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ABSTRACT

Transient receptor potential vanilloid receptor subtype | (TRPV1) is a polymodal sensory
receptor gated by chemical and physical stimuli. Akin to other TRP channels, TRPV1 contains in
its C-terminus, adjacent to the pore, a highly conserved domain referred to as TRP domain. This
region is necessary for both channel multimerization and correct coupling of activating sensors
and channel gate. Centered in this region it appears a 6-mer sequence called TRP box which is
also preserved in other TRP channels members. Previous studies have identified that changes in
this area, and specifically in TRP box residues, drastically affect the channel response to all
activating stimuli, thus implying a pivotal role of these residues in channel gating. We have
further interrogated the role of this domain in TRPV1 function by using two complementary
approaches based on site-directed mutagenesis. On one hand, we performed sequential
mutations to recover the original sequence of TRP domain in TRPV1 from a non-functional
chimera containing the cognate sequence from TRPV2 (TRPV1-AD2). Minor changes in this
region severely affected channel response to voltage, capsaicin and heating temperatures. In
turn, protein structure was also impaired by these mutations since we detected a dramatic
decrease in protein expression level. Furthermore, we studied the involvement of TRP box
residues 1696 and W697 in TRPV1 by incorporating 18 natural L-amino acids and evaluating their
impact on voltage and capsaicin gating. Analysis of the experimental data from both approaches
with an allosteric model of activation indicates that mutations in this region primarily affected
the equilibrium constant of gate opening and the allosteric coupling constants of ligand, voltage
and temperature sensors to the channel pore. Taken together, our findings substantiate the
notion that inter- and/or intra-subunit interactions at the level of the TRP box, and TRP domain,
are critical for efficient coupling of stimulus sensing and gate opening. Perturbation of these
interactions has a drastic impact on the efficacy and potency of the activating stimuli.
Furthermore, our results signal to these interactions as potential sites for pharmacological

intervention.
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1.1. PAIN AND NOCICEPTION

Pain is one of the most common complains with a worldwide 20% prevalence, thus,
generating a tremendous cost to global economy. Surprisingly, an effective treatment for this
pathology has not been discovered yet. This fact is basically due to the lack of knowledge about
the molecular and cellular mechanisms implicated in the physiology of this pathological process.
Therefore, development of new therapeutic strategies is still a challenge in modern biomedicine.
Nowadays, one of the most outstanding approaches for pain intervention and drug development
is the characterization of molecular, biochemical and cellular mechanisms involved in
NOCICEPTION. This process is described as the molecular mechanism whereby primary sensory

neurons detect pain-producing stimuli or noxious stimuli [1].

Pain is defined as “an unpleasant sensory and emotional experience associated with
actual or potential tissue damage, or described in terms of such damage” according to the IASP
(International Association for the Study of Pain). The concept of pain can be classified based on

different aspects of this affection:

ﬁntensity (mild-moderate-severe; 0-10 numeric pain rating scale) \

eTime course (acute, chronic)

*Type of tissue involved (skin, muscles, viscera, joints, tendons, bones)
eSyndromes (cancer, fibromyalgia, migraine, others)

eSpecial considerations (psychological state, age, gender, culture)

\ *Pain physiology (nociceptive, inflammatory, neuropathic) /)

(http.//projects.hsl.wisc.edu/GME/PainManagement/tables.html?panel=0)

As it is mentioned above pain physiology can be divided into three main categories:

- NEUROPATHIC PAIN. Neuropathic pain syndromes are chronic pain disorders caused
as a direct consequence of a lesion or by disease of the parts of the nervous system that
normally signal pain ( [2], [3]).

- INFLAMMATORY PAIN. It is associated with tissue injury and inflammation

characterized by reduced threshold and increased responsiveness [4].
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- NOCICEPTIVE PAIN. Affection that arises from actual or threatened damage to non-
neuronal tissue and it evokes the activation of nociceptors. (IASP, International association for

the Study of Pain)

In figure 11 we can see some characteristics of those three types of pain [4].

Nociceptive pain Inflammatory pain Neuropathic pain

Stimulus Noxious | Inflammation Neur! da’T‘ag.e,
‘ and ectopic firing
Sensory neuron Nociceptor Nocnceptor and Noacepfor and
non-nociceptor non-nociceptor
Site PNS | PNS and CNS PNS and CNS
Involvement of
\ ?
TRP channels Uie ‘ i ML
3 g il = Post-operative pain v « PNS and CNS leSK;n:
Clinical settin, | » Acute trauma
8 % * Arthritis o - Diabetic neuropathy
' * Lumbar radiculopathy
| = Spinal-cord injury
Function Protective Healing/repair 1 Pathological
- ' . L
1 |

Pain sensitivity High threshold Low threshold J ' Low threshold

- - B | — SR £

B BB i S - ob B Wb o o i o o e o T—

Figure I1. Physological classification of pain. [4]

The three major pain syndromes are triggered by different causes (noxious stimulus for
nociceptive pain, inflammation for inflammatory pain or neural damage for neuropathic pain),
being nociceptor excitability a common factor in all pain pathways. The term NOCICEPTOR was
described a century ago by Charles Sherrington as “the neural apparatus responsible for
detecting a noxious stimulus” where noxious stimulus was defined as “stimulus with an intensity
and quality sufficient to trigger reflex withdrawal, autonomic responses and pain” (Sherrington,
1906). The concept of nociceptor has evolved since then and, nowadays we know nociceptors as
high-threshold sensory receptor of the peripheral nervous system that are capable of
transducing and encoding stimulus intensities within the noxious range (IASP; [4], [5]). However,
there are two relevant features defining a nociceptor that Charles Sherrington already described

a hundred years ago; i) nociceptor was a specialized noxious stimulus detector; and ii) those

10
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specific neurons had a high threshold and were only activated by stimuli with energy enough to
potentially or actually damage tissue. Taking into consideration these properties we
comprehend that the process of nociception allows us to detect potentially damaging stimuli
and to learn the necessary reactions to avoid them. This phenomenon has been crucial for living
organisms to recognize and discern potentially harmful noxious stimuli from innocuous stimuli

and, consequently, for the maintenance of life.

