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STRUCTURAL STUDIES ON LIGAND AND LIPID MODULATION OF  

THE CAPSAICIN RECEPTOR, TRPV1 

by Yuan Gao 

 

ABSTRACT 

When integral membrane proteins are visualized in detergents or other artificial 

systems, an important layer of information is lost regarding lipid interactions and their 

effects on protein structure. This is especially relevant to proteins for which lipids play 

both structural and regulatory roles. Here, we demonstrate the power of combining 

electron cryo-microscopy with lipid nanodisc technology to ascertain the structure of an 

integral membrane protein - the TRPV1 ion channel - in a native bilayer environment. 

Using this approach, we could ascertain the locations of annular and regulatory lipids, 

enabling us to show that specific phospholipid interactions enhance binding of a spider 

toxin to TRPV1 through formation of a tripartite complex. Furthermore, 

phosphatidylinositol lipids occupy the binding site for capsaicin and other vanilloid 

ligands, suggesting a mechanism whereby chemical or thermal stimuli elicit channel 

activation by promoting release of bioactive lipids from a critical allosteric regulatory 

site. 
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Introduction 
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The polymodal pain receptor and its structure 

 

The heat and capsaicin-activated receptor, TRPV1 is an excitatory nonselective cation 

channel that reside in nociceptive sensory nerve endings. It belongs to the Transient 

Receptor Potential (TRP) cation channel superfamily and is also the founding member 

of the TRPV (vanilloid) subfamily. TRPV1 channel is gated by increase in ambient 

temperature with a thermal activation threshold of ~43°C(Caterina et al., 1997). TRPV1-

knockout mice also exhibited significant defects in their ability to respond to noxious 

heat(Caterina et al., 2000). Besides serving as the main transducer of noxious heat, 

TRPV1 responses are also markedly potentiated by proalgesic or proinflammatory 

agents (such as extracellular protons, nerve growth factor or bradykinin) under 

conditions of tissue injury or inflammation(Chuang et al., 2001; Tominaga et al., 1998). 

This modulation of TRPV1 by specific components of the inflammatory soup underlies 

the hypersensitivity of the channel to heat or the so-called thermal hyperalgesia. 

Therefore, TRPV1 is truly remarkable in being a polymodal signal integrator of various 

stimuli in the nociceptive and inflammatory pain pathway(Julius, 2013).  

 

Structurally, TRP channels are thought to resemble voltage-gated ion channels (VGICs) 

including potassium channels and bacterial sodium channels in terms of 

transmembrane topology. They form homo-tetramers and each subunit consists of six 

transmembrane helices with the segments between S5 and S6 from all four subunits 

assembling into the channel pore.  Most TRP channels have significant cytoplasmic or 

extra-cellular domains, these domains exhibit great diversity of topologies and 
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architectures even within the same sub-family. These specialized structural features 

likely contribute to the wide range of physiologic functions that are undertaken by TRP 

channels(Clapham, 2003).  

 

Unlike the VGICs, structural understanding of TRP channels has been limited by the 

lack of high-resolution structural information, which were traditionally obtained through 

the technique of X-ray crystallography. Nevertheless, crystal structure of cytoplasmic 

ankyrin repeat domain (ARD) of TRPV channels and domains of other TRPs have been 

reported(Jin et al., 2006; Lishko et al., 2007; Tsuruda et al., 2006). Only recently, by 

leveraging the latest revolution of single particle cryo-electron microscopy (cryo-EM), 

structures of several TRP channels have been determined to atomic or near-atomic 

resolutions including TRPV1, TRPV2, TRPA1, PKD2 and NompC 

(Huynh et al., 2016; Jin et al., 2017; Liao et al., 2013; Paulsen et al., 2015; Shen et al., 

2016; Zubcevic et al., 2016). Among the efforts, the pioneering work on TRPV1 by the 

Cheng and Julius groups at UCSF represents a milestone in TRP channel structural 

biology. Specifically, in that study, three structures of TRPV1 in distinct functional states 

were determined by cryo-EM, including unliganded, capsaicin-bound, and 

resiniferatoxin (RTX) bound in conjunction with a spider toxin. These structures confirm 

the tetrameric arrangement of channel subunits surrounding an ion permeating 

pathway, similar to the VGICs. Six transmembrane α helices from each subunit span the 

membrane in a domain-swapped fashion with extracellular-facing pore helix and loop 

between S5 and S6 forming the upper constriction of the pore. The lower gate of the 

channel is constituted of a hydrophobic seal at I679 from S6. Other unique features of 
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TRPV1 include a linker region that bridges the cytoplasmic ARD and Pre-S1, an 

amphipathic helical TRP domain immediately after S6 that runs parallel to the lipid-

cytosol interface, and an anti-parallel three-strand β-sheet from both the N and C 

terminus that mediates key inter-subunit interactions(Cao et al., 2013b; Liao et al., 

2013).  

 

Comparison of the apo TRPV1 structure with the channel-ligand complex structures 

also reveals a dual-gate mechanism for channel gating where extracellular stimuli such 

as DkTx or proton target the upper pore, and vanilloid compounds control the lower gate 

through binding to a lipid-facing crevice created by S3 and S4. The two gates are 

structurally coupled which is consistent with the cross-sensitization of the channel by 

different types of stimuli(Cao et al., 2013b; Tominaga et al., 1998). The binding sites for 

vanilloid compound and DkTx were identified in the structures, however the detailed 

protein-ligand interactions were not well resolved due to lower resolutions of the ligand-

bound complexes. To eventually elucidate the molecular mechanisms for gating and 

modulation of TRPV1 by these ligands, higher resolution structures are still needed.  

 

Molecular basis of vanilloid action on TRPV1   

 

Capsaicin, the pungent ingredient in chili peppers, evokes a burning pain-like sensation 

when you are enjoying spicy food. Capsaicin, as well as other pungent vanilloid 

compounds can specifically and potently activate TRPV1 channels on peripheral 

nociceptors. Since the initial discovery of TRPV1 as the receptor for capsaicin in 
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animals, there has been a strong pharmacologic interest in understanding the molecular 

basis of channel-ligand interaction. Early studies leveraged species-specific sensitivity 

of capsaicin in evolution to identify a region (S2, S3 and S2-S3 linker) in the 

transmembrane domain as the key site of action for vanilloid compounds. The avian 

TRPV1, unlike its mammalian orthologs, is insensitive to capsaicin but still retains 

thermal sensitivity. Comparative analysis of chicken TRPV1 and rat TRPV1 suggested 

Y511 and S512 of S3 are the key residues to confer capsaicin sensitivity in rat 

channel(Jordt and Julius, 2002). Similarly, rabbit TRPV1 is also insensitive to capsaicin 

or resiniferatoxin (RTX) highlighting M547 and T550 within the S3/S4 regions 

contributing to vanilloid binding in human and rat channels(Gavva et al., 2004).  

 

The first cryo-EM structure of TRPV1-capsaicin complex directly validated these 

mutagenesis studies by showing a robust density sandwiched between S3 and S4, 

close to the previously identified key residues(Cao et al., 2013b). Together with the 

conformational changes of the channel between open and close states, one can see the 

binding site is well-positioned to affect gating by pulling on the S4-S5 linker and 

ultimately S6 through coupling. Because the structures were not of sufficient resolution 

to model detailed interactions between TRPV1 and vanilloid, researchers have 

employed computational modeling/simulation on the basis of cryo-EM structures, 

together with further mutagenesis and functional studies to probe the molecular 

mechanism of vanilloid action. One such study suggested that the bound capsaicin 

adopts a “tail-up head down” configuration, and it stabilizes TRPV1 in the open state by 

“pull and contact” interaction with the S4-S5 linker through its vanilloid moiety. Residues 
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E570 and T550 are key to the interaction by forming hydrogen bonds with the “head” 

and “neck” of capsaicin, respectively(Yang et al., 2015).  

 

Over the years, a variety of synthetic vanilloid agonists or antagonists have been 

developed and shown to have a range of potencies(Szallasi et al., 2007). A detailed 

picture of protein-ligand interaction as well as better understanding of the mechanism of 

action by vanilloid ligands will certainly benefit these efforts. Moreover, endogenous 

ligands of TRPV1, or the so-called endovanilloids, are another group of modulators of 

TRPV1 that has gained great attention in the field. These are lipid metabolites formed or 

released in an activity-dependent manner that dynamically modulate TRPV1 in various 

physiologic conditions(van der Stelt and Di Marzo, 2004). Whether they share a similar 

mechanism of action with the classic vanilloids is an intriguing question that remains to 

be elucidated.  

 

A bivalent tarantula toxin targeting the outer pore locks TRPV1 in open state  

 

Venomous animals such as spiders, snakes, scorpions and cone snails have evolved a 

pharmacopeia of toxins that specifically target membrane receptors and ion channels to 

produce shock, pain and paralysis in their predators as a mechanism of defense. 

Among these toxins, there is a great diversity of genetically encoded, peptide toxins that 

have proven to be particularly useful in probing the function and structure of their 

molecular targets. Classic examples include charybdotoxin, hanatoxin and many others 

targeting voltage-gated potassium channels(Catterall et al., 2007; Miller, 1995; Swartz 
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and MacKinnon, 1997). They may adopt distinct mechanisms by either binding and 

blocking the ion-permeation pathway directly or intervening in the movement and 

coupling of voltage sensors to the channel gate. A common structural feature shared by 

these toxins is the presence of multiple intra-molecular disulfide bonds that staple 

different parts of the peptide together to give a defined shape. One major group among 

such peptides is the so-called inhibitor cysteine knot toxin (ICK) family, which are 

typically 25-50 residues in length, and share a common fold with similar disulfide 

bonding arrangement(Craik et al., 2001).  

 

Several years ago, our group discovered and characterized a unique ICK toxin from the 

Chinese bird spider, Ornithoctonus huwena that shows almost irreversible binding to 

and high selectivity for TRPV1(Bohlen et al., 2010). The toxin was named “double-knot 

toxin” (DkTx) as it consists of two head-to-tail ICK units joined together by a short linker. 

The two knots are mostly conserved with identical disulfide pattern, and this 

arrangement suggested the toxin may act in a bivalent fashion targeting equivalent 

domains of multimeric channels. Indeed, electrophysiological experiments showed that 

whereas DkTx potently activates TRPV1 with virtually irreversible kinetics, separation of 

individual knot abolishs the high avidity even though each knot by itself remains capable 

of activating the channel. Single channel recordings also showed that the on-rate of 

DkTx binding can be greatly accelerated through co-application of capsaicin, and 

combination of the two agonists locks TRPV1 in a persistent open state without 

flickering(Bohlen et al., 2010). 
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Unlike the mechanism of action for ICK toxins that inhibit voltage-gated potassium 

channels by binding to the S3b-S4 voltage sensor domain, DkTx targets the outer pore 

region of TRPV1 specified by the S5-P-S6 region, consistent with mutagenesis studies 

suggesting that conformational movements within this region of the channel are 

important for gating (Bohlen et al., 2010).   

 

The cryo-EM structure of TRPV1-DkTx complex subsequently validated the binding site 

of the toxin as being in the above-mentioned region(Cao et al., 2013b). Interestingly, 

each moiety of the toxin was observed to sit at the subunit interface close to the pore 

region. Through contacting residues at the top of pore helix and residues of pore loop of 

neighboring subunit, DkTx constrains the upper pore region of the channel in a 

conformation associated with the open state of both upper and lower gates. Previously 

identified residues involved in toxin action were also seen in proximity to the binding 

site. However, insufficient resolution of the cryo-EM density map at this region preclude 

building a model for DkTx, therefore making it difficult to investigate the nature of 

channel-toxin interactions and the molecular mechanism for toxin action on TRPV1. As 

a continuous effort, In the current study, we have built on these initial findings by 

developing a new purification scheme that can further stabilized the channel-toxin 

complex for high resolution structure determination. Notably, based on these and other 

studies of ICK toxin action(Lee and MacKinnon, 2004; Milescu et al., 2009; 2007), we 

thought that a lipid environment may be beneficial in improving the biochemical stability 

of the purified channel-toxin complex for gaining higher resolution cryo-EM structures. 
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Unsettled debate on phosphatidylinositide regulation of TRPV1 

 

Phosphatidylinositides are a family of phospholipids that has an inositol head group 

capable of bearing additional phosphates at its hydroxyl groups. Although a minor 

population mostly found in the inner leaflet of the plasma membrane, 

phosphatidylinositides play crucial roles in many cellular processes including 

cytoskeletal organization, vesicular traffic and membrane targeting as well as serving as 

secondary messengers(Balla, 2013; Di Paolo and De Camilli, 2006). Different species 

of phosphatidylinositides can be inter-converted and metabolized through various 

phosphatases and kinases. 

