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Learning Objective: To explore how 
protein function and mechanism can be 

elucidated using the discovery and 
subsequent characterization of 

somatosensory ion channels as an 
example.



Pain

Warning and Protective System
Signals Tissue Injury
Initiates Protective Reflexes

Plasticity
Subject to Variation (Often Enhanced)
Acute and Chronic Phases

Societal
Most Common Reason for Seeking Medical Help 
(Affects 100 Million People in the United States)



Cancer-related Pain Afflicts 
the Majority of Cancer Patients

Surgery

Radiation

Neuropathic Cancer Pain
Caused by Nerve Damage

Chemotherapy

70

WHO GUIDELINES FOR THE PHARMACOLOGICAL AND RADIOTHERAPEUTIC MANAGEMENT  
OF CANCER PAIN IN ADULTS AND ADOLESCENTS
WHO GUIDELINES FOR THE PHARMACOLOGICAL AND RADIOTHERAPEUTIC MANAGEMENT  
OF CANCER PAIN IN ADULTS AND ADOLESCENTS

ANNEX 1: EVALUATION OF PAIN

Designing optimum analgesia is one of the most fundamental tasks in health care 
and depends on the evaluation of a patient’s pain – including its causes, severity and 
e!ects on the patient. However, as a “sensory and emotional experience” that may 
or may not be associated with tissue damage, evaluation of pain is not always easy 
(1). No single assessment technique is universally applicable. The evaluation must be 
based in part on clinical judgement regarding factors such as the underlying condi-
tions, haemodynamic stability, acuity of the conditions and the pain, and previous and 
current treatments. It must also take into consideration psychosocial factors such as 

Figure A1.1. The three-step analgesic ladder

   FREEDOM FROMCANCER PAIN

PAIN PERSISTING OR INCREASING

PAIN PERSISTING OR INCREASING

Opioid for moderate to severe pain,+/- non-opioid+/- adjuvant

Opioid for mild to moderate pain,+/- non-opioid+/- adjuvant

Non-opioid+/- adjuvant

1

2

3

Inadequately controlled in 
~50% of suffers.

World Health Organization. 2018.

Tumor



Nociceptors Facilitate the Detection and 
Response to Environmental Signals

Innocuous 
or Painful 

Stimuli

Spinal Cord

DRG 
Cell Body

Itch Temperature

Chemical

Mechanical

Nociceptive 
Ion Channels

TRPV1 TRPM8



Somatosensory 
Ion Channels



Cell Membrane is a Barrier that Controls 
Molecular Transport

LibreTexts Biology - Figure 4.2.7

Transport of ions requires proteins - a subset 
of which are ion channels.



Ion Channels Properties - Gating

Closed

Open

Ion channels can GATE the flow of ions into or 
out of the cell.

STATES

This may be in response to a specific stimuli.



Ion Channels Properties - Selectivity

Ion channels show ion SELECTIVITY, permitting 
some ions to pass, but not others.

Closed

Open

Ca2+

Na+



TRP Ion Channel Family

TRPM8: cold activated
menthol receptor

TRPA1: electrophile activated
Wasabi receptor
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TRP Channels Belong to the 
Voltage-gated Ion Channel Superfamily

Yu & Catterall. Pharmacol. Rev. 2005.

TRPA

TRPN



Mechanosensitive Ion Channel Families

Kefauver, Ward & Patapoutian. Nature. 2020.

568 | Nature | Vol 587 | 26 November 2020

Review

MscS is structurally distinct from MscL42. It is a homo-heptamer with 
each protomer composed of three TM helices, with an extracellular N 
terminus and a cytoplasmic C terminus42. For many years, it was thought 
that MscS gating was analogous to that of MscL, whereby the third TM 
helix (TM3) served as the main pore-facing component with a cytosolic 
amphipathic helix (termed TM3b) formed by a kink in TM3 (Fig. 1b, 
insert)42–44. However, recent structures of MscS solved in lipidic nano-
discs show that this region sits below the membrane, within the cyto-
plasm12,13 (Fig. 1b). The flexible N terminus, now designated the anchor 
domain, occupies the periplasmic half of the TM region and includes an 
amphipathic portion that sits on the periplasmic leaflet12,13. This region 
is important for gating by tension, and spectroscopic data suggest that 
it moves deeper into the membrane as the channel opens13,45,46. These 
structures also reveal several bound lipids that may be important for 
gating by mechanical stimuli12,13 (Fig. 3a) and underscore the importance 

of structural determination in lipidic environments. Another distinct 
feature of the MscS family is the large C-terminal cytoplasmic cham-
ber with eight portals that open to the cytoplasm, which serves as the 
primary selectivity filter47,48; it may also act as a sensor of cytoplasmic 
crowding to prevent excessive draining of the cell49 (Fig. 1b).

Homologues of MscS channels are found in plants and some fungi 
and protists, but not in animals50. Land plants encode several MscS-like 
(MSL) genes that are grouped into three categories on the basis of their 
subcellular localization50. MSLs in group I and group II are expressed in 
mitochondria and plastids, where they have an osmoregulatory role30,51. 
Group III MSLs reside at the plasma membrane, where their roles remain 
an active area of research. In Arabidopsis thaliana, MSL8 and MSL10 
have been shown to be bona fide mechanosensitive ion channels, with 
roles in pollen survival52, stress-induced cell death53 and cell swelling 
in seeds54. Recent structures of MSL1 reveal a shared architecture with 

f  NOMPCf NOMPC
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In

a  MscL

Out

In

a MscL

Previous model of MscS:

Out
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c TREK-1c TREK-1
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e OSCA1.2e CA1.2OSC
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d  PIEZO1

OutIn

Previou
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b  MscS

Out
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Fig. 1 | Structures of mechanically activated ion channels. Many 
mechanically activated channels seem to share a common feature: 
amphipathic helices (dark red on subunit A, rose on all other subunits) 
connected directly or indirectly to pore-lining regions (dark blue on subunit A, 
cornflower on all other subunits). a, Cartoon model of MscL (Protein Data Bank 
(PDB): 2OAR). Pore-lining TM1 (blue) is connected to the amphipathic S1 helix 
(red). b, Cartoon models of MscS. Main, a recent structure of MscS in nanodiscs 
(PDB: 6PWP), with the amphipathic anchor domain (red) sitting on the external 
membrane leaflet. Inset, the previous model of MscS (PDB: 2OAU), with the 
pore-lining TM3a helix (blue) completely embedded within the membrane and 
TM3b (red) predicted to be an amphipathic segment at the cytoplasmic leaflet. 

c, Cartoon model of TREK-1 (PDB: 6CQ6). The pore domains (blue) are gated by 
a C-type mechanism61. The amphipathic C-tail (red) extends below the M4 helix. 
d, Cartoon model of PIEZO1 (PDB: 5Z10). Beneath the extracellular cap, two TM 
helices from each subunit line the pore (blue). In the domain-swapped blades, 
several amphipathic helices (red) line the cytoplasmic leaflet. e, Cartoon model 
of OSCA1.2 (PDB: 6MGV). Five helices (blue) line each of the two putative pores 
of OSCA1.2 and an amphipathic helix (red) sits on the opposite face of each 
subunit. f, Cartoon model of NOMPC (PDB: 5VK4). Each NOMPC subunit has an 
amphipathic TRP domain (red), a pore helix (blue) and a large spring-like 
ankyrin repeat domain (green).



The Noble Prize in Physiology or Medicine 2021 was 
awarded jointly to David Julius and Ardem 

Patapoutian “for their discoveries of receptors for 
temperature and touch.” 





TRPV1 is the Primary Detector 
of Environmental Heat

Julius. Annu. Rev. Cell Dev. Biol. 2013.
Caterina, et al. & Julius. Nature. 1997.

CB29CH13-Julius ARI 1 September 2013 10:5
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Figure 4
An emerging structure-function map for the capsaicin receptor, TRPV1. (a) Pharmacological and mutagenesis studies have identified
TRPV1 domains that confer sensitivity to various stimuli or contribute to physiological modulation of the channel downstream of
metabotropic receptors. These include sites of action for capsaicin (chili pepper) and related vanilloid ligands, extracellular protons
(lemon), or peptide toxins from tarantula (spider). Regions implicated in channel modulation by cellular proteins and cytoplasmic second
messengers are also indicated. (b) The bivalent double knot toxin (DkTx) from the Earth Tiger tarantula binds to the outer pore region
of TRPV1, locking it in its open state. Four residues within this region define a putative footprint for toxin binding, illustrated
schematically in a cross section of the channel showing just two diagonally opposed subunits for clarity. (c) Top-down view of proposed
DkTx binding site on a homotetrameric TRPV1 channel. Orange and red spheres represent locations of amino acids (on neighboring
channel subunits) that have been implicated in toxin binding. The TRPV1 pore domain was modeled after the structure of the bacterial
KcsA potassium channel. Panels b and c were adapted with permission from Bohlen et al. (2010). Abbreviations: A, ankyrin repeats;
C, carboxy terminus; N, amino terminus; PLC, phospholipase C.
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TRPM8 is the Primary Detector 
of Environmental Cold

McKemy, Neuhausser & Julius. Nature. 2002.