As mentioned, nociceptors are implicated not only in nociception but also in
inflammatory and neurophatic pain. Inflammatory responses evoked by tissue injury and/or
inflammation produced by trauma, infection, surgery, burns or diseases sensitize nociceptors so
that their threshold for activation is decreased and, consequently, their responsiveness rise ([4],
[6], [7], [8]). Besides, in the presence of peripheral nervous system damage, nociceptors may fire
ectopically producing a response from non-damaged axons and modulating neurotransmitter

release [4], and enhancing pain sensation.

The sensitization process might give rise to alterations of the pain pathway producing
hypersensitivity. As a consequence of this altered pain sensation some innocuous stimuli can
provoke a painful reaction (phenomenon referred to as Allodynia) or normally mild painful
stimuli may elicit pain of higher intensity (referred to as Hyperalgesia). On the one hand, these
processes may be seen, somehow, as part of the healing process where the hyperactivity of
nociceptors promoted to keep safe the damaged area [8]. Furthermore, it may occur that the
sensitization process becomes permanently evolving to a situation of chronic pain. In this case
the painful sensation may persist long after an acute injury and represent non-adaptive
pathological situation, such as that accompanying numerous diseases like arthritis, migraine,

neuralgias or cancer ([7], [8]).

The fact that nociceptors appear at different levels of pain signaling pathway confers to
these sensory neurons the property of being a potential targets for developing novel pain relief
drugs. Up to now, pharmacological compounds designed for pain reduction produce analgesia
by diminishing excitation or increasing inhibition in the central nervous system (CNS). The main
problem attributed to these drugs is they act against target receptors/channels located in the

brain. Therefore, those centrally acting drugs cause unpleasant side effects such as sedation,

11
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dizziness, somnolence or loss of cognitive. As an alternative, new strategies for drug

development are being investigated where the target molecule is positioned at the beginning of

the pain pathway function [4]. These molecules correspond to receptors or ion channels which

are located in the membrane of primary afferent sensory neurons (nociceptors) of the

Peripheral Nervous System (PNS). In these peripheral neurons the noxious stimuli is detected

and encoded by the mentioned receptors/channels into nerve impulses that enclose the

information about this triggering initial stimulus. Consequently, this neural activity is processed

at different levels of the CNS and interpreted finally by the brain as pain (Fig. 12) [9].

PERCEFTIOM

Thalamus

F Y

/

Spincthalamic tract

Cortex

Thalamocortical
projections

MODULATION

TRANSMISSION

TRANSDUCTION

Primary afferen
nociceptor

m
Moxious
t stimulus

Figure 12. Anatomy of the pain
pathway. (Ferrante and VadeBoncouer,

1993)

The primary afferent sensory neurons can be divided in three groups attending to

anatomical and functional criteria [1]:

- Aa and AP fibers, myelinated, rapidly conducting, with large diameter and mainly

implicated in proprioception.

- Ad fibers, lightly myelinated, medium diameter, medium rapidly conducting and

participate in nociception.

- C fibers, unmyelinated, small diameter, slow conduction and involve in nociception.

12
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Some nociceptors correspond to Ad fibers but the majority of them belong to the group

of C fibers. The structure of those primary sensory neurons is described as follow (Fig I13A) [10]:

- Cell bodies, which are grouped in dorsal root (DRG) or trigeminal ganglia (TG).
- Axon, that conducts action potentials from the periphery to the CNS and bifurcates
into:
- Peripheral terminal, which innervates peripheral target tissue and transduces
noxious stimuli.
- Central terminal, where information is transferred to second order neurons at

central synapses.

Target Tissue Peripheral Nerve Dorsal Root Ganglion Dorsal Root Spinal Cord
Peripheral Terminal Axon Cell Body Central Terminal
Peripheral Terminal Central Terminal
Transouces Voltage-Gated
Channels Channels MOR
[\ DOR
Na,1.7,18 &1.9 Inhibition g?\'BA
'~y
TRPV14
TRPME Na 161.7&18 o
Noxlous TRPA1 Sxprl N e | o g:"l:zmro 5
Stimulus ASICs o o ance
CGRP
PiX, ° .’ 94, 0| on
TREK - - *‘aq® it
TASK ﬂ_y o| © ac.(t;u
Ca22
Excitation TRPV1
Transducer Generator  Action E:PM G
Paotential Polential Patental
B2
Transduction Transmission

Figure 13. Nociceptor structure [10].