 

Among these, phosphatidylinositol 4,5-biphosphate, PI(4,5)P2 is the best known player 

in regulating a variety of pathways. It is the substrate of PLC hydrolysis and also the 

precursor of two important messengers: inositol 1,4,5-triphosphates (IP3), which release 

Ca
2+

 store from the endoplasmic reticulum, and diacyl-glycerol (DAG), which is an 

activator of the PKC pathway.   

 

PI(4,5)P2 has also been shown to function as a direct modulator of ion channels and 

transporters(Hilgemann et al., 2001). One classic example is the reported effect of 

PI(4,5)P2 on inwardly rectifying K
+
 (Kir) channels(Huang et al., 1998). PI(4,5)P2 serve as 

an obligatory co-factor that supports Kir channel function. Co-crystal structure of Kir and 

PI(4,5)P2 later suggested the action site and conformational change as a result of the 

lipid binding, providing structural insights into mechanisms underlying the regulation by 
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PI(4,5)P2(Hansen et al., 2011). For TRP channels, early reports showed that TRPL 

channel in the Drosophila eye is activated by application of Gα11 through a PLC-

mediated mechanism and direct application of PI(4,5)P2 partially inhibits channel 

opening(Estacion and Sinkins, 2001).  

 

As we all experience, tissue damage and inflammation heightens our sense of pain to 

noxious stimuli. One physiological phenomena, thermal hyperalgesia, refers to the 

hyper sensitivity to thermal stimuli we feel at regions of our body where injury or 

inflammation occurs. Pro-algesic and pro-inflammatory agents that activate the PLC 

pathway mediate such sensitization of primary afferent neurons. In a seminal report by 

the Julius lab, TRPV1 was proposed as the main effector of this response. The study 

showed bradykinin and nerve growth factor (NGF) potentiate TRPV1 responses through 

the activation of PLC pathway. Specifically, this potentiation is mediated by down-

regulation of plasma membrane PI(4,5)P2 levels by PLC activation(Chuang et al., 2001). 

In a following study, a putative modular PI(4,5)P2 binding site was identified in the distal 

C terminus of TRPV1 that mediates the PLC dependent channel sensitization. This 

region, TRPV1 (777-820) was characterized as including a cluster of positive charged 

residues, and neutralization of as few as two positive charges dramatically diminishs the 

potentiation by PI(4,5)P2, suggesting a candidate site for direct PI(4,5)P2 

association(Prescott and Julius, 2003).  

 

At the same time, however, reports from several other groups favored a model in which 

PI(4,5)P2 acts as an indispensable co-factor for TRPV1 activity(Klein et al., 2008; 
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Lukacs et al., 2007). In these experiments, PI(4,5)P2 scavengers or short-chain soluble 

analogs of PI(4,5)P2 were perfused onto excised membrane patches expressing 

TRPV1, which inhibits capsaicin responses presumably by chelating membrane 

PI(4,5)P2 or enhances the responses by application of PI(4,5)P2 analogs. There is also 

report on TRPV1 activity “run-down” in excised patches when exposed to an ATP-free 

medium, which is considered as the hallmark of PI(4,5)P2-activated channels(Lukacs et 

al., 2013). But potential caveats of these approaches include the uncertainty of 

incorporation of PI(4,5)P2 and artifacts caused by non-physiologic association of these 

agents with the channel. To avoid these pitfalls, the studies also adopted an inducible 

phosphatase system operated by either drug or membrane voltage to control the level 

of PI(4,5)P2 in plasma membrane. The first study of this kind using a rapamycin-induced 

5’ phosphatase failed to observe the inhibition of TRPV1, and they later found that only 

simultaneous activation of 4’ and 5’ phosphatase could lead to channel run-down, 

arguing PI(4)P can also support TRPV1 function similarly as PI(4,5)P2(Hammond et al., 

2012; Lukacs et al., 2007). Studies employing voltage-dependent phosphatases 

generated mixed results as to the relative contribution of PI(4,5)P2 and PI(4)P to help 

maintain TRPV1 activity(Klein et al., 2008).  

 

Due to the dynamic nature of various phosphatidylinositides and the complexity of the in 

vivo system, whether PI(4,5)P2 act as an inhibitor or an obligatory co-factor for TRPV1 

activity remained a topic of extensive debate. In 2013, a new study from the Julius 

group investigated some of the open questions of TRPV1 using purified TRPV1 channel 

reconstituted into proteoliposomes. This biochemically defined system allowed a more 
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direct analysis of the effects of different lipid environments on TRPV1 function. The 

study showed TRPV1 has intrinsic sensitivity to both chemical or thermal stimuli without 

the need of phosphatidylinositides. In addition, supplying various phosphatidylinositides 

to the membrane environment negatively modulates TRPV1 response to capsaicin and 

heat(Cao et al., 2013a). These results again represent strong evidences arguing against 

the proposed obligatory role of phosphatidylinositides. In the same study, they further 

demonstrated that the inhibitory effect of phosphatidylinositides is dependent on the 

previously proposed PI(4,5)P2 binding site at TRPV1 distal C terminus, and through 

artificially creating the association of channel C terminus with the membrane, 

researchers could recapitulate the negative modulation of phosphatidylinositides on 

TRPV1 activity(Cao et al., 2013a; Prescott and Julius, 2003). However, the debate is 

still continuing in the field. Latest reports suggested that negatively charged lipids, such 

as PG which is included in the liposome of above mentioned study, could act as a 

substitute of phosphatidylinositides(Lukacs et al., 2013). Another report argued that the 

effect observed in the same study was due to the presence of phosphatidylinositides in 

the outer leaflet of the bilayer, but not the physiologic-relevant inner leaflet(Senning et 

al., 2014). It is true that phosphatidylinositide lipids may distribute equally in liposomes 

and one cannot rule out such possibility, but the experimental set up of this new study, 

namely monitoring channel activity on excised patches with perfusion of short-chain 

PI(4,5)P2 analog, is also prone to artifacts caused by non-specific interactions and 

uncertainly in estimating local lipid concentrations.  
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Besides the controversial opinions in the field as to the nature of PI(4,5)P2 regulation on 

TRPV1, the actual binding site of PI(4,5)P2 on TRPV1 is also open for discussion. Data 

from the Julius group supported that a region at TRPV1 distal C terminus (777-820) is 

responsible for negatively regulation of the channel(Prescott and Julius, 2003). Other 

reports proposed that a region with several positively charged residues at the proximal 

C terminus (711-732) is necessary for the channel to bind PI(4,5)P2(Ufret-Vincenty et 

al., 2011). Since the publication of the initial cryo-EM structure, several groups have 

also tried to computationally dock PI(4,5)P2 to the structure and conduct MD simulation 

to sample the possible conformational changes as the result of PI(4,5)P2 engagement. 

These studies have converged on the crucial roles of R575 and R579 at the S4-S5 

linker in mediating channel-lipid interaction(Brauchi, 2014; Poblete et al., 2015). Indeed, 

this is an appealing model as S4-S5 linker tightly couples with S6 and may allosterically 

influence the lower gate of the channel.  

 

Membrane lipids have a variety of ways to control the activity of embedded proteins. It is 

very likely that there are multiple modes of regulation on TRPV1 by 

phosphatidylinositides through multiple sites of action and distinct mechanisms. The 

asymmetric and non-uniform distribution of specific lipids, the presence of multiple types 

of negatively charged lipids, the complicated dynamics of lipid metabolism as well as 

the technical limitations when working with lipid-like ligands and different experimental 

set-ups employed by different research groups, all make it challenging to dissect out 

specific mechanisms. Therefore, we felt, after more than a decade of debate on the 

topic, it is the time to adopt a direct structural approach, trying to visualize bound 
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phosphatidylinositides together with the intact channel. This structure will be extremely 

valuable in validating and integrating previous results and possibly stimulating following-

up experiments to further uncover molecular mechanisms of phosphatidylinositides 

modulation on TRPV1 and TRP channels at large.  

 

Determine membrane protein structures in lipid environment by single particle 

cryo-EM 

 

Over the last a few years, the technique of cryo-electron microscopy (cryo-EM) has 

emerged as one of the most powerful methods in determining three-dimensional 

structures of macromolecule. The “revolution” of this technology, fueled by 

advancements in both hardware and software, has enabled structure determination of a 

variety of extremely challenging targets that researcher had pursued for decades. 

These include large dynamic molecular complexes that are conformational and 

compositionally heterogeneous, cellular machineries that are purified from native 

source, and most importantly, integral membrane proteins. Membrane proteins reside in 

the lipid bilayer with their hydrophobic transmembrane domain naturally screened by 

membrane lipids. For structural study, membrane proteins need to be extracted and 

stabilized by detergents to remain soluble in solution, which in turn make it notoriously 

difficult to grow crystals for structural determination by conventional X-ray diffraction. As 

a consequence, membrane proteins, which constitute almost 70% of the cellular 

proteome and represents some of the most important drug targets, are still under-

represented in terms of structural information.  
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In single particle cryo-EM experiments, projection images of individual protein particles 

embedded in vitreous amorphous ice with random orientations are acquired, aligned 

and used to reconstruct a 3D representation of the molecule. Removing the 

dependency on crystals opens a wide range of possibilities for membrane proteins to be 

studied by this technology. Indeed, the structure determination of TRPV1 by single 

particle cryo-EM only marks the very beginning of a new era for membrane protein 

structural biology: the wasabi receptor-TRPA1, glycine receptor, human γ-secretase, 

light harvesting II supercomplex, eukaryotic voltage-gated calcium channels and many 

others, which used to be considered nightmares for structural biologists, now reveal 

their intriguing beauty to us all through the power of cryo-EM 

(Bai et al., 2015; Du et al., 2015; Paulsen et al., 2015; Wei et al., 2016; Wu et al., 2016).  

 

In most of these studies, detergents or a type of amphipathic polymers referred to as 

amphipols were used to solubilize the membrane protein, creating a non-native micro-

environment for structural determination. However, as we discussed earlier in the 

chapter, membrane lipids played indispensable roles in supporting the structure and 

function of most, if not all, proteins embedded in the lipid bilayer. Depriving their native 

environment often destabilizes protein structure and protein-lipid interaction with 

consequent loss of activity. Therefore, to fully capture the life of membrane proteins and 

their interplay with lipid neighbors, acquiring their structures in a more native, lipid 

environment is needed. For X-ray crystallography, this has been achieved through the 

use of lipidic cubic phase (LCP)(Landau and Rosenbusch, 1996) or formation of two-
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dimensional crystals in a lipid bilayer(Gonen et al., 2005). For single particle cryo-EM, 

one method is to image membrane proteins reconstituted in liposomes and use random 

spherically constrained single-particle reconstruction(Wang and Sigworth, 2009). 

However, no atomic resolution structure has been determined this way and limitations of 

this approach include possible lateral deformation of protein induced by the high 

curvature of liposome and difficulty in getting specimen into thin ice for high quality 

imaging.  Another promising idea is to use the lipid nanodisc system for direct imaging 

by cryo-EM, which is also the focus of this thesis research.  

 

Nanodiscs are discoidal lipid bilayers encircled by two copies of amphipathic helical 

protein belts, named membrane scaffold protein (MSP), which cover the hydrophobic 

edge of the bilayer and render it soluble in aqueous solution. The size of nanodisc is 

controlled by the length of the MSP and there are currently a series of MSPs developed 

to form discs with diameter of 8-16 nm(Denisov and Sligar, 2016).  Membrane proteins 

can first be extracted with detergent and then be spontaneously reconstituted into 

nanodiscs when detergent is slowly removed from the system. The close-to-native 

environment offered by nanodiscs may greatly improve the behavior of the embedded 

protein, and many studies have shown improved activity and thermal stability when 

membrane protein is reconstituted back into a lipid environment. In addition, protein-

inserted nanodiscs form monodispersed particles in detergent-free aqueous buffer, 

which is ideal for cryo-EM imaging and single particle analysis. This technology certainly 

has not escaped the attention from the EM field. Indeed, two pioneering studies using 

nanodiscs haven been reported: The ribosome-attached translocon (SecYE) 
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complex(Frauenfeld et al., 2011) and the ryanodine receptor(Efremov et al., 2014). In 

each case, the use of nanodisc had helped improve the preparation of the sample, 

however, the achieved resolutions were only modest, particularly in the transmembrane 

regions. Another common feature shared by these two complexes is the presence of 

very large soluble domains which is likely driving the alignment as they were better 

resolved than the transmembrane part. Consequently, this had raised concerns in the 

field as to the applicability of the system towards membrane proteins with small or no 

soluble domain. In such cases, the majority of the protein body is buried inside an un-

structured mass contributed by the nanodisc. Can accurate image alignment still be 

achieved? Can we obtain high-resolution structures, particularly the transmembrane 

region, from nanodiscs?  