Ca2+

Na+

Closed

cytosol

plasma membrane

Nociceptor

Open

Desensitized

Ca2+

Cold Adaptation

Cold
Natural & Synthetic 

Cooling Agents
Mint

Ice





TRPM8 as an Analgesic Target: 
Agonists Relieve Mechanical Hyperalgesia

Camphor 11% 
Menthol 10%

Camphor 4.8% 
Eucalyptus Oil 1.2% 

Menthol 2.6%

Menthol 1%

Menthol 5%

TRPM8 Activators
Sports Injuries, Minor Aches and Pains, Colds

Cold



Camphor 11% 
Menthol 10%

TRPM8 as an Analgesic Target: 
Antagonists Relieve Cold Hyperalgesia

Camphor 4.8% 
Eucalyptus Oil 1.2% 

Menthol 2.6%

Menthol 1%

Menthol 5%

TRPM8 Activators TRPM8 Inhibitors

Cold Hypersensitivity 
due to 

Nerve Damage

Airway 
Restricted Diseases 
(ex. Chronic Cough, 

Asthma)

Sports Injuries, Minor Aches and Pains, Colds

Cold



TRPA1 is the Primary Detector 
of Environmental Irritants

Bautista, Pellegrino & Tsunozaki. Annu. Rev. Physiol. 2013.
Bautista, et al. & Julius. Cell. 2006.

PH75CH08-Bautista ARI 10 January 2013 13:0

Cytoplasmic

NH2

COOH 

CC

CC
C

15d-PGJ2

AITC
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Acrolein

TRPA1

GPCRs (e.g., BK2R,
MrgprA3/C11)

C Reactive cysteine residues 
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Figure 2
Diverse mechanisms of TRPA1 activation. Endogenous and exogenous agonists covalently modify cysteines ( yellow; C) in the TRPA1
N terminus to promote channel activity. In addition, signaling molecules downstream of G protein–coupled receptors (GPCRs)
regulate TRPA1 channel activity. Other putative binding/modulatory sites that regulate channel activity include ankyrin domains
( gray), calcium-binding domains (red; D), the familial episodic pain syndrome (FEPS) mutation ( green; N), and zinc-binding sites
(orange; C, H). Additional TRPA1 domains for activation by phospholipase C (PLC) and Gβγ are not known.

Dorsal root ganglion
(DRG): a ganglion
located along the
dorsal root of the
spinal cord; sends out
processes that
innervate the viscera
and the skin

Trigeminal ganglion
(TG): a ganglion of
the trigeminal nerve
(cranial nerve V);
sends out processes
that innervate the
upper respiratory tract,
face, and meninges

determine the functional significance of the interaction between TRPA1 and nitrated fatty acids.
PGs, another class of fatty acid derivatives, are produced at sites of inflammation and mediate in-
flammatory responses and sensitization by a variety of mechanisms. One PG derivative, 15d-PGJ2,
specifically activates TRPA1 (19, 20, 23, 24).

What molecular characteristics of TRPA1 make it such a promiscuous sensor of structurally
disparate chemicals? Part of the answer lies in the extensive N-terminal ankyrin repeat domain.
Thiosulfinates (allicin), isothiocyanates (AITC), reactive carbonyl compounds (acrolein), and 15d-
PGJ2 activate TRPA1 channels directly by covalent modification of specific cysteine residues
located in the ankyrin repeat domains of the N terminus (Figure 2) (25–27). Several other TRPA1
agonists, such as isocyanates, nitrooleic acid, lidocaine, hydrogen peroxide, and hypochlorite, may
also target this site because the N-terminal cysteine residues are required for activation (18, 21,
28). The overall sequence of the N-terminal domain and the number of ankyrin repeats vary
among species; this structural variation in the N-terminal domain determines the repertoire of
stimuli that activate or modulate the channel. For example, human TRPA1 is activated by AITC,
but not by heat, whereas rattlesnake TRPA1 is activated by heat with a Q10 of ∼14 and displays

184 Bautista · Pellegrino · Tsunozaki
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TRPA1 in Airway Inflammation

Bautista, Pellegrino & Tsunozaki. Annu. Rev. Physiol. 2013.

PH75CH08-Bautista ARI 10 January 2013 13:0

Oxidant
Ozone
Chlorine
Hydrogen peroxide

ROS mediators
4-HNE
4-ONE

Allergens
Ovalbumin

Heavy metals
Zinc
Cadmium
Copper

Tobacco smoke
Acrolein
Crotonaldehyde

Anesthetic
Des!urane
Iso!urane

Isocyanates/tear gases
Methyl isocyanate
Toluene diisocyanate
Benzyl bromide
Bromoacetone

Vagus nerve

Trigeminal nerve

Dorsal root ganglia

Cough
Asthma
COPD

Bronchospasm
Mucus secretion

Figure 3
TRPA1 in airway inflammation. The respiratory system is densely innervated by TRPA1-expressing primary afferent fibers from the
trigeminal nerve, vagus nerve, and dorsal root ganglia. TRPA1 is activated by numerous exogenous irritants and endogenous mediators
of airway inflammation. TRPA1 activation in the airways has been linked to cough, asthma, chronic obstructive pulmonary disease
(COPD), bronchospasm, and mucus secretion.

also play a role in nonneuronal cells, such as lung epithelia and smooth muscle, but such a role
has not been directly tested. As discussed below, TRPA1 is now linked to both acute and chronic
inflammatory disorders of the respiratory tract (Figure 3).

Airway Irritants that Activate TRPA1
There is a growing list of airborne chemicals that induce airway irritation and elicit behavioral
responses by activating TRPA1. Such chemicals include industrial pollutants (isocyanates, heavy
metals, and oxidizing agents) and general anesthetics (Table 1). Many of these airway irritants
have been shown to activate pulmonary sensory neurons and airway afferent fibers in a TRPA1-
dependent manner. However, the precise mechanisms by which TRPA1 is activated are mostly
unknown. Whereas isocyanates and the topical anesthetic lidocaine require, at least in part, the
reactive N-terminal cysteines of TRPA1 to exert their effects, zinc activates the channel through
interaction with different cysteine and histidine residues (Cys1021 and His983) (Figure 2) (18, 71,
72). Thus, many airway irritants may act directly on TRPA1 to induce neurogenic inflammation.

188 Bautista · Pellegrino · Tsunozaki
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Piezo2 is the Primary Detector 
of Touch and Proprioception

Jin, Jan & Jan. Annu. Rev. Neurosci. 2020.

NE43CH10_Jan ARjats.cls June 23, 2020 9:38
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Figure 2
Structure and gating model of Piezo. (a) Domain structure of Piezo proteins (rectangle, helix; rectangle arrow, β-sheet; solid line, loop
region that is well resolved; dashed line, loop region that may not be well structured). The regions masked by a gray block are not solved
in the Piezo1 structure but are solved in the Piezo2 structure. (b) Two views of an atomic model of mouse Piezo1 (PDB ID: 5Z10;
https://doi.org/10.2210/pdb5z10/pdb). One subunit is shown in pipes and planks and colored with the same color codes used in
panel a. The other two subunits are shown in ribbon diagrams. (c) A schematic of the Piezo channel gating mechanism. The
transmembrane region of Piezo could induce a membrane curvature, which might be !attened under force. Membrane !attening might
associate with Piezo activation, but the detailed mechanism is unclear.

the symmetry axis of the CTD or laterally through the gap between the CTD and the membrane
(Figure 2c). The smallest constriction of the pore measures less than 1 Å in all structures, indi-
cating a closed conformation. Jointly, the blade, the cytosolic regions (the beam, latch, and clasp),
the anchor, and the CTD may move in a coordinated manner to mediate force transduction and
control channel activation, which is supported by a series of structure-guided mutagenesis studies
in both proteins (Saotome et al. 2018, Taberner et al. 2019, Zhao et al. 2018) and the results from
magnetic nanoparticle–based MS domain identi"cations in Piezo1 (Wu et al. 2016).

