discrete soluble ankyrin repeat 

domain in mouse TRPA1 can flip the cold sensing channel to warm sensing.[15] 

However, TRPA1 truncations that completely remove this large N-terminal region result 

in channels that are still temperature sensitive; therefore, the fundamental origins of 

temperature sensitivity of TRPA1 seem to reside in the transmembrane region.[66]  
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2.6 Conclusions and Outlook 

 The intersection of structural and genetic revolutions has provided tremendous 

tools and insight into how TRP channels function. An emergent property of these 

channels is the identification of the fundamental role of allostery in function. We 

speculate the centrality of allosteric networks in TRP channel regulation arises primarily 

because of the evolution of these channels to function in thermosensing, where 

biologically accessible changes in temperature are poor thermodynamic driving forces. 

Current studies have identified the importance of both the S1-S4 and PD in sensing, 

binding, and coupling to gating, giving a platform to better understand the molecular 

mechanisms that underlie basic biological processes such as tasting spiciness or feeling 

cold. Despite the significant progress in recent years, there is a need to dissect these 

channels with spectroscopic tools such as EPR,[67] fluorescence,[68, 69] and NMR.[38] 

These tools should unravel the allosteric networks that seemingly make allosteric 

coupling so challenging to interpret from current structural and functional measurements. 

Understanding these basic mechanisms will provide access to the fundamental rules of 

mechanistic cross talk and will also reveal opportunities for pharmacological intervention 

and manipulation.  
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CHAPTER 3 

EVIDENCE THAT THE TRPV1 S1-S4 MEMBRANE DOMAIN CONTRIBUTES TO 

THERMOSENSING 

Reproduced with permission from Minjoo Kim, Nicholas J. Sisco, Jacob K. Hilton, 
Camila M. Montano, Manuel A. Castro, Brian R. Cherry, Marcia Levitus, and Wade D. 
Van Horn. Published in bioRxiv, doi: https://doi.org/10.1101/711499 
 

3.1 Abstract 

 Sensing and responding to temperature is crucial in biology. The TRPV1 ion 

channel is a well-studied heat-sensing receptor that is also activated by vanilloid 

compounds including capsaicin. Despite significant interest, the molecular underpinnings 

of thermosensing have remained elusive. The TRPV1 S1-S4 membrane domain couples 

chemical ligand binding to the pore domain during channel gating. However, the role of 

the S1-S4 domain in thermosensing is unclear. Evaluation of the isolated human TRPV1 

S1-S4 domain by solution NMR, Far-UV CD, and intrinsic fluorescence shows that this 

domain undergoes a non-denaturing temperature-dependent transition with a high 

thermosensitivity. Further NMR characterization of the temperature-dependent 

conformational changes suggests the contribution of the S1-S4 domain to thermosensing 

shares features with known coupling mechanisms between this domain with ligand and 

pH activation. Taken together, this study shows that the TRPV1 S1-S4 domain 

contributes to TRPV1 temperature-dependent activation. 
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3.2 Introduction 

 Transient receptor potential (TRP) ion channels are a family of membrane 

proteins which play diverse roles in physiology [1, 2]. TRPV1, from the vanilloid 

subfamily, is responsive to various chemical and physical stimuli, including vanilloid 

ligands, elevated temperature, protons, endogenous lipids, and small modulatory 

membrane proteins [3-6]. While TRPV1 is expressed in neuronal and non-neuronal 

tissues, its role in neuronal tissues has garnered significant interest [7]. For example, in 

group C unmyelinated nerve tissue of the peripheral nervous system, TRPV1 is integral 

to nociception (pain) [8, 9]. Consequentially, there is interest in TRPV1 therapeutic 

intervention for various pain indications [8]. Beyond nociception, an increasing number 

of studies provide emerging evidence that TRPV1 is involved in diverse human 

physiologies and pathophysiologies including: inflammatory diseases [10-12], obesity 

[13, 14], diabetes [11], longevity [15], and cancer [16, 17]. 

Cryo-electron microscopy (cryo-EM)-based structural biology has had significant 

impact on understanding the molecular architecture that underlies TRP channel function 

[18]. These structures have shown that TRP channels resemble the transmembrane 

topology of voltage-gated ion channels (VGICs), with two conserved transmembrane 

structural domains. The S1-S4 transmembrane helices (S1-S4 domain) form a four-helix 

bundle that is structurally related to the voltage-sensing domain (VSD) in VGICs. In TRP 

channels, like their evolutionary ancestors in the VGIC superfamily, the S5-S6 

transmembrane helices form the pore domain (PD), which assembles into a tetrameric 

channel. In addition to the identifying topological features, a number of TRPV1 
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structures in different states have been determined, which have provided significant 

insight into the molecular basis for TRPV1 chemical activation [19-21]. Canonical 

TRPV1 vanilloid compounds, like the pungent agonist capsaicin, bind to the S1-S4 

domain which couples with the PD to open the lower and upper gates of the channel [22], 

thereby initiating signal transduction. The cryo-EM determined vanilloid binding site 

[19-21] is consistent with previous studies [23-28], which identified residues in the S3 

and S4 helices of the TRPV1 S1-S4 domain as central for capsaicin activation. 

Several TRP channels are exquisitely sensitive to changes in temperature and 

function as molecular thermometers. The temperature-induced activation of 

thermosensitive TRP channels generates large changes in enthalpy (ΔH) and significant 

compensating changes in entropy (ΔS), resulting in biologically accessible changes in 

free energy (ΔG) between closed and open states. Typically to assess thermosensitivity of 

biological systems, the temperature coefficient (Q10) is measured, which is simply the 

ratio of equilibrium constants measured 10 °C apart. The temperature coefficient is 

related to the change in enthalpy [29], and thermosensitive TRP channels like TRPV1 

have large Q10 and ΔH values of ~40 and ~100 kcal/mol, respectively [30, 31]. The 

physical mechanisms that underlie temperature sensitivity are thought to arise from 

changes in secondary structure and hydrophobic/hydrophilic accessibility, both of which 

have large thermodynamic signatures [1, 29, 32, 33]. Notwithstanding, the region (or 

regions) within TRP channels that are key to thermosensing remains controversial. As a 

result, the specific biochemical and structural mechanisms that give rise to TRP channel 

temperature sensing are also not well understood. However, important contributions have 
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been made to investigating TRPV1 thermosensing. For example, studies of the purified 

TRPV1 channel clearly show that the channel is intrinsically thermosensitive [34]. 

Similarly, an isoform of murine TRPV1 that lacks the majority of the N-terminus remains 

thermosensitive [35], suggestive that the transmembrane region is central to 

thermosensing. More recently, a chimeric study which swapped the TRPV1 PD into a 

non-thermosensing channel, was able to endow thermosensitivity in the chimeric channel 

[36]. Despite these studies, the mechanism of TRPV1 thermosensing has remained 

elusive.  

Given the role of the TRPV1 S1-S4 domain (V1-S1S4) in ligand activation and 

the structural similarity to voltage-sensing domains in VGICs, we hypothesize that the 

S1-S4 domain may contribute to the thermosensitivity of TRPV1. We adopt a distinct 

strategy that is not reliant on mutagenesis but instead focuses on direct temperature-

dependent characterization of the hV1-S1S4, an evolutionarily conserved structural 

domain (Fig. 1). Here, we show that an isolated hV1-S1S4 is in a biologically relevant 

state, is sufficient for vanilloid ligand binding, and retains the expected secondary 

structure and membrane topology. Temperature-dependent studies of the hV1-S1S4 using 

solution nuclear magnetic resonance (NMR) spectroscopy identify a two-state transition 

between folded conformational states. The magnitude of the NMR detected temperature 

sensitivity is supported by far-UV circular dichroism (CD) and intrinsic tryptophan 

fluorescence spectroscopy. Quantitative comparison with whole-cell patch-clamp 

electrophysiology experiments in mammalian cells indicates that the hV1-S1S4 

significantly contributes to TRPV1 thermosensitivity. Additionally, the temperature-
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dependent conformational changes were examined by NMR-based temperature-

dependent distance measurements from paramagnetic relaxation enhancement (PRE), 

secondary structure measurements from chemical shift assignment and residual dipolar 

coupling, and solvent exposure from deuterium/hydrogen exchange and water–protein 

NOEs. To validate these outcomes, we introduced a mutation that disrupts coupling 

between the S1-S4 and pore domains and show that both ligand and temperature 

activation are abrogated in the full-length channel but retained in the isolated domain. 

Taken together, the data provide thermodynamic and mechanistic insight into the 

properties of thermosensitive TRP channels and suggests an overlap between TRPV1 

ligand, proton (pH), and temperature activation. 

3.3 Results 

3.3.1 The Isolated hV1-S1S4 Resides in a Biologically Relevant State 

3.3.1.1 The hV1-S1S4 in Isolation Retains the Expected Membrane Topology 

The transmembrane hV1-S1S4 construct includes the pre-S1 helix through the S4 

helix (residues 417 to 558) (Figure 3.1A). Optimization of hV1-S1S4 expression resulted 

in ~1.5 mg of purified protein per liter of M9 media. The identity of the hV1-S1S4 was 

verified by SDS-PAGE, western blot, LC-MS/MS, and ultimately NMR resonance 

assignment (Figure S3.1A-C). After membrane mimic screening, the hV1-S1S4 was 

reconstituted in LPPG (1-palmitoyl-2-hydroxy-sn-glycero-3-phospho-(1'-rac-glycerol)) 

lysolipid micelles, which yielded high-quality NMR spectra (Figure S3.1D). We focused 

on single chain membrane mimics, such as LPPG, to avoid temperature-dependent phase 

transitions common to lipids that could interfere with temperature-dependent 
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thermodynamic and biophysical characterization. TROSY-based 3D and 4D NMR 

experiments were carried out to assign the hV1-S1S4 amide backbone. Specifically, 

TROSY-based HNCA, HNCOCA, HNCO, HNCACB, CBCACONH, HNCACO, 15N-

edited-NOESY-TROSY, 4D HNCACO and 4D HNCOCA were used to assign 87% of 

backbone resonances (BMRB ID: 27029, Figure 3.1B and Figure S3.1E-J). The hV1-

S1S4 membrane topology was determined from secondary structure derived from 

backbone chemical shift data (TALOS-N) and membrane accessibility from NMR-

detected deuterium-hydrogen (D/H) exchange factors (Figure 3.1C, D). The resulting 

hV1-S1S4 secondary structure in solution at elevated temperature is similar to existing rat 

TRPV1 cryo-EM structures. Similarly, the D/H exchange factors show that the 

transmembrane helices have lower exchange factors than the solvent accessible loop 

regions, indicative of the expected membrane topology for this domain.  
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3.3.1.2 The hV1-S1S4 Domain Specifically Binds Capsaicin 

The isolated hV1-S1S4 solubilized in LPPG retains the ability to specifically bind 

capsaicin at 37 °C (Figure 3.1E). Previously identified capsaicin binding residues, Y511, 

S512, and T550, were used as probes of capsaicin binding. These residues showed 

saturable chemical shift perturbation as a function of increased capsaicin concentration 

 

Figure 3.1 The isolated human TRPV1 S1-S4 domain is folded in a biologically 
relevant state and binds capsaicin at elevated temperatures. (A) Highlighted in red is 
the hV1-S1S4 construct shown in the rTRPV1 cryo-EM structure (PDB ID: 3J5P) and 
used throughout our studies. (B) Representative 15N-TROSY-HSQC showing the 
hV1-S1S4 backbone resonance assignments at 45 °C. (C) Cryo-EM determined 
secondary structure information of rTRPV1 (cyan/purple) compared with the NMR 
determined secondary structure (red) from hV1-S1S4 at 45 °C identifies the 
similarities and differences in secondary structure. The S4 310 helix is shown in 
purple. (D) Deuterium/hydrogen (D/H) exchange factors show the hV1-S1S4 solvent 
accessibility is consistent with the anticipated membrane topology. (E) Superimposed 
1H-15N HSQC spectra of the hV1-S1S4 titration with capsaicin at 37 °C. Canonical 
capsaicin binding residues include Y511, S512, and T550, and A546, show saturating 
binding isotherms as a function of capsaicin.  
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which is indicative of specific binding (Figure 3.1E). The average Kd values from the key 

vanilloid binding residues (Y511, S512, and T550) is 3.4 ± 0.4 mmol%. L547 (M547 in 

the rat ortholog) has also been ascribed importance in vanilloid binding and activation; 

however, due to resonance overlap this residue could not be analyzed. A neighboring 

residue, A546, which is located within 5 Å of vanilloid ligand as shown a vanilloid-

bound TRPV1 structure (PDB ID: 5IRX), also exhibited saturating binding with a Kd 

value of 3.6 ± 0.5 mmol% (Figure 3.1E). Taken together, the isolated hV1-S1S4 in 

solution retains four transmembrane embedded helices and recapitulates expected 

features of capsaicin binding, indicating that the isolated hTRPV1-S1S4 retains a 

biologically-relevant conformation in solution and at elevated temperatures. 

3.3.2 Two-State Temperature Transition and Thermodynamic Analysis of the Full-

Length Human TRPV1 

TRPV1 temperature-dependent electrophysiology data have been shown to fit 

well to a simple two-state thermodynamic model between open (active) and closed 

(resting) states [2]. While this is certainly an oversimplification, modeling TRPV1 

temperature-dependent transitions allows for quantification of the thermosensitivity. In 

this two-state model the temperature-dependent slope of the transition between 

conformational states reflects the change in enthalpy (ΔH) [37] and is a read out of the 

thermosensitivity associated with the conformational change between temperatures.  

To date the majority of TRPV1 thermosensing studies have focused on rodent 

orthologs (Table S3.1). To evaluate the thermosensitivity of the human TRPV1 ortholog, 

whole-cell patch-clamp electrophysiology measurements were performed using the full-
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length wild-type human TRPV1 in HEK293 cells. We employed two distinct methods to 

measure the thermosensitivity (ΔH) of human TRPV1 in cellular conditions. First, steady-

state current values were measured at +60 mV as a function of increasing temperature 

(Figure S3.2A). The normalized current values were plotted against temperature and fit to 

a two-state model representing closed (resting) and open (active) states resulting in a 

measured ΔH of 98 ± 12 kcal/mol (Figure 3.2A). Independently, we used a second 

method involving temperature ramps from 20 to 50 C and fit the data to a pseudo-steady 

state thermodynamic model to obtain hTRPV1 ΔH values (see Methods), resulting in an 

average ΔH of 94 ± 8 kcal/mol (Figure S3.2B). The ΔH values of human TRPV1 

measured from the steady-state current and the temperature ramp methods are consistent 

with those of rodent TRPV1 from previous studies, which is ~90 kcal/mol (Table S3.1). 

3.3.3 Two-State Temperature Transition and Thermodynamic Analysis of the hV1-

S1S4 Domain 

To investigate a potential role of the hV1-S1S4 in thermosensitivity, far-UV 

circular dichroism (CD) and solution NMR spectra were recorded at 20 °C and 50 °C; 

temperatures that would be expected to correspond to distinct conformational states if the 

hV1-S1S4 were to contribute to thermosensitivity. First, the CD spectra at 20 °C and 50 

°C displayed characteristic α-helical minima at 208 and 222 nm. These spectral features 

were retained at both high and low temperatures, suggestive that the protein does not 

significantly unfold under these conditions (Figure S3.2C, D). Additionally, the 1H-15N 

TROSY-HSQC NMR spectra of hV1-S1S4 at these two temperatures (20 °C and 50 °C) 

provide qualitative insight into potential temperature-dependent conformational change 
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and the foldedness of this domain at the respective temperatures (Figure S3.2E). The 

NMR proton resonance dispersion and resolution indicate that the hV1-S1S4 remains 

generally folded over this temperature range. There is also significant temperature 

dependent chemical shift perturbation between the spectra at 20 °C and 50 °C, which is 

consistent with a temperature-induced conformational change. The temperature-

dependent spectral changes, in both CD and NMR, are completely reversible and indicate 

that the system is suitable for thermodynamic analysis to assess thermosensitivity (ΔH) of 

the apparent conformational change (Figure S3.2C-E).  

3.3.3.1 CD-Based Temperature-Dependent Studies of hV1-S1S4 

CD data collected as a function of temperature have long been used to determine 

thermodynamic properties of proteins [37]. The hV1-S1S4 CD data exhibit two-state 

behavior at 222 nm, near the characteristic α-helical minimum, as a function of 

temperature. Fitting the data to a two-state sigmoidal model yielded a H of 19 ± 1 

kcal/mol, which reflects the temperature dependence of the hV1-S1S4 change 

conformational states (Figure 3.2B). The KCNQ1-voltage-sensing domain (VSD, helices 

S1-S4) is structurally homologous to the hV1-S1S4; however, it is not directly activated 

(gated) by thermal stimulus. As a control, we measured the KCNQ1-VSD mean residue 

ellipticity (MRE) at 222 nm over the same temperature range. The hKCNQ1-VSD did not 

exhibit two-state behavior, but instead showed a linear temperature response over this 

temperature range, consistent with a general thermal expansion of the α-helical hydrogen 

bonds (Figure S3.3A). Comparatively, the lack of measurable thermosensitivity (ΔH) of 
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the KCNQ1-VSD over this temperature range suggests that the hV1-S1S4 reflects a 

feature of TRPV1 thermosensitivity. 

3.3.3.2 Intrinsic Tryptophan Fluorescence Temperature-Dependent Studies of hV1-

S1S4 

The hV1-S1S4 was also subjected to temperature-dependent studies using 

intrinsic tryptophan fluorescence. Typically, intrinsic tryptophan has a large fluorescence 

transition dipole moment and the position and shape of the emission spectrum is 

particularly sensitive to the polarity of the environment. Tryptophan (Trp) emission 

maxima in an apolar (hydrophobic) environment is blue-shifted and varies from ca. 310-

335 nm. Whereas emission maxima in polar (hydrogen-bonding) solvents for an 

unstructured Trp residue is red-shifted about 40 nm up to ca. 355 nm [38]. These 

characteristics are commonly exploited in protein folding studies, where the emission 

peak of Trp shifts towards the red as the fraction of unfolded protein increases. In the 

context of hV1-S1S4, this analysis allows insight into both the thermosensitivity of the 

transition and the environment of the Trp residues. The hV1-S1S4 has two endogenous 

Trp residues in the amphipathic pre-S1 helix and the transmembrane S4 helix, both of 

which are anticipated to be in a hydrophobic environment from cryo-EM structures. 

Indeed the resulting fluoresce emission spectral maxima are 328 nm at 7.4 °C and 332 

nm at 52.0 °C, indicating that over the temperature range studied, the endogenous Trp 

residues generally retain their membrane embeddedness (Figure S3.3). This observation 

is consistent with the observations from CD (Figure S3.2C) and NMR (Figure S3.2D) 

that the hV1-S1S4 remains generally folded across this temperature range. Quantifying 
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the observed temperature induced spectral shifts in terms of the average emission 

wavelength () identifies a sigmoidal two-state behavior with a H of 24 ± 9 kcal/mol 

(Figure 3.2C). This thermosensitivity is consistent with the observed CD-detected 

thermosensitivity (Figure 3.2B). 

3.3.3.3 NMR-Detected Temperature-Dependent Studies of hV1-S1S4 

A series of 1H-15N TROSY-HSQC spectra of hV1-S1S4 were collected at 

temperatures ranging from 15 C to 50 C (Figure S3.3D). The hV1-S1S4 resonance 

assignments at 45 C (Figure 3.1B) were used to assign the temperature series spectra by 

chemical shift mapping, resulting in assignment of 71 resonances (~51% of the total 

expected resonances) across the temperature range (15 to 50 °C). The remaining 

resonances could not be unambiguously identified at all temperatures because of loss of 

resonance intensity, emergence of resonances, and/or coalescence with other resonances. 

The resonances that could be assigned across the temperature series show reversible two-

state temperature-dependent behavior, as illustrated by representative plots of G548 

(Figure 3.2D) and W549 (Figure S3.3E). The two-state temperature-dependent behavior 

is similar to that observed from CD and fluorescence emission experiments. Fitting the 71 

assigned resonances as a function of temperature to the same two-state model used for 

electrophysiology, CD, and fluorescence, enabled us to evaluate the ΔH value for each 

individual resonance. Plotting the ΔH values as a function of frequency (Figure 3.2E) 

suggests the mean ΔH from NMR has similar magnitude as those observed from CD and 

fluorescence measurements. Fitting these data to a Gaussian distribution results in an 

average thermosensitivity of ΔH = 21.2 ± 0.1 kcal/mol and a mean T50 (reflective of the 
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inflection point of the sigmoid) of 40.7 ± 0.6 °C (Figure 3.2E and Figure S3.3F). To 

ensure that the effects observed by NMR, CD, and fluorescence arise from changes in 

temperature and not pH, the experiments were carried out in sodium phosphate buffer, 

which is relatively insensitive to temperature-induced  pH changes. We measured the 

change in pH to be ~0.1 units when the temperature of the buffer is varied from 10 to 60 

°C (Table S3.1). Also, hV1-S1S4 1H-15N TROSY-HSQC NMR spectra show no 

detectible chemical shift perturbation over this pH range, pH 6.5 and 6.4 (Figure S3.3G). 

Taken together, the far-UV CD, intrinsic tryptophan fluorescence, and solution NMR 

data indicate that the hV1-S1S4 domain undergoes a temperature-dependent 

conformational change with a thermosensitivity of ~20 kcal/mol. 
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Figure 3.2 Temperature-dependent two-state behavior and thermodynamic analysis of 
hTRPV1 and hV1-S1S4. (A) Whole-cell patch-clamp electrophysiology measurements 
from a full-length human TRPV1 in HEK293 cells. (B) Temperature ramp of hV1-
S1S4 monitored by far-UV circular dichroism shows two-state behavior. (C) The first 
moment of intrinsic tryptophan fluorescence of hV1-S1S4 as a function of temperature 
shows two-state transition similar to that identified by CD. (D) Representative NMR 
resonance intensity, G548 in the S4 helix, shows two-state behavior. G548 was chosen 

due to its similarity to the mean H obtained from NMR. (E) A histogram of 71 
enthalpies from NMR resonance intensities are shown in red. These data fit to a 
Gaussian function (black line) provide an average value of 21.2 ± 0.1 kcal/mol (F) 

Comparison of H values, the first dark red two bars are from the cellular 
electrophysiology measurements for full-length hTRPV1 from steady state currents 
(A) and temperature ramps. A representative value for one quarter of the steady state 

value is also shown. The H values from CD, fluorescence, and NMR are shown in 
red. (G) The left panel shows the full-length TRPV1 used for electrophysiology 
measurements. The middle panel shows the relative size of a TRPV1 monomer. The 

right panel shows the hV1-S1S4 domain in red, which has similar H as the monomer, 
showing the relative significance of the hV1-S1S4 in thermosensitivity.  
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3.3.4 Insights into Temperature-Dependent Conformational Change 

3.3.4.1 Differences in Secondary Structure between rTRPV1 and hV1-S1S4 

The secondary structure of the hV1-S1S4 at 45 C was determined from 

experimental backbone chemical shift data analyzed in TALOS-N (Figure 3.1C) [39]. 

Comparison of secondary structures of the isolated hV1-S1S4 in solution at elevated 

temperature with those of the truncated rat TRPV1 structures from cryo-EM [19-21] 

indicate that the transmembrane topologies are generally consistent (Figure 3.1C). 