 

In the 2013 cryo-EM studies of TRPV1, the structure of double agonists (DkTx and 

RTX) bound channel was not as well resolved as the unliganded one (3.8Å vs 3.2Å) 

indicative of less stability(Cao et al., 2013b; Liao et al., 2013). This is quite unexpected 

as we knew from single channel recordings that the combination of DkTx and RTX 

should lock the channel in a fully open state(Bohlen et al., 2010). The idea that some 

ICK toxins can target channels within the membrane led us to think that a lipid 

environment may better stabilize the channel-toxin interaction compared to amphipols. 

Better stability means higher resolution, which could allow us to have a more detailed 

and accurate picture of how vanilloid ligands and spider toxin act on the channel. Along 

with the urgent need to identify direct binding site of phosphatidylinositides on TRPV1 

and understand its influence on channel activity, we decided to take advantage of the 



	 18	

versatility of the nanodisc platform to explore these directions. For the first step, we 

determined high-resolution structures of TRPV1 in lipid environment using nanodisc; 

Second, we investigated the structure of the channel embedded in different lipid 

environments, focusing on phosphatidylinositides; Finally, we have followed up our 

structural findings with functional characterizations to further elucidate mechanisms of 

action of ligands and lipids on TRPV1 function.     
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TRPV1 expression and purification 

 

A minimal functional rat TRPV1 construct was expressed and purified as previously 

described with minor modification(Cao et al., 2013a; Liao et al., 2013). A BacMam vector 

was generated from pFastBac1 (Invitrogen) to direct protein expression in mammalian 

cells after baculovirus transduction. A minimal functional rat TRPV1 construct, composed 

of amino acids 110 to 603 and 627 to 764, was cloned into this modified BacMam vector, 

and recombinant baculoviruses obtained following the manufacturer’s protocol (Bac-to-

Bac expression system, Invitrogen). For protein expression, HEK293S GnTI
-
 cells, grown 

in suspension at 37°C in an orbital shaker, were transduced with baculovirus when cell 

density reached 2x10
6
 per ml. Sodium butyrate was added to the culture 24 h after 

transduction at a final concentration of 10 mM to boost protein expression, and cells 

harvested 48 h after transduction and stored in -80°C.  

 

For purification, frozen cell pellets were thawed and broken by passing through an 

emulsifier 2-3 times in hypotonic buffer (36.5 mM sucrose, 50 mM Tris, 2 mM TCEP, pH 

8.0) supplemented with 1 mM phenylmethanesulphonylfluoride(PMSF), 3 µg/ml aprotinin, 

3 µg/ml leupeptin, 1 µg/ml pepstatin (Roche). Cell debris was cleared by low-speed 

centrifugation (8000 g for 20 min). Membranes were then collected by ultracentrifugation 

(200,000 g for 1 hr), homogenized and solubilized in Extraction Buffer (200 mM NaCl, 50 

mM HEPES, 10% glycerol, 2 mM TCEP, pH 8.0) supplemented with 20 mM DDM 

(Anatrace) for 1-2 hours. Detergent in-soluble material was removed by centrifugation 

(30,000 g for 20 min), and the supernatant incubated with amylose resin (New England 
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Biolabs) for 1-2 hours. The protein-bound resin was washed with Buffer A (150 mM NaCl, 

50 mM HEPES, 2 mM TCEP, pH8.0) supplied with 0.5 mM DDM and 0.1 mg/ml asolectin 

(Sigma). MBP-fusion TRPV1 channel was eluted from amylose resin with Buffer A 

supplied with 0.5 mM DDM, 0.1 mg/ml asolectin and 20 mM maltose. This sample was 

then used for nanodisc reconstitution.   

  

Nanodisc reconstitution.  

 

Membrane scaffold proteins MSP2N2 and MSP1E3 were expressed and purified from E. 

coli as previously described(Ritchie et al., 2009). Nanodisc reconstitution procedures 

were adapted from reconstitution of P-glycoprotein described previously(Ritchie et al., 

2009). Briefly, 2.5 mg soybean polar lipid extract (Avanti) dissolved in chloroform was 

dried using argon stream and residual chloroform further removed by vacuum desiccation 

(~ 3hrs). Lipids were then rehydrated in buffer (20 mM HEPES, 150mM NaCl, 2mM 

TCEP, 14 mM DDM, pH 7.4) and sonicated, resulting in a clear lipid stock at 10mM 

concentration. Purified MBP-TRPV1 protein (0.7-1.5 mg ml
-1

) solubilized in 0.5 mM DDM 

was mixed with the soybean lipid stock and MSP2N2 (~3mg ml
-1

) at various molar ratios 

and incubated on ice for 30 minutes. Specifically, we achieved the best result using the 

ratio (TRPV1 monomer : MSP : soybean lipid = 1:1:150 - 1:1.5:225) for MSP2N2 and 

1:1:100 for MSP1E3. Bio-beads SM2 (20 mg per 1ml mixture, Bio-rad) were added to 

initiate the reconstitution by removing detergents from the system and the mixture 

incubated at 4°C for one hour with constant rotation. A second batch of Bio-beads (equal 

amount) together with TEV protease (40 μg per 1mg TRPV1) was then added and the 
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sample incubated at 4°C overnight. Bio-beads were then removed and the reconstitution 

mixture cleared by centrifugation before subsequent separation on a Superose 6 column 

(GE) in buffer (20 mM HEPES, 150mM NaCl, 2mM TCEP, pH 7.4). Reconstitution was 

assessed by size exclusion chromatography, SDS-PAGE, and negative stain EM. The 

peak corresponding to tetrameric TRPV1 reconstituted in lipid nanodisc was collected for 

analysis by both negative stain and cryo-EM. 

 

EM data acquisition and analysis.  

 

Grids of TRPV1-nanodisc complexes for negative-stain EM were prepared following an 

established protocol(Booth et al., 2011). Specifically, 2.5 μl of purified TRPV1-nanodisc 

complex (0.05 - 0.1mg ml
-1

) was applied to glow-discharged EM grids covered by a thin 

layer of continuous carbon film and stained with 0.75% (w/v) uranyl formate. Negatively 

stained EM grids were imaged on a Tecnai T12 microscope (FEI Company) with a 

thermoionic electron source (LaB6) and operated at 120 kV. Images were recorded at a 

nominal magnification of 52,000X and a defocus set to -1.5 μm using a 4k×4k scintillator 

based charge-coupled device camera (UltraScan 4000, Gatan), corresponding to a pixel 

size of 2.02Å on the specimen. 

 

For cryo-EM, 2.5 μl of purified TRPV1-nanodisc complex (~0.5 mg ml
-1

 concentration and 

supplied with 2.5% (v/v) glycerol) was applied to a glow-discharged Quantifoil grid (holey 

carbon film with 1.2μm hole size and 1.3 μm hole spacing on 400 mesh Cu grid), blotted 

with a Vitrobot Mark III (FEI Company) using 8-s blotting time with 100% humidity at 5°C, 
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and plunge frozen in liquid ethane cooled by liquid nitrogen. For preparation of TRPV1-

nanodisc in complex with agonists or antagonist, reconstituted channel complex was 

mixed with RTX (final concentration 50 μM; molecular weight 628 Da; Tocris) and DkTx 

(final concentration 20 μM; molecular weight 8.5 kDa), or capsazepine (20 μM; molecular 

weight 377 Da; Tocris), 20 minutes before vitrification, as described above. 

 

Cryo-EM images of frozen hydrated TRPV1-nanodisc particles were collected on a TF30 

Polara electron microscope (FEI Company) equipped with a field emission electron 

source and operated at 300 kV. Images were recorded at a nominal magnification of 

31,000 X using a K2 Summit direct electron detector camera (Gatan) operated in super-

resolution counting mode following an established protocol(Li et al., 2013). Images have 

a calibrated physical pixel size of 1.22 Å per pixel on the specimen. The dose rate on the 

camera was set to be 8.2 counts (corresponding to 9.9 electrons) per physical pixel per 

second. The total exposure time was 6 s, leading to a total accumulated dose of 41 

electrons per Å
2
 on the specimen. Each image was fractionated into 30 subframes, each 

with an accumulation exposure time of 0.2 s. All dose-fractionated cryo-EM images were 

recorded using a semi-automated acquisition program UCSFImage4(Li et al., 2015). 

Images were recorded with a defocus in a range from -0.7 to -2.2 μm. 

 

Since 2016, all later cryo-EM data was collected using a fully automated acquisition 

program SerialEM (http://bio3d.colorado.edu/SerialEM/)  
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Image processing.  

 

Defocus of all images was determined using CTFFIND4(Rohou and Grigorieff, 2015) or 

GPU-based Gctf(Zhang, 2016). Negative stain EM images were 2 × 2 binned for particle 

picking and subsequent image processing. SamViewer, an interactive image analysis 

program written in Python, was used for all 2D image display and manual particle picking. 

Individual particles were manually picked, boxed out from micrograph and normalized to 

have a mean of 0 and a standard deviation of 1. Usually a total of 1000 - 2000 particles 

were picked manually. For 2D classification, particles were first corrected for contrast 

transfer function (CTF) by flipping the phase using ‘ctfapply’ (written by Xueming Li of 

Tsinghua University), and then subjected to ten cycles of correspondence analysis, k-

means classification and multi-reference alignment, using SPIDER operations ‘CA S’, ‘CL 

KM’ and ‘AP SH’(Frank, 1996). 2D class averages generated from manually picked 

particles then served as references for a subsequent automatic particle picking procedure 

implemented in a Python script 'samautopick.py', as previously described(Liao et al., 

2013). All picked particles were then screened visually and particles without clear, defined 

structural features were removed interactively. The selected particles were again 

subjected to the same 2D analysis and 2D class averages were assessed. More recently, 

GPU-based Gautomatch was mostly used for fast and accurate particle picking 

(http://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/).  

 

For cryo-EM images, dose fractionated super-resolution image stacks of frozen, hydrated 

TRPV1-nanodisc images were first binned 2 × 2 by Fourier cropping, resulting in a pixel 
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size of 1.22 Å, for motion correction and further image processing. Each image stack was 

subjected to whole-frame motion correction(Li et al., 2013), followed by correction at 

individual pixel level using program MotionCor2(Zheng et al., 2017). A sum of all 

corrected subframes, calculated following a dose weighting scheme(Grant and Grigorieff, 

2015), was used for further processing. Particle picking was performed similarly as 

described above. Selected particles after visual screening were boxed out, and subjected 

directly to maximal likelihood-based 3D classification procedures implemented in 

RELION(Scheres, 2012). A previous density map of TRPV1 solubilized in amphipol 

(EMDB code 5778) was low-pass filtered to a resolution of 60 Å and used as initial 

reference for 3D classification. Stable classes from 3D classification were then iteratively 

refined and reclassified to obtain the most homogeneous subset for the final 3D 

reconstruction. All refinements followed the gold-standard refinement procedure, in which 

the data set was divided into two half sets, and refined independently. Once refinement 

was converged, the final data set was subjected to the 'post-processing' procedure of 

RELION in which a soft mask was calculated and applied to the two half-maps before the 

corrected Fourier shell coefficient (FSC) was calculated. B-factor estimation and map 

sharpening were also performed in this step using an automated procedure. C4-symmetry 

was applied in all 3D classification and refinement steps unless specifically noted. The 

final resolution was estimated using the FSC = 0.143 criterion(Scheres and Chen, 2012) 

on corrected FSC curves in which the influences of the mask were removed. Local 

resolution was estimated from unbinned and unsharpened raw density maps using 

ResMap(Kucukelbir et al., 2013). Number of particles in each dataset and other details 

related to data processing are summarized in Extended Data Table in chapter 3.  
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For TRPV1-RTX/DkTx nanodisc dataset, two 3D reconstructions were first determined 

independently to resolutions of 2.95 Å with C4 symmetry and 3.24 Å with C2 symmetry. 