Membrane Curvature and Piezo Activation
The nanodome con"guration at the TM region suggests Piezo1/2 are probably capable of induc-
ing local distortion of the lipid bilayer. Indeed, the curvature is evident not only for detergent-
embedded Piezo1/2 but also for Piezo1 in small unilamellar vesicles (Guo&MacKinnon 2017,Lin
et al. 2019). Interestingly, the dome becomes more !attened with increased vesicle size, indicating
an interaction between protein and membrane (Lin et al. 2019). Force exerted perpendicularly to
the membrane through atomic force microscopy (AFM) could induce a reversible !attening de-
formation of the dome (Lin et al. 2019). This conformational change may associate with channel
activation, as the calculated half-activation tension under this situation is consistent with earlier
reports (Cox et al. 2016, Lewis & Grandl 2015, Lin et al. 2019). Symmetry-free 3-D classi"cation
of Piezo1 protein particles also showed that the blades from certain subclasses could be slightly

www.annualreviews.org • Structural Features of Mechanotransduction 213
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Physiological Roles of Piezo2

Szczot et al. Annu. Rev. Biochem. 2021.



Exploiting Natural 
Products and Synthetic 
Chemical Modulators to 
Probe Protein Function



Natural Products as Probes 
of the Pain Pathway

Julius. Annu. Rev. Cell Dev. Biol. 2013.

CB29CH13-Julius ARI 1 September 2013 10:5
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Figure 2
Natural products as probes of the pain pathway. (a) Natural plant products have provided the most powerful
pharmacological probes for identifying and studying molecules and signaling mechanisms underlying
nociception and pain. These include salicylic acid (related to aspirin) from willow bark; morphine from
opium poppies; menthol from mint leaves; capsaicin from chili peppers; thiosulfinates from garlic, onions,
and other allium plants; and isothiocyanates from wasabi and other mustard plants. (b) Capsaicin elicits acute
pain and neurogenic inflammation by selectively activating excitatory transient receptor potential (TRP) ion
channels on nociceptor nerve endings, promoting the release of neurotransmitters and peptides from both
central and peripheral nerve terminals. Similar mechanisms underlie the actions of menthol, isothiocyanates,
thiosulfinates, and related pungent irritants.

www.annualreviews.org • TRP Channels and Pain 359
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Discovery of the Heat and Capsaicin 
Receptor, TRPV1

Nature © Macmillan Publishers Ltd 1997

The capsaicin receptor: a
heat-activated ion channel
in the pain pathway
Michael J. Caterina*,MarkA.Schumacher†k,MakotoTominaga*k, TobiasA.Rosen*, JonD. Levine‡ &David Julius*

Departments of * Cellular and Molecular Pharmacology, † Anesthesia, and ‡ Medicine, University of California, San Francisco, California 94143-0450, USA

k These authors contributed equally to this study.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Capsaicin, the main pungent ingredient in ‘hot’ chilli peppers, elicits a sensation of burning pain by selectively
activating sensoryneuronsthat convey information about noxiousstimuli to thecentral nervoussystem.Wehaveused
anexpressioncloningstrategy basedoncalcium influx to isolate a functional cDNAencodingacapsaicin receptor from
sensory neurons. This receptor is a non-selective cation channel that is structurally related to members of the TRP
family of ion channels. The cloned capsaicin receptor is also activated by increases in temperature in the noxious
range, suggesting that it functions as a transducer of painful thermal stimuli in vivo.

Pain is initiated when the peripheral terminals of a subgroup of
sensory neurons are activated by noxious chemical, mechanical or
thermal stimuli. These neurons, called nociceptors, transmit infor-
mation regarding tissue damage to pain-processing centres in the
spinal cord and brain1. Nociceptors are characterized, in part, by
their sensitivity to capsaicin, a natural product of capsicum peppers
that is the active ingredient of many ‘hot’ and spicy foods. In
mammals, exposure of nociceptor terminals to capsaicin leads
initially to excitation of the neuron and the consequent perception
of pain and local release of inflammatory mediators. With pro-
longed exposure, nociceptor terminals become insensitive to cap-
saicin, as well as to other noxious stimuli2. This latter phenomenon
of nociceptor desensitization underlies the seemingly paradoxical
use of capsaicin as an analgesic agent in the treatment of painful
disorders ranging from viral and diabetic neuropathies to rheuma-
toid arthritis3,4. Some of this decreased sensitivity to noxious stimuli
may result from reversible changes in the nociceptor, but the long-
term loss of responsiveness can be explained by death of the
nociceptor or destruction of its peripheral terminals following
exposure to capsaicin2,5.

The cellular specificity of capsaicin action and its ability to evoke
the sensation of burning pain have led to speculation that the target
of capsaicin action plays an important physiological role in the
detection of painful stimuli. Indeed, capsaicin may elicit the
perception of pain by mimicking the actions of a physiological
stimulus or an endogenous ligand produced during tissue injury6.
Although the excitatory and neurotoxic properties of capsaicin
have been used extensively to define and study nociceptive
neurons, its precise mechanism of action has remained elusive.
Electrophysiological7,8 and biochemical9 studies have shown that
capsaicin excites nociceptors by increasing the permeability of the
plasma membrane to cations, but the molecular mechanism under-
lying this phenomenon is unclear. Proposed models range from the
direct perturbation of membrane lipids by hydrophobic capsaicin
molecules10 to the activation of a specific receptor on or within
sensory neurons6. Because capsaicin derivatives show structure–
function relationships and evoke responses in a dose-dependent
manner11,12, the existence of a receptor site represents the most likely
mechanism. This model has been strengthened by the development
of capsazepine, a competitive capsaicin antagonist13, and by the
discovery of resiniferatoxin, an extremely potent capsaicin analogue
from Euphorbia plants that mimics the cellular actions of
capsaicin14,15. The potency of resiniferatoxin at nanomolar quantities

has led to its use as a high-affinity radioligand to visualize saturable,
capsaicin- and capsazepine-sensitive binding sites on nociceptors16.

A more detailed understanding of the molecular nature of
capsaicin action and its relationship to endogenous pain signalling
mechanisms might be obtained through the cloning of a gene
encoding a capsaicin receptor. To achieve this we used a functional
screening assay to isolate a cDNA clone that reconstitutes capsaicin
responsiveness in non-neuronal cells. The deduced amino-acid
sequence of this clone demonstrates that the capsaicin receptor is
an integral membrane protein with homology to a family of putative
store-operated calcium channels. The cloned receptor seems to be
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Figure 1 Expression cloning of a capsaicin receptor using calcium imaging.

HEK293 cells transiently transfected with pools of clones from a rodent dorsal root

ganglion (DRG) cDNA library were subjected to microscopic fluorescent calcium

imaging before (left) and during (right) treatment with 3 mM capsaicin. Cells

transfected with vector alone (pCDNA3; top) exhibited no response to capsaicin.

Between 1% and 5% of cells transfected with pool 11 exhibited marked increases

in cytoplasmiccalcium (middle, arrowheads). This poolwas iteratively subdivided

and reassayed until a single positive clone (VR1) was isolated (bottom). Elevated

relative calcium concentrations are indicated by an increased ratio of Fura-2

emission at 340 versus 380nm wavelength excitation (see colour bar).