The first step of the pain pathway is the transduction of the noxious stimulus into
electrical activity. This process is carried out by ion channels placed in the peripheral terminal
(Fig. 13B) which induce the depolarization of the membrane once they are activated. If

membrane depolarization is sufficiently large and intense, it evokes voltage-dependent sodium

13
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channels activation and gives rise to an action potential which is conducted along the axon to
the central terminal. After this action potential wave reaches the central terminal the nerve

impulse is transmitted to the CNS through the first synapse in the sensory pathway (Fig. I3B).

Nociceptors may have an extensive range of thresholds from innocuous to noxious but
stimulus-response relationship reaches the highest point in the noxious range [5]. This
phenomenon differentiates nociceptors from other sensory neurons that respond to innocuous
stimuli, and confers them a characteristic sensory specificity [10]. Furthermore, nociceptors are
also remarkably characterized for being polymodal receptors. This property implies that they are
able to detect different types of stimuli, including those of a physical and chemical nature. In
addition, other important property of these primary afferent nociceptors is their plasticity since

their receptive features can be modulated by other processes like sensitization [1].

As it has been described, nociceptors show specific features that distinguish them from
other sensory neurons. These differentiating properties are mainly conferred by specific ion
channels located in the membrane of nociceptors’ peripheral terminals. These channels are in
charge of transducing different stimuli into electrical signals, responding with a high threshold to
particular characteristics of mechanical, thermal and chemical stimuli. These channels have been
recently coined with the term NOCISENSORS, referring to as molecules that detect noxious

stimuli and transduce the stimulus to a cellular response [5].

During the last decade a plethora of studies demonstrate a substantial contribution of
different ion channels to nociceptive signaling. The first nocisensor described and characterized
in 1997 was TRPV1 (Transient Receptor Potential Vanilloid-1) from the TRP (Transient Receptor
Potential) channels family [11]. Thus far, many other channels have been included into the list of
nocisensors (Fig. I3B) such as mechanotransducers and acid sensing ion channels (ASIC) ([4], [8])
potassium channels as TREK-1 and TRAAK, implicated in heat-, cold- and mechanical-noxious
stimuli transduction ([12], [13], [14], [15]) and other members of TRP-channels. Particularly, this
large family of channels is one of the most important groups implicated in noxious-stimulus

detection in nociceptors ([1], [4], [7], [16], [17]).

14
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1.2. TRP CHANNELS

TRP-channels (Transient Receptor Potential channels) were firstly identified in
Drosophila melanogaster fly due to a mutation in a TRP-gene that evoked transient instead of
sustained response when photoreceptors were exposed to continuous intense light [18]. This
family of channels has been detected in a great variety of species in nature such as yeast,
worms, zebrafish, fruit fly and, mainly, in mammals. Specifically in mammals, it has been widely
demonstrated that these proteins play an important role in numerous somatosensorial
transduction processes including thermosensation, pheromones reception, vascular tone

regulation, nociception and pain.

The number of members of TRP-channels family has been increasing up to 28 members
described in humans since they were discovered. Those channels are subdivided in 7 subfamilies
named as follow TRPC1-7, TRPM1-8, TRPV1-6, TRPA1, TRPP1-3, y TRPML1-3 and the TRPN
subfamily which has been only found in invertebrates (Fig. 14). It also exist the TRPY family which
is evolutionarily distinct from the other subfamilies and has only been detected in yeast ([19],

[20], [21], [22]).

Figure 14. Phylogenetic tree of the TRP superfamily [21].

15
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TRP channels possess a very wide distribution pattern in mammals and are ubiquitously
expressed in several tissues. Particularly, they are located in central and peripheral nervous
system where they play an essential role in sensory transduction ([22], [23]). All TRP members
are selective cationic channels assembled as homo- or heterotetramers with a central aqueous
pore (Fig. I5). The structure prediction of TRP channels is defined as a 6 transmembrane
segments topology (S1 to S6) with a pore-forming loop region located between S5 and S6. The
principal difference between the 7 subfamilies lies in the functional domains contained in the
intracellular amino- and carboxi-terminals. They are variable in length and formed by different
functional subdomains. Regarding amino termini region of many TRP channels the presence of
ankyrin repeats domains (ARD) have been described. These motifs are formed by 33-residue
motif consisting of pairs of antiparallel a-helices connected by B-hairpins loops. The number of
ARD found in different TRP channels can be very disparate, since 3-4 in TRPCs to 29 in TRPNs.
The function associated to those domains seems to be related with channels tetramerization

and protein-protein or ligand-protein interaction [24].

Other important feature which characterizes some TRP subfamilies like TRPC, TRPM,
TRPN and TRPV is the presence of the region called as TRP domain. This is a homologous
sequence of =25 residues located in the proximal C-terminal domain following the sixth
transmembrane segment ([25], [26]). The TRP domain contains a highly conserved 6-amino acids
sequence termed TRP box which function is not completely characterized yet. But the fact that
this region is highly conserved among TRP channels subfamilies indicates that this sequence

plays an important role in channel assembly and/or function.

16
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$1-54 transmembrane Na*, - Ca*
domains -
Weak voltage sensing

Selectivity filter
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Gate
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protein interaction

Ankyrin repeat domain

TRPA: 1125 aa

POOOOOOAAAAAN  Teon
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Coiled-coil domains
TRPM homology region

TRPM
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Figure I5. Structure in TRP channels family [20].

T
TRPC @@ @ TRPC: ~940 aa
(TRPC4,TRPC5)

TRPM6,TRPM7

TRPM: ~ 1470 aa

TRPP: ~795aa

Several studies suggest that this region may be involved in activity regulation,

tetramerization channel subunits and regulating the gating process,

between stimulus sensing and gate opening.