These two reconstructions are very similar. We then performed a 3D classification 

focusing on DkTx and its peripheral region in TRPV1, following a procedure outlined in 

Extended Data Fig 8a, chapter 3. Specifically, a volume that includes DkTx and peripheral 

densities in TRPV1 was masked out from the C2-symmetrized 3D reconstruction. The 

density after masking was back-projected and convoluted with the CTF to yield a 2D 

image for all individual particles using its assigned Euler angles and defocus parameters 

from the reconstruction. These images were firstly scaled and normalized to the 

corresponding experimental particle images and then subtracted from the experimental 

particle images, resulting a particle stack in which every particle image contains only 

signals for the focused region. These procedures were implemented into a Python script 

'projection_subtraction.py' (written by E. Palovcak) using the filt_ctf and math.sub.optimal 

functions from the SPARX and EMAN2 libraries, respectively(Hohn et al., 2007; Tang et 

al., 2007). The modified particle images were then subjected to 3D classification in 

RELION with a soft mask around DkTx, and without further alignment. Two major classes 

representing two possible orientations of DkTx (as judged by the linker region) were 

identified and unsubtracted particles belong to each class were separated and used for 

two independent reconstructions with pre-determined Euler angles. These two 

reconstructions were aligned to each other using 'fit in map' in UCSF Chimera(Pettersen 

et al., 2004) and summed yielding a density map with enhanced two-fold symmetry 

feature. This density map was used as the reference model for a second round of focused 
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3D classification to further optimize classification result.  

 

We also determined the structure of capsasepine-bound TRPV1 in amphipol A8-35 

(Anatrace). In brief, TRPV1 (~ 0.5 mg/ml) in amphipol was mixed with capsazepine (final 

concentration 50 μM, Anatrace) at 4 °C for ~ 30 minutes prior to application to grids. 

Procedures for grid preparation, data acquisition and image processing were the same 

as described(Cao et al., 2013b). The final resolution of the reconstruction (3.8 Å) was 

calculated using the 'post-processing' procedure of RELION in which a soft mask was 

calculated and applied to the two half-maps using default parameters. 

 

Model building.  

 

Atomic models of TRPV1 in apo (Protein Data Bank, (PDB) code 3J5P) or fully open 

states (PDB code 3J5Q), previously determined when the channel was solubilized in 

amphipol, were initially docked into maps of unliganded or agonist bound TRPV1-

nanodisc complex using UCSF Chimera. With improved resolution and stability afforded 

by the nanodisc system, we were able to remodel side-chains and local geometry to 

higher accuracy. TRPV1 models were first adjusted and real-space refined using 

COOT(Emsley et al., 2010). Unliganded TRPV1 model was then used for modeling 

capsazepine-bound structure with minor adjustment due to high similarity between the 

two structures. DkTx was remodeled according to the improved map from focused 

analysis (see above). All models for ligands or associated lipids, except for RTX, were 

generated using elBOW(Moriarty et al., 2009) module in PHENIX(Adams et al., 2010) 
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together with their geometric constraints. RTX model and constraints were generated 

using a web server 'PRODRG'(van Aalten et al., 1996). For simplicity, all annular lipids in 

the structure were modeled as phosphatidylethanolamine (PE), and the acyl chains of all 

lipids were modeled as 1 - 8 carbon length according to specific densities. Models for all 

ligands were docked into densities and refined using COOT. Full models of TRPV1 

(residue 335-751, corresponding to well-resolved regions in maps) in complex with 

ligands and lipids were then subjected to global refinement and minimization in real space 

using the module 'phenix.real_space_refine' in PHENIX. For cross validation(Amunts et 

al., 2014), the refined structures were first randomly displaced by 0.1Å and then refined 

against one of the half maps generated in RELION following the same procedures 

described above. FSC curves were calculated between the refined model and half map 

1 ('work', used in test refinement), the refined model and half map 2 ('free', not used in 

test refinement), and the refined model and summed map. The small gap between the 

work and the free FSC curves indicated little effect of over-fitting of atomic models. The 

geometries of all models were assessed using 'comprehensive model validation' section 

in PHENIX and MolProbity(Chen et al., 2009), and detailed information was listed in 

Extended Data Table, chapter 3. 

 

Calcium Imaging 

 

Calcium imaging was performed as described(Siemens et al., 2006). Specifically, 

HEK293T cells were transiently transfected with mutants of rat TRPV1 cloned into a 

home-made vector pMO (designed for expression in both mammalian cell lines and 
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Xenopus oocyte) using Lipofectamine 2000 (Invitrogen). Imaging of the cells was 

performed in 10 µl adhesive silicone isolators (Invitrogen) with poly-lysine coated 

microscope slides. Fura-2 calcium indicator (Thermal Fisher) was loaded to the cell with 

the help of pluronic acid for ~2 hours. After extensive wash with Ringer solution (6.5g 

NaCl, 0.42g KCl, 0.25g CaCl2 and 0.2g of sodium bicarbonate in one liter of distilled 

water), fluorescent images were acquired and analyzed with Metafluor Software Suite 

(Molecular Devices). All experiments were performed at room temperature (24°C). 

 

Oocyte Electrophysiology  

 

Stage V–VI Xenopus laevis oocytes were prepared as previously described(Myers et 

al., 2009). RNA for oocyte injection was synthesized using the T7 mMessage mMachine 

kit (Ambion). Oocytes were injected with 10–50 ng complementary RNA (cRNA) per 

oocyte and stored at 16°C for 3-4 days for protein translation in ND96 solution (96 mM 

NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, 2.5 mM Na pyruvate, 5mM HEPES, pH 

7.4) with added antibiotics.  

 

Two electrode voltage-clamp recordings were carried out at RT using GeneClamp500 

connected to a Digidata1322A and pCLAMP 9 (Axon Instruments). Electrodes (Sutter 

Instruments) were filled with 3 M KCl and had resistance of 0.3–1 MΩ. Oocytes were 

continuously perfused with no calcium ND96 solution (96 mM NaCl, 2 mM KCl, 1 mM 

MgCl2, 2.5 mM Na pyruvate, 5mM HEPES, pH 7.4). For low pH (5-6.5) MES was used 

instead of HEPES. Oocytes expressing TRPV1 were hold at resting potential of -80mV 
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for 500ms and given a 500 ms voltage ramp from -80mV to +80 mV for each sweep. In 

all recordings, drugs were applied using gravity-based perfusion, except for toxin which 

was applied manually. Data were analyzed using pCLAMP 9. 
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CHAPTER 3 
 

TRPV1 structures in nanodiscs 
reveal mechanisms of ligand and lipid action 
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INTRODUCTION 

 

Transporters and ion channels reside in biological membranes, where lipids play 

important structural and regulatory roles(Hilgemann, 2003; Hille et al., 2015; Lee, 2011). 

However, structural characterization of protein-lipid interactions is challenging in 

detergent-based systems, making implementation of more native, lipid-based 

environments an important technical goal. For crystallographic approaches, this has been 

achieved through the use of lipidic-cubic phase systems(Caffrey, 2000; Landau and 

Rosenbusch, 1996) or formation of two-dimensional crystals in lipid bilayers(Gonen et al., 

2005). For single particle electron microscopy, one approach is to reconstitute proteins 

into spherical liposomes for random-spherically constrained single particle 

reconstruction(Wang and Sigworth, 2009). Another is to use lipid nanodiscs, hockey 

puck-like structures in which a lipid bilayer patch is encircled by an amphipathic 

scaffolding protein(Bayburt et al., 2002).  Both approaches mimic the native lipid 

environment, and can enhance functionality and thermal stability(Banerjee et al., 2008; 

Ritchie et al., 2009). Moreover, nanodisc-embedded proteins are often monodispersed 

and therefore especially well suitable for single particle electron cryo-microscopy (cryo-

EM) (Efremov et al., 2014; Frauenfeld et al., 2011). Nevertheless, membrane protein 

structures determined with these systems have achieved limited resolution to-date, failing 

to reveal detailed protein-lipid interactions. 

 

Cryo-EM has taken a quantum leap forward, enabling determination of biological 

macromolecules to near atomic resolution(Bai et al., 2015; Cheng, 2015; Kuehlbrandt, 
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2014). An important next goal is to enable cryo-EM to define interactions between small 

molecules (ligands, drugs, lipids, etc.) and their protein targets at the atomic level. The 

heat- and capsaicin-activated ion channel, TRPV1, is an excellent model with which to 

address these challenges. This sensory receptor is modulated by membrane lipids and 

their metabolites, and activated or inhibited by natural and synthetic ligands, including 

vanilloid compounds and peptide toxins(Bevan et al., 2014; Julius, 2013). Moreover, 

TRPV1 structures in multiple conformational states have recently been determined by 

cryo-EM under conditions in which purified channel protein was stabilized with an 

amphipathic polymer(Cao et al., 2013b; Liao et al., 2013). These structures provide a 

standard against which other preparations can be assessed. Here, we show that high-

resolution structures can be achieved when TRPV1 is embedded in a nanodisc. We 

exploit this system to characterize channel-lipid interactions, revealing novel structural 

mechanisms underlying ligand binding and channel gating. 

 

RESULTS 

 

Structure of TRPV1 in lipid nanodiscs 

 

We reconstituted purified TRPV1 protein into lipid nanodiscs generated with different 

membrane scaffold proteins (MSPs) (Extended Data Fig. 1). For structural analysis, we 

favored preparations using MSP2N2, which forms nanodiscs of ~150Å diameter, which 

is sufficient to accommodate TRPV1 without imposing spatial constraint (Extended Data 

Fig. 1d). Indeed, cryo-EM images of frozen hydrated samples revealed monodispersed 
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TRPV1-nanodisc particles. 2D class averages showed TRPV1 tetramers with distinct 

channel features floating within the nanodisc (top view) (Fig. 1a). Transmembrane helices 

and cytoplasmic domains were clearly visible within a disc-like density contributed by the 

lipid bilayer (side views). Importantly, the presence of the bilayer and MSP did not 

preclude accurate image alignment. 

 

We determined three structures of TRPV1 in nanodiscs, including unliganded, agonist-

bound, and antagonist-bound states at resolutions of 3.2, 2.9, and 3.4Å, respectively (Fig. 

1b and Extended Data Figs. 2-4). These structures can be compared directly to those 

previously obtained in amphipol(Cao et al., 2013b; Liao et al., 2013). Generally speaking, 

density maps determined with nanodiscs were of superior quality. This is especially 

evident when examining side chain densities within transmembrane regions or connecting 

loops that face lipids, such as S1 and S2 helices and the S2-S3 linker (Extended Data 

Fig. 5a-f). Interestingly, improvements were not limited to transmembrane regions, but 

also extended to cytoplasmic domains, enabling us to build a model including previously 

unresolved regions (Extended Data Fig. 6a, b). These improved density features may 

reflect enhanced stability of the channel in the nanodisc, but other technical advances 

also contribute (Extended Data Table 1). At the same time, nanodisc- and amphipol-

stabilized structures of a given conformational state are essentially identical, albeit with 

some specific differences that may relate to lipid and/or ligand binding (see below). 

 

Two layers of continuous density corresponding to lipid head groups mark the bilayer 

boundaries and surround the channel (Fig. 1a, b and Extended Data Fig. 7a). 
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Furthermore, well-resolved lipid-like densities associate with various regions of the 

channel, indicative of well-ordered lipids that form specific protein interactions (Fig. 1b 

and Extended Data Fig. 7b, c). These include annular lipids that fill crevices between 

subunits and reside within the outer leaflet surrounding pore-forming domains of the 

channel, reminiscent of voltage gated potassium channels(Long et al., 2007). We also 

observed lipids in hydrophobic clefts, as exemplified by a density within the lower 

segment of the S1-S4 domain, whose shape and local environment suggest that it 

represents a molecule of phosphatidylcholine (Extended Data Fig. 7c). Indeed, we 

observed a similar density in this location for TRPV1 in amphipol(Liao et al., 2013), 

suggesting that an endogenous, tightly bound lipid helps stabilize a hydrophobic crevice 

within the S1-S4 domain, which remains stationary during channel gating(Cao et al., 

2013b). 