Natural Peptide Toxins as Probes 
of the Pain Pathway

Figure 1. Toxins targeting somatosensory receptors
(Left) Two of the four TRPV1 subunits are shown schematically with six gray bars
representing transmembrane helices. TRPV1 detects physical and chemical signals from the
environment, including acidic pH and hot temperatures. Plant-derived irritants, cnidarian
extracts, and toxins from tarantula venom mimic these harmful stimuli by promoting TRPV1
activation. TRPV1 is sensitized by phospoholipase C activation triggered by inflammatory
signaling molecules such as bradykinin or ATP that are released downstream from venom
lipases, proteases, and kallikreins. Other toxins, such as Bv8 from frog skin, produce
TRPV1 sensitization through direct activation of GPCRs. (Right) ASICs are trimeric
channels with each subunit containing two transmembrane domains. ASICs are activated by
pain-causing toxins from some coral snake venoms as well as acidic pH. Two ASIC-
inhibiting toxins have been identified from tarantula and sea anemone, respectively.
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Identification of Natural Peptide Toxins

Mandë Holdford (CUNY Hunter College)



A Bivalent Tarantula Toxin 
Activates TRPV1

Bohlen & Julius. Toxicon. 2012.
Figure 2. Strengthened binding of a bivalent ligand, DkTx, to its receptor, TRPV1
(Left) DkTx activates TRPV1 by binding to the extracellular region near the fifth and sixth
transmembrane domains (illustrated as in Figure 1). (Middle) Once one ICK domain (red
triangle) has bound to the receptor, the second domain is restricted to a minute volume
determined by the length of the toxin's linker region. The high local concentration of the
second domain near the binding site of an adjacent subunit results its rapid binding. NA
represents Avogadro's number and r represents the length of the linker between ICK
domains. (Right) Both ICK domains must dissociate for the channel to remain closed, but
when one domain dissociates, it is likely to rapidly bind again before the second domain
escapes.
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DkTx Is a Virtually Irreversible TRPV1 Activator
The apparent structure of DkTx suggests that it behaves as
a bivalent ligand, in which case it should demonstrate an excep-
tionally high avidity for its multimeric target, reminiscent of an
antibody-antigen complex. To test this prediction, we carried
out whole-cell patch-clamp recordings from capsaicin-sensitive
trigeminal neurons to assess the persistence of DkTx-evoked
currents. Application of purified DkTx (1 mM) produced charac-
teristic outwardly rectifying, ruthenium red-blockable currents
resembling those elicited by capsaicin (Figure 2B). However,
we observed a striking difference between these two agonists
in regard to the kinetics of the response. Whereas capsaicin-
evoked currents returned to baseline within 10 s of washout,
those elicited by DkTx persisted for minutes with minimal decline
in magnitude (Figure 2B).

To characterize this phenomenon in greater detail, we
compared off rates of various agonists by recording from
TRPV1-expressing HEK293 cells. As expected, responses to
capsaicin and extracellular protons (pH 5.5) declined rapidly
with washout, exhibiting toff = 0.17 and 0.005 min, respectively.
In contrast, currents evoked by purified vanillotoxins showed
substantially slower decay rates, with toff ranging from 1.6 to
2.5 min (Figure 2C), as expected for relatively large and molecu-
larly complex peptide agonists. Remarkably, currents elicited by
DkTx were even more persistent, verging on irreversible, thereby
precluding meaningful measurements of toff (Figure 2C). This
phenomenon was independent of concentration since currents
persisted for >15 min when elicited by 0.2 mM or 2 mM toxin
(Figure 2C). In either case, > 50% of maximal toxin-evoked

response remained after an extended washout period. In light
of these observations, we conclude that DkTx exhibits a high
avidity for TRPV1, presumably reflecting association of this biva-
lent ligand with the homotetrameric channel so as to form an
extremely stable complex exhibiting very slow rates of toxin
dissociation.

Bivalence Accounts for Irreversible Toxin Action
To test the prediction that the tandem-repeat nature of DkTx
accounts for its high avidity for TRPV1, we generated a modified
toxin that could be proteolytically separated to yield the compo-
nent ICK lobes for direct functional comparison. To achieve this,
we introduced a Genenase I cleavage site (-HYR-) into the linker
region of the mature DkTx sequence (Figure 3A) and expressed
both wild-type (DkTx) and modified (DkTx-HYR) peptides re-
combinantly by using a bacterial expression system. Heterolo-
gous expression of ICK toxins is notoriously difficult to achieve,
owing to the low probability of proper disulfide bond formation
(Bulaj and Olivera, 2008). Nonetheless, a substantial amount
(40 mg/l culture) of total unfolded toxin peptide was produced,
of which a workable fraction (1%) could be refolded to yield
chromatographically well-behaved peptide (Figure S2A). Native
DkTx, recombinant DkTx, and recombinant DkTx-HYR all
activated TRPV1 with similar potency (EC50 = 0.23, 0.14, and
0.24 mM, respectively; Figures 3B and 3D), eliciting essentially
irreversible, outwardly rectifying, ruthenium red-blockable cur-
rents (Figure 3C).

Incubation of purified DkTx-HYR with Genenase I resulted in
quantitative cleavage into the N- and C-terminal ICK peptides

D

Knot 1 Knot 2

Linker

C

 DCAKEGEVCSWGKKCCDLDNFYCPMEFIPHCKKYKPYVPVTT-
-NCAKEGEVCGWGSKCCHGLD..CPLAFIPYCEKYR
SECRWFMGGCDSTLDCCKHLS..CKMGLY.YCAWDGTF
GACRWFLGGCKSTSDCCEHLS..CKMGLD.YCAWDGTF
 ECRWYLGGCKEDSECCEHLQ..CHSYWE.WCLWDGSF
 ECRYLFGGCKTTSDCCKHLG..CKFRDK.YCAWDFTFS

DkTx (K1)
DkTx (K2)

VaTx1

VaTx3
VaTx2

HaTx

A B

Background DkTx DkTx + RR

DkTx ModelHaTx

Figure 1. The Chinese Bird Spider Produces
a Bivalent TRPV1 Toxin
(A) The Chinese bird spider (Ornithoctonus

huwena) is a large terrestrial tarantula with a leg

span of up to 12 cm. It is found primarily in the

Guangxi province of China (photo courtesy of

Chuck Kristensen, Spider Pharm).

(B) Purified DkTx toxin evokes robust calcium

increases in HEK293 cells expressing the rat

TRPV1 channel. Coapplication of ruthenium red

(RR; 10 mM), a nonselective TRP channel pore

blocker, inhibits toxin-evoked responses. Purple

denotes low resting cytoplasmic calcium, and

orange indicates calcium increase.

(C) DkTx is a member of the ICK peptide family.

Other than the highly conserved arrangement of

cysteine residues (highlighted in yellow), DkTx

shows no obvious sequence similarity with other

ICK peptides, including the vanillotoxins (VaTx1-3)

and hanatoxin (HaTx).

(D) DkTx consists of two ICK lobes (Knot 1 and

Knot 2) separated by a short linker region. The

nuclear magnetic resonance solution structure of

HaTx (Takahashi et al., 2000) served as a template

for a hypothetical model of DkTx, showing the

conserved disulfides in yellow for HaTx and red

for DkTx (generated with PyMOL, http://www.

pymol.org/). These tandemly repeated lobes

show significant sequence identity (see C), sug-

gesting that they arose by gene duplication.

See also Figure S1.
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TRPV1 Bound to Natural Peptide Toxins
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TRPV1 structures in nanodiscs reveal 
mechanisms of ligand and lipid action
Yuan Gao1,2, Erhu Cao1†, David Julius1 & Yifan Cheng2,3

Transporters and ion channels reside in biological membranes, 
where lipids have important structural and regulatory roles1–3. 
However, structural characterization of protein–lipid interactions 
is challenging in detergent-based systems, making implementa-
tion of more native, lipid-based environments an important goal. 
For crystallographic approaches, this has been achieved through 
the use of lipidic-cubic phase systems4,5 or formation of two- 
dimensional crystals in lipid bilayers6. For single-particle electron 
microscopy, one approach is to reconstitute proteins into spheri-
cal liposomes for random spherically constrained single-particle  
reconstruction7. Another is to use lipid nanodiscs, hockey-puck-like  
structures in which a lipid bilayer patch is encircled by an amphi-
pathic scaffolding protein8. Both approaches mimic the native 
lipid environment and can enhance functionality and thermal 
stability9,10. Moreover, nanodisc-embedded proteins are often 
monodisperse and especially suitable for single-particle elec-
tron cryo-microscopy (cryo-EM)11,12. Nevertheless, membrane 
protein structures determined with these systems have achieved 
limited resolution to date, failing to reveal detailed protein–lipid  
interactions.

Cryo-EM can now be used to obtain structures of many biolog-
ical macromolecules at near-atomic resolution13–15. An important 
next goal is to enable cryo-EM to define interactions between small 
molecules 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 inhib-
ited by various ligands, including vanilloid compounds and peptide 
toxins16,17. 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 
polymer18,19. These structures provide a standard against which other 
preparations can be assessed. Here we show that high-resolution struc-
tures can be obtained when TRPV1 is embedded in a nanodisc, and 
use this system to characterize channel–lipid interactions, revealing 
novel structural mechanisms underlying ligand binding and channel 
gating.