1.2.1. TRPC SUBFAMILY

in particular the coupling

TRPC (Canonical) subfamily consists in 7 (TRPC1-7) members which are broadly

distributed in several tissues. They are non-selective cationic channels that are activated by the

stimulation of G-protein-coupled receptors (GPCRs) or receptor-tyrosine kinases. Some channels

of this subfamily can be co-expressed in the same cellular type and can assemble as

heterotetramers giving rise to channels with different functional properties [20]. TRPC channels

share an invariant sequence already described as TRP box (EWKFAR), as well as 3—4 NH2-

terminal ankyrin repeats [21].

17



1. INTRODUCTION

1.2.2. TRPP SUBFAMILY

The TRPP (Polycystin) subfamily is constituted by PKD (Polycystic kidney disease)
proteins; in turn, they are subdivided in two groups according to their structure. The first group
includes the channel TRPP1 (PKD1) and other related proteins with a predicted topology of 11
transmembrane segments. Nevertheless, the last 6 of the 11 transmembrane segments (carboxy
terminal region) seem to have a TRP-like domain. The other group is formed by 3 members
named TRPP2, 3 and 5 corresponding to PKD2, PKD2L1 and PKD2L2 respectively. Their topology
is predicted as a 6 transmembrane segments polypeptide with a large extracellular loop
between S1 and S2. Some of these proteins seem to be implicated in mechanosensation in the

primary cilium of kidney cells ([16], [27]).

1.2.3. TRPML SUBFAMILY

TRPML (Mucolipin) subfamily is comprised by three members (TRPML1, 2 and 3) which
are characterized by their small size, less than 600 amino acids, and also by their low homology
level with the rest of TRP subfamilies. These channels are mainly located intracellularly,
specifically in the membrane of late endosomes and lysosomes although they also can be found
in the endoplasmic reticulum. Structurally, TRPML channels are characterized by the presence of
an extracellular loop between S1 and S2 including a lipase domain function. In addition, it has
also been proposed that this subfamily of TRP-channels might be implicated in the aetiology of
the mucolipidosis disease ([22], [28]).

1.2.4. TRPN SUBFAMILY

The only member of TRPN subfamily is named after the ‘NO-mechano-potential C’
(NOMP-C) channel of Caenorhabditis elegans. TRPN channels have been only found in worms,
flies and zebrafish, whereas mammals do not encode any homolog of this protein. This subfamily
shows a large N-terminal region containing 29 of ankyrin repeats domains which was proposed
as likely involved in the gating process of these channels. Afterwards, based on atomic force
microscopy it was demonstrated that the ARDs act as a gating spring blocking the channel and

that the protein is mechanically gated by pulling apart this blockinh spring ([22], [29], [30]).
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1.3. TRP NOCISENSORS

The rest of TRP subfamilies TRPV, TRPM and TRPA include the members which have
been proposed as ion channel sensors of noxious stimuli or nocisensors. All those TRP channels
involved in nociception are expressed in primary sensory neurons, or skin keratinocytes. Because
they were activated by a different temperatures varying from noxious cold to noxious heat, it
was proposed that each of these channels may confer the ability to respond selectively to
innocuous or noxious temperatures across a wide thermal range [9]. For this reason, those

channels are called THERMOSENSORS or THERMOTRPS.

1.3.1. TRPA SUBFAMILY

It only exist one member of the TRPA (Ankyrin) subfamily in mammals (TRPA1) which is
expressed in dorsal root ganglia neurons, trigeminal ganglion and external ear ciliated cells.
Topologically, it is important to highlight the presence of a large amino terminus which can be
composed by more than a dozen of ankyrin repeats. Functionally, this channel is activated by
many different agonists, mostly by environmental irritants and pungent chemicals like
isothiocyanates (contained in mustard oil, wasabi and ginger), cinnamaldehyde (cinnamon) and
allicin (garlic) [31]. Other substances such as acrolein (an irritant found in cigarette smoke),
formaldehyde, and tetrahydrocannabinol (psychoactive component in cannabis) have been also
demonstrated that directly activate TRPA1 ([31], [32], [33]). All these molecules have similar
chemical properties suggesting an activation mechanism directly related with their chemical
reactivity. The activation mechanism of TRPA1 by these compounds seems to be mediated by a
reversible covalent modification of cysteine residues ([34], [35]). The cysteine residues
implicated in this mechanism are situated in the N-terminal region of TRPA1 and together with
some other residues in inner pore region participate in the gating process [36]. There are other
endogenous molecules that act as TRPA1 activators like 4-hydroxynonenal (4-HNE) which is one
of the most interesting activators as it mostly arises out of the process of lipid-peroxidation; and
intracellular ions such as calcium and zinc ([37], [38]). Recent studies show other activators and
functions where TRPA1 is involved in. For instance, it has been demonstrated that the oral

pungency caused by oleocanthal, from an extract of extra-virgin olive oil, is mediated via de
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activation of TRPA1 receptors selectively in the oral cavity [39]. Furthermore, this receptor has
been detected in neurons that innervate the pit organ of snakes and it has been proposed to be

implicated in the infrared image construction characteristic of these animals [40].