Despite the similarities, there are differences in helicity between the NMR-determined 

secondary structure of hV1-S1S4 at 45 °C and the low temperature cryo-EM structures 

(Figure 3.3A). The NMR data indicate that the S2, S3, and S4 helices have short helical 

kinks that are absent from the TRPV1 cryo-EM structures. Among the cryo-EM 

structures there are also differences; for example, in the apo structure (PDB ID: 5IRZ), 

which is the putative resting state structure, the S2 helix begins near R474. However, in 

the putative ligand-bound structures (PDB ID: 5IS0 and 5IRX) the extracellular side of 

the S2 helix is about two helical turns longer and begins near residue K468. The NMR 

data at elevated temperature indicates that the S2 helical conformation reflects that of the 

ligand bound structures. The NMR data also identify distinct helical content in the S2-S3 

linker region, which is at the heart of the vanilloid binding pocket. In the apo and 

antagonist-bound cryo-EM structures (PDB IDs: 5IRZ and 5IS0 respectivly), the S2-S3 

linker adopts a short amphipathic helix that includes residues S505-S510 with a break 

prior to the start of the S3 helix. Whereas, in the agonist activated structure (PDB ID: 

5IRZ), the S2-S3 linker is not helical. The NMR-determined secondary structure is 
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distinct and shows a near-continuous helix that begins near S502 in the S2-S3 linker and 

continues through the S3 helix. Additionally, the rTRPV1 structures show that the 

intracellular side of the S4 helix adopts a 310 helical conformation (Figure 3.1C). In 

solution at elevated temperatures, the bottom of S4 helix does not adopt a 310 helix but 

instead has decreased helical probability, most similar to the agonist bound S4 helix 

(Figure 3.1C).  

To further investigate and validate the apparent differences in helicity, we 

analyzed the secondary amide proton chemical shifts (ΔδHN, Figure 3.3B). The proton  

values were calculated by taking the difference between an assigned resonance 1H 

chemical shift and the same amino acid in a random coil conformation. ΔδHN data 

typically show a characteristic periodicity in helical regions [40-42]. Changes in HN 

were plotted against the hV1-S1S4 residue numbers, and each helix can be fit to a 

sinusoidal function for -helices comprising the following amino acids: 419 to 430 for 

pre-S1, 439 to 456 for S1, 470 to 487 for S2, 490 to 496 for S2, 505 to 510 for S2-S3 

amphipathic loop, 511 to 522 for S3, 523 to 527 for S3, 534 to 546 for S4, and 547 

to 553 for S4. These data for hV1-S1S4 are consistent with the secondary structure 

output from TALOS-N. Additionally, the ΔδHN data suggest that the intracellular side of 

the S4 helix, including residues L553 to G558, is not helical at higher temperature. This 

is distinct from the consensus 310 helix identified over this region in the cryo-EM 

rTRPV1 structures. The RMSE values for corresponding helices are 0.26, 0.49, 0.18, 

0.15, 0.33, 0.27, 0.22, 0.12, and 0.19 (Figure 3.3B). Helicity can also be determined from 

NMR residual dipolar coupling (RDC) measurements, where fitting of the data to a 
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helical sinusoid model can be used to identify alpha-, 310-, and pi helices. This dipolar 

wave analysis of RDC data can also differentiate from ideal and kinked helices [43]. 1H-

15N RDCs were measured for hV1-S1S4 at 45 °C and used in dipolar wave analysis 

(Figure 3.3C and Figure S3.4A). The same helices used in the proton  analysis were fit 

to the same sinusoidal function and the RMSE values (Hz) for these fittings are 2.85, 

2.51, 2.08, 1.18, 1.06, 1.31, 2.84, 2.43, 0.69, and 1.42. The outcomes of the RDC data 

further validate the TALOS-N and ΔδHN chemical shift-based secondary structure 

identified for the isolated hV1-S1S4 domain in solution at elevated temperatures.  

In RDC data, helical distortions can be identified by changes in dipolar wave 

amplitudes, which are a manifestation of alignment tensor magnitude. Using this metric, 

the RDC data indicate that hV1-S1S4 in solution has helical distortions in S2, S3, and S4 

transmembrane helices consistent with the chemical shift data (Figure 3.3C). RDC 

analysis of the intracellular S4 helix confirms a lack of helicity at elevated temperature 

consistent with the ΔδHN data. We note that this region of the S4 segment in both the 

RDC and ΔδHN data, beginning from L553, do not fit well to any helical subtype, 

including -, 310-, and  helices suggesting that this region in solution at elevated 

temperature is distinct from that in the rTRPV1 cryo-EM structures. 

Amide proton chemical shifts (δHN) have a characteristic temperature dependence. 

The relationship between δHN and temperature is fit to a linear function where the slope 

of the fit is called the temperature coefficient (δHN/T). δHN/T values are an indicator 

of the probability of hydrogen bond formation and generally reflect secondary structure 

in helical membrane proteins [44, 45]. More specifically, residues that form 
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intramolecular hydrogen bonds typically have δHN/T values that are higher than -4.6 

ppb/K [44]. The temperature coefficients of the hV1-S1S4 were calculated and plotted 

against the residue number (Figure 3.3D). Transmembrane helices had an average 

δHN/T value of -3.8 ± 0.3 ppb/K, indicating a more structured, hydrogen-bonded state; 

whereas, the extracellular/intracellular loops had a more negative average δHN/T value 

of -5.2 ± 0.5 ppb/K which is indicative of a lack of hydrogen bonding (Figure 3.3D). 

Coupling the secondary structure analysis of the hV1-S1S4 domain from TALOS-N, 

ΔδHN, and 1H-15N RDCs, with δHN/T and D/H exchange factor data (Figure 3.1C, D, 

and Figure 3.3B-D) shows that in solution at elevated temperatures this domain retains 

the expected transmembrane topology, but with particular changes in helicity that either 

generally reflect the agonist activated cryo-EM structure or are distinct from the rTRPV1 

cryo-EM structures.  

3.3.4.2 Temperature-Dependent Distance Changes in hV1-S1S4 

To probe the magnitudes and directions of conformational change detected in the 

temperature titration studies of hV1-S1S4, NMR-detected paramagnetic relaxation 

enhancement (PRE) distance measurements were made from proton relaxation 

experiments at 20 °C and 50 °C. These experiments exploit the lone endogenous cysteine 

residue (C443, S1 helix) in hV1-S1S4 for MTSL labeling, obviating the need to engineer 

mutations that might impact the potential temperature-dependent structural changes. To 

ensure the highest possible accuracy of these measurements, six separate samples were 

prepared, the paramagnetic (three samples) and diamagnetic species (three samples) were 

each recorded in triplicate at each temperature. To accurately convert the PRE data to 
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distance information, the rotational correlation times (τc) were also directly measured at 

both temperatures using TRACT (TROSY for rotational correlation times) NMR 

experiments [46]. Using exclusively the W549 indole amine resonance, which is 

membrane embedded in the middle of the S4 transmembrane helix, the hV1-S1S4 

rotational correlation times at 20 C and 50 C were calculated to be 49 ± 3 and 25.6 ± 

0.1 ns, respectively (Figure S3.4B, C). 

Distances from the residues of the hV1-S1S4 to MTSL-labeled C443 (Figure 

S3.4D), were obtained at 20 C and 50 C. From this data, the differences in PRE 

distances between 20 C and 50 C were calculated (ΔPRE50 °C20 °C) and these values 

were plotted against as a function of residue number (Figure 3.3E). Given the magnitudes 

of the temperature-dependent changes in distance, and the proclivity of PRE data to 

encode both structural and dynamic information, we interpret this data is a qualitative 

manner. The sign of the ΔPRE values indicate that a given amide proton is moving 

towards (negative value) or away (positive value) from MTSL-C443. The ΔPRE50 °C20 °C 

suggest temperature-driven changes in dynamics or conformational states in the S1-S2 

loop, the S2-S3 loop, and the S4 helix C-terminus. The S1-S2 loop has complex data 

trends suggestive of differences in loop dynamics between temperatures. The S2-S3 loop 

and S4β helix C-terminus show general trends of movements away from C443. Precise 

interpretation on these temperature dependent PRE changes are challenging; however, we 

note that the S1-S2 loop, the S2-S3 loop, and the S4 C-terminus, have been implicated in 

proton activation [47], ligand binding [20, 23], and ligand coupling [48], respectively. 
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3.3.4.3 NMR-Detected Temperature-Dependent hV1-S1S4 Changes in Hydration 

15N-edited NOESY-TROSY measurements provide through-space distance 

information between protons up to distances of ~5 Å. NOESY data also provide a 

measure of solvent exposure via NOE crosspeaks between a given backbone amide 

proton resonance (HN) and the water resonance (~4.7 ppm). Since the H to HN distances 

represent a fixed distance, taking the intensity ratios between the water-HN cross-peak 

and the H-HN cross-peak (Iwater/IH) should reflect a normalized measure of solvent 

accessibility of a specific backbone amide resonance. Furthermore, taking the difference 

between the normalized ratios at high and low temperatures (NOE45 C20 C) identifies 

which residues are more (less) solvent exposed to the solvent at a higher (lower) 

temperature. With this in mind, a positive NOE45 C20 C indicates increased solvent 

exposure at 45 C. NOE-based solvent exposure between elevated and lower temperature 

indicate that for the vast majority (~60% of the observed residues) of hV1-S1S4, the 

changes in hydration are minimal. However, the S1-S2, S2-S3, and the S3-S4 loops have 

increased solvent exposure at higher temperatures. Similarly, the S4 helix C-terminus 

also become more solvent exposed at higher temperatures (Figure 3.3F and Figure 

S3.5A).  
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Figure 3.3 hV1-S1S4 undergoes subtle temperature-induced changes in secondary 
structure, distances, and solvent accessibility. (A) A cartoon of hV1-S1S4 secondary 
structure based on the TALOS-N prediction highlights secondary structural features 
that are distinct from cryo-EM rTRPV1 structures. Blue and magenta circles indicate 
increased and decreased helicity, respectively. Breaks in transmembrane helices are 

shown as transparent green circles. (B) Proton  analysis identifies hV1-S1S4 
secondary structure at elevated temperature (45 °C). Light grey boxes indicate that 
these regions where NMR resonances are unassigned. (C) Dipolar wave analysis from 
RDC measurements of the hV1-S1S4 at 45 °C identifies secondary structure. (D) A 

bar plot of the averaged amide proton temperature coefficients (δHN/T) against the 
hV1-S1S4 residue number. Values greater than -4.6 ppb/K are indicative of hydrogen 
bonding and are highlighted (blue). (E) Temperature dependent differences in 

distances measured using paramagnetic relaxation enhancement (PRE) of the hV1-
S1S4 at 20 °C and 50 °C. The average of the SEM, 1.2 Å, was used as a threshold 
value and shown in grey. (F) Changes in hydration as a function of temperature were 
measured from normalized HN–water resonance intensities from 15N-NOESY-

TROSY data at 20 °C and 45 °C. The NOE45 °C20 °C is reflective of changes in 
hydration where loops and the bottom of S4 helix exhibits increased hydration at 
elevated temperatures. 
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3.3.5 The Role of R557 in Coupling between the S1-S4 Domain and the Pore Domain  

Our data show that the C-terminus of the S4 helix partially unwinds and becomes 

more solvent exposed. These movements include the conserved R557, as monitored from 

the backbone amide with PRE, RDC, chemical shift, and NOESY NMR data. A previous 

study that R557 in rat TRPV1 is involved in coupling the TRPV1 S1-S4 domain to 

channel activation in part via a cation-π interaction rearrangement between Y554 and 

R557 that impacts diverse activation mechanisms, including thermosensing [48]. To 

probe the role of human R557-TRPV1 in temperature gating, we generated a human 

TRPV1-R557A mutation for electrophysiology studies. Whole-cell patch-clamp 

measurements of hTRPV1-R557A corroborate that this mutation inhibits TRPV1 

thermosensitivity (Figure 3.4A, B) and using NMR we show that for hV1-S1S4 the 

R557–water NOE cross-peak is absent at 20 C and present at 45 C (Figure 3.4C). These 

data indicate that R557 in the S4 helix undergoes a temperature dependent change in 

solvent exposure that is consistent with the ΔPRE measurements. Using NMR 

temperature titrations with hV1-S1S4-R557A mutant (Figure S3.6A), the resonance 

intensities retained the sigmoidal two-state model as shown in the representative plot of 

G548, with a H of 19 ± 2 kcal/mol (Figure 3.4D). Measuring 70 resonance intensities as 

before with WT, the mean H = 19.7 ± 0.1 kcal/mol and the mean T50 = 39 ± 2 °C 

(Figure 3.4E and Figure S3.6B). We attribute the small decrease in thermosensitivity 

(ΔΔH = 1.5 ± 0.1 kcal/mol) between the wild-type and R557A mutant of hV1-S1S4 to the 

loss of the cation-π interaction between R557 and Y554. If R557 couples the S1-S4 

domain with the PD, then the R557A mutation should also knock-out capsaicin 



 
68 

activation. Whole-cell patch-clamp electrophysiology of human TRPV1-R557A shows 

that this mutation indeed silences capsaicin activation (Figure S3.6C). Given the 

similarities of the thermosensitivity of wild-type and R557A hV1-S1S4, these data 

suggest that R557 functions to couple motions of the hV1-S1S4 domain and channel 

gating.  

 

 

Figure 3.4 R557 is a crucial residue for coupling between the S1-S4 domain to the 
pore domain.  (A) and (B). Whole-cell patch-clamp electrophysiology data from 
HEK293 cells show that the wild-type hTRPV1 is heat activated, while the hTRPV1-
R557A mutant is not. (C) 15N-edited NOESY-TROSY data of R557 water resonance 
cross peak missing at low temperature but present at elevated temperature, suggesting 
that R557 amide backbone moves from a membrane embedded to a solvent accessible 
position in a temperature-dependent manner. (D) NMR temperature titration of hV1-
S1S4-R557A. G548 in hV1-S1S4-R557A resonance intensities as a function of 
temperature show two state behavior analogous to the wild-type hV1-S1S4 domain. 

(E) A histogram and a Gaussian distribution fit of H identify a mean H = 19.7 ± 
0.1 kcal/mol for the mutant hV1-S1S4-R557A (n = 70 residues). The data is 
suggestive of a temperature-dependent conformational change in hV1-S1S4-R557A. 
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3.4 Discussion  

The ability to sense and respond to temperature is fundamental in biology, with a 

variety of temperature-sensing requirements that vary from low to high temperatures and 

acute (fast) to environmental (sustained) responses. Acute hot-sensing in higher 

organisms is sufficiently crucial that the pathway is triply redundant with three distinct 

heat receptors; the best studied of these is TRPV1 [49]. Similarly, TRPV1 

thermosensitivity is tuned in a highly species dependent manner that is correlated with 

environmental niche. For example, desert dwelling species that are exposed to sustained 

elevated temperatures are thought to generally have attenuated heat-sensing responses 

[50]. Many factors have been shown to modulate the temperature response of TRPV1, 

including chemical ligands, pH, lipids, and proteins. Nonetheless, TRPV1 is intrinsically 

thermosensitive and the ability to integrate changes in biologically relevant temperatures 

as a molecular thermometer is a feature inherent to the protein [34]. Despite its 

importance, the mechanism of TRPV1 thermosensing has been complicated by seemingly 

contradictory outcomes [1, 2]. 

In this study, we evaluate the conformational change and thermodynamics of an 

isolated human TRPV1 S1-S4 domain. We establish that the S1-S4 domain is stable, 

retains the expected membrane topology, and recapitulates anticipated capsaicin agonist 

binding, indicating the isolated domain resides in a biologically relevant conformation. 

These results are consistent with structurally homologous domains studied in isolation 

from other TRP [51], sodium [52], potassium [42, 53-55], and proton [56] ion channels. 
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Temperature dependent studies of the hV1-S1S4 monitored by CD, intrinsic 

tryptophan fluorescence, and solution NMR show that this domain undergoes a two-state 

temperature-dependent transition, with significant thermosensitivity (ΔH of ~20 

kcal/mol). These data also indicate that the domain retains significant structure in both 

high and low temperature conformations. The energetics associated with this 

conformational change are large in comparison to other proteins. For example, the 

enthalpy magnitude of the hV1-S1S4 transition is about twice as large as the well-studied 

tetrameric hemoglobin system, despite the size of hemoglobin being about four-times 

larger by mass [29]. 

Putting hV1-S1S4 thermosensitivity value into the context of the full-length 

TRPV1 channel will require future studies. The thermosensitivity, or change in enthalpy, 

between temperature resting and active states of full-length TRPV1, with a consensus 

value is in the realm of ~100 kcal/mol (see Table S3.1). The value measured here for the 

full-length human TRPV1 heterologously expressed in mammalian cells is 98 ± 12 

kcal/mol or 94 ± 8 kcal/mol, depending on the method used. One challenge with 

interpreting the thermosensitivity of the isolated hV1-S1S4 relative to the tetrameric 

TRPV1 in biological conditions is that the cooperativity between monomers during heat-

sensing and activation in TRPV1 remains unclear. For hV1-S1S4, which represents 

~18% of the channel by mass, could potentially contribute the majority of the 

thermodynamic driving force (~80%) should the ΔH values of the isolated hV1S1-S4 be 

additive in nature. On the other hand, if S1-S4 domains allosterically couple very 
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efficiently in tetrameric channel state, then this domain might contribute as little as ~20 

kcal/mol, or ~20% of the thermosensing driving force, to TRPV1 thermosensitivity. 

Nonetheless, our results fit in well with the existing literature with the 

thermodynamic and mechanistic information about TRPV1 and thermosensing in general 

[18, 32, 36, 57]. For example, studies of a TRPV1 isoform, ΔN-TRPV1, which lacks the 

majority of the N-terminus, including 5 of 6 ankyrin repeat domains, yet retains 

sensitivity to physiological changes in temperature, suggests that the core TRPV1 

temperature sensing region is isolated to the transmembrane domain [35]. Our data and a 

recent chimeric study of the Shaker voltage-gated potassium channel (Kv1.2) with the rat 

TRPV1 pore domain (S5-S6 helices, residues 575-687) suggest that both membrane 

domains likely contribute to thermosensing. In the chimeric study, the TRPV1 PD was 

sufficient to transform the chimeric Shaker channel into a thermosensing channel with a 

thermosensitivity of ~75 kcal/mol as estimated from the reported Q10 value [36]. Further 

studies are required to better contextualize our thermodynamics studies with regards to 

the full-length channel and to decipher and quantify the cooperativity between membrane 

domains. If TRPV1 vanilloid ligand activation serves as a guide, concatemer studies have 

shown that a single capsaicin binding event can fully open the channel; on the other hand, 

equivalent proton activation studies, show that full activation requires all four TRPV1 

proton-sensors [58].  

Beyond thermodynamic contributions to TRPV1 thermosensitivity, there are two 

general views on the mechanisms of thermosensing; first, that state-dependent solvation 

changes, which have large thermodynamic signatures, drive thermosensing; or second, 
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that partial unfolding as function of temperature (i.e. TRPV1 is only marginally stable) 

gives rise to the large thermosensitivity and drives thermosensing [1, 29]. While 

mechanistic TRPV1 temperature gating details continue to emerge, our studies of hV1-

S1S4 domain offer particular mechanistic insights. Our NMR studies of the hV1-S1S4 at 

elevated temperatures identify structural differences from the cryo-EM structures. For 

example, chemical shift and RDC data show that the S2, S3, and S4 helices are kinked, a 

feature absent in all of the current TRPV1 structures. However, S2 helical kinks are 

found in certain TRPV3, TRPV5, and TRPV6 structures [59-62]. Similarly, helical 

distortions in S3 [63] and S4 are also found in other TRPV family structures. The most 

significant structural temperature-dependent changes in distance, hydration, and 

secondary structure from our studies identify three particular areas: 1) The extracellular 

juxtamembrane region of the S1 helix, 2) the intracellular S2-S3 loop, and 3) the 

intracellular S4 helix. Interestingly, these temperature-induced changes we observe are 

similar to those identified via molecular dynamics simulations of TRPV1 heat activation 

[64]. 

The extracellular S1 helix and the S1-S2 loop have been implicated in proton 

activation, where R455 (in rTRPV1, R456 in hTRPV1) is critical to channel function and 

R455K causes a gain of function (GOF) mutation [65]. This residue in the cryo-EM 

structure is buried in the membrane as identified by the OPM server [66] and is in close 

proximity to lipid molecules (Figure S3.5C) [1]. Moreover, this arginine is proximal to 

two residues that are crucial for the proton activation, V538 in S4 helix and T633 in pore 

helix [47]. A recent study that engineered a RTx-sensitive TRPV3 revealed that an 
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allosteric point mutation in the pore domain (A606V) along with mutations to the 

vanilloid binding pocket, is necessary for TRPV3 to be both RTx and temperature 

sensitive, emphasizing the role of this residue in temperature sensitivity and the allosteric 

modulation of the channel [67]. In TRPV1, the equivalent residue to A606 is V596, and 

this residue is surrounded by R456, V538, and T633 (Figure S3.5C). With this region of 

the S1S4 domain clearly important for function, it is interesting that our temperature 

dependent NMR-studies identify meaningful changes in distance and hydration and 

suggestive that TRPV1 temperature activation might partially interface with proton 

activation mechanisms that are coupled to the upper pore gate.  

Another area identified in our NMR studies is a difference in helicity of the S2-S3 

linker relative to the cryo-EM structures. The S2-S3 linker is central to vanilloid ligand 

activation of TRPV1 [23, 26, 28] and includes Y511 and S512 that impart specificity by 

hydrogen bonding to the vanilloid head group of TRPV1 agonists. In the cryo-EM 

structures, there are helical differences between vanilloid bound and apo-TRPV1 

structures. Our NMR data identify an additional helical turn in the S2-S3 linker (Figure 

3.1C and Figure 3.3B, C) suggestive that temperature-dependent conformational changes 

of this domain interface with features key to vanilloid activation.  

A common feature of TRPV family structures is a stretch of 310 helix at the 

intracellular side of the S4 helix. Interestingly, this is not present in our NMR 

investigations of the hV1-S1S4, instead we see a kinked α-helix where the transition 

between α- and 310-helix is found in most TRPV structures. In addition, we see in the 

RDC data that there is a loss of one helical turn at the S4 C-terminus (Figure 3.3C). This 
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loss of helix is coupled with a general movement of the S4 helix towards C443 in the S1 

helix, as identified in PRE measurements (Figure 3.3E), indicating a concerted movement 

towards the center of the membrane plane. These changes in secondary structure and 

distance are concomitant with an increase in hydration of the S4 C-terminus (Figure 

3.3F). Similar to the loss of helicity at the C-terminus end of the S4 helix in the hV1-

S1S4, the unfurling of the bottom of the S4 helix in the activated state is found in 

TRPV1, TRPV2 and TRPM8 (Figure S3.7A-C). This helix unfurling is also shown in the 

apparent TRPM8 ligand-gating mechanism [68]. Upon an agonist binding, the S4 helix 

undergoes changes in secondary structure from - to 310 helix, starting around V839, 

pushing the membrane-bound R850 out the membrane (Figure S3.7C). This R850 in 

TRPM8 is equivalent to R557 in TRPV1, as the alignment of the S1-S4 domains of 

TRPV1 and TRPM8 shows that R557 in TRPV1 and R850 in TRPM8 are located in the 

same region in the membrane (Figure S3.7D). 

The C-terminal S4 region is functionally important in coupling the S1-S4 domain 

to the pore domain [48]. Our data identify that R557 in S4b, which is membrane bound in 

the cryo-EM structures and at 20 °C in our NOE-detected solvation studies, becomes 

water accessible at elevated temperatures. This residue is well-conserved, and mutation to 

lysine (R557K) results in a GOF mutation [48]. The TRPV1 cryo-EM structures have 

provided molecular insight into the role of R557 in ligand-activated channel coupling. In 

the apo structure R557 forms a cation-π interaction with Y554 and a lipid separates R557 

from interacting with E570 in the S4-S5 linker (Figure 3.5A). Vanilloid binding releases 

the bound lipid separating R557 from E570 allowing for a switch in R557 conformation 
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that leads to channel activation (Figure 3.5A) [1]. Our data indicate that heat causes 

similar conformational changes that would result in the disruption of the cation-π 

interaction between Y554 and R557, as R557 changes helicity and becomes more solvent 

accessible at elevated temperatures (Figure 3.5B). Presumably, these changes could 

couple analogously to vanilloid binding to gate the pore domain. To probe this, we 

generated an R557A mutant, and electrophysiology studies show that it has both impaired 

heat and capsaicin sensitivities (Figure S3.6C), consistent with the disruption of S1-S4 

domain coupling to gating. The R557A mutation was also incorporated into the isolated 

hV1-S1S4 and the NMR data show that it retains structure, and only modestly impacts 

thermosensitivity by ~1.5 kcal/mol relative to the wild-type (Figure S3.6B). Presumably 

this slight loss of thermosensitivity is from the oblation of the Y554-R557 cation-π 

interaction. In TRPV4, the residues equivalent to Y554 and R557 in TRPV1 (Y591 and 

R594) have also been implicated in ligand activation, and mutations in the TRPV4 S3 

and S4 helices also impacts heat activation [69]. Taken together these data suggest that 

R557 functions to couple both heat (Figure 3.4A, B) and ligand (Figure S3.6C) stimuli to 

the pore domain in gating and is in agreement with a mechanism proposed by Cheng, 

Julius, and coworkers [1]. We note that R557 is not included in the construct used in a 

recent study that swapped the TRPV1 PD to the temperature-insensitive Shaker channel 

(Figure S3.6D) [36], suggesting that in the context of the full-length TRPV1 channel, the 

PD is not exclusively sufficient to produce thermal activation. Our studies suggest that 

interplay between these membrane domains are required for heat activation. 
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Overall, our study provides new insights into the role of the S1-S4 domain in 

TRPV1 gating. We present the first direct binding measurements of capsaicin to the S1-

S4 domain and validate the identity of key residues exhibit specific capsaicin binding. 