Structure of TRPV1 in lipid nanodiscs
We reconstituted purified TRPV1 protein into lipid nanodiscs gen-
erated with different membrane scaffold proteins (MSPs) (Extended 
Data Fig. 1). For structural analysis, we favoured preparations using 
MSP2N2, which forms nanodiscs of ∼150 Å diameter and is suffi-
cient to accommodate TRPV1 without imposing spatial constraint 
(Extended Data Fig. 1d). Indeed, cryo-EM images of frozen hydrated 
samples revealed monodispersed TRPV1–nanodisc particles. Two-
dimensional 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 accu-
rate 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 3.4 Å, respectively (Fig. 1b and Extended Data Figs 2–4). 
These structures can be compared directly to those previously obtained 
in amphipol18,19. Generally speaking, density maps determined with 
nanodiscs were of superior quality. This is especially evident when 

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 have both structural and regulatory roles. Here we demonstrate the power of combining electron cryo-
microscopy with lipid nanodisc technology to ascertain the structure of the rat TRPV1 ion channel in a native bilayer 
environment. Using this approach, we determined the locations of annular and regulatory lipids and showed 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 the release of bioactive lipids 
from a critical allosteric regulatory site.

1Department of Physiology, University of California, San Francisco, California 94143, USA. 2Keck Advanced Microscopy Laboratory and Department of Biochemistry and Biophysics, University of 
California, San Francisco, California 94143, USA. 3Howard Hughes Medical Institute, University of California, San Francisco, California 94143, USA. †Present address: Department of Biochemistry, 
University of Utah School of Medicine, Salt Lake City, Utah 84112-5650, USA.

Figure 1 | TRPV1 structures determined in lipid nanodisc. a, Side and 
top views of reference-free two-dimensional class averages of TRPV1 in 
nanodiscs, showing transmembrane helices and lipid bilayer. The size 
of the class average windows is 233 Å. b, Side and top views of three-
dimensional reconstruction of TRPV1–ligand–nanodisc complex. 
Individual channel subunits are colour-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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A Scorpion Toxin Activates TRPA1
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A Cell-Penetrating Scorpion Toxin Enables Mode-
Specific Modulation of TRPA1 and Pain
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and Pabo, 1988; Joliot et al., 1991; Kauffman et al., 2015; Vivès
et al., 1997). To identify WaTx features that might enable mem-
brane penetration, we determined its atomic structure using so-
lution NMR (Figures S2H–S2K; Table S2). We found the toxin
adopts a rigid and compact helical hairpin fold stabilized by
two disulfide bonds (Figures 2C and S2K), consistent with its
resemblance to k-KTx scorpion toxins. A patch or preponder-
ance of basic residues has previously been associated with
cell-penetrating properties of peptides (Guidotti et al., 2017;
Kauffman et al., 2015). In this regard, a notable tertiary structural
feature of WaTx is the formation of a basic patch at the open end
of the hairpin, where amino- and carboxy-termini meet. Here, the
amino-terminal helix exhibits an unusually dense (4.5s) dipole
moment (Felder et al., 2007). Together, these features may
constitute the cell penetrating motif (Figure 2F).

To test this hypothesis, we evaluated toxins bearing alanine
substitution at four residues (K7, Q4, Q5, and R32) within this
basic patch for their ability to activate TRPA1 in cell-attached
versus excised inside-out configurations. Of these, only K7A dis-
played a reduced ability to activate channels in cell-attached
mode, even though it was fully functional when applied to
excised patches (Figures 2G and S2D–S2I). Consistent with
these data, we observed !25% reduction in the rate at which
this mutant was able to load liposomes (Figure 2E), suggesting
that this basic residue is important for facilitating membrane
penetration. Altogether, these results support a direct mecha-
nism of peptide penetration via passive diffusion (Bechara and
Sagan, 2013; Guidotti et al., 2017; Kauffman et al., 2015) and
establish that cell penetration and channel activation are distinct
biophysical properties of the toxin.

A

D

B

E

C

F G H

Figure 1. WaTx, a TRPA1-Targeting Peptide Toxin from Scorpion
(A) Australian black rock scorpion, U. manicatus (Museums Victoria, Creative Commons).

(B) Ca2+ responses in rat TRPA1-expressing HEK cells exposed to scorpion venom (!0.1 mg mL"1) followed by AITC (333 mM).

(C) WaTx sequence, disulfide bonding configuration (black brackets), andmanual alignment to example arachnid toxins with a 1-4, 2-3 disulfide bonding pattern,

k-KTx1.1, hefutoxin (Srinivasan et al., 2002), and gomesin (Silva et al., 2000). ‘‘Z’’ denotes pyroglutamate.

(D and E) Representative whole-cell recordings (D) and derived current-voltage relationships (E) for human (h) TRPA1 currents in HEK cells. WaTx (1 mM), WaTx +

inhibitor (10 mM, A 967079), AITC (100 mM); n = 5 cells.

(F) Time course of hTRPA1 responses in HEK cells.WaTx (250 nM), AITC (500 mM), and AITC+ inhibitor (10 mM, A 967079); representative of n = 3–10 cells/treatment.

(G) WaTx dose-response relationship in HEK cells. Data fit by non-linear regression; n = 3–26 cells/dose.

(H) Average WaTx (5 mM) and AITC (50 mM) responses in cultured postnatal mouse trigeminal neurons. Representing n = 3–10 experiments.

All summary data, mean ± SEM.

See also Figures S1 and S4 and Table S1.
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Using Mutagenesis to Probe Function: 
What’s Possible?

• Define the physiological role of a 
gene 

• Determine functionally important 
regions or amino acid residues 

• Improve function 

• Alter function



Deletion Mutagenesis
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Site-directed Mutagenesis
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Practical Decisions: 
Site-directed Mutagenesis

• Rational decisions 

• Comparison with family members 

• Structural information 



Universal Genetic Code

“The genetic code”, by OpenStax College, Biology.



Amino Acids - Numbering of Carbons



Nonpolar, Aliphatic Amino Acids

Lack polar functional groups in their side chains. Often 
cluster together within the interior of proteins, stabilizing 

protein structure via hydrophobic interactions.



Polar, Uncharged Amino Acids

Polar functional groups in their side chains. Able to 
hydrogen bond with water.



Positively Charged Amino Acids

Hydrophilic R groups with a positive charge. Histidine 
residues function in many enzymatic reactions as proton 

donors and/or acceptors.



Negatively Charged Amino Acids

Hydrophilic R groups with a negative charge.



Aromatic Amino Acids

Side chains contain ring structures. The R groups, 
particularly of tryptophan, absorbs ultraviolet light, which 

is how proteins are quantified.



Cysteine and Disulfide Bonds

The thiol groups of two cysteine residues are readily 
oxidized to form a covalently linked disulfide bond.



Assaying 
Ion Channel Function



Calcium Imaging

Expression and Fura-2 Loading

Activate TRPM8

cTRPM8MBP

Load with
Fura-2

Transfection

Ca2+ Imaging

MBP-TRPM8 Fusion

Response

HEK293 Cells

HEK293 Cells (+ Fura-2)

340 nM
380 nM

Excite Cells

+ Menthol

electrophysiological recordings from excised ‘‘inside-out’’ pro-
teoliposome patches. Capsaicin elicited large, outwardly recti-
fying currents that were blocked by coapplication of capsaze-
pine, a prototypical TRPV1 antagonist (Figures 2A and 2B; see
Figure S1A available online). In contrast, capsaicin failed to
evoke ionic current in liposomes containing a control channel,
KcsA (Figure S1B). Similar resultswere obtainedwith other struc-
turally distinct agonists, including resiniferatoxin (RTX) and
2-aminophenylborate (2-APB) (Figure 2C). Protons also activate
TRPV1 but, unlike capsaicin and other lipophilic ligands, do so
only when applied to the extracellular face of the channel, where
putative proton binding sites reside (Jordt et al., 2000; Ryu et al.,
2007). Acidification of the perfusate failed to elicit responses in
excised proteoliposome patches, whereas acidification of the
pipette solution produced large, capsazepine-inhibitable
currents (Figures 2C and 2D). Similar results were obtained with
DkTx spider toxin peptide (Figure 2E),which is also known to acti-
vate TRPV1 only from the extracellular side of the plasma
membrane (Bohlen et al., 2010). The outwardly rectifying current
evoked by various TRPV1 agonists suggests that this property is
intrinsic to thechannel protein, not involvingother cellular factors.
Taken together, these results demonstrate that purified TRPV1
channels retain pharmacological properties of native vanilloid
receptors and reconstitute into liposomes with a strong direc-
tional bias akin to the native cellular orientation (Figure 2F) and

Figure 1. Purification of Functional TRPV1
Protein
(A) Rat TRPV1 protein was expressed as an amino

(N)-terminal 8xHis-MBP fusion (referred to as

rTRPV1 hereafter) in Sf9 cells, where capsaicin

(cap, 10 mM) elicited robust channel activation as

assessed by ratiometric calcium imaging. bkgrd,

background.