All of the above does not only demonstrate the involvement of TRPAl in sensing
noxious stimuli, but also emphasize its essential function as a significant sensor of chemical
damage. Moreover, there are physical stimuli proposed to be TRPA1 activators like noxious cold
(£179C) or mechanical forces ([41], [42]). Nevertheless, it still exists some controversial
arguments about the specific role of this channel in transducing these stimuli since different
laboratories have reported apparently contradictory results about this property of TRPA1l
functionality ([31], [32], [33]). Remarkably, it is important to mention that this channel shows
voltage-dependent temperature activation as it was previously described for TRPMS8 [43].
Interestingly, many authors suggest that TRPA1 is closely related to TRPV1 in functional aspects.
Evidence that support this hypothesis is, for example, that TRPA1 is largely co-localized with
TRPV1. Moreover, concerning the fact that bradykinin signaling can be related with TRPA1
through B2 receptors [31], just like TRPV1, some authors propose there is a functional coupling

between these two receptors in response to bradykinin by nociceptors ([33], [41]).

1.3.2. TRPM SUBFAMILY

The TRPM (Melastatin) subfamily consists of 8 members (TRPM1-8) in mammals. Their
structure is characterized for not containing ankyrin repeat domains in the N-terminal region. In
addition, they show a large carboxy-terminal domain with a variable sequence and length
(*1000-2000 amino acids) in all the TRPM members [22]. Similar to other TRP channels, they
also contain the aforementioned TRP domain in the C-terminal following the sixth
transmembrane segment. According to similarities in their sequence four subsets have been

proposed consisting of TRPM1/3, TRPM4/5, TRPM6/7 and TRPM2/8.

Members of TRPM channels exhibit characteristic properties such as calcium selectivity
of TRPM4 and TRPM5, which is unusual among the TRP channels superfamily membrane ([44],
[45]). TRPM6 and TRPM7 have an atypical protein kinase domain in their C-terminal region

(referred to as chanzyme) ([46], [47]). TRPM2 is considered also a chanzyme with an ADP-ribose
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pyrophospatase domain (NUDT9 homology domain) included in its C-terminal region which
binds and hydrolyzes ADP-ribose ([48], [49]). Likewise, TRPM2, TRPM4 and TRPM5 are
modulated by warm temperatures; however, since they are not expressed in nociceptive

neurons they are not considered thermosensors.

The last member of this subfamily is TRPM8 which has been identified as a candidate
cold sensor (thermosensor); likewise it is also known it plays an important role in noxious cold
nociception. TRPMS is expressed in small and medium TG (trigeminal ganglion) and DRG (dorsal
root ganglion). Interestingly, a large fraction of these neurons also express TRPV1 channels and
also stains for CGRP, implying their nociceptive nature. This channel is activated by temperatures
below 262C and over the range of noxious and non-noxious cold temperatures. In turn, it is also
activated by cooling chemical compounds such as menthol, eucalyptol or ilicin ([50], [51]). The
channel is voltage dependent and its temperature activation leads to shifts toward more
physiological potentials of its voltage activation threshold ([52], [53]). Regarding the regulatory
mechanisms of TRPMS8, acidic pH and PIP, (Phosphatodyl inositol 4,5-biphosphate) have
differential effects on activation by menthol, icilin or temperature ([54], [55], [56]). PIP,-
mediated regulation of TRPMS8 activity involves some basic residues of the TRP domain in the

carboxy terminal region [56].

1.3.3. TRPV SUBFAMILY

The TRPV (Vanilloid) family owes its name to the first member described as TRPV1 since
this channel was activated by vanilloid compounds such as capsaicin. This channel subfamily has
six mammalian members (TRPV1-6) and other channels found in invertebrates, e.g. the C.
elegans Osm-9 [57] and the Drosophila Nanchung (Nan) [58]. TRPV channels subunits have the
typical topology described for other TRP channels members consisting in six transmembrane
spanning segments (S1-S6) with a pore-forming loop between the S5 and S6. The two cytosolic
domains in the amino- and carboxy-termini are variable in length and contain different number
of functional subdomains. As common structural features in this subfamily, there is the presence
of three to four ankyrin domains in the N-terminal region which are implicated in protein-

protein interaction with cytoskeletal or other cytosolic proteins that modulate these channels
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[26]. Moreover, all TRPV members also contain the highly conserved sequence described as TRP
domain situated in the proximal region of C-terminal ([20], [59]) which has been suggested to
participate in channel assembly and gating process in some members like e.g. TRPV1 ([60], [61],
[62]) . Other functional domains that may appear in the C-terminal region are phosphoinositide
and calmodulin binding domains or PKC consensus sites, all of them important for modulation of

channel activity [26].

Based on their structural and functional characteristics TRPV channels are classified in
two subsets: one group is formed by the TRPV1-4 channels which are implicated in thermal
sensation (also known as thermoreceptors) ([63], [64]). The other group includes TRPV5 and
TRPV6 sharing =74% identity but are much less similar (22-24% identity) to the rest of TRPVs

([20], [65]) giving rise to a separate group.

| Calcium selective TRPV channels.