Utilizing various techniques, we show that the S1-S4 domain undergoes a temperature-

dependent conformational change with a relatively large magnitude ΔH 

(thermosensitivity). Mechanistic studies suggest that there is overlap between regions of 

the S1-S4 domain that have been previously implicated in proton and ligand activation 

and the conformational changes identified in our study. Taken together our data indicate 

that the S1-S4 domain contributes to TRPV1 thermosensitivity.  
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Figure 3.5 A proposed heat-sensing mechanism of TRPV1 involves the interaction 
between the S4 helix and the S4-S5 linker. (A) Structure-based ligand-gated 
mechanism of TRPV1 is shown in cartoon (PDB ID: 5IRZ and 5IRX). In the resting 
state, an endogenous lipid (shown in yellow) occludes the canonical vanilloid binding 
pocket, perturbing the interaction between the R557 in S4 and E570 in S4-S5 linker. 
As a vanilloid ligand, resiniferatoxin (RTx, orange), binds the S1-S4 domain, the 
cation-π interaction between R557 and Y554 is disrupted and R557 changes 
conformation to interact with E570, opening the lower gate. For visual clarity, S3 
helix is omitted, and only one S1-S4 domain is shown. (B) The close-up views that 
show the interaction between Y554 and R557 in S4 helix in the resting state (left, 
highlighted in cyan circle), and the interaction between R557 and E570 in S4-S5 
linker (right, shown in cyan circle). Our data suggest that the C-terminal end of the S4 
helix undergoes heat-induced movements in this region and lose the helicity. This 
model is analogous to the ligand activation mechanism and consistent with a heat-
activation mechanism proposed by Cheng, Julius, and coworkers [21]. 



 
78 

3.5 Materials and Methods  

3.5.1 Human TRPV1 S1-S4 domain (hV1-S1S4) Protein Expression and Purification 

The hV1-S1S4 (S1-S4, including Pre-S1) was expressed from a synthetic gene 

engineered from ATUM that encodes the hV1-S1S4, a 141-residue structural domain 

with an identical amino acid sequence to human TRPV1. The optimized gene was 

modified to include an N-terminal 10His tag fused to a thrombin cleavage site 

subcloned into a pET16b vector. The expressed protein includes residues Pro418-Gly558 

from the human TRPV1 channel. 

We optimized the fusion hV1-S1S4 expression using Escherichia coli strain BL21 

(DE3) competent cells. Starter cultures were initiated with 1 transformed colony 

inoculated in a culture tube containing 3 mL LB and 0.1 mg/mL ampicillin (3 μL of 100 

mg/mL stock) (Sigma Aldrich) and incubated for ca. 7 h at 37 °C. 6 mL of starter culture 

was used to inoculate 1 L of M9 minimal media (12.8 g Na2HPO4·7H2O (Sigma Aldrich), 

3 g KH2PO4 (Thermo Fisher Scientific), 0.5 g NaCl (Thermo Fisher Scientific), 1 mM 

MgSO4·7H2O (Sigma Aldrich), 0.1 mM CaCl2·2H2O (Sigma Aldrich), 4% D-glucose 

(w/v) (Sigma Aldrich), 1 MEM Vitamin solution (100 solution, Corning)) with 1 g 

15NH4Cl (Cambridge Isotope Laboratories) as the sole nitrogen source. The cells were 

grown at 18 °C and the hV1-S1S4 expression was induced for 48 h by addition of 0.1 

mM isopropyl β-D-1-thiogalactopyranoside (IPTG, Research Products International 

Corp.) at an OD600nm of 0.5-0.6. After 48 h, the cells were harvested by centrifugation at 

6,000 g for 20 min at 4 °C resulting in a cell pellet average of ca. 2.5 g per liter of M9. 
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The cell pellet was resuspended in 25 mL lysis buffer (75 mM Tris-HCl (Thermo 

Fisher Scientific), 300 mM NaCl (Thermo Fisher Scientific), 0.5 mM EDTA (Sigma 

Aldrich), pH 7.7) with 0.01 mg of lysozyme (Sigma Aldrich), 0.01 mg DNase (Sigma 

Aldrich), 0.01 mg RNase (Sigma Aldrich), 1.25 mg PMSF (Sigma Aldrich), 0.05 mM 

magnesium acetate (Sigma Aldrich) and 2 mM -mercaptoethanol (-ME, Sigma 

Aldrich). This lysis solution was tumbled at room temperature for 30 min. The mixture 

was sonicated using an S-4000 Ultrasonic Processor (Qsonica) at 4 °C for 7.5 min at 55% 

power and 50% duty cycle of 5 sec on and 3 sec off. The resulting whole cell lysate was 

then tumbled with N,N-dimethyl-N-dodecylglycine (Empigen BB Detergent, BOC 

Sciences) (3% v/v) for 1 h at 4 °C to solubilize and extract the hV1-S1S4 into micelles. 

After an hour, the lysate was centrifuged at 38,500 g for 30 min at 4 °C to pellet non-

solubilized cellular debris. The supernatant was collected and tumbled with 1 mL of 

preequilibrated Ni(II)-NTA Superflow (Qiagen) resin for 1-1.5 h at 4 °C.  

The hV1-S1S4-bound resin was packed in a gravity column to a column volume ~ 

1 mL and washed with 20 column volumes of Buffer A (40 mM HEPES (Sigma Aldrich), 

300 mM NaCl (Thermo Fisher Scientific), 2 mM -ME (Sigma Aldrich) pH 7.8) with 

1.5% (v/v) Empigen detergent (BOC Sciences). The resin was washed with 20 column 

volumes of wash buffer (40 mM HEPES, 300 mM NaCl, 60 mM Imidazole (Sigma 

Aldrich), 1.5% (v/v) Empigen, 2 mM -ME, pH 7.8). With the hV1-S1S4 bound to the 

resin, the detergent was exchanged into the desirable membrane mimic for further studies 

with 15 column volumes of rinse buffer (25 mM Na2HPO4 (Thermo Fisher Scientific), 

0.05% (w/v) lyso-palmitoylphosphatidylglycerol (LPPG, Anatrace), 2 mM -ME, pH 
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7.8). Finally, the hV1-S1S4 was eluted with 15 column volumes of elution buffer (25 

mM Na2HPO4, 300 mM Imidazole, 0.1% (w/v) LPPG, 2 mM BME, pH 7.8).  

A variety of membrane mimics were screened by 15N-TROSY-HSQC NMR, 

including the following: DPC (0.5% (w/v)), TDPC (0.5% (w/v)), LMPC (0.2% (w/v)), 

LMPG (0.2% (w/v)), LPPC (0.2% (w/v)), and LPPG (0.2% (w/v)) (Fig. S1). Spectra of 

all tested samples were collected at both 20 °C and 50 °C, and the spectral qualities were 

compared. The hV1-S1S4 purified in LPPG micelles produced the most well-resolved 

and dispersed spectra with the appearance of the expected number of resonances and was 

therefore the membrane mimic chosen for the resulting studies. 

After Ni-NTA purification the hV1-S1S4 was buffer exchanged to thrombin 

cleavage buffer (25 mM Na2HPO4, 150 mM NaCl, pH 7.8) using an Amicon Ultra 

centrifugal ultrafiltration unit (Milipore, 10 kDa cutoff). The concentration of protein was 

determined using a BCA kit (Thermo Fisher) and 3U thrombin (Novagen) was added for 

every 1 mg protein. The thrombin-protein cleavage reaction was incubated at room 

temperature (ca. 23 °C) for 24 h. After the reaction was completed, this mixture was 

passed over Ni-NTA resin with the flow through containing the thrombin-cleaved hV1-

S1S4.  

Gel filtration of the cleaved protein was carried out by concentrating to ca. 0.5 mL 

in NMR buffer (25 mM Na2HPO4, 0.5 mM EDTA, pH 6.5), and was eluted with a 1 CV 

of a Superdex 200 (GE Healthcare Life Sciences) column. The fractions with high A280 

readings were analyzed with SDS-PAGE. The purified sample was concentrated to a 
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desired volume. After purification, the average yield of pure hV1-S1S4 per liter of M9 

medium was approximately 1.5 mg.  

3.5.2 Validation of the hV1-S1S4 Identity 

To confirm the identity of purified hV1-S1S4, the SDS-PAGE band was cut and 

sent to the MS Bioworks, which performed liquid chromatography tandem mass 

spectrometry (LC-MS/MS). The result revealed that our purified hV1-S1S4 matches the 

hV1-S1S4 amino acid sequence we provided with 51% coverage (Figure S3.1B).  

3.5.3 MTSL Site Directed Spin Labeling 

For paramagnetic relaxation enhancements (PRE) maleimide chemistry was used 

to label the hV1-S1S4 with a nitroxide spin label MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-

2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate, Santa Cruz Biotech) . Only 

the WT construct containing a lone cysteine in S1 -helix (C443) was used for PRE. For 

these reactions, the hV1-S1S4 was prepared as above, except before thrombin cleavage 

the volume of purified hV1-S1S4 was adjusted to 0.5 mL in 25 mM sodium phosphate 

buffer at pH 7.2. To maximize nitroxide labeling efficiency, purified hV1-S1S4 was 

incubated and tumbled with 2.5 mM dithiothreitol (DTT, A Geno Technology, Inc.) for 

1-2 h at room temperature to reduce the cysteine sulfhydryl. After the reaction with DTT, 

a 10:1 MTSL (stock solubilized in DMSO) to protein mole ratio amount of nitroxide spin 

label was solubilized in DMSO and incubated for 3 h at 37 °C. The reaction was 

continued at room temperature overnight and was buffer exchanged to 25 mM Na2HPO4, 

pH 7.8. The resulting MTSL-hV1-S1S4 was rebound to Ni-NTA resin and incubated for 

1 h at room temperature. MTSL was removed by washing the resin with at least 20 
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column volumes of rinse buffer (25 mM Na2HPO4, 0.05% (w/v) LPPG, pH 7.8). MTSL 

labeled-hV1-S1S4 was eluted with 5 column volumes of elution buffer (25 mM 

Na2HPO4, 300 mM Imidazole, 0.1% (w/v) LPPG, pH 7.8). After this step, the 

purification follows as described above with thrombin cleavage and SEC. 

3.5.4 Nuclear Magnetic Resonance Spectroscopy 

All NMR experiments were recorded with a Bruker 850 MHz 1H spectrometer 

and Avance III HD console equipped with a 5 mm TCI CryoProbe. All samples included 

4 L D2O with a total volume of 180 L in a 3 mm NMR tube. The temperature for these 

experiments was calibrated using 99% 2H methanol where the difference in chemical 

shifts (ppm) arising from the two resonances is used as a temperature standard with the 

ranges of 178 K and 330 K according to 𝑇[𝐾] = 409.0 − 36.54∆𝛿 − 21.85(∆𝛿)  where 

∆𝛿 is the difference in Hz between the two peaks [70]. 

3.5.4.1 NMR Backbone Resonance Assignment 

Experiments used for backbone resonance assignment of the hV1-S1S4 were 

carried out at 45 °C with a 900 µM uniformly 15N, 13C labeled sample in a Bruker shaped 

NMR tube (Part Number Z106898) with 4% D2O (v/v). TROSY versions of HSQC, 

HNCA, HNCOCA, HNCO, HNCACO, HNCACB, and CBCACONH as well as non-

TROSY 4D HNCACO and 4D HNCOCA experiments were utilized, and an 15N-edited 

HSQC-NOESY with a 90 ms mixing time (τ) was used for sequential assignments; table 

S1 details specific experimental parameters. The nonuniformly sampled data were 

reconstructed with qMDD and processed in nmrPipe, with analysis and resonance 

assignment carried out using CcpNMR [71] software (Figure S3.1E-J). The resonance 
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assignments at 45 °C are deposited in the Biological Magnetic Resonance Bank (BMRB 

entry 27029).  

3.5.4.2 Secondary Structure Calculations and Comparisons with rTRPV1 Cryo-EM 

Structures 

The secondary structure of the hV1-S1S4 at 45 C was determined using TALOS-

N [39] where the secondary structure was plotted as probability of secondary structure vs 

residue number. The secondary structure was then plotted in Aline [72] alongside 

rTRPV1 structures determined by cryo-EM. The secondary structure for each of the 

rTRPV1 structures were specifically determined by analyzing the PDB codes deposited 

in the Protein Data Bank for requisition numbers 5IRZ, 5IRX, and 5IS0. 

3.5.4.3 1H-15N TROSY-HSQC-Detected Capsaicin Titrations 

For the titration with capsaicin (Corden Pharma), stock capsaicin was prepared in 

195 proof ethanol (Thermo Scientific), and the mole percent of capsaicin was calculated 

by the equation below: 

𝑚𝑜𝑙% 𝑐𝑎𝑝𝑠𝑎𝑖𝑐𝑖𝑛

=
(𝑚𝑜𝑙𝑒𝑠 𝑐𝑎𝑝𝑠𝑎𝑖𝑐𝑖𝑛)

𝑚𝑜𝑙𝑒𝑠 𝑐𝑎𝑝𝑠𝑎𝑖𝑐𝑖𝑛 + 𝑚𝑜𝑙𝑒𝑠 𝐿𝑃𝑃𝐺 + 𝑚𝑜𝑙𝑒𝑠 ℎ𝑉1𝑆1𝑆4

× 100% 

[1] 

Using 66 M hV1-S1S4 in 1.67% LPPG (w/v), 1H-15N TROSY-HSQC spectra of  

for capsaicin titration were collected at 37 °C, with  32 transients of 2048 direct points 

and 128 indirect points. The hV1-S1S4 resonance assignments at 45 C were mapped to 

37 °C and used to identify residues that specifically interact with capsaicin (Figure 3.1E).  
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The mole% capsaicin used were 0.001%, 0.002%, 0.005%, 0.012%, 0.015%, 0.025%, 

0.075%, 0.125%, 0.225% and 0.723% (Figure 3.1E). These spectra were processed with 

nmrPipe [73] and the resonances were analyzed in CcpNmr [71]. Chemical shift 

perturbations induced by capsaicin were calculated by the equation below: 

∆𝛿 = (∆𝛿 ) + 0.2(∆𝛿 )  [2] 

where H is the difference in chemical shift in the proton dimension and N is the 

difference in chemical shift in the nitrogen dimension, and the N was multiplied by a 

scaling factor of 0.2 typically used for nitrogen nuclei [74]. The capsaicin-dependent 

chemical shift perturbations were plotted as a function of the mole% of added capsaicin 

and fit to a single site binding model derived from the Langmuir adsorption model 

commonly used to describe binding in proteins: 

∆𝛿(𝑚𝑜𝑙𝑒%) =
∆𝛿  ×  𝑚𝑜𝑙𝑒%

𝐾 + 𝑚𝑜𝑙𝑒%
 [3] 

where Kd is the dissociation constant and Δδmax is the maximal value of change in 

chemical shift from perturbation. Using the amide backbone assignment of the hV1-

S1S4, the chemical shift perturbations of 72 residues were analyzed and the Kd values for 

each residue were calculated using MATLAB R2016afit to equation [3]. 

3.5.4.4 1H-15N TROSY-HSQC-Detected Temperature Titrations 

The 1H-15N TROSY-HSQC experiments of the purified hV1-S1S4 were recorded 

from 15 °C to 50 °C, at 5 °C increments with all other parameters fixed. Specific types of 

buffers exhibit pH changes at different temperatures, an effect that could convolute our 
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analyses. To ensure that the chemical shift perturbations were caused exclusively by 

temperature changes and not from pH changes of the buffer, 1H-15N-TROSY-HSQC 

spectra at two different pH values, 6.5 and 6.4, were collected at 37 °C (Figure S3.3G). 

These two pH values were chosen based on empirical pH changes measured with our 

NMR buffer as a function of temperature (Table S3.2). No chemical shift perturbations 

were detected allowing direct analysis for their dependence on temperature dependent 

resonance changes. 

The resonance intensities of several hV1-S1S4 residues were plotted against the 

temperature, and fit to a sigmoidal two-state model using MATLAB scripts relying on the 

nlinfit function with the following equation derived from a Van’t Hoff model: 

𝐼 =
𝐼 + 𝐼 𝑒

∆

1 + 𝑒
(

∆
)

 [4] 

From this equation, the changes in enthalpies (H) of 71 residues for WT and 70 residues 

for the hV1-S1S4-R557A mutant residues were obtained. For the WT, three distinct 

samples were used for the experiments, yielding three sets of the H values per residue. 

From the enthalpies, a histogram with bins of 5 kcal/mol was fit to a Gaussian function, 

𝑓(∆𝐻) = 𝑎  𝑒𝑥𝑝 −
(∆ )

, in MATLAB for both WT and R557A, where  and  

are the ensemble average enthalpy and variance respectively.  

3.5.4.5 TROSY for Rotational Correlation Times (TRACT) Measurements 

To accurately quantify the PRE-derived distances between individual indole 

amine (W549 and W427) residues and the MTSL-labeled C443, accurate rotational 
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correlation times (τc) are needed at 20 °C and 50 °C. To approximate c, TRACT [75] 

was collected over a range of time delays from τ = 0 to 100 ms with 4 ms intervals. The 

pulse program that was used for these experiments was adapted from Lee, D et al [75]. 

The data were processed and integrated in nmrPipe over a range of 9.6 ppm to 10 ppm, to 

which a linear baseline correction was applied with the nmrPipe function BASE and a 

defined node list in the noise (fig. S4B). The range that was integrated was selected as it 

encompassed the W549 indole amine resonance from the S4 transmembrane helix, and 

only this was integrated since integration over the entire amino region can artificially 

inflate the effective correlation time [76]. The integrated data was fit using MATLAB 

R2015a with a monoexponential decay function, 𝑓(𝜏) = 𝐴𝑒 , where A is a normalized 

maximum, τ is the time delay, and β is the relaxation decay constant in Hz. The 

relaxation decays for the α and β state of exclusively the W549 indole amine resonance 

were used to calculate the approximate effective rotational correlation time (τc) due to the 

rigid body assumption as described previously by Lee, D et al [75].  

3.5.4.6 Calculation of Amide Proton Temperature Coefficients 

From the NMR temperature titration from 15 °C to 50 °C (288 K to 323 K), the 

amide proton chemical shifts (δHN) of assigned resonances at corresponding temperatures 

were plotted in the same temperature range. Each plot was fit to the linear function, 𝑦 =

𝑚𝑥 + 𝑏, where the slope is the temperature coefficient, ΔδHN/ΔT (ppb/K).   

3.5.4.7 Paramagnetic Relaxation Enhancement (PRE) Measurements 

Paramagnetic (MTSL labeled) and diamagnetic (without the MTSL label) proton 

transverse relaxation (R2) measurements were recorded using a TROSY-HSQC pulse 
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program modified to include a relaxation delay before acquisition as described by Clore 

and coworkers [77]. Four relaxation delays (0, 4, 12, 24 ms) were recorded for the 

matched paramagnetic and diamagnetic samples at 20 C (196 scans) and 50 C (80 

scans) with 2048 direct point and 128 indirect points. The spectra were processed using 

nmrPipe with a Gaussian apodization function, which does not affect the calculated 

distance to the free electron spin [78]. The resonance intensity values were obtained using 

CcpNmr and transverse relaxation rates of the paramagnetic state, R2
eff, and the 

diamagnetic state, R2, were extracted by fitting the data with a monoexponential decay 

function, 𝑦 = 𝑎𝑒  (Figure S3.4E). The paramagnetic rate enhancements, 2, were 

calculated by subtracting R2 from R2
eff, using the relationship of the electron spin-

enhanced transverse relaxation rate due to the spin label (R2
eff) is a sum of the intrinsic 

transverse relaxation rate (R2) and the contribution from the electron (2): 

𝑅 = Γ − R  [5] 

The errors for R2
eff and R2 were extracted from fitting errors, and the error of 2 

was calculated using standard the propagation of error:  

𝛿Γ = 𝛿𝑅 + (𝛿𝑅 )  [6] 

The distance restraints from MTSL-labeled C443 to residues in proximity were 

calculated by the following relationship: 

𝑟 =
𝐾

Γ
4𝜏 +

3𝜏

1 + 𝜔 𝜏
 [7] 
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where 𝜏 is the effective rotational correlation time, ωH is the Larmor frequency for the 

nuclear spin (protons), and K is 1.23 × 10-32 cm6 s-2 a constant related to the gyromagnetic 

ratio (γ), spin quantum number (S), electronic g factor (g), and the Bohr magneton (β) 

according to 𝐾 = 𝑆(𝑆 + 1)𝛾 𝑔 𝛽 . 

Three separate paramagnetic (MTSL labeled) and diamagnetic (non-MTSL 

labeled) samples were prepared. Transverse relaxation rates of states were obtained, and 

using various combinations, 9 paramagnetic enhancement rates were calculated, 

generating 9 distance restraints per residue. Distances calculated to be higher than 27 Å 

were disregarded as this is beyond the reliable distance calculation for the atoms involved 

due to its r-6 dependence. The distances at 20 °C and 50 °C were averaged, and the 

temperature dependent change in distances (PRE) were calculated by subtracting 20 °C 

(resting state, initial) from 50 °C (active state, final) (PRE50 °C – 20 °C). We interpreted 

that the residues with negative PREs are moving closer to MTSL-C443, and the 

residues with positive PREs are moving away from MTSL-C443. The errors of distance 

restraints were the standard error of the mean (SEM). 

3.5.4.8 NOESY at Two Different Temperatures 

15N-edited TROSY-HSQC-NOESY spectra of the hV1-S1S4 were collected with 

96 scans and 48 scans with the mixing time of 90 ms at 20 °C and 45 °C, respectively. 

Using the amide resonance assignments and temperature titration resonances, amide 

NOESY crosspeaks were assigned to corresponding H and water cross-peaks. Using 

peak volumes, the ratio (I) between the water and H cross-peaks were calculated by 
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dividing the water cross-peak by H cross-peak at both temperatures. Then the 

differences of Iwater/IH at 45 °C and 20 °C (NOE45 °C – 20 °C) were calculated for all well 

resolved resonances to observe if the hV1-S1S4 undergoes changes in hydration as a 

function of temperature. The NOE45 °C – 20 °C was plotted against the residue number and 

the cutoff value of 0.5 was used to evaluate the changes in hydration per residue.  

3.5.4.9 Deuterium/Hydrogen Exchange Factor Analysis of the hV1-S1S4 at 50 °C 

The H2O/D2O exchange measurement for the hV1-S1S4 was carried out at 50 °C. 

To vary the concentration of D2O in the sample, the NMR buffer was prepared in D2O. 