(B) Representative whole-cell recording from

Sf9 cells expressing rTRPV1. Capsaicin (10 mM)

evoked large, outwardly rectifying current.

(C) Capsaicin dose-response curve for MBP-

TRPV1 expressing Sf9 cells reveals a half maximal

effective concentration (EC50) of 0.4 mM; n = 6

independent whole-cell recordings.

(D) rTRPV1 protein elutes predominantly as

a symmetric peak within the included volume of

a Sepharose 6 size exclusion column. (Inset)

Affinity-purified rTRPV1 protein was analyzed by

SDS-PAGE (4%–12% gel) and visualized by

Coomassie staining (!1 and 5 mg; lanes 1 and 2) or

western blotting (!2 ng, 6 ng, or 18 ng; lanes 3–5)

using anti-MBP antibody.

See also Table S1.

consistent with the observed outwardly
rectifying current-voltage relation.

TRPV1 Is Intrinsically Heat
Sensitive
We next asked whether reconstituted
TRPV1 channels could be activated by
heat. Indeed, excised proteoliposome
patches showed large, outwardly recti-

fying heat-evoked currents that were characterized by a thermal
activation threshold of 41.5 ± 1.1"C and a steep temperature
dependence (Q10 = 23.5 ± 8.0; n = 9) (Figures 3A–3C), consistent
with known properties of cellular TRPV1 channels (Caterina
et al., 1997; Voets, 2012). Furthermore, heat-evoked responses
were abolished by capsazepine (Figures 3D; Figure S2A), as
observed in whole cells. It is interesting that these values did
not vary with the size of the evoked current (Figure S2B), indi-
cating that thermal threshold is not dependent on the number
of channels present in the system.
Temperature-evoked gating of TRPV1 likely involves a

concerted and quick transition to the open state involving
substantial conformational movement, as suggested by rather
large changes in both enthalpy and entropy within a rapid
(millisecond) time course of activation (Yao et al., 2010). To ask
whether TRPV1 channels show similar rates and energetics of
thermal activation in liposomes versus cell membranes, we
used an infrared laser diode system to deliver fast (submillisec-
ond) temperature jumps to excised proteoliposome patches
while measuring evoked currents (Figures 3E and 3F). The result-
ing heat-evoked responses showed the same thermal activation
threshold (42.5 ± 0.16"C), rapid activation kinetics (t = 3.5 ±
0.3 ms), and large enthalpic and entropic changes (DH =
86.2 ± 3.9 kcal/mol and DS = 249.2 ± 12.2 cal/mol , K, respec-
tively) (n = 11) as previously determined in TRPV1-expressing
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Assay Ion Channel Function: 
Oocyte Recordings

Xenopus oocytes Boccaccio. 2001.



Patch-clamp Electrophysiology: 
Whole-cell or Single Channel
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Ion Channel Electrophysiology: 
What questions can you answer?

• Ion specificity 

• Effect of voltage, pH, (or lipids) 

• Effect of drugs 

• Functionally important regions or amino 
acid residues (with mutagenesis)

Macroscopic Currents



Voltage Clamp Experiments

By clamping the voltage of an isolated excitable cell 
membrane, the currents that flow through ion channels may 

be measured.

mammalian (HEK293) cells (Yao et al., 2010). Taken together,
these results show that purified TRPV1 protein is intrinsically
heat sensitive and accounts for the basic thermal response prop-
erties associated with cellular capsaicin receptors.

Modulation by Lipid Metabolites
A variety of inflammatory agents enhance TRPV1 sensitivity to
heat, thereby producing thermal hyperalgesia in response to
tissue injury. For some agents (such as extracellular protons),
sensitization is clearly mediated by direct allosteric modulation
of the channel, whereas others (such as bradykinin) exert their
effects indirectly through activation of metabotropic receptors
and downstream second messenger signaling pathways
(Caterina and Julius, 2001; Rosenbaum and Simon, 2007). The
reconstituted proteoliposome system allows us to ask whether
specific factors activate or sensitize TRPV1 directly, in the
absence of other cellular proteins or second messengers. As
observed in whole cells (Tominaga et al., 1998), threshold doses
of protons (pH 6, insufficient to activate the channel at room
temperature) produced marked potentiation of heat sensitivity

Figure 2. Functional Characterization of
Purified TRPV1 in Reconstituted Soybean
Liposomes
(A) Patches excised from TRPV1 containing pro-

teoliposomes showed capsaicin (cap, 10 mM)-

evoked responses that were blockable by the

antagonist, capsazepine (cpz, 20 mM). Current-

voltage relationships showed outward rectification

characteristic of TRPV1 channels. bkgrd, back-

ground.

(B) Capsaicin dose-response curve for TRPV1

proteoliposomes (EC50 = 10.7 mM; n = 11 inde-

pendent patches).

(C) Activation of TRPV1 proteoliposomes by

various agonists, including 2-aminophenyl borate

(2-APB, 1 mM), capsaicin (10 mM), RTX (1.2 mM),

and protons (pH 5 solution applied to the ‘‘intra-

cellular’’ face [intra] of the liposome). Except for

‘‘intracellular’’ protons, all other TRPV1 agonists

produced robust responses.

(D) Application of protons to the ‘‘extracellular’’

face of proteoliposomes evoked capsazepine-

blockable currents that were enhanced by addition

of capsaicin (10 mM).

(E) Application of spider toxin (DkTx, 2 mM)

to the ‘‘extracellular’’ face of proteoliposomes

evoked capsazepine-blockable currents that were

enhanced by addition of capsaicin (10 mM).

(F) Schematic representation of TRPV1 orientation

in ‘‘inside-out’’ proteoliposomes patches as

determined by sensitivity to protons or DkTx.

See also Figure S1 and Table S1.

in proteoliposomes (Figures 4A and 4B;
Figure S3). Several bioactive lipids, such
as anandamide (AEA), arachidonic acid
(AA), and its metabolite 12-HPETE (Fig-
ure S3F), also produced marked thermal
sensitization, even at concentrations
well below that required for de novo

channel activation at room temperature (Figures 4C–4F; Figures
S1C and S3). In contrast, neither diacylglycerol (DAG) nor leuko-
triene B4 activated or sensitized TRPV1 in liposomes (Figure S3).
As previously reported (Nieto-Posadas et al., 2012), lysophos-
phatidic acid (LPA) activated TRPV1 at room temperature,
producing currents of equivalent magnitude to those elicited
by capsaicin (Figure 4G; Figure S1D). However, as opposed to
AEA, arachidonate, or HPETE, subthreshold doses of LPA did
not sensitize responses of TRPV1 to heat (Figure 4H), suggesting
that LPA functions as an efficacious channel agonist but a weak
allosteric modulator, possibly reflecting distinct sites of action on
TRPV1 for different lipid second messengers (Jordt and Julius,
2002; Nieto-Posadas et al., 2012). Thus, our findings demon-
strate that these proalgesic bioactive lipids act as direct agonists
and/or allosteric modulators of the channel.

Negative Regulation of TRPV1 by Phosphoinositide
Lipids
An ongoing controversy concerns the nature of TRPV1 interac-
tions with membrane phosphoinositides and whether such
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Ion Channel Electrophysiology: 
What questions can you answer?

• Current transmitted by a single channel 

• Time spent open/closed 

Single Channel Currents



Single Channel Recordings

Bohlen et al. & Julius. Cell. 2010.

The the presence of 
DkTx, TRPV1 often 

flickers, but once open, 
the channel stays open 

for a very long time.



Ion Channel Electrophysiology: 
How to study ion channels in isolation?