TRPV5 and TRPV6 form homomeric and heteromeric channels that are mainly expressed
in transporting epithelia of the kidney and intestine, respectively. These channels show inwardly
rectifying currents and they are the most Ca**-selective channels of the mammalian TRPs with a
permeability ratio of Pc,:Py, > 100, although they conduct monovalent cations in absence of
extracellular Ca®*. This property has been attributed to the presence of an aspartic residue
located in the pore region which confers structural properties to the selectivity filter ([26], [66],
[67], [68]). Taking together, reported data suggests that TRPV5 and TRPV6 may be involved in
vitamin-D stimulated calcium uptake via epithelial cells in expressing tissues. Experiments
carried out in knockout mice for TRPV5 showed diminished renal Ca** reabsorption and
hypercalciuria. Afterwards, TRPV6 knockout mice showed a decrease in intestinal Ca**
reabsorption function ([69], [70]). There are other features which are important in this TRPV
subset. Both channels are tightly regulated by Ca** and Mg** in a voltage-dependent manner.
([68], [71]). In addition, in heterologous systems, TRPV5 and TRPV6 channels form homo- and

heterotetrameric channels and are constitutively active [67].
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TRPV channels as thermoreceptors.

The development of the study on the molecular mechanisms implicated in heat
sensation was thrust by the cloning and functional characterization of the capsaicin receptor
(TRPV1). Physiologically, we are able to sense and distinguish an extensive range of
temperatures from noxious cold to noxious heat. Temperatures over 432C and lower than 152C
not only evoke a thermal sensation but also give rise to painful sensing [72]. Related to this,
neurophysiological studies determined that the pain sensation in brain induced by heat was
derived from the activation of mechano- and thermosensitive peripheral C-fibers. The triggering
mechanism of pain sensation evoked by cold or heat temperatures involved the activation of
ionic channels located in the cutaneous synaptic terminals of nociceptors. This hypothesis was
confirmed when the capsaicin receptor TRPV1 was identified and characterized as an ion
channel activated by a temperature threshold around 432C [11]. This channel was the first of a
group of channels that were lately discovered and proposed of being implicated in temperature
sensing. Hence, TRPV2, TRPV3 and TRPV4 were cloned and characterized as thermoreceptors

([73], [74], [75], [76], [77]).

TRPV1, TRPV2, TRPV3 and TRPV4 are non-selective cationic channels, activated by
diverse stimuli that include chemical compounds and physical stimuli like mechanical stress and
temperature. The mechanism by which these channels are able to sense temperature and the
fact that this physical stimulus may evoke channel opening is one of the main gaps of our
knowledge regarding TRP channels studies and, therefore, actively pursued. Temperature
dependence of a biological reaction can be quantified by using the 102C temperature coefficient
Qo All ion channels, are temperature-dependent because the flux of ions through the opened
channels increases with rising temperatures with a Qo range value between 1.2 and 1.4.
However, it has been reported that this factor has values between 6 and 30 for TRP channels
activated by heat temperatures, consistent with the strong dependence of these channels by

temperature activation [20].
TRPV1 was the first cloned member of mammalian TRPV channels [11] from a rat

genomic library of mRNA obtained from DRGs. To date, it is the most widely characterized

member of the TRPV subfamily. TRPV1 is widely expressed in neuronal tissue, such as DRG, TG
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and nodose ganglion (NG) neurons. Specifically, this channel is placed in spinal and peripheral
nerve terminals of small- and medium-diameter peptidergic and non-peptidergic sensory
neurons. Peptidergic neurons are implicated in the development of neuropathic pain and
inflammation while non-peptidergic neurons play an important role in mediating chronic pain
([78], [79]). TRPV1 can be detected also in central neurons like hippocampus, hypothalamus,
cerebellum and cerebral cortex. Furthermore, this channel is expressed in non-neuronal tissues
such as keratinocytes, in the urothelium and smooth muscle cells of the bladder, in glial cells,

liver, mast cells and macrophages ([21], [80]).

As reported, it is well known the activation of TRPV1 by capsaicin, the pungent molecule
which gives the spicy food their characteristic hot taste. In addition, other vanilloid compounds
have been described as activators of this channel such as resiniferatoxin (obtained from the
cactus, Euphorbia resinifera) and different chemicals which include anandamide (an
endocannabinoid), camphor and the pungent compounds present in black pepper (piperine) and
garlic (allicin) ([21], [22]). The binding domain of TRPV1 for capsaicin and anandamide has been
located to the intracellular domain adjacent to the transmembrane helix TM3 [81] but also
between the inner half of the $3-S4 segments with the contribution of other domains [82].
Besides, endogenous lipids, socalled “endovanilloids”, which lack a vanilloid moiety, also activate
this channel [83], e.g. N-acyldopamines and lipoxygenase products of arachidonic acid.
Moreover, it has been shown that TRPV1 is also gated directly by protons [78]. In addition,
TRPV1-mediated calcium influx initiated by the application of noxious chemicals or heat is
further enhanced by low extracellular pH [22]. Thereby, the tissue acidosis that occurrs in
ischaemia or inflammation after tissue injury reduce the activation threshold of the channel

giving rise to channel opening under normal conditions [84].

As mentioned, TRPV1 is activated also by physical stimuli like noxious heat (2432C) with
a Qyp value of more than 20. Nevertheless, the molecular basis for thermal sensitivity remains
still unclear. Interestingly, heat sensing of TRPV1 it also occurs in cell-free patches suggesting
that the temperature sensor should reside in the protein itself [59]. Another physical stimulus
proposed as direct activator of TRPV1 is the transmembrane voltage. It has been shown that
depolarizing voltages alone open the channel in absence of any other stimulus, albeit with a high
threshold =150mV difficult to be experienced by a living cell [52]. However, heat or capsaicin can

shift this relationship to less depolarized potentials such that the channel opens under more
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physiological voltages. Further, depolarization reduces the threshold for activation by heat and

capsaicin [85].