This was done by lyophilizing 500 L of NMR buffer and resuspending it in 500 L of 

D2O. To make 10% D2O/90% H2O, 18 uL of NMR buffer in D2O was added to the 

sample, and the sample was incubated for approximately 12 hours to ensure that the 

exchange between the proton and deuterium is completed. 1H-15N TROSY-HSQC was 

collected as described above with 32 scans. For the higher concentration of D2O titration 

points, the sample with 10% D2O/90% H2O was concentrated down to approximately 100 

L, and 80 L of the NMR buffer in D2O was added to the concentrated sample to make 

a 40% D2O/60% H2O sample. For the further D2O points, the same method was used.  

The resulting data was analyzed with a method developed by Opella et al. [79]. 

The relative peak volumes of resonances were normalized to those from the 2.2% D2O 

spectrum. The mole fraction of water (water) was calculated for each data point and 

plotted against the normalized peak volumes. The decay in resonance intensity as a 

function of water is linearly dependent on the exchange factor m. All D/H assigned 

exchange factors were plotted against the residue number for further analysis. 
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3.5.4.10 Residual Dipolar Coupling (RDC) 

A neutral 3.8% polyacrylamide gel comprising 3.8% (w/v) copolymer was 

generated using acrylamide (stock 40% w/v, Sigma-Aldrich), bis-acrylamide (stock 2%, 

Sigma-Aldrich), 10% APS, and 4 L of TEMED in a casting solution of 10 mL of 250 

mM imidazole at pH 6.5. These gels were cast in a 3D printed plastic block with a 

custom 6 mm inner diameter polytetrafluoroethylene (PTFE, Teflon) tube insertion. Prior 

to adding TEMED, the solution was filtered using 0.22 µm filter (Millipore) to eliminate 

any polymerized acrylamide. The polymerization reaction was carried out for 24 hours. 

Once polymerization was complete, the gel was soaked in ddH2O for ~12 h initially, then 

it was dialyzed in the NMR buffer for 48 hours with a gentle nutating at room 

temperature; with buffer changes every 12-18 h. Once the dialysis was complete, the gel 

was cut to 1.7 mm length; the length was empirically chosen to span the probe coil within 

a 5 mm NMR tube. The cut gel was partially dehydrated by incubating at 37 °C for 3.5 h, 

which was then soaked in 1 mL of a purified 177 M hV1-S1S4 sample for 

approximately 48 h. The concentration of the protein solution outside of the gel was 

measured every 24 h to monitor absorption into the gel. Once concentration plateaued, 

the protein-soaked gel was stretched into a 5 mm NMR tube with an inner diameter of 4.4 

mm using Tygon tubing attached to the NMR tube and a syringe, the difference in gel 

and tube diameter stretched the gel to ~4 mm. Residual dipolar couplings were measured 

using Amide RDC’s by TROSY Spectroscopy (ARTSY) by taking the ratio of assigned 

amino acid intensities from attenuated spectra and reference spectra [80]. The dipolar 



 
91 

couplings were then plotted as a function of residue number and fit according to the 

following equation:   

𝛿 = 𝐴 ∙ sin
2 𝜋

𝑇
(𝑥 − 𝑥 ) + 𝜑 + 𝐴  [8] 

where T is the period of the wave, x is the amino acid identity, x0 is the first amino acid 

to be fit in a given range, Amean is the average of the couplings in a given range, and A 

represents a function of the alignment tensor according to: 

𝐴 =
2 𝐷 cos [𝛿]cos [𝜃] − cos 𝐷 cos [𝛿]sin [𝜃] +

3
2

 𝐷  𝑅 cos [𝛿]sin [𝜃]cos [𝜙]

sin[𝜑]
      [9] 

where R and Da are the rhombicity and axial symmetry of the alignment tensor, 

respectively. The angles  and  correspond to the amide bond vector angles with respect 

to the Y- and Z- axes, and  the angle that the amide bond vector makes with the chain 

axis [81]. The first equation is a good approximation for ideal -helices and 310 -helices 

as previously described [81, 82] RMSE was calculated according to: 

𝑅𝑀𝑆𝐸 =
∑ (𝑦 − 𝑦 )

𝑇
 [10] 

where 𝑦  corresponds to predicted values of 𝑦  over T observations. 

3.5.5 Far-Ultraviolet Circular Dichroism (Far-UV CD) 

Far-UV CD measurements were carried out on a 0.2 mg/ml hV1-S1S4 sample in 

0.1% (w/v) LPPG micelles in 200 µL in 25 mM Na2PO4 buffer at pH 6.5. CD spectra 

were obtained with a Jasco J-710 spectropolarimeter using a 1.0 mm path length cell. The 
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temperature was controlled with a Peltier device (Jasco PTC-424S). All experiments were 

measured from 250 nm to 190 nm and 5 scans from 10 C to 57 C in 1 C increments. 

The blank (25 mM Na2HPO4, pH 6.5, containing 0.1% (w/v) LPPG) measurement values 

were subtracted from the protein measurement values, and the units of CD values were 

converted into mean residue ellipticity using the equation: 

[θ] = 100 ×
θ

C × N × l
 [11] 

where []MR is the mean residue ellipticity,  is ellipticity in millidegrees, C is the 

concentration of protein in molar (M), N is the number of amino acid residues of protein, 

and l is the path length in centimeters. The hV1-S1S4 CD values at 222 nm were plotted 

against temperature (Figure 3.2B).  

3.5.6 Temperature Study Using Intrinsic Tryptophan Fluorescence Measurement 

Fluorescence emission spectra were measured on a QM-4/2005SE 

Spectrofluorometer (PTI, NJ) using 295 nm excitation to minimize contributions from 

tyrosine residues [38]. The temperature was controlled over a range of ca. 7 °C – 50 °C 

using a water circulation system and a calibrated thermocouple was used to measure the 

temperature of the sample inside the cuvette. To account for light scattering 

contributions, a sample of LPPG micelles and buffer was used as a blank and subtracted 

from the measurements containing hV1-S1S4. The blank signals are relatively small and 

their magnitude and position do not change with temperature (Figure S3.4G). In contrast, 

for the hV1-S1S4 samples, increasing temperature resulted in both a decrease in 
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fluorescence intensity and a spectral shift to higher wavelengths. We characterize 

fluorescence spectral shifts in terms of the average emission wavelength, : 

〈𝜆〉 =
∑ 𝐼(𝜆 )𝜆

∑ 𝐼(𝜆 )
 [12] 

where 𝐼(𝜆)  is the intensity measured at wavelength 𝜆 . This quantity is more precise and 

less sensitive to instrumental noise than the peak maximum (max) because the calculation 

reflects data from the entire spectrum rather than a single point [83].  

3.5.7 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. 

3.5.8 Plasmid and Mammalian Cell Transfection 

The full-length human TRPV1 gene was subcloned into a pIRES-2 plasmid also 

containing the EGFP gene. This construct produces bicistronic mRNA containing an 

internal ribosome entry site (IRES) between the two genes, allowing for the independent 

translation of TRPV1 and the EGFP reporter. TRPV1-R557A was generated in the same 

plasmid using standard site-directed mutagenesis. Cells were transiently transfected with 

0.4 µg DNA using FuGENE 6 transfection reagent (Promega) in a 1:3 µg DNA:µL 

FuGENE ratio 48 h before electrophysiology measurements were performed. 
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3.5.9 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 

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. Temperature 

was calibrated by measuring the temperature of the solution exiting the HCPC at a given 
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voltage. Currents were recorded at +60 mV and normalized to cell membrane 

capacitance.  
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3.7 Supplementary Materials 

3.7.1 Details of the Thermodynamic Framework for Interpreting Temperature-

Dependent Studies  

NMR resonance intensities are inversely proportional to the resonance linewidth 

(Δ𝜐 , full-width at half-height). For the Lorentzian shaped signals observed in NMR, 

the intensities and linewidths reflect the transverse relaxation rates (R2) of the molecule, 

which can be estimated from the linewidth, Δ𝜐 = 𝑅 /𝜋 [1]. R2 is in turn sensitive to 

the dynamic properties of the protein in solution, including nanosecond timescale 

rotational motion, and picosecond to millisecond internal motions, including protein 

conformational change. Thus, NMR peak intensity should report on the conformational 

state of a protein. In the hV1-S1S4 temperature-dependent NMR studies we leverage the 

common framework employed in CD to assess the thermosensitivity in terms of change 

in enthalpy (ΔH) as described below. 
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Far-UV CD is commonly used to measure the change in enthalpy (𝛥𝐻) between 

folded or conformational states [2]. This assumes that the change in measured ellipticity 

as a function of temperature is directly proportional to the change in protein states. Early 

studies have shown for two state behavior that there is good correlation between 

calorimetric and CD measurements of thermodynamic values (c.f.) [3]. To evaluate the 

𝛥𝐻 for the transition between protein states, one generally assumes a two-state model. In 

the context of TRP channels this is certainly an oversimplification, but adequately 

captures accurate thermodynamic values, as has been noted in previous studies [4]. 

Briefly, for temperature-dependent equilibrium, CD data at a given wavelength, usually 

at 222 nm for helical proteins, exhibit clear changes between two states (i.e. the data are 

sigmoidal in nature). At a given temperature the relative concentrations of conformational 

states 1 and 2 will be related to the equilibrium constant 𝐾, which can be written as the 

fraction of the concentration of conformational state 2 (𝛼): 

 
𝐾 =

[𝑆𝑡𝑎𝑡𝑒 2]

[𝑆𝑡𝑎𝑡𝑒 1]
=

𝛼

1 − 𝛼
 [1] 

𝐾 is also related to the change in standard state free energy (𝛥𝐺°) between 

conformational states and noted in the Gibbs-Helmholtz equation: 

 ∆𝐺° = −𝑅𝑇 𝑙𝑛 𝐾 [2] 

which is in turn is related to the changes in enthalpy (𝛥𝐻°) and entropy (𝛥𝑆°) between 

states: 

 ∆𝐺° = ∆𝐻° − 𝑇∆𝑆° [3] 
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At the midpoint of the transition between temperature-dependent conformational states 

(T50), or the melting temperature (𝑇 ) in folding studies, the concentrations of the two 

structural states are equal and 𝐾 = 1 and 𝛥𝐺° = 0, resulting in the following identity: 

 
∆𝑆° =

∆𝐻°

𝑇
 [4] 

Combining equations 2, 3, and 4, 𝐾 can be written in a modified form of the van’t Hoff 

equation using only terms of temperature (𝑇), midpoint temperature (𝑇 ), and the change 

in enthalpy (𝛥𝐻°): 

 
𝐾 = 𝑒

∆ °

 
[5] 

Rearrangement of Equation 1 gives: 

 
𝛼 =

𝐾

(1 + 𝐾)
 [6] 

A mathematical description of the assumption above, that the observed ellipticity at a 

given temperature (𝜃 ) is directly proportional to the ellipticity of conformational states 

1 (𝜃 ) and 2 (𝜃 ) gives the following relationship: 

 𝜃 = 𝛼(𝜃 − 𝜃 ) + 𝜃  [7] 

To calculate the values of 𝛥𝐻 and 𝑇  that best describe the experimental data, initial 

estimates of 𝛥𝐻, 𝑇 , 𝜃 , and 𝜃  are used as initial parameters to non-linear least squares 

fitting of Equation 5, 6, and 7 to the raw data. The authors used SigmaPlot to perform 
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non-linear least squared fitting of the CD data which resulted in a ∆𝐻 = 19 ± 1 kcal/mol 

and 𝑇 = 37 ± 1 °C. 

The method described above assumes that change in the heat capacity (𝛥𝐶 ) is 

negligible. In the context of TRP channel thermosensors, it has been suggested that this 

may not be the case [5]. Indeed, Chanda and coworkers have used protein design 

principles that attempt to increase the magnitude of 𝛥𝐶  for the Shaker voltage-gated 

potassium channel, a non-thermosensing ion channel, to successfully convert it to a 

thermosensing ion channel [6]. Chanda’s study clearly indicates that modifying the 

change in heat capacity can perturb the thermosensitivity of a given protein. However, for 

wild-type TRP channels at biologically relevant temperatures, it seems that 𝛥𝐶  is 

relatively small in magnitude. When 𝛥𝐶  changes as a function of temperature then both 

𝛥𝐻 and 𝛥𝑆 will change significantly as a function of temperature [5, 7]. However, as 

reviewed elsewhere [8], existing studies of TRP channel thermosensitivity suggest that 

𝛥𝐻 (and thus 𝛥𝑆) are fairly constant as a function of temperature indicating that 𝛥𝐶  is 

small in magnitude [4, 8-12]. 

The above described method is completely general for extracting 𝛥𝐻 from 

equilibrium data that can be approximated by a simple two state model. To this end, these 

same procedures were used to estimate the 𝛥𝐻 from temperature-dependent whole-cell 

patch-clamp electrophysiology steady state currents (Figure 3.2A), where 𝜃 , and 𝜃  were 

modified to maximal and minimal current values. The resulting electrophysiology values 

are consistent with previously published TRPV1 thermodynamic values (Table S3.1). 
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Similarly, NMR resonance intensity as a function of temperature exhibit two-state 

behavior which was also fit to the above equilibrium thermodynamic model, yielding a 

𝛥𝐻 value that is similar in magnitude to the CD determined value from the hV1-S1S4 

(Figure 3.2B and Figure S3.3E). Lastly, this general two-state equation was also used to 

interpret the temperature-dependence of the intrinsic tryptophan fluorescence in terms of 

the average emission wavelength (), which yielded values of hV1-S1S4 that are 

consistent with both NMR and CD.  
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3.7.3 Supplementary Figures 

 

 

Figure S3.1 The expression and NMR amide backbone assignment of the hV1-
S1S4. (A) SDS-PAGE gel of the hV1-S1S4 samples of Ni2+-NTA affinity 
chromatography purification, post-thrombin reaction, and 10His-tag cleaved hV1-
S1S4 (lanes 2, 3, and 4 respectively). (B) The highlighted residues on the hV1-S1S4 
membrane topology represent the coverage for LC-MS/MS as a means to verify the 
identity of hV1-S1S4 (51% amino acid coverage). (C) hV1-S1S4 reconstituted in 
LPPG micelles results in a high quality 1H-15N TROSY-HSQC NMR spectrum at 
elevated temperatures (50 °C). (D) Optimization of the micellar conditions for the 
hV1-S1S4 using NMR. To identify a suitable membrane mimic for hV1-S1S4, five 
membrane mimics were tested. LPPG was chosen to be the most suitable membrane 
mimic for the hV1-S1S4 as shown in (C) after analyzing the number of resonances 
observed, spectral resolution, and homogeneity of resonance intensities. (E) 
Residues in the TRPV1 S2-S3 loop have been implicated in vanilloid ligand binding 
and activation. A strip plot of HNCA and HNCOCA from V508 to S512 in the S2-
S3 loop is shown on the left (E), and this assignment is confirmed by the 4D HNCA 
and HNCOCA (F) and 15N-edited NOESY-TROSY (G). (H) Backbone resonance 
assignment of T550 to G558 in S4 helix, shown with HNCA (black) and HNCACB 
(red), 4D HNCACO (I, black) and 15N-edited NOESY-TROSY (J). 
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Figure S3.2 Temperature-dependent data of TRPV1 and hV1-S1S4. (A) The 
electrophysiology temperature measurement of the human TRPV1. Increased 
temperature evoked increased current magnitudes, and the data points at the black 
arrow were plotted against the temperature to generate the plot in Fig. 2A. (B) Three 
individual temperature ramp current values obtained from HEK-293 cells transiently 
transfected with hTRPV1. Cells were subjected to a temperature ramp from 20 to 50 
°C over the course of ca. 35 seconds. The H values from each line (red, purple and 
teal) are obtained from fitting to a pseudo-steady state model (see Methods), resulting 
in values of 106.8 ± 0.4, 80.1 ± 0.3, and 94.3 ± 0.5 kcal/mol, respectively. (C) The 
reversibility of the hV1-S1S4 was tested with CD between 20 °C and 50 °C. The CD 
spectra recover to mean residue ellipticity when re-heated. The data shown are of a 
temperature cycle of elevated, decreased, and returned elevated temperature spectra. 
(D) Superimposed circular dichroism spectra from 10 °C to 57 °C for the hV1-S1S4. 
The spectra show that key α-helical secondary structure features are generally 
retained as a function of temperature, which is consistent with the NMR and 
fluorescence data that the hV1-S1S4 remains seemingly structured over this 
temperature range. (E) The thermal reversibility of the hV1-S1S4 tested with NMR 
between 20 °C and 50 °C. Like the reversibility shown with CD in (C), the hV1-S1S4 
that underwent the cycle of heating and cooling retains the initial resonances as 
shown in the first 50 °C spectrum (red, left), and the second 50 °C spectrum (dark 
red, right), showing that this domain does not exhibit hysteresis.  
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Figure S3.3 Additional data supporting the thermodynamic analyses of the hV1-S1S4 
using various biophysical methods. (A) Non-temperature sensitive human KCNQ1 
voltage-sensing domain was used as a negative control. As expected, the human 
KCNQ1-VSD shows a linear trend in mean residue ellipticity compared to the hV1-
S1S4 data, which shows a clear sigmoidal shape. (B) The superimposition of the 
emission spectra of intrinsic tryptophan fluorescence of the hV1-S1S4, buffer (blank) 
and the hV1-S1S4 black subtracted. (C) The superimposition of the emission spectra of 
the hV1-S1S4 at varying temperature. Two distinct hV1-S1S4 samples were used for 
these measurements. (D) Superimposed 1H-15N TROSY-HSQC spectra of hV1-S1S4 as 
a function of temperature show significant chemical shift perturbations. The changes in 
chemical shift as a function of temperature reflect the thermal expansion of the 
hydrogen bonding of the secondary structure such that peaks that move less reside in 
more structured predominantly helical regions. The intensity changes as a function of 
temperature can be explained by the internal dynamics of the individual amide nuclei, 
which experience linewidth changes that are suitable for thermodynamic analysis. (E) 
Representative NMR data from W549; as the temperature changes, the intensity data has 
a sigmoidal shape which reflects a two-state transition and can be fit to extract 
thermodynamic parameters (see Methods). (F) The histogram distribution of melting 
temperatures (T50) calculated from the NMR temperature titration. This was calculated 
from fitting the sigmoidal curve. The mean T50 of 71 resonances was calculated to be 
40.7 ± 0.6 °C. (G) The 1H-15N TROSY-HSQC spectra at pH 6.5 and pH 6.4, which is in 
the range of pH change for the buffer that was used as a function of the temperature 
ramp, are identical when superimposed. This indicates that temperature induced buffer 
pH changes are not responsible for the hV1-S1S4 temperature dependent observations 
noted by NMR and CD experiments. 
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Figure S3.4 Supporting data for RDC and PRE NMR measurements.  (A) The 
reference (black) and attenuated (magenta) ARTSY spectra of the hV1-S1S4 used for 
the RDC measurements. (B) A representative hV1-S1S4 proton NMR spectrum. The 
indole amine from the S4 helix residue W549, highlighted with an arrow, was used 
for analysis in the TRACT experiment (see Methods) due to potential artifacts that 
can arise from dynamic regions in the protein. (C) The relaxation rates for TROSY 
and Anti-TROSY relaxation states from the W549 indole amine at 20 °C and 50 °C. 
The relaxation rates were calculated by fitting to a monoexponential decay from 
which the rates were used to calculate the rotational correlation time (τc). (D) The 
location of a lone cysteine in the S1 helix of the hV1-S1S4, C443, was labeled with a 
maleimide paramagnetic nitroxide spin label, MTSL. The middle structure represents 
the MTSL-labeled S1-S4 domain (rTRPV1. PDB ID: 5IRZ) computationally, with 85 
rotameric states of the MTSL modeled in PyMol (see Methods) and right structure 
displaying the centroid position of all the rotameric states of the MTSL. (E) The 
representative proton relaxation curves for paramagnetic and diamagnetic states at 20 
°C and 50 °C for W427. 
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Figure S3.5 Mapping of the residues that show temperature-dependent movement.  
(A) The structure of TRPV1 (PDB ID: 5IRZ) in OPM membranes that highlights the 
residues that show increased solvent accessiblity at 45 °C, highlighted with marine. 
The main chains of the residues with increased solvation are shown in spheres. The 
S1-S4 domain is displayed in red box. The lipid molecules are shown in yellow 
sticks. (B) A close-up view of the S1-S4 domain. It is clear that the R456 and R557 
are embedded in the membrane. All three residues, R456, R474 and R557, have high 
values of NOE45°C20°C and appear to have temperature-dependent movements. (C) 
Top view of the TRPV1 structure (PDB ID: 5IRZ) that highlights key residues in 
heat and proton activation. R456 (S1 helix, magenta) is known to be crucial in 
channel function and gating and is interacting with V538 (S4 helix, cyan). V538 and 
T633 (pore helix, cyan) are important for proton activation. V596 (S5 helix, green) is 
a potential key residue for temperature activation, and this residue is surrounded by 
R456, V538 and T633. 
 



 
112 

 

 

 

 

 

 

 

 

Figure S3.6 The hTRPV1-R557A mutant becomes insensitive to both temperature 
and capsaicin, but the hV1-S1S4-R557A retains the temperature sensitivity. (A) 
Superimposed 1H-15N HSQC spectra of the hV1-S1S4-R557A at temperatures from 
15 to 50 °C. As expected the R557 resonance is missing in the R557A mutatnt 
spectra. (B) Comparison in H between the WT and the hV1-S1S4-R557A mutant. 
The Gaussian fittings of the H histograms (left) show a leftward shift, indicating 
that the R557A (purple line) is slightly less temperature sensitive than the WT (red 
line), consistent with the loss of a cation-π interaction. The ensemble average 
enthalpy from the respective WT and R557A Gaussian fits and resulting variance 
are shown in a bar plot (right). (C) The jittered plot of hTRPV1-R557A of whole-
cell patch-clamp electrophysiology in the presence and absence of capsaicin. 
Consistent with R557A acting as a coupling mutation, the mutant is insensitive to 
capsaicin activation at a concentration (1 μM) that would saturate WT hTRPV1. (D) 
Structure of the rat TRPV1 (PDB ID: 5IRZ) that highlights each structural domain. 
The S1-S4 domains are highlighted in red. The PD that was implanted to the Shaker 
is demonstrated in purple. We note that R557 (highlighted in green) is not included 
in the chimeric study, and the phenotypes of this residue indicate that R557 is 
central to coupling the S1-S4 domain with the PD in channel gating.   
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Figure S3.7 Structural examples of S4 helix motions in TRP channel activation. 
(A) Superimposed structures of TRPV1 in its resting (PDB ID: 5IRZ, light grey) 
and active states (RTx/DkTx-bound, PDB ID: 5IRX, red). In the active state, 
starting around Y555 (light blue, highlighted with magenta circle), the bottom of 
the S4 helix starts unfurling. (B) The same unfurling trend found in TRPV2. The 
fully-closed structure of TRPV2 (PDB ID: 5AN8) is superimposed with the fully 
open state that includes the pore turret (PDB ID: 6BO4, dark red on the left), and 
partially closed state which does not include the pore turret (PDB ID: 6BO5, pink 
on the right). In both alignments, the unfurling of the S4 begins at the bottom of 
the S4 helix (highlighted in yellow and marine, with magenta circle). (C) 
Superimposed structures of the apo TRPM8 (PDB ID: 6BPQ, light grey), and the 
icillin/Ca2+-bound TRPM8 (PDB ID: 6NR3, blue). In TRPM8, the bottom of the 
S4 helix undergoes an extreme conformational change, induced by the - to 310- 
helix transition, starting at the residue highlighted in magenta. This difference can 
be verified by the displacement of R850, as it travels further down the membrane 
when TRPM8 is activated. (D) The alignment of the S1-S4 domains of TRPV1 
(red) and TRPM8 (blue). Although the orientation is different, R557 in TRPV1 
and R850 in TRPM8 are located in the C-terminal end of the S4 helix, near the 
membrane bilayer.  
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3.7.4 Supplementary Tables 

Supplementary Table S3.1. Measured thermosensitivity values (ΔH) of TRPV1 
temperature studies. 