 

Lipid-channel-toxin tripartite complex 

 

TRPV1 can be stably trapped in its fully open state when exposed to resiniferatoxin (RTX), 

an ultra-potent vanilloid agonist(Cao et al., 2013b; Szallasi and Blumberg, 1989) plus 

double-knot toxin (DkTx), a bivalent tarantula peptide that consists of two nearly identical 

inhibitor cysteine knot (ICK) motifs joined by a short (7 amino acid) linker(Bohlen et al., 

2010). Two DkTx molecules bind to one TRPV1 tetramer such that each knot assumes a 

specific orientation with respect to the channel, suggesting that two DkTx molecules adopt 

an anti-parallel configuration(Cao et al., 2013b). In our current nanodisc structure, we 

initially applied C4 symmetry to achieve optimal resolution, yielding a 2.9Å map of the 
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nanodisc-stabilized, RTX/DkTx-activated channel, compared to 3.8Å for the amphipol-

stabilized complex (Fig. 2a and Extended Data Fig. 8). To gain further information about 

non-equivalent regions of the toxin, we applied C2 symmetry independently, which was 

insufficient to reveal specific features associated with each knot and their relationship to 

one another, indicating that some particle images were misaligned by 90° around the 

symmetry axis. Focused classification on the toxin and adjacent regions enabled us to 

partially separate the two possible orientations to obtain an improved C2 averaged map, 

as evidenced by more pronounced features within the antiparallel linker connecting the 

ICK knots (Fig. 2b and Extended Data Fig. 8). 

 

With improved maps, we rebuilt and refined the atomic model of the fully open channel 

with associated ligands. For DkTx, three canonical disulfide bonds are clearly resolved, 

as are most side chains in regions that interact with TRPV1 (Fig. 2a and Extended Data 

Fig. 8b). Here we find that residues involved in channel interaction are highly conserved 

between ICK knots, consistent with the fact that side chain densities of these residues 

were well resolved even when C4 symmetry was applied. Interestingly, the density of the 

linker domain is also well resolved (Fig. 2c), revealing a taut and constrained 

conformation that likely contributes to high avidity interaction with the channel(Bohlen et 

al., 2010). 

 

The nanodisc system enabled us to determine where interactions occur with respect to 

the lipid bilayer. Two hydrophobic fingers from each ICK knot insert into the bilayer (Fig. 

2a) and several phospholipid densities at these sites are well resolved, likely reflecting 
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their stabilization through specific toxin interactions (Fig. 2c, d and Extended Data Fig. 

7b). For example, a tryptophan side chain in finger 1 (Trp11 of knot 1 and Trp53 of knot 

2) interacts with the aliphatic tail of a phospholipid whose head group forms a polar 

interaction with Arg534 in TRPV1, located in the extracellular loop connecting S3 and S4 

helices. This sort of tripartite complex between toxin, lipid, and channel is also seen 

proximal to finger 2, where a phenylalanine side chain (Phe27 of knot 1 and Phe67 of 

knot 2) is stabilized through hydrophobic interaction with an aliphatic lipid tail. 

Furthermore, the lipid head group is coordinated by the side chain of Ser629 at the top of 

the channel’s pore helix domain, as well as by interaction with Tyr453 from S1 of the 

adjacent channel subunit (Fig. 2d). Thus, together with the newly refined apo model, we 

see that gating-associated side chain movements within outer pore loops and pore 

helices are more clearly visualized compared with our previous structures in amphipols 

(Extended Data Fig. 5b). These new observations demonstrate how potential side chain 

clashes between DkTx and the apo channel are relieved through lateral shifts in the outer 

pore loops and pore helices, primarily through reorientation of aromatic side chains (Fig. 

3a). Moreover, they suggest a structural mechanism for how toxin binding stabilizes the 

open state. 

 

The nanodisc preparation also reveals local distortions in the lipid environment associated 

with toxin binding. For example, insertion of DkTx into the bilayer results in lateral and 

upward displacement of a phospholipid adjacent to finger 1, as well as lateral and 

downward displacement of another phospholipid proximal to finger 2 (Fig. 3b). The 

resulting energetic penalty may be compensated by toxin-channel interactions, as well as 
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by new interactions formed between the channel and displaced lipids (Figs. 2d and 3b). 

Such a tripartite arrangement likely determines the overall affinity and kinetics of toxin 

binding. 

 

A resident lipid in the vanilloid pocket 

 

A particularly striking density within the vanilloid binding pocket of the apo channel can 

be confidently interpreted as a phosphatidylinositol lipid whose branched acyl chains 

extend upward between S4 of one subunit and S5 and S6 of an adjacent subunit, within 

a hydrophobic cleft facing the lipid bilayer. The inositol ring is bounded on each side by 

S3 and the elbow of the S4-S5 linker, with the TRP domain below (Fig. 4a). Polar 

interactions, such as that between Arg557 at the bottom of S4 and the hydroxyl group of 

the phosphate on position 1, or between Glu570 in the S4-S5 linker and a hydroxyl group 

on position 6 of the inositol ring, further enhance stability (Fig. 4a and Extended Data Fig. 

9a). Detailed analysis of the local protein environment suggests that additional phosphate 

groups at positions 3, 4 and/or 5 of the inositol ring could form electrostatic interactions 

with Arg409 in a cytoplasmic N-terminal segment preceding S1 or Lys571 and Arg575 

within the S4-S5 linker (Fig. 4a and Extended Data Fig. 9a, b). If so, then this pocket could 

favor a range of phosphatidylinositide species. 

 

A similar, albeit less well resolved density was observed at this locale in our amphipol-

stabilized structure(Liao et al., 2013), suggesting that a tightly associated lipid is retained 

during channel purification. This, or other associated lipids may derive from the soybean 
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lipid extract that was added to improve protein stability, but it is also possible that they 

are of cellular origin. 

 

Mechanism of vanilloid action 

 

We next examined the structure of the vanilloid pocket when occupied by various ligands 

(Extended Data Fig. 9c, d). With nanodiscs, we could discern ligand structures in much 

greater detail compared to amphipol-stabilized structures. For example, RTX could be 

precisely fit by its atomic structure (Fig. 4b), and in a manner consistent with mutagenesis 

and modeling studies 

(Chou et al., 2004; Gavva et al., 2004; Hanson et al., 2015; Jordt and Julius, 2002; Phillips 

et al., 2004; Yang et al., 2015). For the capsaicin-like homovanillyl ester moiety, key 

interactions include a hydrogen bond between Thr550 and the carbonyl oxygen proximal 

to the vanilloid moiety, as well as between Ser512 and Arg557 and the vanilloid moiety 

at the hydroxyl group. Tyr511, which assumes distinct rotomers in apo versus liganded 

TRPV1 structures(Cao et al., 2013b), engages in hydrogen bonding with the ester oxygen 

of RTX. The five-membered diterpene ring component of RTX is stabilized by 

hydrophobic interactions with several amino acids, including Leu515, Val518, Met547, 

and Ile573, as well as Leu669 from a neighboring subunit. These residues form a 

hydrophobic pocket that accommodates the heterocyclic region of the drug, likely 

accounting for high affinity binding of this potent agonist. 
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Comparison of apo versus RTX-bound states suggests that vanilloid agonists function by 

displacing the resident phosphatidylinositol lipid. Indeed, RTX docks within the same 

pocket otherwise occupied by one acyl chain of the lipid. Absence of the other acyl chain 

allows for reorientation of Tyr511 to further stabilize RTX binding (Extended Data Fig. 9c, 

d). At the same time, RTX binding coordinates interaction between Arg557 and Glu570 

to re-occupy the space vacated by the inositol head group, consequently pulling the S4-

S5 linker away from the central axis to facilitate opening of the lower gate (Fig. 5 and 

Extended Data Fig. 9e). This mechanism is further supported by analysis of a 

capsazepine-bound structure (determined in either amphipol or nanodisc), in which this 

competitive vanilloid antagonist(Bevan et al., 1992) occupies the same hydrophobic 

pocket as RTX, but apparently without facilitating the key interaction between Arg557 and 

Glu570 (Fig. 5 and Extended Data Fig. 9f). Indeed, mutations at these sites abrogate 

capsaicin-evoked responses, whereas charge-swapping mutations (R557E and E570R) 

partially restore channel function 

(Boukalova et al., 2010; Yang et al., 2015), consistent with our model. Parenthetically, we 

did not observe significant movement within the S1-S4 region (Extended Data Fig. 9e), 

indicating that the static nature of this voltage sensor-like domain as previously 

described(Cao et al., 2013b) is not merely an artifact of amphipol packing. 

 

CONCLUDING REMARKS 

 

Membrane proteins have been reconstituted into lipid nanodiscs and studied by single 

particle cryo-EM(Efremov et al., 2014; Frauenfeld et al., 2011), but our results now show 
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that this system can be taken to atomic resolution, enabling detailed structural analysis 

of lipid-protein interactions in a more native or stable environment. A main concern about 

using nanodiscs for cryo-EM was that the bilayer mass would weaken the power of image 

alignment and limit achievable resolution of imbedded proteins. Our results now show 

that this is not a problem. Indeed, as in the case of amphipol-stabilized TRPV1, the 

transmembrane core reached highest resolution, indicating that image alignment was not 

adversely affected by the nanodisc. In addition to enabling visualization of specific, tightly 

bound lipids, the nanodisc provides a defined contour for the bilayer in relation to protein 

structure while revealing local deformations such as those associated with toxin binding. 

 

Biophysical and biochemical studies suggest that amphipathic ICK toxins, such as 

hanatoxin and SGTx1, first partition into the lipid bilayer, then engage their channel target 

through moderate affinity protein-protein interactions(Lee and MacKinnon, 2004). 

Furthermore, binding affinity may be enhanced by formation of a toxin-lipid-channel 

trimolecular complex(Milescu et al., 2009; 2007). Our DkTx-bound TRPV1 structure 

supports this concept by showing that hydrophobic fingers of the toxin insert almost 

halfway (~9Å) through the outer leaflet of the bilayer, interaction surfaces between DkTx 

and TRPV1 are not extensive, and membrane lipids form bridging interactions between 

toxin and channel (Fig. 6a). Indeed, we achieved significantly better resolution for the 

RTX/DkTx-bound channel, likely reflecting enhanced stability of such a tripartite complex. 

Overall, our findings are consistent with recent modeling studies based on a nuclear 

magnetic resonance structure of DkTx(Bae et al., 2016). Lastly, DkTx is uniquely bivalent, 

and our structure suggests that the taut linker region connecting the two ICK knots has 
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evolved to perfectly match the distance between subunit binding sites, which, together 

with the specific anti-parallel orientation of toxin binding, likely contributes to the 

remarkable avidity and specificity of the DkTx-TRPV1 interaction. 

 

Many TRP channels function as ‘receptor-operated’ channels that are modulated by 

phospholipase C-mediated phosphatidylinositol-4,5-bisphosphate (PIP2) 

hydrolysis(Hardie, 2006; Qin, 2007). However, structural mechanisms governing 

phosphatidylinositide-mediated regulation remain poorly understood. For TRPV1, there 

remains disagreement as to whether PIP2 or other phosphatidylinositides bind directly to 

the channel, or function as obligatory co-factors, allosteric inhibitors, or both(Hille et al., 

2015; Rohacs, 2015). Moreover, channel domains that specify phosphatidylinositide 

sensitivity have not been unambiguously identified. We now show that 

phosphatidylinositides function as endogenous, tightly bound co-factors that stabilize 

TRPV1 in its resting state by serving as competitive vanilloid antagonists and negative 

allosteric modulators. At the same time, phosphatidylinositides may function as positive, 

obligatory co-factors whose binding to TRPV1 in the closed state primes the channel for 

subsequent activation by vanilloids or other stimuli (Fig. 6b). Thus, our structures suggest 

a dual role for phosphatidylinositides through interactions at this single site. Moreover, 

structure-function studies suggest that regions within the TRPV1 C-terminus interact with 

PIP2 (Cao et al., 2013a; Prescott and Julius, 2003; Ufret-Vincenty et al., 2015; 2011) and 

thus additional mechanisms may contribute to phosphatidylinositide regulation of TRPV1 

or other TRP subtypes. Our findings, together with those describing PIP2 interactions with 

inwardly rectifying potassium channels(Hansen et al., 2011), demonstrate that 
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phosphatidylinositides can interact with membrane proteins in diverse ways. Lastly, it is 

tempting to speculate that temperature-dependent displacement of endogenous 

phosphatidylinositides contributes to heat-evoked activation of TRPV1 (Fig. 6c). 
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Figure 1 | TRPV1 structures determined in lipid nanodisc.  a, Side and top views of 

reference-free 2D class averages of TRPV1 in nanodiscs, showing transmembrane 

helices and lipid bilayer. b, Side and top views of 3D reconstruction of TRPV1-ligand-

nanodisc complex. Individual channel subunits are color-coded with two molecules of 

DkTx (purple) atop the channel and a molecule of RTX (red) in the vanilloid binding 

pocket. Densities of the nanodisc (grey) and well-resolved lipids (blue) are also shown. 
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Figure 2½Structural details of tripartite toxin-channel-lipid complex. a, Sequence of 

DkTx (top) showing location of intramolecular disulfide bonds and finger-like loops formed 

primarily by residues conserved between toxin knots (orange). Hydrophobic residues 

enable fingers to penetrate the lipid bilayer by ~9Å (bottom). b, Schematic top down view 

showing antiparallel arrangement of two DkTx molecules (purple) binding at subunit 

interfaces of a TRPV1 homo-tetramer (subunits are color-coded). c, Cutaway view 

depicting one DkTx molecule interacting with two adjacent TRPV1 subunits (grey) and 

associated lipids (blue spheres; red and orange spheres depict phosphate head groups). 