It is also important to highlight the desensitization process that TRPV1 experiences,
predominantly via a Ca**-dependent process in view of the fact that is largely suppressed by
buffering of intracellular [Ca®"] [80]. This phenomenon can occur rapidly during single application
of an agonist or slowly following repeated agonist applications. According to the mechanism, it
has been suggested that Ca** may be signaling via calmodulin since disruption of the proposed
region for interacting with this protein in the C-terminal partially inhibits desensitization [86].
Likewise, PKA- and PKC- (Protein Kinase A and C, respectively) mediating phosphorylation of

residues in N- or C-terminal may reverse the desensitization process [87], [88].

TRPV1 is involved in many different signaling pathways in the cell which are activated by
pro-algesic compounds and evoke the potentiation of the channel activity. The modulators can
directly affect the channel activity, by influencing the membrane expression of the protein, or by
modulating the expression level of TRPV1 gene. Some of the compounds which directly act on
the channel are N-araquidonoil-dopamine (NADA), N-oleoildopamine and acid 12-
hidroperoxieicosatetraenoic (12-HPETE). These metabolites act as endovanilloids activating
TRPV1 and increasing the calcium influx to the cytoplasm ([89], [90]). At the same time Ca®*
works as a second messenger by activating signaling pathways as e.g. PKC and Calmodulin
kinase-dependent (CAMKII) which alter TRPV1 functionality by phosphorylating the channel. It is
important to highlight that most of these compounds shift the temperature threshold (=432C) to
physiological values (=359C) giving rise to the activation of the channel at body temperature
producing hyperalgesia ([79], [91]). Pro-inflammatory agents also produce an increase in TRPV1
activity through an indirect mechanism. These compounds such as neurotrophic factors (NGF)
interleukins, histamine, bradykinin, ATP, etc. bind to their receptors in the nociceptor membrane
and activate intracellular signaling pathways which affect TRPV1 functionality. These alterations
involve the PKC, PKA, Phosphoinositol kinase 3, (PI3K) and phospholipase C (PLC) that may
increase channel activity ([22], [79], [91]). This increment may be due to a decreased in
temperature threshold promoting channel opening under physiological conditions. In parallel,

some of these routes like PKC-dependent pathway may also increase the protein amount by
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inducing exocytosis of vesicles containing the channel and giving rise to insertion of functional

TRPV1 into the cell membrane ([92], [93]).

The ion channel TRPV2 was first named as vanilloid receptor like protein (VRL-1) because
of the homology sequence with TRPV1 sharing 50% of identity. TRPV2 is expressed prominently
in medium- to large-diameter sensory neurons, as well as in other brain regions, and in some
non-neuronal tissues including the heart, macrophages, gastrointestinal tract, and smooth
muscle cells ([21], [59]). It has been reported that this channel can be activated by extreme high
temperatures (2522C) and the non-selective agonist 2-aminoethoxydiphenyl borate (2-APB).
TRPV2 can also be activated by hypoosmolarity or cell stretch, suggesting potential roles in
mechanotransduction. However, recent studies demonstrate that TRPV2 knockout mice showed
unimpaired responses to heat and noxious mechanical stimuli. They observed normal responses
both in behavioral assays, in the basal state and under hyperalgesic conditions, and
electrophysiological recordings from skin afferents. Thus, according to their results they
considered that TRPV2 is important for perinatal viability but is not essential for the sensing
process of those physical stimuli or hypersensitivity in the adult mouse ([94], [95]). Other
activation methods and regulation processes have been suggested for TRPV2. There are many
compounds that seem to regulate TRPV2 by channel insertion into the plasma membrane from
internal vesicles, e.g. Insulin growth factor-1 (IGF-1) and phosphatidylinositol-3-kinase (PI3-K)

([96], [97]).

TRPV3 was cloned by sequence homology to other heat-activated TRP channels, and
shares 40% identity with TRPV1. TRPV3 is detected in DRG and TG neurons, brain, tongue, and
testis. In addition, this channel has been also found highly expressed in keratinocytes and in cells
surrounding hair follicles. This channel exhibits a temperature threshold for activation in the
physiological temperature range of 32 to 392C, and it is sensitized in response to repeated
applications of heat. There are also some chemical compounds which have been described as
activators of this channel, e.g. camphor (from Cinnamomum camphora), thymol (from thyme),
eugenol (from clove oil) and 2-APB. Interestingly, all of those compounds also sensitize the heat
response of TRPV3 ([59], [76]). To further understand the specific role of TRPV3 in
thermosensation, TRPV3 knockout mice were performed [98], observing that responses to
innocuous and noxious heat were dramatically diminished. This fact suggested that TRPV3 plays

an important role in thermal sensing process. Other processes which TRPV3 may be implicated
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are hair growth and atopic dermatitis (AD) [99]) since spontaneous hairless and, lately AD

development were observed in two rodent strains which two different mutations in this channel.