H 
(kcal/mol) 

Potential 
(mV) 

Method 
TRPV1 
species 

Protein Origin/ 
Membrane Type 

Reference 

98 ± 12 +60 Whole-cell Human HEK293/HEK293 

This Study 

(Steady 
state) 

94 ± 8 +60 Whole-cell Human HEK293/HEK293 
This Study 

(Temp 
ramp) 

64.9a -70 Whole-cell Rat HEK293/HEK293 
Vlachová 

et al., 2003 

150 ± 13 -60 Inside-out Rat 
X. laevis/ 

X. laevis 

Liu et al., 
2003 

26.8 +80 Inside-out Murine HEK293/HEK293 
Yang et 
al., 2010 

101 ± 4 

65 ± 6 
-60, +60 Outside-out Rat HEK293/HEK293 

Yao et al., 
2010 

90 ± 3 -60 Whole-cell Rat HEK293/HEK293 
Yao et al., 

2011 

86.2 ± 
3.9b 

-60 
Proteoliposome 

patch 
Rat 

Sf9 Insect 
cells/Soybean 

polar lipids 

Cao et al., 
2013 

155 +100 
Single-channel 

planar lipid 
bilayers 

Rat 
HEK293/3:1 
POPC:POPE 

Sun and 
Zakharian, 

2015 

65 ± 5.7a -60 Whole-cell Rat 
X. laevis/ 

X. laevis 

Zhang et 
al., 2017 
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88 ± 8 +60 Inside-out Rat HEK293/HEK293 
Sánchez-

Moreno et 
al., 2018 

aThe reported temperature coefficient (Q10) was converted to ΔH according to ∆𝐻 ≈

20𝑙𝑛𝑄  [29]. 
b Protein was purified and reconstituted in proteoliposomes. 
 

Supplementary Table S3.2 Buffer pH stability as a function of temperature. 
Temperature (°C)a pHb 

10 6.49 

15 6.50 

20 6.49 

25 6.48 

30 6.46 

35 6.41 

40 6.41 

45 6.38 

50 6.36 

55 6.40 

60 6.39 

a Temperature measured with Fluke 52 II thermometer with 80PK-1 beaded type-K 
thermocouple; according to the instrument specifications, in this temperature range, 
should produce a maximum temperature error of ±0.4 °C. 
b This data is for the phosphate buffer used in CD, fluorescence and NMR measurements 
(see Methods).  
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3.7.5 NMR Processing Scripts 

#!/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  \ 
  -xLAB              HN  -yLAB             15N  \ 
  -ndim               2  -aq2D         Complex  \ 
  -out ./test.fid -verb -ov 
 
sleep 1 

#!/bin/csh 

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   = 6.5ppm 
 
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                                     \ 
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#| 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 

 

3.7.6 NMR-Detected Thermosensitivity Analysis MatLab Script 

if exist('fit_data','dir') == 7 
    disp('data exits') 
else 
    mkdir fit_data 
    mkdir plots 
end 
  
tic 
clear all 
clc 
close all 
  
warning('off') 
files=dir('*.txt'); 
j=readtable(files(1).name,'Delimiter','\t'); 
n=size(files); 
  
  
  
         
t=[15 20 25 30 35 40 45 50]; 
  
  
fit2=@(b,x) 1+(b(1)-b(2))*exp(b(3)./(1.98E-3.*x).*(x./b(4)-1))./(1+exp(b(3)./(1.98E-
3*x).*(x./b(4)-1))); 
  
  
% b(1) = max b(2)=min b(3)=DelH b(4)=tm 
  
figure 
hold on 
tmp=readtable(files(1).name,'Delimiter','\t'); 
r=1.98E-3; %kcal/mol/K 
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a=tmp.Height; 
beta20=[max(a) min(a) 10 300]; 
[xData yData]=prepareCurveData(t,a) 
[beta2,R2,J2,CovB2,MSE2]=nlinfit(xData+273.15,a,fit2,beta20); 
xfit2=linspace(min(t),max(t))+273.15; 
fig=plot(xData+273.15,a,'o', xfit2,fit2(beta2,xfit2)); 
legend([fig],['\Delta H =  ' sprintf('%.2f',beta2(3)) ' kcal/mol/K '  ],'Location','Best'); 
  
  
clear a 
figure 
for i=1:n(1); 
    try 
    hold on 
    tmp=readtable(files(i).name,'Delimiter','\t'); 
    a=tmp.Height; 
    b(:,i)=a; 
    [xData yData]=prepareCurveData(t+273.15,a); 
    fit=@(b,x) b(1)*x+b(2); 
    beta20=[max(a) min(1) 10 300]; 
    [beta2,R2,J2,CovB2,MSE2]=nlinfit(xData,a,fit2,beta20) 
    stdev=sqrt(diag(CovB2)); 
     
    delh(:,i)=beta2(3); 
%     delh=delh'; 
    tm(:,i)=beta2(4); 
    error(:,i)=stdev(3); 
    fig=figure; 
    plot(xData,a,'o', xfit2,fit2(beta2,xfit2)); 
    saveas(fig,sprintf('./plots/FIG%d.png',i)); % will create FIG1, FIG2,... 
    close 
    catch 
    end 
end  
  
% movegui(t,'southwest') 
%save('fit_data/enthalpy.txt','delh','-ascii'); 
%save ('fit_data/tm.txt','tm','-ascii'); 
  
%% Histogram with Gaussian fit 
Delta_H=delh; 
clear fit 
h1=length(find(Delta_H>5 & Delta_H<10)); 
h2=length(find(Delta_H>10 & Delta_H<15)); 
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h3=length(find(Delta_H>15 & Delta_H<20)); 
h4=length(find(Delta_H>20 & Delta_H<25)); 
h5=length(find(Delta_H>25 & Delta_H<30)); 
h6=length(find(Delta_H>30 & Delta_H<35)); 
h7=length(find(Delta_H>35 & Delta_H<40)); 
fig=length(find(Delta_H>40 & Delta_H<45)); 
x=linspace(0,45,10)+2.5; 
y=[0 h1 h2 h3 h4 h5 h6 h7 fig 0]; 
rng default 
figure 
hold on 
[xData yData]=prepareCurveData(x,y); 
f=fit(xData,yData,'gauss1'); 
fit=@(g,x) g(1).*exp(-((x-g(2))./g(3)).^2); 
beta0=[f.a1 f.b1 f.c1]; 
[beta,R,J,CovB,MSE]=nlinfit(xData,yData,fit,beta0); 
standev=sqrt(diag(CovB)); 
SEM=standev/sqrt(length(yData)); 
SSresidual=sum(R.^2); 
SStotal=sum((y-mean(y)).^2); 
rsquare=1-(SSresidual/SStotal); 
bar(x,y,1); 
p=plot(f); 
legend([p],['\Delta H =  ' sprintf('%.2f',beta(2)) '  \pm  ' sprintf('%.2f',SEM(2)) ' kcal/mol ' 
],'Location','Best'); 
xlabel('\DeltaH (kcal/mol)') 
ylabel('Occurences') 
set(gca,'TickDir','out') 
print('-painters','-deps','histogram_fit_delta_H_v2') 
% print -painters -dpdf -r800 histogram_fit_delta_H_v2.eps 
  
%% Histogram for tm 
  
t50=tm-273.15; 
clear fit 
b0=length(find(t50<30)); 
b1=length(find(t50>30 & t50<35)); 
b2=length(find(t50>35 & t50<40)); 
b3=length(find(t50>40 & t50<45)); 
b4=length(find(t50>45 & t50<50)); 
b5=length(find(t50>50 & t50<55)); 
b6=length(find(t50>55 & t50<60)); 
fig=length(find(t50>60)); 
x=linspace(0,45,10)+22.5; 
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y=[0 b0 b1 b2 b3 b4 b5 b6 fig 0]; 
rng default 
figure 
hold on 
[x y]=prepareCurveData(x,y); 
f=fit(x,y,'gauss1'); 
fit=@(g,x) g(1).*exp(-((x-g(2))./g(3)).^2); 
beta0=[f.a1 f.b1 f.c1]; 
[beta,R,J,CovB,MSE]=nlinfit(x,y,fit,beta0); 
standev=sqrt(diag(CovB)); 
SEM=standev/sqrt(length(yData)); 
SSresidual=sum(R.^2); 
SStotal=sum((y-mean(y)).^2); 
rsquare=1-(SSresidual/SStotal); 
bar(x,y,1); 
p=plot(f); 
legend([p],['\t50 =  ' sprintf('%.2f',beta(2)) '  \pm  ' sprintf('%.2f',SEM(2)) ' degC ' 
],'Location','Best'); 
xlabel('\tm (degC)') 
ylabel('Occurences') 
set(gca,'TickDir','out') 
print('-painters','-deps','histogram_fit_tm_v2') 
% print -painters -dpdf -r800 histogram_fit_delta_H_v2.eps 
 

3.7.7 NMR-Detected Temperature Coefficient Analysis MatLab Script 

if exist('fit_data','dir') == 7 
    disp('data exits') 
else 
    mkdir fit_data 
end 
  
tic 
clear all 
close all 
clc 
  
delete('decays_ppb_tempCoeff.txt') 
warning('off') 
files=dir('*.txt'); 
j=readtable(files(1).name,'Delimiter','\t'); 
n=size(files); 
Dd=zeros(8,n(1)); 
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for i=1:n(1) 
    try 
    h=readtable(files(i).name,'Delimiter','\t'); 
    H=h.PositionF2;  
    N=h.PositionF1; 
    DdH=power((H-H(end)),2); 
    ddh(:,i)=DdH; 
    DdN=power(((N-N(end))/5),2); 
    Dd(:,i)=sqrt(DdH+DdN); 
    catch 
    end 
end 
  
work=zeros(8,n(1)); 
for i=1:n(1) 
    try 
    h=readtable(files(i).name,'Delimiter','\t'); 
    H=h.PositionF2; 
    work(:,i)=H; 
    catch 
    end 
end 
  
t=[15 20 25 30 35 40 45 50]; 
figure 
for i=1:n(1); 
    hold on 
    [xData yData]=prepareCurveData(t,ddh(:,i)); 
    fit=@(b,x) b(1)*x+b(2); 
    beta0=[0 0]; 
    [beta,R,J,CovB,MSE]=nlinfit(xData,yData,fit,beta0); 
    xfit=linspace(min(xData),max(xData)); 
    plot(xData,yData,'o', xfit,fit(beta,xfit) ); 
    decay(:,i)=beta(1)*1000; 
    residuals(:,i)=R; 
     
end 
figure 
for i=1:n(1); 
    hold on 
    [xData yData]=prepareCurveData(t,Dd(:,i)); 
    fit=@(b,x) b(1)*x+b(2); 
    beta0=[0 0]; 
    [beta,R,J,CovB,MSE]=nlinfit(xData,yData,fit,beta0); 
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    xfit=linspace(min(xData),max(xData)); 
    plot(xData,yData,'o', xfit,fit(beta,xfit) ); 
    deldel(:,i)=beta(1)*1000; 
         
end 
figure 
for i=1:n(1); 
    hold on 
    [xData yData]=prepareCurveData(t,work(:,i)); 
    fit=@(b,x) b(1)*x+b(2); 
    beta0=[0 0]; 
    [beta,R,J,CovB,MSE]=nlinfit(xData,yData,fit,beta0); 
    xfit=linspace(min(xData),max(xData)); 
    plot(xData,yData,'o', xfit,fit(beta,xfit) ); 
    prot(:,i)=beta(1)*1000; 
         
end 
figure 
for i=1:n(1); 
    [p,S] = polyfit(xData,residuals(:,i),2); 
    paraParm(:,i)=p(1); 
    x1 = linspace(min(xData),max(xData)); 
    y1 = polyval(p,x1); 
    P(:,i)=p(1); 
    plot(xData,residuals(:,i),'o') 
    hold on 
    plot(x1,y1) 
  
end 
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CHAPTER 4 

THE S1-S4 DOMAIN OF HUMAN TRPV1 BINDS VARIOUS CHEMICAL 

AGONISTS AND ANTAGONISTS 

4.1 Introduction 

The taste of spicy foods arises primarily from vanilloid compounds that 

chemically activate the TRPV1 (transient receptor potential vanilloid 1) heat receptor [1]. 

The vanilloid compound capsaicin, is the cognate ligand for TRPV1 and the molecular 

mechanism of capsaicin activation has come into focus in recent years through structural 

and functional studies [2-6]. The first study that identified the capsaicin-sensitive region 

in TRPV1 utilized the capsaicin-insensitive chicken TRPV1 ortholog (genus Gallus 

gallus, gTRPV1) [7]. Despite the family name vanilloid, other TRPV channels (TRPV2-

6) are insensitive to vanilloid compounds. Using the capsaicin insensitivities from 

gTRPV1 and rTRPV2, the key residue for capsaicin sensitivity was identified to be Y511 

in S3 helix of the S1-S4 domain [7]. The ligand-bound TRPV1 structures, combined with 

computational modeling, has elucidated the capsaicin-dependent gating mechanism [2-6]. 

The vanilloid moiety of capsaicin is thought to form hydrogen bonds with Y511 in S3 

helix and E570 in S4-S5 linker, and the neck of capsaicin, where the amide group is 

located, forms a hydrogen bond with T550 in S4 helix, interacting with the S1-S4 domain 

in head-down, tail-up orientation [4]. The binding of capsaicin induces the movement of 

S4-S5 linker towards the S1-S4 domain, and this movement exerts mechanical force to 

pull the S6 helix in the pore domain, initiating the opening of the lower gate [4].  
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Due to its responsiveness to noxious stimuli, TRPV1 has been therapeutic target 

for pain for decades [8, 9]. For instance, capsaicin cream can be found over the counter at 

any pharmacy as a pain reliever. Generally when capsaicin is administered topically, 

activated TRPV1 eventually leads to channel desensitization of this pain receptor, 

causing the therapeutic analgesic effect [10]. Another target of TRPV1-mediated pain 

relief is through the development of specific antagonists [8, 11]. Broadly, two types of 

TRPV1 antagonists include competitive and orthosteric antagonists. In particular, 

competitive antagonists bind to the orthosteric agonist binding site, forcing channel 

closure; whereas, orthosteric antagonists bind to the region that is distant to the agonist 

binding site, eventually leading to inhibition [12]. These TRPV1 antagonists can block 

temperature hypersensitivity that is induced by inflammation, which can be effective in 

pain relief [8]. However, a major side effect of TRPV1 antagonism is the changes in core 

body temperature (either hyperthermia or hypothermia), which in significant cases could 

be fatal [13, 14]. Therefore, it is crucial to understand how TRPV1 interacts with various 

chemical compounds at the molecular level to better understand how chemical binding is 

coupled to channel activation, which would set a foundation to dissect distinct TRPV1 

modes of activation that include capsaicin, heat, and protons [15]. 

TRPV1 is modulated by various ligands including canonical vanilloids, 

endogenous and exogenous cannabinoids, and synthetic antagonists [16-18]. To illustrate 

the interesting pharmacology of TRPV1 chemical activation, consider capsiate, a 

vanilloid that activates TRPV1 [16]. The chemical structure of capsiate is nearly identical 

to capsaicin; except for the chemical linkage between the vanilloid head group and 
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aliphatic in capsaicin is an amide; whereas, capsiate has an ester linkage. Unlike 

capsaicin, which is extremely pungent, capsiate is not pungent [16]. A more complete 

understanding of how capsaicin, capsiate and other TRPV1 regulating chemicals should 

provide an explanation for phenotypes including the lack of capsaicin pungency. In 

addition to the discovery of an endogenous cannabinoid molecule, anandamide (AEA), 

one study showed that some cannabinoids from cannabis regulation TRPV1 function, 

suggestive that cannabinoid compounds can be novel therapeutic target for inflammation 

and pain [17, 19].  

Various cryo-EM structures of ligand-bound TRP channels have identified the 

putative ligand binding sites. From these studies,TRPV1 vanilloid agonists including 

capsaicin (CAP) and resiniferatoxin (RTx), bind to the canonical vanilloid binding site, as 

confirmed by the ligand-bound cryo-EM structures [2, 3]. Remarkably, with a few 

mutations, the canonical vanilloid binding pocket was also engineered to the vanilloid-

insensitive TRPV2 and TRPV3, emphasizing the importance of key residues that form 

the binding pocket and presumably mechanistic conservation among family members 

[20-22]. Additionally, other chemical ligands also bind the canonical vanilloid binding 

pocket including capsazepine, a TRPV1 vanilloid mimic that is missing a methoxy group 

in the head group and functions as an antagonist [3], and econazole, an inhibitor of 

TRPV5 and TRPV1 [23, 24]. Interestingly, 2-aminoethoxydiphenyl borate (2-APB), a 

common modulator of a number of TRP channels [25-27], binds to multiple regions in 

TRPV3, introducing a potential allosteric modulation mechanism [28]. Unfortunately, 

molecular mechanism of how other agonists and antagonists modulate TRPV1 still 
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remains elusive. Understanding how TRPV1 interacts with different ligands is anticipated 

to provide new insights into TRPV1 therapeutic intervention.  

The four-helix bundle S1-S4 membrane domain of human TRPV1 is central to the 

vanilloid ligand sensitivity, where binding occurs and then the binding energy is 

transduced to the pore domain resulting  in channel gating [2, 3, 5, 7, 29]. This domain is 

structurally homologous to the voltage sensing domain (VSD) of voltage-gated potassium 

ion channels (VGICs). In VGICs, the VSD senses the changes in membrane potential 

across the membrane, eliciting a conformational change that initiates the gating event 

[30]. In TRPV channels, this domain appears to undergo a movement as a response to 

ligand binding [31]. For instance, in TRPV3, binding of 2-APB causes the S1-S4 domain 

to tilt toward the pore domain [28]. Similar to TRPV3, the S1-S4 domain of TRPV5 tilts 

away from the PD when the inhibitor econazole binds in the canonical vanilloid binding 

pocket, closing the lower gate [23]. The S1-S4 domains of other TRPVs, TRPV2, TRPV4 

and TRPV6, show distinct movements such as rotation, S3 helix movement, and the 

movement of S4 and S4-S5 linker helices, respectively [31]. Currently, the structural data 

indicate that there is limited to no conformational change in TRPV1 upon agonist binding 

[2, 3]; however, given the related TRPV channels undergo conformational change, it 

remains to be determined what the magnitude and direction of conformational changes in 

the TRPV1 S1-S4 domain that underlie channel activation and gating. 

Our recent study indicates that the S1-S4 membrane domain of human TRPV1 

(hV1-S1S4) is efficiently reconstituted in a lysolipid membrane mimic, and specifically 

binds capsaicin. Here, we performed a comprehensive analysis on capsaicin binding to 
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hV1-S1S4, and probed the effect of temperature differences on capsaicin binding. 

Additionally, the role of S4-S5 linker in capsaicin binding was investigated. Next, we 

explored the interaction between the hV1-S1S4 and various ligands such as capsiate, 

cannabinoids, cholesteryl hemisuccinate, and ABT-102. Lastly, we inspected the 

inhibition mode of a TRPV1 antagonists, ABT-102, and its influence in temperature 

activation.  

4.2 Materials and Methods 

4.2.1 Capsaicin Titration of hV1-S1S4 Using NMR Spectroscopy 

 The hV1-S1S4 was prepared following previously established protocol [32]. The 

protein concentration was calculated by BSA assay because the concentrations of protein 

and detergent determine the amount of ligands to add in units of mole%. The mole% of 

the ligand was calculated as an equation [1]: 

 [𝑙𝑖𝑔𝑎𝑛𝑑](𝑚𝑜𝑙%) =
𝑛

𝑛 + 𝑛 + 𝑛
× 100% [1] 

One thing to note is that the equation [1] does not consider the critical micelle 

concentration (CMC). Desired ligands were prepared in organic solvents including 

ethanol, DMSO, and chloroform depending on the solubility. Specifically, stock solutions 

of capsaicin, capsiate, resiniferatoxin, cannabidiol, cannabigerol, anandamide, and ABT-

102 were solubilized in 200 proof EtOH. Capsazepine and 2-APB stock solutions were 

prepared in DMSO and cholesteryl hemisuccinate in chloroform. All the protein samples 

were prepared in 180 μL volume common to a 3 mm NMR tube. For the initial titration 

point, 1H-15N TROSY-HSQC or Best-TROSY-HSQC experiments were acquired on a 
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Bruker 850 MHz (1H) spectrometer with a 5 mm TCI cryoprobe and Avance III HD 

console. Depending on the protein concentration, the number of transients varied, but for 

1H-15N TROSY-HSQC, 2048 points in the direct dimension and 128 points in the indirect 

dimension were collected, and for 1H-15N Best-TROSY-HSQC, 1024 points in the direct 

dimension and 256 points in the indirect dimension were recorded. Most of the titrations 

were carried out at 37 °C after a calibration using deuterated MeOH (± 0.1 °C) [32]. 

Additionally for capsaicin, titrations were performed at 25 °C and 50 °C. To continue a 

titration, the sample was ejected from the spectrometer, and calculated volumes of ligand 

for each titration point were added to the NMR tube, and the ligand was mixed by 

inverting the NMR tube 3 times. The same 1H-15N TROSY-HSQC or Best-TROSY 

spectrum was collected at each titration point, until the ligand was determined to be at its 

respective saturating concentration. Between titration points, there was no significant 

incubation time. For capsaicin, capsiate, cannabidiol, and anandamide, the following 

titration points were used: 0.001, 0.002, 0.005, 0.012, 0.015, 0.025, 0.075, 0.125, 0.225, 

and 0.723 mol%. For cannabigerol (CBG), one additional point, 1.22 mol%, was added to 

ensure that CBG is at its saturating concentration, and for capsazepine, an additional 

point of 0.0005 mol% was used because capsazepine has been shown to be a potent 

competitive antagonist against capsaicin. For 2-APB, prepared in DMSO, the titration 

points included 0.001, 0.002, 0.005, 0.012, 0.017, 0.030, 0.080, 0.180, 0.380 and 0.875 

mol%. Cholesteryl hemisuccinate (CHS) was prepared in chloroform, and the following 

titration points were used: 0.001, 0.002, 0.005, 0.012, 0.015, 0.025 and 0.075 mol%. 

Resiniferatoxin (RTx) and ABT-102 are known to be much more potent than capsaicin. 
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To date, majority of the ligand sensitivity to TRPV1 has been measured with the EC50 (or 

IC50), the concentration of a ligand at the half of the maximal (inhibitory) response. This 

is an indirect method to measure the affinity of an agonist/antagonist, and it is different 

from the binding dissociation constant (Kd), which measures the direct association 

between the ligand and the target. From previous functional measurements, the EC50 of 

RTx and the IC50 of ABT-102 against capsaicin have been reported to be in the low nano-

molar range [7, 13, 29]. Therefore, much smaller titration points were used; for RTx, 

0.01, 0.02, 0.05, 0.07, 0.1, 0.5, 1, 5, 10 μmol% were used, and for ABT-102, 0.5, 1, 2, 7, 

12, 22, 72, 122, 222, 722, 1222 nmol% were used. 

Collected spectra were processed using NMRPipe and analyzed with CcpNmr 

Analysis. The changes in chemical shift (Δ𝛿obs) that were produced by the addition of 

ligands were calculated using equation [2] below, 

 

∆𝛿 = (∆𝛿 ) +
1

5
(∆𝛿 )  [2] 

Calculated chemical shift perturbations were plotted as a function of ligand 

concentration, and the binding dissociation constants (Kd) were calculated using the 

nlinfit function in Matlab R2016a and a single binding site model with the following 

equation: 

 
𝑓(𝑥) =

𝑥 ∙ 𝐵  

𝐾 + 𝑥
 [3] 
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where Bmax is the maximal change in obs for a given resonance of the hV1-S1S4 upon 

saturation with ligands, Kd is the dissociation constant, x is the concentration of ligand in 

mol% [32-34]. 