Superimposed ribbon diagram (light blue) denotes location of transmembrane a-helices 

for one channel subunit. d, Detailed view of boxed region in (c) showing interactions 

between lipids and amino acid side chains from channel and toxin (dotted line, hydrogen 

bond). Helices from three neighboring channel subunits are color-coded as in (b). 
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Figure 3 | Movement of protein and lipids associated with toxin binding. a, 

Movement of pore loop, pore helix, and part of S6 domain from closed (blue) to open 

(orange) states upon DkTx (purple) binding. Without such movement, one finger of 

DkTx would clash (yellow region) with the unliganded channel at the top of S6. Top 

down view (right) shows two DkTx molecules atop TRPV1 (grey density). Toxin binding 

is associated with lateral shifts of the pore helix and loop (arrows), as well as large 

rearrangements of aromatic side chains within these regions. b, Two annular lipids 

(shown in blue, with phosphate in orange and oxygen in red) at the channel-toxin 

interface undergo both lateral and vertical movements upon DkTx binding. Dashed lines 

mark original position of phosphate groups in the absence of toxin (left); arrows indicate 

displacement of lipids in the presence of toxin (right). 
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Figure 4½Shared binding pocket for phosphatidylinositol lipids and vanilloid 

ligands. a, Surface representation of TRPV1 (grey) in cutaway view revealing location 

of bound co-factor (blue). Superimposed ribbon diagram (yellow) denotes location of 

transmembrane a-helices for one channel subunit. Detailed view of boxed region shows 

how co-factor density (blue mesh) accommodates a molecule of phosphatidylinositol 

(PI). Positive and negative side chains from S4 and S4-S5 linker, respectively, can form 

ionic interactions with negatively charged phosphate or hydroxyl moieties on inositol 

ring. Helices from a neighboring subunit (light blue) are also shown. b, Density for 

resiniferatoxin (RTX, red mesh) is well fit by its atomic structure. Residues essential for 

RTX sensitivity (Y511, M547, T550) lie in close proximity to the ligand and can engage 

in electrostatic or hydrophobic interactions. Densities for PI and RTX define overlapping, 

but non-identical sites (also see Extended Data Fig. 9). 
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Figure 5½ Structural rearrangements associated with vanilloid binding. a, Ribbon 

diagrams depicting relative locations of S4, S4-S5 linker, S6 and TRP domain helices in 

the presence of phosphatidylinositol (blue, left), resiniferatoxin (orange, middle), or 

capsazepine (gold, right). Vanillyl ring of RTX uniquely stabilizes interaction between 

Arg557 and Glu570 to facilitate movement of the S4-S5 linker away from the central 

axis of the channel (indicated by red arrows), thereby facilitating opening of the lower 

gate through coupled movements (indicated by black arrows). 
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Figure 6 | Mechanistic models for TRPV1 activation. a, Proposed mechanism for 

DkTx action. Two hydrophobic fingers (purple and pink) of each ICK knot (joined by 

three intramolecular disulfide bonds, yellow lines) enable the toxin to partition into the 

lipid bilayer (grey shade) and subsequently target TRPV1. In the closed state, the upper 

pore region of the channel (orange, pore helix; thick line, pore loop) undergoes brief 

spontaneous excursions to an open state, enabling DkTx to dock. Several annular lipids 

(blue ellipse with zigzag tails) bind at the channel-toxin interface to further stabilize the 

open state through formation of a tripartite complex. Resident phosphatidylinositides 

(blue hexagon attached to red sphere with zigzag tails) in the vanilloid pocket may leave 

upon toxin binding to facilitate allosteric opening of the lower gate. b, Proposed 

mechanism for vanilloid agonist action. Phosphatidylinositide co-factor binds in vanilloid 

pocket to stabilize the channel in its closed state. Vanilloid agonist (red hexagon 

attached to grey ellipse) displaces phosphatidylinositide to facilitate formation of a salt 

bridge between Arg557 (dark blue branch) and Glu570 (red branch), consequently 

pulling the S4-S5 linker away from the channel’s central axis to open the lower gate. c, 

Heat may open the channel through a similar mechanism involving thermal 

displacement of resident phosphatidylinositides. 
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Extended Data Figure 1 | Reconstitution of TRPV1 into lipid nanodisc. a, Size 

exclusion chromatography of TRPV1 channel reconstituted into lipid nanodisc using 

MSP2N2. Void volume and peaks corresponding to TRPV1 and cleaved MBP are 

indicated. b, SDS-PAGE of detergent solubilized MBP-TRPV1 fusion protein and 

material from nanodisc reconstituted with TRPV1 following MBP cleavage (middle peak 

in a). Note the presence of both bands for TRPV1 and MSP2N2. c, Representative 

micrograph of negative-stained TRPV1-nanodisc sample showing mono-dispersed and 

homogeneous particles. d, Reference-free 2D class averages of particles in (c) 

revealing band-like density contributed by the lipid disc (side view) and tetrameric 

arrangement of channel subunits (top view). e, 2D class averages of the same protein 

reconstituted into MSP1E3 nanodisc, which is smaller in diameter. Note the extra space 

within the disc offered by MSP2N2 scaffold protein in (d). 
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Extended Data Figure 2 | Single-particle cryo-EM of unliganded TRPV1 in lipid 

nanodisc. a, Representative raw micrograph of apo TRPV1 in nanodisc. b, Fourier 

transform of image in (a). Note Thon rings are visible to up to 3Å. c, Gallery of 2D class 

averages. d, Slices through the unsharpened density map at different levels along the 

channel symmetry axis (numbers start from extracellular side). e, Euler angle 

distribution of all particles included in the calculation of the final 3D reconstruction. 

Position of each sphere (grey) relative to the density map (green) represents its angle 

assignment and the radius of the sphere is proportional to the amount of particles in this 

specific orientation. f, Final 3D density map colored with local resolution in side and top 

views. g, FSC curves between two independently refined half maps before (blue) and 

after (red) the post-processing in RELION. h, FSC curves for cross validation:  model 

versus summed map (purple), model versus half map 1 (used in test refinement, cyan), 

model versus half map 2 (not used in test refinement, orange). Small differences 

between the "work" and the "free" curves indicate little effect of over-fitting. 
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Extended Data Figure 3 | Single-particle cryo-EM studies of agonist-bound TRPV1 

in lipid nanodisc. a, Representative raw micrograph of TRPV1-RTX/DkTx in nanodisc. 

b, Fourier transform of image in (a). c, Gallery of 2D class averages. d, Slices through 

the unsharpened density map at different levels along the channel symmetry axis 

(numbers start from extracellular side). e, Euler angle distribution of all particles 

included in the calculation of the final 3D reconstruction. Position of each sphere (grey) 

relative to the density map (green) represents its angle assignment and the radius of the 

sphere is proportional to the amount of particles in this specific orientation. f, Final 3D 

density map colored with local resolution in side and top views. g, FSC curves between 

two independently refined half maps before (blue) and after (red) the post-processing in 

RELION. h, FSC curves for cross validation:  model versus summed map (purple), 

model versus half map 1 (used in test refinement, cyan), model versus half map 2 (not 

used in test refinement, orange). Small differences between the "work" and the "free" 

curves indicate little effect of over-fitting. 
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Extended Data Figure 4 | Single-particle cryo-EM studies of antagonist-bound 

TRPV1 in lipid nanodisc. a, Representative raw micrograph of TRPV1/capsazepine 

complex in nanodisc. b, Fourier transform of image in (a). c, Gallery of 2D class 

averages. d, Slices through the unsharpened density map at different levels along the 

channel symmetry axis (numbers start from extracellular side). e, Euler angle 

distribution of all particles included in the calculation of the final 3D reconstruction. 

Position of each sphere (grey) relative to the density map (green) represents its angle 

assignment and the radius of the sphere is proportional to the amount of particles in this 

specific orientation. f, Final 3D density map colored with local resolution in side and top 

views. g, FSC curves between two independently refined half maps before (blue) and 

after (red) the post-processing in RELION. h, FSC curves for cross validation:  model 

versus summed map (purple), model versus half map 1 (used in test refinement, cyan), 

model versus half map 2 (not used in test refinement, orange). Small differences 

between the "work" and the "free" curves indicate little effect of over-fitting. 
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Extended Data Figure 5 | Improved resolution for structures determined in 

nanodisc. Comparison of density maps (blue mesh) determined from nanodisc- and 

amphipol-stabilized TRPV1 at various regions of the channel facing the lipid bilayer or at 

the bilayer surface. Refined atomic models (gold, nanodisc; grey, amphipol) are fit to 

corresponding densities. Side chain densities were significantly improved in nanodisc-

stabilized TRPV1-DkTx/RTX structure (a, b), and notable improvement was also seen 

for unliganded (c, d) and capsazepine-bound (e, f) channels in nanodisc. 
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Extended Data Figure 6 | Newly resolved TRPV1 cytoplasmic region in nanodisc-

stabilized structure. a, A region in TRPV1 C-terminus, previously unresolved in 

amphipol-stabilized structures (blue) is clearly resolved in the nanodisc-stabilized 

structure. b, Enlarged view of boxed region in (a) showing density map (blue mesh) and 

superimposed model (gold). Previously resolved TRP domain and N-terminal β-strands 

are depicted in ribbon diagram format (cyan). 
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Extended Data Figure 7 | Categories of lipid densities observed in TRPV1 

structures. a, Two continuous layers of density (blue) contributed by lipid head groups 

of bilayer within nanodisc are shown for apo channel (left) and channel in complex with 

RTX/DkTx (right). b, Atomic model of annular lipids could be built into well resolved 

densities (blue mesh) surrounding the channel protein. DkTx is shown as ribbon diagram 

(pink). Top-down views show distribution of resolved annular lipids (blue) in inter-subunit 

crevices at the outer leaflet of the membrane. c, Well-resolved densities (blue mesh) in 

the structures representing a phosphatidylcholine molecule (left) and a 

phosphatidylinositol molecule (right). Transmembrane helices of TRPV1 close to the 

binding site are also shown as ribbon diagrams (grey). 
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Extended Data Figure 8 | Focused analysis of DkTx density map. a, Flow-chart 

showing procedures of focused 3D classification of DkTx and proximal regions (see 

Methods section for details). b, Atomic models for both knots of DkTx are superimposed 

on density maps (pink mesh). 
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Extended Data Figure 9 | Lipid co-factor and vanilloids at the vanilloid binding 

site of TRPV1. a, Chemical structure of phosphatidylinositol. b, Local environment of 

the phosphatidylinositol binding site may accommodate multiple phosphatidylinositide 

species with phosphate substituents at 3, 4 and/or 5 positions of the inositol ring (drawn 

in red). Adjacent regions of the channel are shown as ribbon diagram (grey). c, Tyr511 

assumes two possible orientations that differ in apo versus agonist-bound states of the 