• Block the function of confounding ion 
channels with specific inhibitors 

Analyzing Currents in Isolation



Protein Structure-function 
Analysis to Elucidate 

Mechanism of the 
Cold Receptor TRPM8



Role of Calcium in TRPM8 Physiology
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Role of Calcium in TRPM8 Physiology

H. H. Chuang et al. Neuron. 2004.

Co-agonist with Icilin 
(Synthetic Super-cooling Agent)

Icilin

Coincidence Detection by a TRP Channel
861

Figure 1. Icilin-Evoked TRPM8 Currents Show Variable Activation Kinetics and Ca2! Dependence

In voltage-clamped TRPM8-expressing oocytes (A) or HEK293 cells (B), icilin (10 "M) activates membrane currents with variable delay of
onset. (C) Omission of Ca2! from the extracellular solution greatly reduces agonist efficacy of icilin (10 "M or 100 "M). (D) TRPM8 activation
by menthol (200 "M) remains robust and immediate when extracellular calcium is chelated with EGTA (1 mM). Dashed lines in all traces
indicate zero current.

gin), and calcium-dependent kinases (K252a), could ab- brane precluded our attempts to observe effects of Ca2!

on TRPM8 when applied directly to the excised patch.rogate icilin-evoked channel activation. The failure of
any of these agents to alter icilin-evoked currents (data In addition, TRPM8 channel activity exhibited rapid run-

down upon patch excision from transfected HEK293not shown) prompted us to ask whether icilin, Ca2!, or
both could activate TRPM8 when applied directly to cells, further hindering our efforts to address this issue.

To circumvent these technical limitations, we developedinside-out membrane patches excised from oocytes.
Application of icilin alone did not produce appreciable an alternative recording mode consisting of a modified

half-cell giant membrane patch in the cell-attached con-currents, even though the channel still responded to
menthol (Figure 3D). Unfortunately, the endogenous figuration. Membrane seals were initially established to

a large surface area (30%) of the cell, with EGTA insideCa2!-activated Cl# conductance in the oocyte mem-

Figure 2. Ca2! Plays a Key Role in Icilin-Me-
diated Activation of TRPM8

(A) Among several divalent cations tested,
Ca2! was the only one that supports full ago-
nist efficacy of icilin in TRPM8-expressing oo-
cytes.
(B) Intracellular injection of BAPTA (100 mM,
23 nl) eliminated agonist efficacy of icilin but
not that of menthol (n $ 5–9 cells).
(C) Icilin produces an increase in intracellular
free Ca2! by promoting Ca2! entry. Intracellu-
lar Ca2! levels remained low before (left) or
after (middle) addition of icilin (10 "M) to
TRPM8-expressing HEK293 cells bathed in
nominal Ca2!-free solution. Addition of 2 mM
Ca2! to bath solution containing icilin evoked
a robust intracellular Ca2! rise (right).



Role of Calcium in TRPM8 Physiology

Causes Desensitization of Current

D. McKemy et al. Nature. 2002.



Conserved Calcium Binding Site
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Channel Desensitization Occurs 
Through Direct Calcium Binding
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Calcium Binding to the Same Site is 
Required for Activation by Icilin
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Channelopathies



TRPA1-related Channelopathy: 
Familial Episodic Pain Syndrome

Talavera. Physiol. Rev. 2020.

Cause is a mutation in N855S that is activating.





Voltage Clamp Experiments: 
Reversal Potential

Reversal potential refers to the membrane potential at which 
the current changes its flowing direction. Allows the 

experimenter to determine ion specificity.

If close to zero, then 
must be a cation-

specific ion channel.

mammalian (HEK293) cells (Yao et al., 2010). Taken together,
these results show that purified TRPV1 protein is intrinsically
heat sensitive and accounts for the basic thermal response prop-
erties associated with cellular capsaicin receptors.

Modulation by Lipid Metabolites
A variety of inflammatory agents enhance TRPV1 sensitivity to
heat, thereby producing thermal hyperalgesia in response to
tissue injury. For some agents (such as extracellular protons),
sensitization is clearly mediated by direct allosteric modulation
of the channel, whereas others (such as bradykinin) exert their
effects indirectly through activation of metabotropic receptors
and downstream second messenger signaling pathways
(Caterina and Julius, 2001; Rosenbaum and Simon, 2007). The
reconstituted proteoliposome system allows us to ask whether
specific factors activate or sensitize TRPV1 directly, in the
absence of other cellular proteins or second messengers. As
observed in whole cells (Tominaga et al., 1998), threshold doses
of protons (pH 6, insufficient to activate the channel at room
temperature) produced marked potentiation of heat sensitivity

Figure 2. Functional Characterization of
Purified TRPV1 in Reconstituted Soybean
Liposomes
(A) Patches excised from TRPV1 containing pro-

teoliposomes showed capsaicin (cap, 10 mM)-

evoked responses that were blockable by the

antagonist, capsazepine (cpz, 20 mM). Current-

voltage relationships showed outward rectification

characteristic of TRPV1 channels. bkgrd, back-

ground.

(B) Capsaicin dose-response curve for TRPV1

proteoliposomes (EC50 = 10.7 mM; n = 11 inde-

pendent patches).

(C) Activation of TRPV1 proteoliposomes by

various agonists, including 2-aminophenyl borate

(2-APB, 1 mM), capsaicin (10 mM), RTX (1.2 mM),

and protons (pH 5 solution applied to the ‘‘intra-

cellular’’ face [intra] of the liposome). Except for

‘‘intracellular’’ protons, all other TRPV1 agonists

produced robust responses.

(D) Application of protons to the ‘‘extracellular’’

face of proteoliposomes evoked capsazepine-

blockable currents that were enhanced by addition

of capsaicin (10 mM).

(E) Application of spider toxin (DkTx, 2 mM)

to the ‘‘extracellular’’ face of proteoliposomes

evoked capsazepine-blockable currents that were

enhanced by addition of capsaicin (10 mM).

(F) Schematic representation of TRPV1 orientation

in ‘‘inside-out’’ proteoliposomes patches as

determined by sensitivity to protons or DkTx.

See also Figure S1 and Table S1.

in proteoliposomes (Figures 4A and 4B;
Figure S3). Several bioactive lipids, such
as anandamide (AEA), arachidonic acid
(AA), and its metabolite 12-HPETE (Fig-
ure S3F), also produced marked thermal
sensitization, even at concentrations
well below that required for de novo

channel activation at room temperature (Figures 4C–4F; Figures
S1C and S3). In contrast, neither diacylglycerol (DAG) nor leuko-
triene B4 activated or sensitized TRPV1 in liposomes (Figure S3).
As previously reported (Nieto-Posadas et al., 2012), lysophos-
phatidic acid (LPA) activated TRPV1 at room temperature,
producing currents of equivalent magnitude to those elicited
by capsaicin (Figure 4G; Figure S1D). However, as opposed to
AEA, arachidonate, or HPETE, subthreshold doses of LPA did
not sensitize responses of TRPV1 to heat (Figure 4H), suggesting
that LPA functions as an efficacious channel agonist but a weak
allosteric modulator, possibly reflecting distinct sites of action on
TRPV1 for different lipid second messengers (Jordt and Julius,
2002; Nieto-Posadas et al., 2012). Thus, our findings demon-
strate that these proalgesic bioactive lipids act as direct agonists
and/or allosteric modulators of the channel.

Negative Regulation of TRPV1 by Phosphoinositide
Lipids
An ongoing controversy concerns the nature of TRPV1 interac-
tions with membrane phosphoinositides and whether such
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Voltage Clamp Experiments: 
Ion Substitution Experiments

Can obtain a permeability sequence by obtaining current-
voltage relationships for cells bathed in solutions of different 

ionic composition.
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respectively). Hill coefficients derived from these analyses (1.95 and
2.08, respectively) suggest that full activation of the receptor
involves the binding of more than one agonist molecule, again
consistent with previously described properties of native vanilloid
receptors8,16. Capsaicin-evoked responses in VR1-expressing
oocytes were reversibly blocked by the competitive vanilloid recep-
tor antagonist capsazepine at concentrations (IC50 ¼ 283:5 nM)
that inhibit native receptors13 (Fig. 2b). Another pharmacological
characteristic of vanilloid receptors, is their sensitivity to the non-
competitive antagonist ruthenium red17, which blocked capsaicin-
evoked responses in a reversible manner (Fig. 2b). Responses to
resiniferatoxin (50 nM) were also reversibly antagonized by capsa-
zepine (5 mM) or ruthenium red (10 mM) (not shown).

As has been recognized for years, the relative pungencies of
pepper varieties span an enormously wide range, reflecting, in
part, differences in vanilloid content. Methods for rating peppers
with respect to their relative ‘hotness’ have hitherto relied on
subjective psychophysical assays21 or on the biochemical determi-
nation of capsaicin content22. To further explore the connection
between the biology and biochemistry of vanilloid action, we sought
to determine whether the cloned vanilloid receptor could respond
electrophysiologically to pepper extracts in proportion to their
ability to evoke pain. Ethanol extracts were prepared from several
capsicum varieties and their potencies relative to a saturating dose
of capsaicin (10 mM) were determined in the oocyte expression
system (Fig. 2c). Indeed, we found that the different ‘hotness’ of
these pepper variants, as determined by subjective psychophysical
ratings23, correlated with their rank order potencies as activators of
VR1.

articles

818 NATURE | VOL 389 | 23 OCTOBER 1997

Figure 3 VR1 is a calcium-permeable, non-selective cation channel. Electro-

physiological properties of capsaicin-activated currents in VR1-transfected

mammalian HEK293 cells. a, VR1 currents are time independent, outwardly

rectifying, and cation specific. A capsaicin-evoked inward current response (top)

was analysed using a series of 400-ms step pulses (−100 to +40mV; middle, left).