Since chemical shift perturbations were observed from the majority of resonances, 

more thorough analysis was done to isolate the binding region in the hV1-S1S4. This 

could indicate that there might be a global conformational change in the hV1-S1S4 upon 

ligand binding. In NMR ligand titrations, a larger magnitude  implies involvement in 

the binding site, and smaller Kd indicates tighter binding; therefore, large /Kd values 

should identify residues that are near the respective ligand binding site. Residues with 

very small Kd values, less than 1 mmol%, were disregarded because those Kd values mean 

very tight binding, but this may not be measurable via NMR because the timescale of the 

off-rate would be out of range that can be detected by NMR [34], or the ratio between the 

ligand and the protein may not be reasonable (i.e., not 1:1 ratio) [34]. This “tight” binding 

could be the result of slow-exchange between the ligand-bound state and ligand-free 

state, which cannot be fit to equation [3]. Additionally, the ratios between fitting error 

and Kd values were calculated, and those with a fitting error to Kd ratio higher than 40% 

were similarly discarded. The /Kd values after a thorough analysis were plotted against 

the hV1-S1S4 residue number, and the cutoff value for residues involved in binding was 

determined to be the sum of the average /Kd and one standard deviation to make sure 

that strong binding residues are not within the noise. 

Binding of capsaicin without a vehicle solvent seemed to exhibit an intermediate 

exchange because the plot of chemical shift perturbation as a function of capsaicin 
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showed sigmoidal curves rather than hyperbolic curves. Especially for Y511 and S512, 

the binding curves were fitted using the Hill equation, 

 
𝑓(𝑥) =

𝑥

𝐾 + 𝑥
 [4] 

where n is the Hill coefficient, which informs the degree of cooperativity between ligand 

and protein.  

4.2.2 Capsaicin Titration at Different Temperatures 

 NMR-detected capsaicin titrations of the hV1-S1S4 were conducted at 25, 37 and 

50 °C to calculate the changes in enthalpy (H) in binding. In these binding experiments, 

the unit of Kd is in mol% because there are multiple components in the system such as 

protein, detergent molecules and ligand molecule. Because the hV1-S1S4 is surrounded 

by a significant amount of LPPG detergent micelles, and hydrophobic capsaicin molecule 

tends to get partitioned into the membrane, using the traditional molarity to measure the 

Kd is not meaningful, therefore, mole ratio, or mole percent, is a more accurate way to 

measure the Kd. To calculate the changes in free energy (G) of binding, Kd values in 

mol% at different temperatures were converted to molarity (M) under the assumption that 

the protein concentration is 50 μM and the concentration of LPPG is 0.1 wt%. Using the 

gas constant 1.987  10-3 kcal·mol-1·K-1, the G of binding at different temperatures were 

calculated using a following equation: 

 ∆𝐺 = 𝑅𝑇𝑙𝑛𝐾  [5] 
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Because the dissociation constant is the reciprocal of the association constant (𝐾 = ), 

the negative sign was canceled from the inverse of Ka. The lnKd values from capsaicin 

binding at three temperatures were plotted against 1000/T (1/K). If H° and S° are 

independent to the temperature changes, the change in heat capacity, Cp°, would be 

zero. In this case, the lnKd would be directly proportional to temperature, and this 

relationship can be fit to the classical van’t Hoff equation below: 

 
𝑙𝑛𝐾 = −

∆𝐻°

𝑅𝑇
+

∆𝑆°

𝑅
 [5] 

From this equation, slope values from the linear progression fitting were used to calculate 

the H°. However, if H° and S° are dependent on the temperature, Cp° is not equal to 

zero, and the lnKd vs temperature plot can be fit to the polynomial function [35]: 

 
𝑙𝑛𝐾 = 𝑎 +

𝑏

𝑇
+

𝑐

𝑇
+

𝑑

𝑇
+ ⋯ [6] 

From the fitting using equation [6], the parameter values can be obtained and used to 

calculate G°, H°, S° and Cp° using the following equations [35]: 

 
∆𝐺° = −𝑅 𝑎𝑇 + 𝑏 +

𝑐

𝑇
+

𝑑

𝑇
 [7] 

 
∆𝐻° = −𝑅(𝑏 +

2𝑐

𝑇
+

3𝑑

𝑇
) [8] 

 
∆𝑆° = 𝑅 𝑎 −

𝐶

𝑇
+

2𝑑

𝑇
 [9] 
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∆𝐶° = 2𝑅(

𝑐

𝑇
+

3𝑑

𝑇
) [10] 

4.2.3 Capsaicin Titration of hV1-S1S4 Mutants 

 A number of point mutations of the hV1-S1S4 were generated using a Q5 cloning 

kit. The mutants include Y511A, R557A, Y511A/R557A, D459A, E467A and 

E467A/Y511A, and the success of mutagenesis was confirmed by DNA Sanger 

sequencing. The mutations were also validated by comparing mutant protein NMR 

spectra to the wild-type amide backbone assigned spectrum. The NMR-detected 

capsaicin titrations for these mutants were carried out using the same capsaicin titration 

points, and the resulting spectra were processed and analyzed as described in the section 

4.2.1.  

4.3 Results  

4.3.1 Capsaicin Induces the Conformational Change of the S1-S4 Domain 

 We have previously performed the NMR-detected capsaicin titration with the 

hV1-S1S4 in the lysolipid membrane memetic. Since capsaicin is a lipophilic molecule, 

an organic solvent needed to be chosen, and ethanol was selected as a vehicle. As 

capsaicin solution was added to the hV1-S1S4, chemical shift perturbations were detected 

(Figure 4.1A). Key capsaicin-binding residues, Y511, S512 and T550, presented 

saturable, specific capsaicin binding as previously shown (Figure 4.1B). In addition to 

these residues, majority of the hV1-S1S4 resonances displayed chemical shift 

perturbations that could indicate that other regions in the S1-S4 domain may bind 

capsaicin. Analyzing the other assigned resonances suggests that capsaicin also binds 
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outside of the vanilloid binding pocket, mainly in the extracellular S1-S2 loop, and top of 

the S2 and S3 helices (Figure 4.1C).  

 

To ensure that the global chemical shift perturbations were not induced by 

ethanol, specific control experiments were conducted. First, the hV1-S1S4 was subjected 

to the ethanol titration, using the same volume of ethanol added for the capsaicin titration. 

Increasing amount of ethanol caused chemical shift perturbations; however, ethanol 

didn’t bind specifically to the hV1-S1S4 (Figure 4.2A). Analysis of Y511 against the 

mole% of EtOH and increasing volume of EtOH did not show saturable, hyperbolic 

curves, indicating that EtOH does not bind to the S1-S4 domain (Figure 4.2B, C). It is 

noteworthy that the volume of ethanol added to the sample at each titration point matches 

 

Figure 4.1 NMR-detected capsaicin titration with the S1-S4 domain of hTRPV1. (A) 
Superimposed 1H-15N TROSY-HSQC spectra of capsaicin titration with the hV1-S1S4 
at 37 °C. Global chemical shift perturbations were detected as increasing capsaicin 
concentration. (B) Binding isotherms of key capsaicin binding residues, Y511, S512 
and T550. Calculated binding dissociation constants (Kd) for Y511, S512 and T550 are 
2.0 ± 0.5 mmol%, 5.4 ± 1.1 mmol%, and 6.7 ± 2.1 mmol%, respectively. (C) Binding 
isotherms of other residues that bind capsaicin. D459 and E467 reside in the 
extracellular S1-S2 loop, S481 is in the S2 helix, and F522 is in the S3 helix. The Kd 
values for these residues are 8.6 ± 2.1 mmol%, 5.1 ± 0.8 mmol%, 3.8 ± 0.9 mmol%, 
and 9.6 ± 2.7 mmol%, respectively. 
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to the amount that was needed for the titration using capsaicin prepared in ethanol 

solution. When the volume of ethanol was converted to mole%, the titration points were 

close to be 100 mole% (Figure 4.2B), displaying no specific binding, whereas capsaicin 

seemed to show a saturable specific binding [32]. Second, saturating amount of capsaicin 

was directly incorporated into the hV1-S1S4, and series of dilutions reflected the changes 

in chemical shifts (Figure 4.3A). While majority of resonances showed typical hyperbolic 

binding isotherms in the presence of ethanol, the absence of ethanol resulted in the 

binding curves that resemble sigmoidal curves. Fitting these curves of Y511 and S512 to 

the Hill equation resulted in different Kd values 3.5 ± 0.4 mol%, and 3.4 ± 0.2 mol%, 

respectively, with the Hill coefficients of 2.0 ± 0.3 and 1.6 ± 0.1, respectively (Figure 

4.3B). From this experiment, there were resonances that did not show the specific binding 

to capsaicin. Instead, some residues exhibited intriguing trends in line widths as a 

function of capsaicin. For example, E467, a residue in the extracellular S1-S2 loop, 

showed increasing line widths (line broadening) as the concentration of capsaicin 

increased, but at the end, the line width decreased at the final saturating concentration of 

capsaicin. Additionally, some residues such as T526 in the S3 helix and S540 in the S4 

helix, which are close in proximity, showed decreasing line widths as capsaicin reached 

the saturating concentration (Figure 4.3C). 
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Figure 4.2 NMR-detected EtOH titration with the hV1-S1S4. (A) Superimposed hV1-
S1S4 HSQC spectra as increasing volume of ethanol. (B) Calculated mole% values of 
EtOH was plotted against the chemical shift perturbations (CSPs) of Y511. (C) The 
CSPs of Y511 was plotted against the added volume of EtOH, which seemed to show 
a generally linear relationship indicative of non-specific binding. 
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Figure 4.3 NMR-detected capsaicin titration with the S1-S4 domain of hTRPV1. (A) 
NMR-detected capsaicin titration with the hV1-S1S4 without ethanol. Global CSPs 
were also observed similar to the previous titration with capsaicin stock prepared in 
ethanol. (B) Binding curves of Y511, S512 and T550 from the capsaicin titration 
without the use of vehicle. These curves were fitted using the Hill equation instead of 
the equation used for one-site saturation binding. The resulting Kd values were 3.5 ± 
0.4 mol%, 3.4 ± 0.2 mol%, and 14 ± 13 mol%, respectively. (C) Changes in linewidth 
(full-width at half height, FWHH) as a function of capsaicin concentration. Instead of 
the line broadening upon ligand binding, different trends were observed. For example, 
the linewidths E467 in the S1-S2 loop increased with the increasing capsaicin 
concentration, but at the final, saturating concentration, the linewidth decreased 
drastically, which could indicate an intermediate exchange. Additionally, T526 in S3 
helix and S540 in S4 helix showed gradually decreasing linewidth, which could 
indicate slow exchange systems.  
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4.3.2 The Mutants of the hV1-S1S4 Binds Capsaicin but with Decreased Affinities 

 Y511 in S3 helix has been designated to be a key molecular determinant of 

capsaicin interaction. When Y511 of the rat TRPV1 was mutated to alanine (rTRPV1-

Y511A), the mutant channel showed no response to capsaicin [7]. To test this, the hV1-

S1S4-Y511A was generated, and this mutant was subjected to the same NMR-detected 

capsaicin titration experiments, using both capsaicin solutions prepared in ethanol, and 

capsaicin directly incorporated in protein solution. These two distinct approaches led to 

slightly different results. First, the magnitudes of chemical shift perturbations () were 

compared to the WT. When capsaicin prepared in ethanol was used, the overall 

magnitude of  of the hV1-S1S4-Y511A was much smaller than that of WT. Despite 

the smaller  values, when each resonance was analyzed, majority of the resonances 

displayed the saturable, specific capsaicin binding with the overall Kd of 16.7 ± 0.7 

mmol%, which is approximately 2.3 times weaker than the WT. On the other hand, when 

the capsaicin was directly incorporated into the hV1-S1S4-Y511A solution, the 

magnitude of  was similar to that from the WT, and some resonances showed tighter 

binding to capsaicin (Figure 4.4).  

 Our previous work showed that the R557A is a coupling mutant in temperature 

sensing [32], and we further investigated the role of this residue in capsaicin sensitivity. 

First, we probed the effect of this mutation in the full-channel using the whole-cell patch 

clamp electrophysiology. Compared to the WT hTRPV1, hTRPV1-R557A showed no 

responses to capsaicin, indicating that R557 could be also involved in coupling between 

the S1-S4 domain and pore domain in capsaicin gating. To test if the R557A mutant in 
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the S1-S4 domain would reflect the same result as the functional measurement, the hV1-

S1S4-R557A was generated and the same capsaicin titration was carried out. Somewhat 

expected, the hV1-S1S4-R557A bound capsaicin, with the average Kd of 26.1 ± 10.2 

mmol%. 

 

To evaluate the contributions of Y511 and R557 in capsaicin binding, a double-

mutant, hV1-S1S4-Y511A/R557A was created and was subjected to the capsaicin 

titration. Compared to the single mutants, the overall  values were slightly smaller, 

however, many residues still seemed to bind specifically to capsaicin, yielding the overall 

Kd of 21.3 ± 1.4 mmol%. The Y511A, R557A mutants and the Y511A/R557A double 

mutant allowed us to perform double mutant cycle analysis [32]. Using the averaged Kd 

values of the WT, Y511A, R557A and Y511A/R557A, double mutant cycle analysis was 

performed. The change in free energy (G) were calculated from the converted Kd values 

 

Figure 4.4 Comparison in  magnitudes from the capsaicin titration with hV1-S1S4 
and its mutants. All of these titrations were performed using capsaicin stock prepared 
in ethanol. To compare, the  values from ethanol was plotted as well. Overall, the 
 values from the mutants are much smaller than the wild-type. 
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from mol% to Molarity, and the differences in Gs were further calculated (Table 4.1). 

Unfortunately, the quality of R557A data was inferior than the others, resulting in a huge 

error compared to others. It will be worth collecting the R557A data in the future studies. 

The calculated G values are listed in Figure 4.4, and the coupling energy between Y511 

and R557 (G) was calculated to be 0.6 ± 0.3 kcal/mol (Figure 4.5). 

Table 4.1 Averaged Binding Dissociation Constants of the hV1-S1S4 WT, Y511A, 

R557A and Y511A/R557A. 

 WT Y511A R557A Y511A/R557A 
Averaged Kd 

(mmol%) 
7.2 ± 0.1 16.7 ± 0.1 26.1 ± 10.2 21.3 ± 1.4 

Converted Kd 
(μM) 

1.0 ± 0.1 2.3 ± 0.1 3.6 ± 1.4 3.0 ± 0.2 

G (kcal/mol) -8.5 ± 0.1 -8.0 ± 0.1 -7.7 ± 0.2 -7.9 ± 0.1 
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We noticed that many residues in the S1-S2 loop show an apparent specific 

interaction with capsaicin. To test if the extracellular S1-S2 loop is crucial in capsaicin 

binding, the following mutations were created, D459A and E467. These two mutants 

resulted in even smaller  at the saturating concentration of capsaicin than the other 

mutants, Y511A, R557A, and Y511A/R557A, and the ethanol (Figure 4.4). The overall 

averages of the Kd values for the D459A and E467A were 16.7 ± 0.9 mmol% and 13.2 ± 

0.9 mmol%, respectively, which are weaker than the WT by approximately 4-5 folds 

(Figure 4.4).  

 

Figure 4.5 Double mutant cycle analysis for capsaicin binding. From this double 
mutant cycle analysis,  ∆𝐺 ≠ ∆𝐺 /  and ∆𝐺 ≠

∆𝐺 / , indicating that these two mutations, Y511A and R557A, are not 
independent of each other. Furthermore, the coupling energy between Y511 and R557, 
∆∆𝐺  was calculated to be −0.6 ± 0.3 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙. 
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Furthermore, we hypothesized that mutating one of the residues in the S1-S2 loop 

and Y511 might knock out the capsaicin sensitivity, and another double mutant, hV1-

S1S4-E467A/Y511A, was made, and was tested for capsaicin binding. The magnitude of 

 was somewhat decreased, and majority of resonances retained saturable specific 

binding (Figure 4.6). The same double mutant cycle analysis was performed, using 

E467A and Y511A single mutants and an E467A/Y511A double mutant, and the free 

energy of coupling between E467 and Y11 was calculated. All the values are listed in 

Figure 4.7. 

 

Figure 4.6 Comparison among capsaicin binding to the hV1-S1S4. On the left is 
representative binding isotherms of a residue W549. This is the indole amine of 
W549, and the binding isotherms of the mutants were plotted to compare the 
affinities to capsaicin. The bar plot on the right represents the averaged Kd values in 
mmol% for all the constructs that were tested. The error for the R557A mutant is 
quite large due to the poor fitting from the poor quality of data. The smaller values of 
Kd indicates a tighter binding, and this confirms that the wild type has a tighter 
interaction with capsaicin than the mutants.  
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4.3.3 Capsaicin Binding at Different Temperatures 

 Previously, we have shown that the S1-S4 domain undergoes temperature 

dependent conformational changes. If the hV1-S1S4 were to have different 

conformations at different temperatures, capsaicin may interact with the hV1-S1S4 

differently at each temperature. To test this hypothesis, capsaicin titrations at 3 different 

temperatures, 25, 37 and 50 °C were carried out. Due to the coalesces of resonances, the 

Kd values of some residues could not be obtained. Overall, capsaicin bound with the 

tightest affinity at 25 °C relative to the other two temperatures, when the averages of all 

 

Figure 4.7 Double mutant cycle analysis for residues E467 and Y511. From this 
double mutant cycle analysis,  ∆𝐺 ≠ ∆𝐺 /  and 

∆𝐺 ≠ ∆𝐺 / . Similar to Y511 and R557, these two residues 
E467 and Y511 are also not independent of each other. The free energy of coupling 
between E467 and Y511, ∆∆𝐺  was calculated to be −0.3 ± 0.2 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙, which 
is smaller than ∆∆𝐺  from Y511 and R557, and this value is presumably 
insignificant at the quality of the current data.  
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binding dissociation constants were compared. The plot of lnKd against the inverse of 

temperature (1/T  103) demonstrated a nonlinear trend (Figure 4.8), which deviates from 

the classical van’t Hoff model. However, this trend was not conserved when individual 

residues were analyzed. Some residues showed decrease in binding affinities as 

temperature increased, but most residues didn’t show a specific trend. In general, the 

classical van’t Hoff’s equation assumes that the H° and S° are independent to 

temperature changes (i.e., H° and S° are constant over temperature changes), which 

means that the heat capacity (Cp°) is zero. In this case, classical van’t Hoff equation as 

shown in equation [5] (in Materials and Methods) could provide the H° value from the 

slope. However, the plot shown in Figure 4.8 can be better analyzed by fitting using the 

nonlinear van’t Hoff’s equation. The nonlinear van’t Hoff’s model assumes that the H° 

and S° are dependent on changes in temperature, and the Cp° is not zero [35]. 

Depending on the curvature of the curve, the sign of Cp° changes, and the heat-sensitive 

nature of TRPV1 would result in the negative value of Cp° [37, 38]. 

  

Figure 4.8 Thermodynamic analysis 
of capsaicin binding to the hV1-S1S4. 
The averaged Kd values of capsaicin 
binding at 25 (blue circle), 37 (orange 
circle) and 50 °C (red circle), 
independently, were converted to 
molar unit. Then natural log (ln) of Kd 
were calculated, and plotted against 
1/T  103 in Kalvin. Since this plot 
does not follow the classical van’t 
Hoff’s equation, it will be fitted to the 
nonlinear van’t Hoff’s equation in 
future studies. From the fitting, Cp° 
value can be obtained. 
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4.3.4 Role of the S4-S5 Linker in Ligand Interaction  

 Another important residue in capsaicin binding is E570 in S4-S5 linker, as this 

residue also forms a hydrogen bond with the vanilloid head group. This interaction is 

crucial specifically because it causes the movement of the S4-S5 linker, initiating the 

gating event. To validate that the S4-S5 linker enhances the ligand interaction, the hV1-

S1S4-S4-S5 linker construct was generated. Using the same expression and purification 

condition, the hV1-S1S4-linker yielded an HSQC spectrum of which the spectral quality 

was as great as that of the hV1-S1S4. Extra residues were detected, and the C-terminal 

residues of the S4 helix were disappeared as expected. Next, the capsaicin was tested to 

for the differences in the magnitudes of the binding affinities. The capsaicin stock 

solutions with much smaller concentrations were prepared, and the NMR-based titration 

showed that Y511 and T550 in the linker construct showed much higher affinity to 

capsaicin than that of the hV1-S1S4 construct, with the affinities 0.26 ± 0.09 μmol% and 

0.30 ± 0.1 μmol%, respectively (Figure 4.9). Compared to the hV1-S1S4, the binding 

affinities for these two residues of the hV1-S1S4 with the S4-S5 linker are approximately 

130 fold and 45 fold tighter.  



 
146 

 

4.3.5 The hV1-S1S4 Interacts with Various Types of Ligands  

4.3.5.1 Vanilloid Compounds 

 Next, we tested other ligands that may interact with the hV1-S1S4. First, other 

vanilloid analogues such as capsiate and resiniferatoxin were subjected to the binding 

experiment, and the key residues were monitored. In NMR-detected ligand studies, 

residues that bind to the ligand tend to show higher magnitude of chemical shift 

perturbations that are induced by the specific binding event [34]. To observe differences 

in binding region, the /Kd plots were compared, and these plots revealed similarities 

and differences in vanilloids binding sites (Figure 4.10A-C). One residue that bound to 

all vanilloid compounds was K468 in the extracellular S1-S2 loop, closer to the S2 helix. 

Besides, residues that bind to each ligand were mapped on the structure (Figure 4.10D). 

Interestingly, only capsaicin did have a high /Kd value for Y511, but when the binding 

isotherms were plotted for both capsiate and RTx, Y511 did bind specifically to these 

 

Figure 4.9 Binding isotherms of capsaicin with the hV1-S1S4 and the hV1-S1S4 
with the S4-S5 linker. The dissociation constants from the capsaicin binding with 
the S4-S5 linker construct were much smaller than those from the S1-S4 domain, 
which means that the S4-S5 linker construct interacts with capsaicin much more 
tightly.  
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ligands; capsiate bound to Y511 with a Kd of 13 ± 3 mmol%, which is approximately six 

folds weaker than capsaicin, and RTx bound to Y511 with a Kd of 125 ± 38 nmol%, 

which is much more potent than capsaicin. 

 

4.3.5.2 Cannabinoids 

 There was a recent TRPV2 cryo-EM structured determined in the presence of 

cannabinoid (CBD) [39]. This work introduced the CBD binding site that is outside of the 

canonical vanilloid binding pocket formed by residues in the S3, S4 helices and the S4-

S5 linker [39]. In particular, the amino acid residues that bind CBD include hydrophobic 

and aromatic residues located in S5 and S6 helices [39]. Given that the insensitivity to 

 

Figure 4.10 Comparison among vanilloid ligands that interact with the hV1-S1S4. 
The ∆𝛿/𝐾  values from the capsaicin (A), capsiate (B), and resiniferatoxin (C) 
titrations were plotted against the hV1-S1S4 residue number. The grey boxes in these 
plots mean that the residues in this area are not meaningful. The residues that are 
above the cutoff values (above the grey boxes) are mapped on the structure (D, S1-S4 
domain of rTRPV1, PDB ID: 5IRZ) (E) Binding isotherms of Y511 with the vanilloid 
ligands. All three ligands show saturable specific interactions with Y511.   
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vanilloid ligands in TRPV2 comes from some sequential differences between TRPV1 and 

TRPV2, TRPV1 may be interacting with cannabinoid compounds in a different matter. 

To test this hypothesis, the hV1-S1S4 was subjected to the titrations with cannabinoid 

compounds, cannabidiol (CBD), cannabigerol (CBG), and anandamide (AEA), an 

endogenous endocannabinoid molecule, which are prepared in ethanol for the titrations. 

The same thorough analysis described in section 4.3.1 was performed, and the binding 

residues for each cannabinoids were mainly distributed in the S1-S2 loop and the S2 helix 

(Figure 4.11A-C). Three residues that all CBD, CBG and AEA commonly bound to the 

hV1-S1S4 were R456 in the S1-S2 loop, Q519 and T526 in the S3 helix (Figure 4.11D). 