TRPV1 channel. In the apo state, one acyl chain of the resident phosphatidylinositol 

lipid (blue mesh superimposed with atomic model) prevents the Tyr511 side chain from 

assuming the upward rotamer position. d, Density maps of vanilloids (resiniferatoxin, 

red mesh; capsazepine, gold mesh) superimposed with density of the bound 

phosphatidylinositol lipid (blue mesh), suggesting that they occupy overlapping, but not 

identical sites. Atomic models for both drugs and their chemical structures are also 

shown. e, Overlap of transmembrane region of one TRPV1 subunit corresponding to 

apo (blue) and RTX/DkTx-bound (orange) states. Note the relatively small 

conformational change of the voltage sensor-like domain (S1-S4, boxed region). f, 

Overlap of transmembrane region of one TRPV1 subunit corresponding to apo (blue) 

and capsazepine-bound (gold) states. 
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Extended Data Table | Summary of data sets and statistics 
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CHAPTER 4  

Discussion and future directions 
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TRPV1-phosphatidylinositide interactions 

 

In Chapter 3, we discovered an unexpected lipid density in the vanilloid binding pocket 

of our nanodisc-stabilized, unliganded TRPV1 structure. The shape of the density as 

well as local environment suggested that it may represent a molecule of 

phosphatidylinositol. Through comparing the structures of apo and DkTx/RTX bound 

channel, we found the lipid and vanilloid compounds bind TRPV1 in a mutually 

exclusive manner. Displacement of the phosphatidylinositol by vanilloid agonists 

facilitate the formation of key salt-bridge between residues from S4 and S4-S5 linker of 

TRPV1, which we believe underlies the opening of channel lower gate (Figure 6, 

Chapter 3). Therefore, the lipid may serve a dual role through action at the same site – 

a co-factor when channel is in resting state, and a competitive inhibitor upon activation 

by vanilloid agonists. Is complexity of the lipid’s role as well as the allosteric nature of 

the site related to the complexity of phosphatidylinositide modulation of TRPV1? Could 

the observed density be PI(4,5)P2 or PI(4)P? Can the same site accommodate various 

phosphatidylinositides? Could phosphatidylinositide binding at this site be part of the 

mechanisms underlying negative or positive regulation of TRPV1 activity?  

 

Based on the current structure, we can confidently model the head group of the lipid as 

an phosphoinositol, but we cannot discern whether there were additional phosphate 

groups at 4, 5, and/or 6 positions of the inositol ring. In cryo-EM density maps, 

negatively charged regions would sometimes be less well resolved as a result of the 

coulombic interaction between electrons and negative charges. We therefore performed 
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band-pass filtering analysis on the density map to try to enhance the feature of negative 

charged region. However, the result was still unclear. On the other hand, detailed 

analysis of the surrounding environment of the lipid head suggested that additional 

phosphate groups at the inositol ring would form electrostatic interactions with 

neighboring residues. These include K571 and R575 of the S4-S5 linker and R409 from 

a cytosolic domain preceding S1 (Extended Data Figure 9, Chapter 3). Notably, several 

recent computational studies suggested positively charged residues on S4-S5 linker 

may interact with PI(4,5)P2 (Brauchi, 2014; Poblete et al., 2015), and indeed, this 

“elbow” region of S4-S5 linker is an excellent site for allosteric modulation of channel 

gating(Cao et al., 2013b). Furthermore, phosphatidylinositide-mediated conformational 

changes of the membrane-proximal cytosolic domain has been demonstrated to be the 

key structural mechanism for regulation of the inwardly rectifier K channels(Hansen et 

al., 2011). We thus speculate that the presence of a similar set of interactions between 

residues on this cytosolic loop (R409 and H410) and the negatively charged lipid head 

group may contribute to phosphatidylinositides regulation of TRPV1 (Extended Data 

Figure 9, Chapter 3). 

 

To explore these possibilities, we have adopted a combination of structural and 

biochemical methods to further investigate the identity and specificity of bound lipid. In 

our original reconstitution experiments, soybean polar lipid extract, which contains 

~10% of incompletely characterized phosphatidylinositol lipids, was used to form the 

lipid bilayer of the nanodisc. The mixture of different species of phosphatidylinositides 

may render a heterogeneously occupied pocket, likely limiting the achievable resolution 
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of this region. To overcome this problem, we first reconstituted TRPV1 into polar 

soybean lipid nanodiscs that have been supplemented with 10% PI(4,5)P2. The 

reconstituted channel still showed excellent biochemical behavior as indicated by size 

exclusion chromatography and negative stain EM imaging (Figure 1a, b). The same 

sample was then vitrified and imaged by cryo-EM. While the raw micrographs showed 

homogeneous and monodispersed protein particles as before, the final refinement of 

the structure stopped at only ~5Å resolution, suggesting that excess PI(4,5)P2 may 

either cause more conformational heterogeneity of the channel or negatively impact the 

protein stability (data not shown). We also performed similar experiments with PI(4)P, 

but the resulting structure, although at high resolution, was essentially identical to the 

one we obtained with just soybean polar lipids (data not shown).  

 

To avoid the compositional complexity of natural lipids, we also tried to reconstitute 

TRPV1 into ‘minimal’ nanodiscs, which include a defined ratio of POPC, POPE, POPG, 

sphingomyelin and cholesterol that we previously demonstrated to be sufficient to 

support TRPV1 function(Cao et al., 2013a). Different phosphatidylinositides were then 

introduced in addition to these lipids during reconstitution so that only one type of 

phosphatidylinositide was present in the system. To further eliminate the contamination 

of tightly associated lipids that co-purify with the channel, particularly the ones bound in 

the vanilloid pocket, we included one more step where we use an antagonist of TRPV1, 

capsazepine, to pre-displace the bound native lipids from the pocket, and facilitate the 

entry of added phosphatidylinositides upon washing away the drug. We have obtained 

several cryo-EM data sets for samples prepared in this new procedure. In one data set 
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of TRPV1 embedded in ‘minimal’ nanodiscs containing of PI(4)P, two populations of 

TRPV1 particles were identified in a focused analysis of the vanilloid pocket region, 

showing different density features for the lipid head and potentially coordinating 

residues. In one of the classes, additional density was seen on position 4 of the inositol 

ring, consistent with the added PI(4)P in the nanodisc (Figure 1c). In addition, side-

chain densities for R409 and H410 of this class were also much less well resolved, 

indicating that PI(4)P binding may lead to high level of conformational dynamics at this 

membrane-proximal intra-cellular loop of the channel (Figure 1d).  

 

Identify closely associated lipids using native mass spectrometry 

  

Native mass spectrometry offers researchers the opportunity to identify molecules that 

tightly associate with native, intact biological assemblies. This technique is particularly 

useful in detecting membrane lipids that are closely associated with membrane proteins, 

including annular and regulatory lipids(Sharon and Robinson, 2007). As an adjunct 

effort to our structural approaches, through collaboration with Dr. Carol Robinson’s 

group at Oxford University, we conducted lipidomics analysis and native mass 

spectrometry experiments on TRPV1 with the goal of determining the identity of natively 

bound lipids to the channel. Although mass spectrum cannot provide information about 

the locations to which these lipids bind, based on our previous findings, we have the 

option of analyzing the same sample with or without the presence of small molecule 

vanilloid compounds to correlate specific signals in the mass spectrum with lipid-binding 

events specific to the vanilloid pocket. This experimental design should allow us to 
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identify the types of phosphatidylinositides bound within the vanilloid pocket and 

potentially its population distribution. It can further be used to monitor the dynamics of 

the bound lipids under different conditions where the channel is pharmacologically 

manipulated to mimic a variety of functional states.  

 

Thus far, we have performed lipodomics analysis and initial native mass spectrometry 

experiments on TRPV1 channel solubilized in detergent, amphipol and nanodisc. 

Consistent with our observation in the nanodisc cryo-EM structures, preliminary data for 

lipidomics analysis from our collaborators showed, indeed, that various lipid species 

tightly associate and co-purify with the channel, including large amount of PE, PC and 

PI lipids. Lipid compositions for samples prepared in lauryl maltose neopentyl glycol 

(LMNG, detergent), n-dodecyl-β-D-maltopyranoside (DDM, detergent) and PMAL-C8 

(amphipol) were very similar, suggesting a robust set of natively bound lipids co-purify 

with the channel (Figure 2). We are currently in the process of optimizing the 

experimental conditions for native mass spectrometry to acquire well-resolved spectrum 

for intact TRPV1-lipid complexes, such that identities of bound lipids can be determined.  

 

Visualize near full-length TRPV1 in nanodiscs to identify additional lipid binding 

site(s)  

 

For the study described in Chapter 3, we used a ‘minimal’ construct of rat TRPV1 

channel where the distal N and C termini of the channel, as well as an extra-cellular 

loop between S5 and S6, were truncated. In particular, the distal C terminus of TRPV1 
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is believed to reside in proximity to the cellular membrane and may interact with 

membrane lipids. Functional studies have demonstrated that this C terminal tail of 

TRPV1 has implications on post-translation modification and PI(4,5)P2-mediated 

negative modulation of the channel(Bhave et al., 2003; Prescott and Julius, 2003). To 

explore other potential phosphatidylinositides binding site(s) on TRPV1, in addition to 

the one in the vanilloid pocket, we expressed, purified and reconstituted an almost full-

length channel (TRPV1_101-838) for further structural analysis. Only the first 100 

residues of the channel N terminus were removed from this construct. The protein 

behaved well biochemically and preliminary cryo-EM data showed that near-atomic 

resolution structure can be obtained (Figure 3). We will continue optimizing the sample 

preparation procedures and imaging conditions to further push the resolution limit, so 

that detailed protein-lipid interactions could be visualized.  

 

So far, we have used our standard soybean polar lipid extract for reconstitution of the 

channel. We will also employ the same approach described earlier in the chapter—

reconstitute the channel into nanodiscs made of defined composition of lipids. The 

homogeneity of the lipid pool and the increased concentration of specific 

phosphatidylinositide may be critical for getting a snapshot of the channel-lipid complex, 

whose interaction is often transient and dynamic.   
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The lipid in the vanilloid pocket — leave or not? 

 

Besides its identity, the functional role of the lipid bound in the vanilloid pocket is also an 

intriguing question. Based on our structural findings, a ‘dual model’ was proposed where 

the phosphatidylinositol lipid resides in the vanilloid pocket as a co-factor to stabilize 

TRPV1 in its resting state, and upon activation by vanilloid agonists, is ejected to 

facilitate the engagement of the drug to the pocket (Figure 5, Chpater 3). Formation of a 

key salt-bridge between R575 and E570 mediated by vanilloid agonist binding then 

drives the opening of the channel’s lower gate. Therefore, from a simple structural 

perspective, ejection of this resident lipid is likely a prerequisite for TRPV1 activation by 

vanilloids or other agents targeting the same site.  

 

It is known that TRPV1 can be activated by a range of stimuli through different sites of 

action. The mechanisms of activation by thermal stimuli and protons, while extensively 

studied, have yet to been elucidated from a structural stand point. For a poly-modal 

receptor like TRPV1, different pathways of activation show cross-talk and distinct sites 

of action are functionally coupled. This trait of the channel had led us to an important 

question—whether the displacement of the lipid in the vanilloid pocket also occurs when 

the channel is activated by other stimuli? While the current known structures cannot 

provide direct answers to this question, considering the crucial location of the lipid 

binding site and the allosteric nature of the surrounding domains, we speculated that 

ejection of this lipid may be involved in the mechanisms of TRPV1 activation by DkTx, 

proton or heat (Figure 6, Chapter 3).  
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To test this hypothesis, one possibility is to obtain structures of the channel when it is 

activated by these stimuli, and carefully examine the vanilloid pocket to find out whether 

the lipid is still there. Among the modulatory tools we have for TRPV1, DkTx is the most 

promising one for structural studies. Although we had previously used the combination 

of DkTx and RTX to obtain the fully open structure of the channel(Cao et al., 2013b), 

DkTx itself is able to activate TRPV1 de novo and lock the channel in open state as 

demonstrated by electrophysiological recordings(Bohlen et al., 2010). We therefore tried 

to image the TRPV1-DkTx complex, but unfortunately, the data we have so far seems to 

suggest that DkTx failed to bind to TRPV1 channels in nanodisc, or binds with low 

efficiency (data not shown). One possible explanation is that the toxin only binds to 

open channels. Without the help of a full agonist, DkTx only binds to a small fraction of 

spontaneously opened channels in nanodiscs, whereas in cellular environment, more 

frequent spontaneous opening events occur that help the engagement of the toxin. To 

overcome this problem, DkTx can be used in conjunction with low pH condition to 

eventually help determine structures of TRPV1 activated by DkTx alone. An alternative 

approach to monitor the lipid is to employ the same native mass spectrometry method 

described earlier. Once a robust correlation between specific lipid signals in the mass 

spectrum and the administration of vanilloid compounds is established, we can monitor 

the exact signals to probe the dynamics of the lipid while spraying the channel with 

DkTx, low pH condition or other stimuli.    
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Alteration of the lipid binding pocket—stimulus dependent modulation of TRPV1? 