Baseline currents (denoted as 1 on top trace) were subtracted from responses in

the presence of agonist (2) to yield a series of agonist-evoked responses at

different holding potentials (middle, right). These responses show outward

rectification when plotted as a function of membrane voltage (bottom). Calcium-

free standard bath solution and a caesium aspartate-filled recording electrode

were used. b, Capsaicin elicits non-selective cation currents in VR1-transfected

cells. Voltage ramps (−100 to +40mV in 500ms) were used to generate current–

voltage curves in bath solutions with the indicated cationic compositions.

Recording electrodes were filled with NaCl. Similar results were obtained with

KCl- or CsCl-filled electrodes. Replacement of extracellular NaCl (140mM) with

equimolar KCl or CsCl did not significantly shift reversal potential (Erev ¼
2 0:7 6 1:2mV, n ¼ 8; 2 1:5 6 1:0mV, n ¼ 9; 2 4:3 6 0:9mV, n ¼ 8, respectively;

PK=PNa ¼ 0:94; PCa=PNa ¼ 0:85). Replacement of extracellular NaCl with isotonic

(112mM) MgCl2 or CaCl2 shifted Erev to 14:4 6 0:7mV (n ¼ 5) or 24:3 6 2:3mV

(n ¼ 7), respectively (PMg=PNa ¼ 4:99; PCa=PNa ¼ 9:60). c, Whole-cell current

responses evoked by repeated capsaicin applications show desensitization in

calcium-containing standard bath solution, but not in calcium-free solution.

Capsaicin (1 mM) was applied every 5min and CsCl was used as pipette solution.

The ratios of current size at the end of the third application to the peak of the first

application were 95:3 6 2:6% (n ¼ 3) in calcium-free solution, and 13:0 6 4:3%

(n ¼ 5) in calcium-containing solution (t-test; P , 0:00001). d–f, Single-channel

properties of capsaicin-evoked responses. Inside-out (I/O) or outside-out (O/O)

patches were excised from VR1-transfected cells and analysed in symmetrical

140mM NaCl.d, Traces obtained from a single O/O patch before, during and after

capsaicin (1 mM) application to the bath solution (Vhold ¼ þ40mV). Note multiple

simultaneous channel openings in the presence of capsaicin. e, Traces obtained

in the presence of capsaicin at the indicated holding potentials. Broken lines

indicate the closed-channel level. Noagonist-evokedchannel activitywas seen in

cells transfected with vector alone (n ¼ 8, not shown). f, Current–voltage curve of

mean single-channel amplitudes (6s.e.m.) calculated from data shown in e, also

exhibits pronounced outward rectification.

Figure 4 Capsaicin induces death of cells expressing the vanilloid receptor. a,

HEK293 cells were transiently transfected with either vector alone (pCDNA3), VR1

cDNA diluted 1 : 50 in pCDNA3, or VR1 cDNA alone. After 7 h at 37 8C in the

presence of capsaicin (3 mM, black bars) or vehicle (0.3% ethanol, white bars), the

percentage of dead cells was determined. Data represent mean 6 s:e:m: of

triplicate determinations from a representative experiment. Asterisks indicate a

significant difference from ethanol-treated cells (t-test, P , 0:0001). b, Phase-

contrast photomicrographs of parallel cultures transfected with pCDNA3 or VR1

(1 : 50) before (left) or 4 h after (right, +CAP) addition of capsaicin (3 mM). Note the

cytoplasmic swelling and eccentric position of cytoplasmic contents (arrows).

Caterina et al. & Julius. Nature. 1997.

Inside the Pipette = NaCl

Bath Solution = Different 
Ionic Composition

TRPV1 is a non-selective 
cation channel that exhibits 

notable preference for 
divalent ions.

Ca2+ > Mg2+ > Na+ ≈ K+ ≈ Cs+



Voltage Clamp Experiments: 
Rectification

Membrane conductance changes with voltage.

TRPV1 is outward 
rectifying.

mammalian (HEK293) cells (Yao et al., 2010). Taken together,
these results show that purified TRPV1 protein is intrinsically
heat sensitive and accounts for the basic thermal response prop-
erties associated with cellular capsaicin receptors.

Modulation by Lipid Metabolites
A variety of inflammatory agents enhance TRPV1 sensitivity to
heat, thereby producing thermal hyperalgesia in response to
tissue injury. For some agents (such as extracellular protons),
sensitization is clearly mediated by direct allosteric modulation
of the channel, whereas others (such as bradykinin) exert their
effects indirectly through activation of metabotropic receptors
and downstream second messenger signaling pathways
(Caterina and Julius, 2001; Rosenbaum and Simon, 2007). The
reconstituted proteoliposome system allows us to ask whether
specific factors activate or sensitize TRPV1 directly, in the
absence of other cellular proteins or second messengers. As
observed in whole cells (Tominaga et al., 1998), threshold doses
of protons (pH 6, insufficient to activate the channel at room
temperature) produced marked potentiation of heat sensitivity

Figure 2. Functional Characterization of
Purified TRPV1 in Reconstituted Soybean
Liposomes
(A) Patches excised from TRPV1 containing pro-

teoliposomes showed capsaicin (cap, 10 mM)-

evoked responses that were blockable by the

antagonist, capsazepine (cpz, 20 mM). Current-

voltage relationships showed outward rectification

characteristic of TRPV1 channels. bkgrd, back-

ground.

(B) Capsaicin dose-response curve for TRPV1

proteoliposomes (EC50 = 10.7 mM; n = 11 inde-

pendent patches).

(C) Activation of TRPV1 proteoliposomes by

various agonists, including 2-aminophenyl borate

(2-APB, 1 mM), capsaicin (10 mM), RTX (1.2 mM),

and protons (pH 5 solution applied to the ‘‘intra-

cellular’’ face [intra] of the liposome). Except for

‘‘intracellular’’ protons, all other TRPV1 agonists

produced robust responses.

(D) Application of protons to the ‘‘extracellular’’

face of proteoliposomes evoked capsazepine-

blockable currents that were enhanced by addition

of capsaicin (10 mM).

(E) Application of spider toxin (DkTx, 2 mM)

to the ‘‘extracellular’’ face of proteoliposomes

evoked capsazepine-blockable currents that were

enhanced by addition of capsaicin (10 mM).

(F) Schematic representation of TRPV1 orientation

in ‘‘inside-out’’ proteoliposomes patches as

determined by sensitivity to protons or DkTx.

See also Figure S1 and Table S1.

in proteoliposomes (Figures 4A and 4B;
Figure S3). Several bioactive lipids, such
as anandamide (AEA), arachidonic acid
(AA), and its metabolite 12-HPETE (Fig-
ure S3F), also produced marked thermal
sensitization, even at concentrations
well below that required for de novo

channel activation at room temperature (Figures 4C–4F; Figures
S1C and S3). In contrast, neither diacylglycerol (DAG) nor leuko-
triene B4 activated or sensitized TRPV1 in liposomes (Figure S3).
As previously reported (Nieto-Posadas et al., 2012), lysophos-
phatidic acid (LPA) activated TRPV1 at room temperature,
producing currents of equivalent magnitude to those elicited
by capsaicin (Figure 4G; Figure S1D). However, as opposed to
AEA, arachidonate, or HPETE, subthreshold doses of LPA did
not sensitize responses of TRPV1 to heat (Figure 4H), suggesting
that LPA functions as an efficacious channel agonist but a weak
allosteric modulator, possibly reflecting distinct sites of action on
TRPV1 for different lipid second messengers (Jordt and Julius,
2002; Nieto-Posadas et al., 2012). Thus, our findings demon-
strate that these proalgesic bioactive lipids act as direct agonists
and/or allosteric modulators of the channel.

Negative Regulation of TRPV1 by Phosphoinositide
Lipids
An ongoing controversy concerns the nature of TRPV1 interac-
tions with membrane phosphoinositides and whether such
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