As an example, the isotherms from R456 residue were plotted and the binding affinities 

of CBD, CBG and AEA to this residue were fairly similar (Figure 4.11E, F).  
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4.3.5.3 2-APB 

 2-aminoethoxydiphenyl borate, 2-APB, is a well-known modulator of diverse 

TRP channels, including TRPV1. It has been shown to activate TRPV1-TRPV4; whereas, 

it inhibits TRPV5 and TRPV6 [25, 26, 40]. There are two TRP channel structures with 2-

APB, TRPV3 and TRPV6 [28, 41]. Interestingly, 2-APB-bound TRPV3 structure 

demonstrated multiple binding sites, and one binding site overlaps with the 2-APB 

binding site in TRPV6. Among these three binding sites, two resides in the S1-S4 

domain, one is near the space formed by the S1 and S2 helices, and the other is where the 

cholesterol is shown to bind in the lower pocket (Figure 4.12A). To date, neither the 

 

Figure 4.11 Cannabinoids binding with the hV1-S1S4. The plots between the ∆𝛿/

𝐾  values and the hV1-S1S4 residue number were generated for each cannabinoid 
ligand (A-C). (D) Three residues in the hV1-S1S4 bound to all three ligands, and these 
residues are mapped on the structure (PDB ID: 5IRZ). (E) Binding isotherms of R456 
with CBD (green), CBG (dark green), and AEA (olive). The Kd values of CBD, CBG 
and AEA are 11 ± 2 mmol%, 14 ± 3 mmol%, and 13 ± 5 mmol%, respectively. These 
values are also plotted in (F).   
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binding site of 2-APB in TRPV1 nor the mechanism of 2-APB activation of TRPV1 have 

been identified. 2-APB stock was prepared in DMSO, and was titrated to the hV1-S1S4 

solution. First, regions in hV1-S1S4 that are equivalent to two 2-APB binding site found 

in TRPV3 were analyzed (Figure 4.12B). Residues A452 and R456 in S1 helix and S481 

in S2 helix, which are in close proximity to 2-APB binding sites, displayed specific 

binding with the average Kd of 10.4 ± 3.3 mmol% (Figure 4.12C). Interestingly, 2-APB 

in the putative cholesterol binding site is very close to Y555 in S4, and this residue also 

bound 2-APB well, with 13.8 ± 1.6 mmol% Kd (Figure 4.12C). Although 2-APB wasn’t 

detected in the vanilloid binding pocket in TRPV3 cryo-EM structures, both S510 and 

Y511 seemed to bind 2-APB as well, with the affinities 8.9 ± 3.0 mmol% and 10.4 ± 3.2 

mmol%, respectively (Figure 4.12D), indicating that the 2-APB binding and vanilloid 

binding sites may overlap. 
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4.3.5.4 Cholesteryl Hemisuccinate 

 Many TRP channels have been shown to be modulated by endogenous lipids. 

Cholesterol is an important component of mammalian membranes, and the concentration 

 

Figure 4.12 2-APB binds the hV1-S1S4. (A) The cryo-EM structure of rat TRPV1 
(PDB ID: 5IRZ, red) and 2-APB bound mouse TRPV3 (PDB ID: 6DVZ, grey) were 
aligned in PyMOL using the cealign algorithm, and only S1-S4 domain are shown to 
better demonstrate the 2-APB binding sites in TRPV3 as highlighted in yellow circles. 
(B) Residues that are good 2-APB binding candidates are highlighted in midblue, and 
2-APB molecules are also shown to show the proximity. (C) Binding isotherms of 
residues A453, R456, S481 and Y555 with 2-APB that show nice saturating curves. 
For Y555, it appears to be a little bit distant from the binding sites, but the 2-APB 
molecule located between the bottom of S1 and S2 helices is in close proximity to 
Y555, and the Kd of this residue was 14 ± 2 mmol% (open triangle). (D) 2-APB is not 
expected to bind in the canonical vanilloid binding pocket, but residues S510 and 
Y511 showed decent binding to 2-APB. 
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of cholesterol in the membrane influences the membrane fluidity and trafficking of the 

membrane proteins [42, 43]. Some studies have suggested that TRPV1 is negatively 

modulated by cholesterol, and putative cholesterol binding sites have been introduced 

[44, 45]. Cholesteryl hemisuccinate (CHS) is a cholesterol derivative that is widely used 

in experiments because it is much easier to handle. In the recent years, a few TRP 

channel structures have been determined in the presence of cholesteryl hemisuccinate. In 

TRPV2, the electron density that resembles a cholesterol molecule was detected in the 

crevice formed by S1 and S2 helices in the S1-S4 domain [46]. Given that TRPV1 and 

TRPV2 have approximately 50% sequential homology, cholesterol may bind in the 

similar region in the S1-S4 domain of TRPV1. Furthermore, TRPM4 structure revealed 

three putative CHS binding sites; first binding site was in the canonical vanilloid ligand 

binding pocket in the intracellular side between the S3, S4 helices and the S4-S5 linker, 

second was in the extracellular side where double-knot toxin binds in TRPV1, and third 

was in the space formed between the S1, S4 helices and the neighboring S5 helix [47]. 

Aligning the structures of TRPV1 and TRPM4, the lipidic molecule binding regions can 

be compared (Figure 4.13A)  

Other than the structural evidence, cholesterol binding site can be predicted by 

observing the amino acid sequence. The cholesterol binding motif is called CRAC 

domain (cholesterol recognition amino acid consensus), which consists of a hydrophobic 

residue, leucine or valine, followed by 1 to 5 residues, an aromatic residue, tyrosine or 

phenylalanine, followed by 1 to 5 residues, and finally, a basic residue, lysine or arginine 

[48]. CARC domain is the mirror image of the CRAC domain. In TRPV1 S1-S4 domain, 
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a few CRAC/CARC domains were spotted, V482-Y487-R491 in the S2 helix, L534-

Y537- in the N-terminal S4 helix, and L553-Y555-R557 in the C-terminal S4 helix 

(Figure 4.13B). After the titration with CHS solubilized in chloroform, some residues that 

are confidently assigned and are clearly distinguishable at 37 °C were analyzed, and they 

exhibited saturating specific binding with the average Kd of 7.4 ± 1.8 mmol% (Figure 

4.13C).  

In the closed-state TRPV1 cryo-EM structure (PDB ID: 5IRZ), there appears to 

be three regions that lipids may bind. One site is where the vanilloid ligands bind, second 

site is the pocket formed between the S1 and S2 helices, where the cholesterol binding 

site is in TRPV2, and third site is the extracellular region between the S1-S4 domain and 

the PD. To examine if the residues near the third lipid binding site interact with CHS, the 

residues that are within 5 Å from the lipid molecule (6OE) were selected [3], among 

these residues were Y454 and R456 in the S1 helix, which showed saturable specific 

binding (Figure 4.13D).  
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4.3.5.5 Antagonists 

 Antagonists of TRPV1 have been synthesized and tested by numerous 

pharmaceutical companies for the novel drug development [8, 11]. Capsazepine (CPZ), a 

commonly used TRPV1 antagonist, functions as a competitive inhibitor against capsaicin, 

with the IC50 in high nano-molar to low micro-molar range [49]. The CPZ-bound TRPV1 

cryo-EM structure (PDB ID: 5IS0) hinted that CPZ serves as a competitive inhibitor as 

 

Figure 4.13 Cholesteryl hemissucinate (CHS) interacts with the hV1-S1S4. (A) The 
putative locations of lipidic molecules in TRPV1. The molecules in blue stick are 
lipidic molecules bound to TRPV1, and molecules in red stick represent the CHS 
bound in TRPM4. (B) The membrane topology of the hV1-S1S4, highlighting the 
CRAC/CARC domains. The CARC domains are highlighted in orange, and the CRAC 
domains are highlighted in green. (C) Binding isotherms of two residues that form the 
CRAC domain in the S2 helix, V482 and Y487. These two residues show saturable 
specific binding with Kd values 4.4 ± 0.7 mmol% and 2.1 ± 0.6 mmol%, respectively. 
(D) Binding isotherms of the residues in the extracellular S1-S2 loop region. This 
region is close to the lipid molecule binding site in TRPV1, and these two residues, 
Y454 and R456, bind specifically to CHS with Kd values 3.2 ± 0.5 mmol% and 6.6 ± 
1.9 mmol%, respectively. 
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the structure showed that it binds in the vanilloid binding pocket [3]. To dissect the 

interaction between CPZ and the hV1-S1S4, the NMR-based titration was performed 

using the CPZ solution prepared in DMSO. Overall, decent chemical shift perturbations 

were observed as the concentration of CPZ increased, and more thorough analysis was 

conducted to isolate the binding site of CPZ in the S1-S4 domain. CPZ is not considered 

as a vanilloid compound because of its lack of vanilloid moiety, though the only 

difference in the head group is the presence of two hydroxyl group in CPZ instead of one 

hydroxyl and an ester (Figure 4.14A). The structure (PDB ID: 5IS0) indicates that Y511 

is not hydrogen bonded to CPZ, but S512 may be forming a hydrogen bond with CPZ 

(Figure 4.14B). When these two residues were carefully analyzed, only S512 showed a 

saturable hyperbolic binding isotherm indicative of specific binding. Another key residue 

T550 showed a specific binding to CPZ (Figure 4.13C-F).  

  

Figure 4.14 Capsazepine (CPZ) 
titration with the hV1-S1S4. (A) 
Chemical structure of CPZ. There is a 
slight change in the vanilloid moiety 
from an ester to a hydroxyl group. (B) 
CPZ-bound structure of rTRPV1 (PDB 
ID: 5IRZ). CPZ molecule is shown in 
midblue stick, Y511 is shown in red, 
T550 is shown in cyan, and L553 is 
shown in green. (C) CPZ binding 
isotherm of Y511 residue. Given that 
the fitting is not as great as other 
isotherms, S512 (D), T550 (E), and 
L553 (F), it can be concluded that Y511 
doesn’t bind well to CPZ. 
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 ABT-102 is another synthesized antagonist of TRPV1, which is much more 

potent antagonist than capsazepine. ABT-102 has been used as a pain reliever, but one 

major drawback of this molecule includes the cause of hyperthermia that could be fatal 

[13]. Our preliminary experiment tested the effect of ABT-102 against capsaicin 

activation and heat activation, where ABT-102 can efficiently inhibit the capsaicin 

activation with the nano-molar IC50, whereas it failed to block the heat-activation (Figure 

4.15A). Although it is not clear where ABT-102 binds in TRPV1, we hypothesized that 

ABT-102 may bind in the S1-S4 domain based on the evidence that a variety of distinct 

chemical ligands bind to this domain and that ABT-102 is a potent inhibitor against 

capsaicin, which in turn binds the S1-S4 domain. A titration was carried out using NMR, 

and it turns out Y511 doesn’t display specific binding to ABT-102 (Figure 4.15D). 

Instead, residues in the S3 helix and T550 showed specific binding (Figure 4.15E).  

  

Figure 4.15 ABT-102 binds 
outside of the vanilloid binding 
site. (A) ABT-102 inhibits the 
capsaicin-activated TRPV1, 
while it doesn’t hinder the heat-
activated TRPV1. (B) 
Chemical structures of ABT-
102 and capsaicin. (C) 
Exhibition of independent 
binding sites of ABT-102 
(purple) and capsaicin (red). 
T550 binds to both ligands. (D) 
Y511 doesn’t bind well to 
ABT-102. (E) T550 binds very 
well to ABT-102, with the 
binding affinity of 3.3 ± 1.0 
nmol%. 
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4.3.6 Evaluating Ligand Interactions as a Function of Temperature 

 To investigate how ligands affect thermosensitivity of the hV1-S1S4, NMR-based 

temperature titrations in the presence of ligands, 4 mole% capsaicin, 1.2 mmole% ABT-

102, 30 mmole% PIP2 and 30 mmole% cholesteryl hemisuccinate, were performed. The 

mean H of the apo hV1-S1S4 was 21.2 ± 0.1 kcal/mol. Compared to this, the binding of 

capsaicin caused a significant left-shift in the mean H, whereas other ligands, ABT-102, 

PIP2 and CHS, showed smaller magnitude of right-shifts in the mean H (Figure 4.16). 

 

 Because there was a significant decrease in thermosensitivity when capsaicin was 

bound to the hV1-S1S4, the thermosensitivities of the mutants were compared in the 

absence and presence of capsaicin. Compared to the WT, Y511A, R557A and 

Y511A/R557A mutants showed slight decrease in thermosensitivity. These mutants also 

do not show significant differences in thermosensitivities with the addition of capsaicin 

(Figure 4.17).  

 

Figure 4.16 The effect of various ligands in the hV1-S1S4 thermosensitivity. 
Compared to the hV1-S1S4 wild type (WT), which has H = 21.2 ± 0.1 kcal/mol, 
only capsaicin causes decrease in thermosensitivity to H = 17.1 ± 0.2 kcal/mol. 
Though there are slight differences, other ligands didn’t have significant differences 
in H values from the WT. 
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4.4 Discussion 

 In this study, we explored how the S1-S4 domain of TRPV1 responds to the 

canonical TRPV1 agonist, capsaicin, as well as a variety of chemical ligands. One 

challenge with these binding studies is that because all of these ligands are lipophilic, the 

use of organic solvents as a vehicle was inevitable. Consequently, there could be two 

species of chemical shift perturbations that evolve at the same time; one arose from the 

solvent and the other from the ligand. As shown in Figure 4.2, ethanol induces chemical 

shift perturbations, with fairly meaningful magnitudes, and the ethanol seemed to 

influence the magnitude of the capsaicin affinity as shown in Figures 4.1 and 4.3. For 

example, Y511 had Kd values of 2.0 ± 0.5 mmol% when capsaicin solution in ethanol 

was titrated, but when capsaicin was directly incorporated, the Kd values of Y511 was 

 

Figure 4.17 Comparison of temperature sensitivity of the WT and mutants and the 
effect of capsaicin in thermosensitivities. The blue lines indicate the mean of the H 
values. The mutants of hV1-S1S4, Y511A, R557A and Y511A/R557A, didn’t show 
significant shifts as shown in the WT. 
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approximately 5 mol%, yielding about 2,500 fold difference (Figure 4.1 and 4.3). In both 

cases, the hyperbolic curves did reach the saturating point, Previous studies indicated that 

the alcohol potentiates TRPV1 activation. For example, when capsaicin prepared in the 

alcoholic solution was administered to patients, the ethanol-induced potentiation of 

TRPV1 was observed [50]. The tighter affinities to capsaicin with ethanol could support 

the previous results that ethanol enhances the potentiation of TRPV1.  

Another interesting trend observed in these studies was the change in exchange 

rate. From the capsaicin with ethanol titration, a lot of residues displayed the binding 

isotherms that would represent the fast exchange between the ligand and the protein. 

However, the capsaicin titration without ethanol showed interesting sigmoidal binding 

curve, which is indicative of an intermediate exchange. Rather than fitting this sigmoidal 

binding curve to the classic binding fitting equation, the Hill equation fits much better 

with higher correlation value. For example, fitting Y511 data to the Hill equation resulted 

in Kd = 3.5 ± 0.4 mol% with the Hill coefficient of 2.0 ± 0.3 and R2 = 0.9884, which is 

1,750 fold different compared to the other fitting method that adopts 1:1 ratio between 

ligand and protein. 

One residue that had both a large  and a saturable binding curve was E467 

located in the S1-S2 loop, closer to the S2 helix. Without ethanol as a vehicle, it seemed 

to have a non-specific binding at higher concentration of capsaicin as it did not have a 

saturating curve. However, there was an interesting trend found in changes in line width 

as a function of capsaicin. Line shape analysis can be monitored to see if the protein 

undergoes a conformational change as ligand bind. In the fast exchange regime, if the 
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ligand binding induces the conformational change, the protein will experience consistent 

line broadening as the concentration of ligand increases. In contrast, if the protein binds 

the ligand with an intermediate exchange rate, the line width would increase at first, but it 

will decrease at the saturating concentration of ligand, indicating that the protein is in the 

ligand-bound conformation [34]. This trend was observed from this residue. These results 

suggest that capsaicin binding to the S1-S4 domain causes the global conformational 

change, which could provide a more detailed explanation of capsaicin-induced gating 

mechanism. Furthermore, a previous study performed molecular dynamic simulations to 

understand how capsaicin enters and settles in the vanilloid binding pocket [51]. This 

simulation pointed out that capsaicin enters through the S1-S2 loop and flips on its way 

to occupy the binding pocket. Given that the residues in the S1-S2 loop bind well to 

capsaicin, we could test the role of the hV1-S1S4 as a flipase. We also note that a lot of 

titrations had relatively smaller . In general, the ligand binding residues produce large 

chemical shift perturbations [34], but the mixture of fast and intermediate exchange 

between the ligands and the S1-S4 domain could explain the smaller magnitudes.  

As a protein undergoes a conformational change due to ligand binding, the trend 

of chemical shift perturbations could be nonlinear. This trend was detected from a 

previously performed titration between calmodulin (CaM) and calcium, where the 

resonances of CaM resembled circular motions as calcium concentration increased [52]. 

This similar trajectory of chemical shift perturbations was also detected in the hV1-S1S4 

titration with capsaicin in EtOH. T450 in the S1 helix and S510 in the S2-S3 loop showed 
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this trend (Figure 4.18A), and Y511 also shows a nonlinear chemical shift perturbation, 

suggesting that the S1-S4 domain may undergo a conformational change (Figure 4.18B).  

 

 Despite the concern, ethanol doesn’t seem to disrupt the interactions between the 

hV1-S1S4 and various ligands. The majority of ligands were prepared in ethanol, 

including capsiate, RTx, CBD, CBG, AEA, and ABT-102. Regardless of the similarities 

in the magnitudes of , the resulting Kd values for each ligand were different, indicating 

that the ligands in ethanol interact with the S1-S4 domain distinctively. Although the 

binding sites seemed to be quite similar among all the ligands that were tested, some 

differences were observed. Comparing just vanilloid ligands, capsaicin, capsiate and 

RTx, general binding sites overlapped, which are located in the extracellular S1-S2 loop 

  

Figure 4.18 Nonlinear 
chemical shift perturbations 
detected from the capsaicin 
titration with the hV1-S1S4. 
(A) T450 and S510 show 
unique chemical shift 
perturbations. There seem to be 
differences in linewidths for 
these resonances based on 
differences in resonance 
intensities. (B) Y511 also 
displays a nonlinear chemical 
shift perturbation. Rather, 
Y511 showed somewhat 
inconsistent chemical shift 
perturbations. Nonetheless, 
these trends could indicate that 
the hV1-S1S4 experiences a 
conformational change or a 
change in dynamics. 
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and the S3 helix. However, RTx seemed to interact with the residues in S4 helix more 

than capsaicin and capsiate. Between capsaicin and capsiate, the only difference in 

chemical structures is the neck; capsaicin has an amide group, whereas capsiate has an 

ester. Because the neck of capsaicin forms a hydrogen bond with T550 in S4 helix, it can 

be expected that capsiate may not interact with T550 due to its lack of amide in the neck. 

Our titration data with capsiate indicates that T550 interacts with capsiate. Compared to 

capsaicin (Kd = 7 ± 2 mmol%), capsiate binds T550 with almost three folds weaker 

affinity (Kd = 19 ± 3 mmol%). Other than decreased affinity, few differences in binding 

site were observed from capsiate relative to capsaicin.  

The data presented here indicate that cannabinoids bind in the S1-S4 domain of 

TRPV1, contradicting the results from TRPV2 where cannabidiol (CBD) binds in the 

pore domain [39]. There was no indication that the S1-S4 domain of TRPV2 does not 

seem to bind CBD, and this could be because of the majority of amino acid sequence 

differences between TRPV1 and TRPV2 in the S2 to S4 helices, which are central to 

ligand binding in TRPV1. Previously, a few studies have shown that in TRPV2, 

equivalent amino acid residues to the key residues in the vanilloid binding pocket, Y511, 

S512, M547 and T550, differ [20, 21]. Given that mutation of these residues in TRPV2 

reversed the sensitivity to vanilloid ligands, it may be possible that cannabinoids might 

bind the S1-S4 domain of engineered TRPV2. Cannabinoids have a hydroxyl group that 

could potentially form hydrogen bonds with Y511 in the vanilloid binding pocket. Given 

that the chemical structures of CBD and CBG are similar, it was expected that the 

binding sites for these two molecules may be similar. After a thorough analysis, three 
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residues, R456, Q519 and T526, are found to be binding all three cannabinoid ligands. 

Both CBD and CBG bound specifically to Y511, but AEA does not appear to interact 

with Y511, indicating that binding sites for AEA may be different from that of vanilloids 

and plant-based cannabinoids.  

One common feature in ligand binding with the hV1-S1S4 is the interaction in the 

extracellular S1-S2 loop. For Cholesterol and 2-APB, binding at this loop was somewhat 

expected because of the predicted CARC domain in the extracellular region (Figure 

4.13B), and the 2-APB bound structure (PDB ID: 6DVZ, Figure 4.12A). For cholesteryl 

hemisuccinate (CHS), the hV1-S1S4 residues that form the CARC domain at the top of 

the S2 and S4 helices did exhibit specific binding. There are a few TRP channel 

structures that include cholesterol molecules, which revealed multiple binding sites [46, 

47]. These binding sites include canonical vanilloid binding site, a crevice formed 

between the S2 and S3 helices, an extracellular space between the S1-S4 domain and the 

pore domain, and near TRP helix [3, 46, 47]. Similar to this, residues of the hV1-S1S4 

near these putative cholesterol binding sites displayed specific binding to CHS. However, 

the global chemical shift perturbations detected from the ligand binding titration with 

CHS could have been potentially induced by changes in membrane fluidity. Similarly, 2-

APB also seemed to cause global chemical shift perturbations and the large majority of 

the resonances did show saturable, specific binding to the hV1-S1S4. From the 2-APB 

bound TRPV3 structure, three binding sites are found near the S1-S4 domain, so our data 

seem to be in agreement with the structural data. Collectively, binding to both S1-S2 loop 



 
164 

and the intracellular side could indicate that the hV1-S1S4 functions as a flipase for other 

ligands as well. Further experiments would have to be performed to test this hypothesis. 

 Beyond binding with many ligands, the relationship between the ligand and 

temperature activation was also explored. Our previous work involved robust 

thermodynamic analysis of the S1-S4 domain using solution NMR, far-UV CD and 

intrinsic tryptophan fluorescence, where we showed that the average H of the hV1-S1S4 

as changes in temperature was ~20 kcal/mol. When capsaicin was bound, there was a 

decrease in H, from 21.2 ± 0.1 kcal/mol to 17.1 ± 0.2 kcal/mol (Figure 4.17). However, 

it is intriguing that the thermosensitivity of the mutants wasn’t influenced by the 

existence of capsaicin, which could indicate that capsaicin doesn’t bind to the mutants. 

As the capsaicin titrations showed, the hV1-S1S4 mutants remain capsaicin sensitive, 

though the affinities are smaller than the wildtype. It is possible that capsaicin binding 

energies from these mutants are not strong enough to encourage the channel gating, and 

this could explain why the hTRPV1-Y511A and hTRPV1-R557A mutants lost capsaicin 

sensitivity.  

When other ligands, ABT-102, PIP2 and cholesteryl hemisuccinate were tested for 

their influence in thermosensitivity, the differences were insignificant, meaning that these 

compounds do not affect the thermosensitivity. In the case of ABT-102, this information 

and the binding study of ABT-102 can be used to decouple the ligand and temperature 

activation. If there is a residue that binds to ABT-102, but doesn’t affect the temperature 

activation, this region could be a new target for the pain medication without causing fatal 

hyperthermia, which one major side effect of current ABT-102 treatment.  
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Current hypothesis on the thermosensing is that an endogenous phospholipid 

occupies the vanilloid binding pocket, and as heat is applied, the phospholipid is 

evacuated from the binding pocket, and the gating event starts. With current cryo-EM and 

MD simulations, this is challenging to test experimentally, and the temperature titration 

in the presence of PIP2 and CHS could be a good method to test this hypothesis. Our 

results showed that addition of these lipidic molecules caused no significant differences 

in thermosensitivities, which could indicate that the lipids may not modulate temperature 

sensing mechanism, or they have allosteric influence on the channel modulation.  

  Lastly, we investigated the function of the S4-S5 linker in the ligand interaction. 