 

To determine whether the lipid also plays essential roles in the activation of TRPV1 by 

other stimuli beyond vanilloid compounds, we reasoned that functional characterization 

of channel mutants that have altered binding pocket for the phosphatidylinositol lipid 

may be an entry point. As a guideline, we would like to identify mutants that are still 

functional but which exhibit enhanced or diminished affinity for the bound lipid. Close 

examination of the lipid/vanilloid binding pocket suggests the region around the head 

group and one tail of the lipid may be optimal for manipulation, and residues either in 

close contact with vanilloid compound or necessary for channel gating should be 

avoided (Figure 4a). We chose a few residues and mutated them to ones that have 

either bulky aromatic side-chain (tryptophan and phenylalanine), a negative charge 

(glutamate and aspartate) or positive charge (lysine and arginine). The rationale for 

these mutations is to introduce spatial constraints or electrostatic attraction/compulsion 

to the pocket in order to positively or adversely influence the binding of the lipid. 

 

Calcium imaging was first performed to test the functionality of these mutants. Two 

concentrations of capsaicin were applied sequentially to evaluate the approximate 

sensitivity of the mutants. While some mutations rendered the channel insensitive to 

capsaicin, others showed robust activation by the drug (Figure 4 b-c). Interestingly and 

unexpectedly, a putative gain-of-function mutant, TRPV1 (Q700W), was found to be 

more sensitive to capsaicin compared to the wildtype channel (Figure 4c). This result 

was further validated by voltage clamp recordings in Xenpus oocytes expressing the 
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wildtype or mutants of TRPV1. The capsaicin dose-response curve for the Q700W 

mutant was left shifted in comparison with the wildtype channel, suggesting 5-10 times 

greater sensitivity to capsaicin (Figure 4d). The Q700R mutation at the same site, 

however, responded to capsaicin indistinguishably from the wildtype (Figure 4e). If you 

consider the bound phosphatidylinositol lipid acting as a competitive antagonist of the 

channel, Q700W mutation will likely reduce the affinity of the lipid by disrupting the 

space occupied by its head group, therefore facilitating the displacement of the lipid by 

capsaicin. Thus, the hyper-sensitivity to capsaicin of this mutant is entirely consistent 

with our model. However, we cannot completely rule out the possibility that the Q700W 

mutation may have caused other unexpected changes that are responsible for the 

observed hypersensitivity. We are now trying to determine the structure of this mutant to 

ask whether pronounced conformational changes have been introduced beyond the 

alteration of lipid binding.      

 

Assuming the hypersensitivity of the mutant channel to capsaicin is the consequence of 

loosened lipid binding, the next question we asked is whether the mutant’s responses to 

other stimuli are also affected. We investigated responses to protons and heat for a few 

channel mutants using voltage clamp recording. We found the Q700W mutation, 

indeed, also makes TRPV1 more sensitive to protons, as indicated by more pronounced 

activation at pH 5.5 and pH 6, in comparison to wildtype channels (Figure 5 a-d). 

However, during a temperature ramp from 22°C-55°C, the same mutant exhibited 

essentially identical response profile compared to the wildtype (Figure 5 e-f). While 

these findings cannot directly address the question of whether the displacement of the 
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lipid in the vanilloid pocket is necessary for TRPV1 activation by protons or thermal 

stimulus, they still suggest that the dynamics of the lipid may be involved in the 

structural rearrangement of the channel upon activation in a stimulus-dependent 

manner. Specifically, TRPV1 activation by vanilloids and protons may involve the 

ejection of the resident native lipid, whereas thermal stimulus activates the channel 

through a pathway that is independent of the bound lipid. Further experiments, such as 

direct imaging by cryo-EM and lipid tracing using native mass spectrometry as 

described above, are still needed to validate this hypothesis.  

 

Nonetheless, the pathway-specific effect of manipulation of lipid binding also raised the 

exciting possibility of achieving modality-specific modulation of TRPV1, a goal 

researchers and pharmaceutical companies have been chasing for years. As one of the 

key mediators of both acute pain and chronic inflammatory pain, TRPV1 has been 

considered as a major target for development of novel analgesics since its 

discovery(Szallasi et al., 2007). However, most of the effort in developing high affinity 

blockers of the channel turned out to be clinically unsuccessful because of side-effects 

likely related to the integrative nature of the channel. Since TRPV1 also plays key role 

in body temperature regulation, inhibition of the channel may interfere the temperature 

homeostasis of the body, which greatly limited the clinical potential of these 

antagonists(Swanson et al., 2005). An ideal analgesic for relieving chronic inflammatory 

pain would be one that only blocks the activation of TRPV1 by pro-algesic and pro-

inflammatory agents, such as protons and various endo-vanilloids, but not acute thermal 

activation of the channel. Though not exact, this is a similar type of modality-specific 
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modulation as we observed for the Q700W mutant when we tried to manipulate the 

binding of phosphatidylinositol lipid in the vanilloid pocket. It is therefore entirely 

reasonable to envision that small molecules can be designed to mimic the resident lipid 

and bind to the pocket with much higher affinity so that it can serve as both a 

competitive inhibitor for endo-vanilloids and an allosteric inhibitory modulator that blocks 

TRPV1 activation by protons. At the same time, these molecules would do not interfere 

with normal temperature response mediated by the channel, making them safer 

analgesics in combating chronic inflammatory pain.  
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Figure 1 | TRPV1 in nanodiscs supplemented with phosphatidylinostitides. a, Size 

exclusion chromatography of TRPV1 channel reconstituted into lipid nanodiscs using 

soybean polar lipid extract supplemented with 10% PI(4,5)P2. Peaks corresponding to 

reconstituted TRPV1 channel is indicated. b, Representative micrograph of negative-

stained TRPV1-nanodisc sample in (a) showing mono-dispersed and homogeneous 

particles. c, Electron density maps showing local features surrounding the lipid head 

group for TRPV1 imaged in regular soybean polar lipid nanodiscs (left) and PI(4)P-

supplemented, ‘minimal’ nanodiscs (right). The atomic model of apo TRPV1 is 

superimposed to the map with the bound phosphatidylinositol and two potentially 

associating residues highlighted. The arrow denotes additional density corresponding to 

possible phosphate group at the inositol ring.  d, Electron density maps showing distinct 

side-chain features of R409 and H410 (circled) for the two different classes of particles 

identified in the analysis. One class (left) showed more heterogeneity than the other 

(right) suggesting dynamics of the region.  
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Figure 2 | Lipidomics analysis of TRPV1 stabilized in various systems. LC/MS-MS 

spectrum of TRPV1-associating lipids after extensive de-lipidation. Different species of 

phospholipids identified in the analysis are annotated. (data from Dr. Di Wu, Oxford 

University, UK) 
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Figure 3 | Cryo-EM structure of a near-full length TRPV1 channel in nanodiscs. 

Electron density map of TRPV1_101-838 construct determined in nanodiscs showing 

side-view and end-on views. Representative 2D class averages of particles in the data 

set are also shown (inlet). 
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Figure 4 | Mutations at the lipid binding pocket lead to hypersensitive channel. a, 

Overview of the lipid binding pocket showing TRPV1 residues (Q700, L515 and I573), 

when mutated, may affect the binding affinity of the lipid but not abolish channel 

function. b, Two example mutations (L515W and I573W) that renders the channel 

insensitive to a saturating dose of capsaicin in calcium imaging experiments. c, The 

Q700W mutant, but not the Q700R mutant, respond to capsaicin with higher sensitivity 

than the wildtype channel as indicated by the percentage of activation under two 

different doses of the drug. d-e, Capsaicin dose-response curves for wildtype channel, 

Q700W and Q700R. A series of different doses of capsaicin were sequentially perfused 

to each Xenopus oocyte and current amplitude at +80 mV was recorded and normalized 

to the maximal current, Imax. Data was fitted to a standard dose-response curve using 

Prism (n= 3-6).  
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Figure 5 | TRPV1-Q700W has elevated sensitivity to proton but normal response 

to heat. a-c, Representative trace of currents for proton activation of wildtype TRPV1 

(a), Q700R (b), and Q700W (c). Each Xenopus oocyte was sequentially put through 

four different pH conditions with 30s duration of wash in between. One final saturating 

dose of capsaicin (50μM) was applied to activate all expressed TRPV1 channels. 

Current amplitude at +80 mV (red) and -80 mV (blue) were shown. d, Histogram 

showing normalized response to different pH conditions for wildtype and mutant 

channels (n = 4-6). Current amplitudes at +80 mV were used and all proton responses 

were normalized to the final capsaicin response. e-f, Example current traces for heat 

activation of wildtype and mutant channels. A temperature ramp (22°C-55°C, 2°C/s) 

was used, and all current amplitudes at + 80 mV were normalized to the maximum 

amplitude and plotted.    

 



	 105	

 

  

 

 

 

 



	 106	

References  

Bhave, G., Hu, H.-J., Glauner, K.S., Zhu, W., Wang, H., Brasier, D.J., Oxford, G.S., and 

Gereau, R.W. (2003). Protein kinase C phosphorylation sensitizes but does not activate 

the capsaicin receptor transient receptor potential vanilloid 1 (TRPV1). Proc Natl Acad 

Sci USA 100, 12480–12485. 

Bohlen, C.J., Priel, A., Zhou, S., King, D., Siemens, J., and Julius, D. (2010). A Bivalent 

Tarantula Toxin Activates the Capsaicin Receptor, TRPV1, by Targeting the Outer Pore 

Domain. Cell 141, 834–845. 

Brauchi, S. (2014). A structural view of ligand-dependent activation in thermoTRP 

channels. 1–14. 

Cao, E., Cordero-Morales, J.F., Liu, B., Qin, F., and Julius, D. (2013a). TRPV1 

Channels Are Intrinsically Heat Sensitive and Negatively Regulated by Phosphoinositide 

Lipids. Neuron 77, 667–679. 

Cao, E., Liao, M., Cheng, Y., and Julius, D. (2013b). TRPV1 structures in distinct 

conformations reveal activation mechanisms. Nature 504, 113–118. 

Hansen, S.B., Tao, X., and MacKinnon, R. (2011). Structural basis of PIP2 activation of 

the classical inward rectifier K+ channel Kir2.2. Nature 477, 495–498. 

Poblete, H., Oyarzún, I., Olivero, P., Comer, J., Zuñiga, M., Sepulveda, R.V., Báez-

Nieto, D., González Leon, C., González-Nilo, F., and Latorre, R. (2015). Molecular 

Determinants of Phosphatidylinositol 4,5-Bisphosphate (PI(4,5)P 2) Binding to Transient 

Receptor Potential V1 (TRPV1) Channels. J. Biol. Chem. 290, 2086–2098. 

Prescott, E.D., and Julius, D. (2003). A modular PIP2 binding site as a determinant of 

capsaicin receptor sensitivity. Science. 

Sharon, M., and Robinson, C.V. (2007). The Role of Mass Spectrometry in Structure 

Elucidation of Dynamic Protein Complexes. Annu. Rev. Biochem. 76, 167–193. 

Swanson, D.M., Dubin, A.E., Shah, C., Nasser, N., Chang, L., Dax, S.L., Jetter, M., 

Breitenbucher, J.G., Liu, C., Mazur, C., et al. (2005). Identification and Biological 

Evaluation of 4-(3-Trifluoromethylpyridin-2-yl)piperazine-1-carboxylic Acid (5-

Trifluoromethylpyridin-2-yl)amide, a High Affinity TRPV1 (VR1) Vanilloid Receptor 

Antagonist. J. Med. Chem. 48, 1857–1872. 

Szallasi, A., Cortright, D.N., Blum, C.A., and Eid, S.R. (2007). The vanilloid receptor 

TRPV1: 10 years from channel cloning to antagonist proof-of-concept. Nat Rev Drug 

Discov 6, 357–372. 

 

 