From the computational docking, presence of the S4-S5 linker exhibited higher free 

energies from the ligand binding for capsaicin, capsiate, capsazepine and resiniferatoxin. 

The NMR ligand titrations of the hV1-S1S4-linker with capsaicin was performed using 

much smaller titration points (μmol% range), and these ligands bound tighter to the linker 

domain. More analysis need to be done on this, and one essential analysis for this 

experiment is the assignment of the resonances for the S4-S5 linker. Because there are 

additional resonances, three resonances that formed the S4 helix of the hV1-S1S4 

construct, T556 and R557 and G558, need to be re-assigned.  

 In conclusion, this work provides putative binding regions of various ligands. 

Binding studies suggest that the S1-S4 domain may experience a change in dynamics 

related to several conformational ensemble, induced by the ligand binding, and this 

conformational change could be crucial to complete the ligand activation mechanism. 

Given that specific binding was observed in the extracellular loop region, this raises the 
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possibility of the S1-S4 domain serving as a flipase. Temperature titration experiments in 

the absence and presence of capsaicin explains that the capsaicin and temperature 

activation may be inherently thermodynamically coupled, but that may not be the case for 

other ligands such as ABT-102, PIP2 and CHS. Although more analysis needs to be done, 

the S4-S5 linker seems to enhance the interaction with capsaicin. Besides the role in 

ligand activation, it will also be interesting to investigate how this linker plays a role in 

temperature activation. Lastly, this study suggests that the S1-S4 domain can be a 

platform to screen drugs to investigate both the binding location and the affinities of the 

drugs, which could be beneficial to develop a novel drug.  

4.5 Supplementary Information 

4.5.1 MatLab Script to Extract Kd Values from a High Volume of Data 

clc 
close all 
clear all 
warning('off') 
files=dir('*.txt'); 
j=readtable(files(1).name,'Delimiter','\t'); 
n=size(files); 
  
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 
%%  
  
x=[0 1.00E-03 2.00E-03 5.00E-03 0.012 0.015 0.025 0.075 0.125 0.225 0.723]; 
  
fit=@(b,x) b(1).*x./(b(2)+x); 
xData=x(:); 
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yData=Dd(:,1); 
beta0=[max(yData),0]; 
[beta,R,J,CovB,MSE]=nlinfit(xData,yData,fit,beta0) 
  
  
%%  
  
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)); 
    SEM=standev/sqrt(length(yData)) 
    SSresidual=sum(R.^2); 
    SStotal=sum((yData-mean(yData)).^2); 
    rsquare=1-(SSresidual/SStotal) 
     
    h=figure; 
    xfit=linspace(min(xData),max(xData));  
    plot(xData,yData,'o',xfit,fit(beta,xfit));  
    kd(:,i)=beta(:,2); 
    standard_error(:,i)=standev(2); 
    saveas(h,sprintf('./plots/FIG%d.png',i)); % will create FIG1, FIG2,... 
    close 
end 
disp('done') 
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CHAPTER 5 

BEYOND HUMAN TRPV1 S1-S4 DOMAIN: EXPRESSION AND PURIFICATION 

OF VITAMIN K EPOXIDE REDUCTASE (VKOR) 

This chapter include additional work that I studied during my PhD.  

5.1 Introduction 

Vitamin K is involved in production of blood coagulation factor from post-

translational modification of vitamin K-dependent proteins (VKD). Since vitamin K is 

minimal in human diet, it needs to be recycled for appropriate functions. Vitamin K exists 

as a quinone in human body and it is reduced to vitamin K-hydroquinone (KH2) [1]. 

Next, hydroquinone is oxidized to vitamin K-epoxide, which then should be reduced to 

vitamin K-quinone (Figure 5.1) [1]. Two enzymes that are responsible for this recycle are 

γ-glutamyl carboxylase (GGCX), and vitamin K epoxide reductase (VKOR). GGCX aids 

γ-carboxylation of glutamic acid (Gla) residues, which is essential for post-translational 

modification of VKD proteins, and VKOR is responsible for reducing vitamin K-epoxide 

to vitamin K-quinone (Figure 5.1). If vitamin K-epoxide is not reduced to the quinone 

form, concentration of inactive vitamin K will increase, which will decrease the 

production of coagulation factors [1]. This cycle is crucial for blood coagulation and 

VKOR has been identified as a therapeutic target of anticoagulant, warfarin.  
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Warfarin is the most widely used oral anticoagulant to treat diseases such as 

thromboembolic disorders and stroke. Despite its efficiency in anticoagulation, the 

difficulties in warfarin therapy still remain due to warfarin’s narrow therapeutic range 

that arose from single nucleotide polymorphisms (SNPs) [2, 3]. Depending on types of 

SNPs, one can be extremely sensitive to warfarin that even a small dose of warfarin could 

lead to extreme bleeding, or some SNPs could cause the resistance to warfarin, and 

higher dosage of warfarin would be needed while carefully monitoring the patients. 

Although it is known that warfarin inhibits the VKOR activity, the binding pocket of 

warfarin in VKOR was a mystery when this project was ongoing. So far, the available 

structures of VKOR are via X-ray crystallography  

 

Figure 5.1 Vitamin K cycle. Vitamin K is reduced to KH2, and an enzyme gamma-
glutamyl carboxylase (GGCX) drives the carboxylation reaction, which leads to the 
generation of Vitamin K oxide (KO). This KO needs to be reduced again to produce 
vitamin K, and the enzyme responsible for this is vitamin K epoxide reductase 
(VKOR). 
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Even though VKOR has been acknowledged since early 1940s, the discovery of 

VKORC1 gene has not been until quite recent, which was in 2004 by Li and coworkers 

[4]. Many groups have been trying to purify the protein, but it has been very challenging 

to purify, concluding that VKOR might be a multi-subunit complex [1]. VKOR 

homologues can be found in many other species including rats, bacteria, insects, and 

plants, but its function in different species has not been specified.   

In 2010, Rapoport’s group resolved the crystal structure of bacterial homologue of 

VKOR [5]. This structure has provided new insights into a putative warfarin binding site 

and electron transfer mechanism that is important for the VKOR activity. However, to 

date, the membrane topology of human VKOR (hVKOR) has been an ongoing debate. 

The homology model of hVKOR was built based on the bacterial VKOR, which includes 

four transmembrane helices, this model was used to study the warfarin binding to 

hVKOR via computational method [6]. In contrast, some predicted that hVKOR may 

have three transmembrane helices instead of 4-TM [7].  

Another protein of interest related to this project was human VKOR-like 1 protein 

(hVKORL1). As a paralog of hVKOR, meaning that these two genes derived from the 

same ancestor [8], hVKORL1 shares approximately 74% similarities in protein sequences 

to hVKOR, and its sensitivity and resistant to warfarin has been studied [9]. Even though 

these two genes are paralogs, VKOR is expressed in liver, while VKORL1 is expressed 

in extrahepatic tissues [10, 11]. Because VKORL1 has much higher resistance to warfarin 

than VKOR, VKORL1 activity still remains active at a concentration of warfarin that 
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inhibits VKOR activity. However, the mechanism of VKORL1 in warfarin inhibition still 

needs to be elucidated. 

One bacterial species that shares the homology of hVKOR is Mycobacterium 

tuberculosis, which is a human pathogen that causes tuberculosis. Beckwith and 

coworkers have shown that MtVKOR is essential for the formation of disulfide bond, 

which is important for the virulence, and for the growth of cells [12]. In addition, both 

vitamin K antagonists and antibiotics can interrupt the VKOR activity [12]. By 

determining the structure of MtVKOR and investigating the interaction between 

anticoagulants and MtVKOR, the mechanism of action of VKOR in human can also be 

understood. Furthermore, observing the binding of antibiotics to MtVKOR can lead to 

another way of developing new antibiotics for this pathogenic M. tuberculosis.   

5.2 Materials and Methods 

5.2.1 Expression Testing of MtVKOR, hVKOR and hVKORL1 

To identify the best expression condition, five components were considered; 

expression cell line, temperature, concentration of IPTG to induce, OD600 nm to induce, 

and the induction time. For this study, tested genes included Mycobacterium tuberculosis 

VKOR (MtVKOR), human VKOR (hVKOR) and human VKOR-Like 1 (hVKORL1). 

MtVKOR gene was obtained from the DNA repository system, DNASU, and codon-

optimized hVKOR and hVKORL1 constructs were obtained from DNA2.0. These genes 

were cloned into either pET16b or pET21b expression vector. The difference between 

these two expression vectors was the location of hexa-Histidine tag; pET16b possessed 
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an N-terminal 6His-tag, and pET21b included a C-terminal 6His-tag. All of these 

constructs were subjected to the expression testing. 

To begin, each construct was transformed into seven expression cell lines, BL21 

(DE3), BL21 (DE3) Star, C41 (DE3), C43 (DE3) Rosetta 2, Rosetta 2 (DE3), BL21 

(DE3) pLysS, and BL21 (DE3) CodonPlus RP. The expression vectors pET16b and 

pET21b had ampicillin resistant gene, and some cell lines, C43 (DE3) Rosetta 2, Rosetta 

2 (DE3), BL21 (DE3) pLysS, and BL21 (DE3) CodonPlus RP had chloramphenicol 

resistant characteristic. The medium that was chosen for expression testing was M9 

minimal medium because the objective of this project was to perform structural studies 

using NMR. For starter cultures, single colony from each transformation was picked with 

a pipette tip, and was inoculated to LB rich media with appropriate antibiotics; for 18 and 

25 °C, the starter cultures of 3 mL LB and 3 μL antibiotics were initiated in the morning, 

and were grown for approximately 7 h, and for 37 °C, 5 mL LB and 5 μL antibiotics were 

used and were grown overnight. For each cell line, 100 mL M9 medium (1.28 g 

Na2HPO4·7H2O, 0.3 g K2HPO4, 0.05 g NaCl, 0.1 g NH4Cl, pH adjusted to 7.0) was made 

and was autoclaved. Before inoculating starter cultures, 100 μL 1 M MgSO4·7H2O, 100 

μL 0.1 M CaCl2·2H2O, 1 mL MEM vitamin mix, 2 mL 20% glucose, and 100 μL 

antibiotics were added to 100 mL M9 minimal media. For fast growing cell lines, 1.5 mL 

of starter cultures were added, and for slow growing cell lines, 3 mL of starter cultures 

were inoculated. When OD600 nm reached between 0.7 and 0.8, the cells were induced 

with three different concentrations of IPTG, 0.3 mM, 0.5 mM and 1 mM. Induction 

periods varied at different temperatures, 48 h at 18 °C, 24 h at 25 °C, and 4 h at 37 °C. 
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After the whole process, final OD600 nm values were recorded, and 1 mL of each 

expression condition was collected in epi-tube, which was harvested by centrifuging at 

6,000  g for 20 min at room temperature. 

5.2.2 SDS-PAGE and Western Blot 

Harvested cell pellets were resuspended in lysis buffer mix (50 mM Na2HPO4, 

300 mM NaCl, 0.5 (w/v)% n-decyl -D-maltopyranoside (DM), pH 7-8), lysozyme, 

DNase, RNase, 0.5 Mg(CH3COO)2), using the normalized amount based on the final 

OD600nm. Followed by 10 min incubation at room temperature, 1 (w/v)% lauroylsarcosine 

was added. For SDS-PAGE and Western blot, appropriate amount of 6X SDS loading 

dye (0.375 M Tris-HCl, 6 mg bromophenol blue, 12% SDS, 0.6 M DTT, 60% glycerol, 

pH 6.8) was added. The samples were run on duplicates for both SDS-PAGE and 

Western blot. SDS-PAGE was run using 12% polyacrylamide gel at 120 V, and protein 

samples were transferred to the nitrocellulous membrane. After the incubation in the 

blocking buffer (5% dry milk in 1 Tris-Base Saline (TBS)) at room temperature, the 

membrane was washed with 1 TBSTT (1 TBS with 0.1% Tween 20 and 0.2% Triton 

X-100) twice, followed by one 1 TBS wash. Next, the membrane was incubated with 

the penta-His antibody in blocking buffer with 1:6,000 dilutions for 1 h, and three washes 

were repeated (twice with TBSTT and once with TBS). The membrane was then 

incubated with AP-linked anti-mouse secondary antibody for 1 h. Finally, the membrane 

was washed with TBSTT four times, and it was incubated with BCIP/NBT solution for 2-

3 min. 



 
178 

5.2.3 Protein Purification 

 Three protein constructs transformed into corresponding cell lines that yielded the 

best expression. For MtVKOR, the best expression condition was in BL21 (DE3) Star, 

grown and induced with 1 mM IPTG for 48 h at 18 °C. After the bacterial cell culture, 

harvested cell pellets were suspended in lysis buffer (70 mM Tris-HCl, 300 mM NaCl, 

0.2 mM EDTA, pH 7.7), with the addition of PMSF, LDR mix and Mg acetate. Per 1 g of 

cell pellet, 10 mL lysis buffer was used. The lysate was further sonicated with 50% 

power, and 50% duty cycle for better opening of the cells.  

For whole cell extraction, 3% (v/v) Empigen was added the sonicated cell lysate, 

and the mixture was tumbled for 1 h at 4 °C. To separate the solubilized membrane 

protein and the insoluble cell debris, lysate and Empigen mixture was centrifuged at 

20,000  g for 20 min at 4 °C. The supernatant was mixed with the 1 mL Ni-NTA slurry 

that was equilibrated while centrifugation, and the protein + Ni-NTA slurry mixture was 

tumbled for 1-1.5 h at 4 °C. The VKOR-bound Ni-NTA was collected by running 

through the protein and Ni-NTA slurry mixture through the column. The resin was 

washed with the EmpA buffer to wash out the unbound protein. The impurities were 

washed by flowing through 10 CV of wash buffer (EmpA with 30 mM imidazole, pH 

7.8). Next, the resin was washed with 15 CV of Rinse/Exchange buffer (25 mM 

Na2HPO4, 0.2% (w/v) DPC, pH 7.8), and the protein was eluted by 10 CV of Elution 

buffer (25 mM Na2HPO4, 300 mM imidazole, 0.5% (w/v) DPC, pH 7.8).  

For both inclusion body wash and membrane fraction extraction purification, the 

sonicated cell lysate was centrifuged at 20,000  g for 20 min at 4 °C. To extract 
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membrane fraction, supernatant was collected from the first centrifugation, and was 

proceed for ultracentrifugation at 100,000  g for 2 h at 4 °C. After the 

ultracentrifugation, the supernatant was discarded, and the pellet was resuspended with 

the binding buffer (25 mM Na2HPO4, pH 7.8) and the addition of 3 % (v/v) Empigen. 

The membrane fraction was tumbled at 4 °C for solubilization, and the next day, same 

Ni-NTA purification protocol was used. For inclusion body wash, the pellet after the first 

centrifugation was resuspended in lysis buffer, sonicated, and centrifuged. This cycle was 

repeated twice more, and the final supernatant was collected to proceed. This supernatant 

was continued onto the remaining purification protocol.  

5.3 Results and Discussion  

 The Western blot analysis of hundreds of expression condition isolated a few 

strong candidates based on the intensity of bands. Expression of the MtVKOR was great 

for all the expression conditions that were tested. In general, bacterial proteins express 

better than the human proteins, so the expression of hVKORL1 were not as great as that 

of MtVKOR. Unfortunately, the expression of hVKOR was so low that this construct was 

not continued. For each construct, best expression conditions are summarized in Table 

5.1.  

Table 5.1 Summary of best expression conditions for MtVKOR, hVKOR, and 
hVKORL1 

 MtVKOR hVKOR hVKORL1 

Expression cell line BL21 (DE3) Star N/A BL21 (DE3) 
CodonPlus RP 

Induction [IPTG] 1.0 mM N/A 1.0 mM 



 
180 

Temperature 18 °C N/A 18 °C 

 

 For MtVKOR, many attempts had done to optimize the purification condition. 

Among the whole-cell extraction, inclusion body wash and membrane fraction 

purifications, membrane fraction purification yielded the most pure MtVKOR protein, 

but the yield was quite low. The second best purification was the inclusion body wash; 

the yield seemed to be higher than the membrane fraction purification, but the purity was 

also a problem. Furthermore, it seemed that a lot of protein from the inclusion body wash 

didn’t bind to the Ni-NTA resin because a strong band was detected from the flow-

through fraction (Figure 5.3, Western blot lane 9). 
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Figure 5.2 Whole cell purification of MtVKOR expressed in BL21 (DE3) Star E. 
coli competent cell line, induced with 1 mM IPTG and grown at 18 °C. The 
MtVKOR protein seems to exist in elution fractions, but the purity of the elution 
fractions was very low. 
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Figure 5.3 Membrane fraction and inclusion body wash purifications of MtVKOR 
expressed in BL21 (DE3) Star E. coli competent cell line, induced with 1 mM IPTG 
and grown at 18 °C. The elution fractions from the membrane fraction purifications 
seemed pure, but the yield was a lot lower compared to the whole cell extraction 
purification and inclusion body purification.  
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After the Ni-NTA affinity chromatography purifications of MtVKOR, eluted 

proteins were not very pure, and the yield was quite low (Figure 5.2). For MtVKOR, 

preliminary 1H-15N TROSY-HSQC spectra were collected. The detergent 1,2-

diheptanoyl-sn-glycero-3-phosphocholine (DHPC) was used as the membrane mimic. A 

few issues with the sample were the low concentration of the sample, and the poor 

spectral quality (Figure 5.4). In addition, the purification results were not reproducible, 

and it was very costly to make a nice NMR sample to continue the project. 

 

Compared to MtVKOR, hVKORL1 seemed to be slightly easier to purify, but the 

expression level was a lot lower. To optimize the purification condition, the imidazole 

concentrations of the wash buffer were varied, but there was no significant difference 

from different conditions.  

 

Figure 5.4 1H-15N TROSY-HSQC spectra of MtVKOR in DHPC micelles. The 
sample was in a low concentration, therefore, to collect one spectrum, a large 
number of transient had to be inputted. Unfortunately, this spectrum could not be 
reproduced, presumably because of the challenges in protein purification. 
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 Even though this project is very intriguing and is very worth studying, the project 

was progressing too slowly to be pursued further. A lot of purification conditions were 

tested including varying the imidazole concentration, changing the detergent for elution, 

changing the pH of binding and eluting, and different extraction methods. If more efforts 

are put into, it may be possible to get a decent amount of pure protein to continue 

characterize, and it will be powerful to perform NMR-detected ligand titration to 

determine the location of warfarin binding and the binding dissociation constants. 

 

 

 

Figure 5.5 Whole cell purification of hVKORL1 expressed in BL21 (DE3) 
CodonPlus RP, induced with 1.0 mM IPTG, grown at 18 °C. Similar to the 
purifications of MtVKOR, the purity and the yield after purification were very poor. 
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5.4 Supplementary materials 

 

 

 

Figure S5.1 First part of expression testing of MtVKOR pET16b. A lot of 
conditions exhibit good expression of this protein. 
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Figure S5.2 Second part of expression testing of MtVKOR pET16b.  
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Figure S5.3 Third part of expression testing of MtVKOR pET16b. Overall, 
MtVKOR seems to express the best when the cells were grown at lower temperature. 
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Figure S5.4 Expression testing of hVKOR pET16b. The expression of this protein in 
all the tested conditions was very low, and it was decided not to pursue this protein. 
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CHAPTER 6 

CLOSING REMARKS 

 With the innovation of cryo-EM and technology, the functions of TRPV1 are 

elucidated little by little, yet, this intriguing protein still possesses unresolved mysteries. 

A plenty of studies in the TRPV1 research involve the functional studies of the full 

channel instead of working with one isolated domain of the channel. The work involving 

the S1-S4 transmembrane domain presented in this dissertation provides new insights 

into temperature and ligand activation of human TRPV1 ion channel.  

 Chapter 1 provides a general information about TRP channels, focusing on the 

thermodynamics of temperature sensing, and the ligand activation. Since this work 

heavily uses nuclear magnetic resonance spectroscopy, basic theory of NMR and ligand 

titration is described. 

 Chapter 2 is the overview of recently determined TRP channel structures via cryo-

electron microscopy. This review focused on the allosteric modulation of TRP channels, 

revealed by the cryo-EM structures in diverse states induced by ligand binding. It also 

covers the evolutionarily perspective of TRP channels, and summarizes the gating 

mechanisms that have been proposed from many ligand-bound TRP structures. Finally, it 

addresses currently known information in temperature activation of thermoTRPs, and 

concludes that the core thermosensitivity of TRP channels arises from the transmembrane 

domain (TMD).      

 Chapter 3 includes the work that characterized the S1-S4 domain and investigated 

the role of this evolutionary domain in temperature sensing. Many groups have been 
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putting tremendous efforts into understanding the mechanism of thermosensation. These 

groups focused on different domains of TRPV1 to probe TRPV1 thermosensing 

mechanism, but this work focused on the S1-S4 domain, a crucial domain for ligand 

binding. Despite in isolation, the S1-S4 domain is in biologically relevant state in that it 

binds capsaicin as monitored by the solution NMR. When this domain was subjected to 

temperature studies, it exhibited a reversible temperature-dependent conformational 

change, which led to the thermodynamic studies of the S1-S4 domain. From three 

biophysical techniques, the changes in enthalpy were obtained and it was decided that the 

S1-S4 domain provides meaningful thermodynamic signature to aid channel gating. 

Because a wide range of temperature is accessible via NMR, temperature-dependent 

movement could also be detected, which could be the origin of the large thermodynamic 

signature. This study is the first to show the direct interaction between capsaicin and 

TRPV1, and is the first to attempt to understand the thermosensing mechanism using a 

direct biophysical and thermodynamic analysis. 

 In Chapter 4, the S1-S4 domain was subjected to binding studies with various 

chemical ligands that have been shown to be the agonists and antagonists of TRPV1. This 

work performed more detailed analysis on capsaicin binding. So far, the cryo-EM 

structure indicates there is only one capsaicin binding site, but the data presented here 

suggest that there may be multiple binding sites of capsaicin in the S1-S4 domain. 

Another possibility is that the NMR titration detected global changes in dynamics or a 

conformational change that is induced by capsaicin binding. A variety of ligands such as 

capsiate, resiniferatoxin, capsazepine, cannabinoids, lipidic molecules and ABT-102 are 
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tested if the binding sites of these ligands reside in the S1-S4 domain. These ligands do 

bind to the S1-S4 domain with different affinities, and binding sites appeared to be 

overlapping with slight differences. This work also explored the method to decouple the 

temperature activation and ligand activation. Especially for ABT-102, it inhibits the 

capsaicin-activated TRPV1 very efficiently, meanwhile it isn’t effective against the heat-

activated TRPV1. This work shows that ABT-102 binds in the S1-S4 domain, but not in 

the canonical vanilloid binding site, and it did not change the thermosensitivity when the 

temperature titration of the S1-S4 domain was performed in the presence of ABT-102. 

This work could open up the new avenue to find a way to decouple different modes of 

activation.  

 Chapter 5 is the work that was conducted on vitamin K epoxide reductase, a 

membrane protein enzyme that is the molecular target for an anticoagulant, warfarin. The 

goal was to express and purify the VKOR proteins from human and bacterial orthologs, 

but the purification was extremely challenging with very low expression. Nonetheless, a 

little bit of data that were collected are presented in this chapter.  

 From these studies, the S1-S4 domain can be further investigated for its role in 

temperature, ligand activation, as well as proton activation. The contribution of the S1-S4 

domain in proton activation has not been explored, and it will be interesting to observe 

the changes in S1-S4 domain as a function of changes in pH. Currently, approximately 

87% of the amide backbone of the S1-S4 domain has been assigned, and it would be 

useful to obtain the full assignment, along with the side chain assignment. Incorporating 

both temperature and ligand interaction data, more detailed analysis to decouple the 
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temperature- and ligand- activation would need to be achieved. With the S4-S5 linker, the 

thermosensitivity hasn’t been studied much, and it will be helpful to get the assignment 

of the extra residues in the S4-S5 linker, and get some structural information from the 

PRE and RDC measurements. Furthermore, the involvement of the S4-S5 linker in other 

ligand gating would provide more detailed mechanistic insights.    
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