TRPV4 was detected in high level in the epithelia of the kidney, specifically in the distal
tubule. In addition, it is widely expressed in other tissues like the epithelial of the trachea, lung
and oviduct. It is also found in respiratory smooth muscle cells, bladder, keratinocytes and
neuronal tissue such as DRG, and brain [59]. TRPV4 is activated by increases in temperature with
a moderate threshold (>242C). Intriguingly, this channel lacks the sensitivity to heat after patch
excision ([100], [101], [102]). Cell swelling and mechanical forces are also physical stimuli able to
open TRPV4. Among chemical compounds we can find different agonist of this channel, for
instance 4a-PDD (4a-Phorbol 12,13-didecanoate), endocannabinoids and arachidonic acid
([100], [103]). The TRPV4 null mice experiments suggest that this channel may have an important
function in systemic osmotic regulation and thermosensing ([104], [105]). Those mice have no
different body temperature with wild type mice, nor they react in a different manner to cold

stress but they react differently to moderate heat around body temperature [104].

1.4. TRPV1 AND PAIN

The mechanism of nociception allows living organisms to identify and differentiate
innocuous stimuli and harmful noxious stimuli to avoid dangers in the environment.
Nevertheless, under pathological conditions this safety mechanism may become unnecessary or
exaggerated giving rise to an unpleasant condition compromising the quality of life. In order to
decrease or eliminate the pain sensation in these abnormal situations it is important to

understand the nature of nociception and the mechanism by which it is produced.

Exposure to the vanilloid compound capsaicin evokes an intense burning sensation and
pain by activating TRPV1. Thereby, this pungent compound has been extensively used as a tool
for studying the mechanism of pain by inducing pain behaviours in experimental animal models.
There were many aspects because of discovery of TRPV1 caused an impact in the research of
pain field. Firstly, the fact that this channel was highly expressed in small to medium-size sensory

ganglia neurons, which were the main candidates for acting as nociceptors. Besides, TRPV1 is a
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non-selective cationic channel mediating the influx of cations which may affect membrane
potential in these neurons and consequently, the action potential generation. Furthermore, this
channel was also activated by noxious heat giving rise to the first described molecular
mechanism of thermal sensation transduced into electrical signaling. Thus, all these findings
pointed to TRPV1 as an important molecular integrator or nocisensor of the noxious stimuli in

the pain sensation mechanism.

To better understand the role of this channel in the molecular mechanism of pain
sensing, a TRPV1 knockout mouse was designed. The experiments performed with this TRPV1
knockout mouse showed lessened nocifensive responses to acute thermal stimuli. Furthermore,
they also demonstrated an important requirement of this protein for thermal hyperalgesia
under inflammatory conditions [106] suggesting its role in thermosensation. The response to
capsaicin was completely abolished both in in vivo experiments and in cultured DRG neurons,
indicating that the recognition of this compound is specific for this channel. On the contrary, the
response to noxious mechanical stimuli was similar to the wild type mouse behavior even when
inflammatory conditions were induced to the animals [106]. This finding suggested that TRPV1 is
not directly involved in the response to noxious mechanical stimuli and, consequently, it should

exist a different mechanism for mechanostransduction.

1.4.1. TRPV1 AS A THERAPEUTIC TARGET

The identification of TRPV1 and the description of its role in pain sensing mechanism
make this channel a very attractive and potential target for novel therapeutic strategies. The
main purpose of the research in this area is to suppress nociception by targeting this channel.
However, we cannot forget that this protein is widely expressed in several neuronal and non-
neuronal tissues. This fact confers to TRPV1 the property of being a double-edged sword. On the
one hand, the extended location of TRPV1 may be used as a target for different drugs against
many diseases. On the other hand, those drugs may generate undesired side effects in the

organism [107].

The role of TRPV1 in the control of peripheral neurons excitability significantly
contributes to treatments development for several diseases [79] such as atopic dermatitis,

asthma, rheumatoid arthritis, intestine inflammation and neurogenic hyperreflexia bladder ([27],
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[108], [109], [110]). Up to the moment, three main approaches have been used in drug

development of pain relief by targeting TRPV1.

- The pungent compound capsaicin has been used for centuries to abolished pain
sensing. The use of TRPV1 agonists as pain-killer treatments arises from the property of this
channel for being desensitized, which corresponds to a non-active and transitional state of the
receptor [111]. However, the therapeutic application of capsaicin is limited because this agonist
evokes burning sensation and pain previous to pain relief by channel desensitization. Up to now,
the main use of this treatment is to alleviate chronic painful conditions such as diabetic
neuropathy and osteoarthritis [112]. Interestingly, other therapeutic approaches are being
developed as a so-called ‘molecular scalpel’ consisting in intrathecal (sub-arachnoid space of
spinal cord) injections of resiniferatoxin. This compound is a potent agonist of TRPV1 and could
ablate cell bodies or central terminals of nociceptors expressing TRPV1 due to a large calcium
influx in these neurons ([113], [114]). The possible use of this approach is to achieve long-term
analgesia in patients who suffer chronic, intractable pain like that derived from cancer. The
reason of that is because this technique is very aggressive and may cause potential problems
inherent in any neuroablative strategy. Recently, new procedures are being studied for reducing
the burning pain reaction at the application site. This strategy is based on an activity-dependent
targeting of TRPV1 by using permanently charged agonists that only permeate through TRPV1
channel when it is open [115]. This type of agonist is expected to target hyperactive TRPV1 and

restore normal nociception.

- The characterization of TRPV1 antagonist for inducing channel inhibition is also an aim
in the design of new pain-killers targeting nociceptors. The first antagonist described was
capsazepine, an analogous of the capsaicin molecule which acts as a competitive inhibitor of the
channel ([89], [116]). Although this molecule is a potent inhibitor in vitro, some contradictory
effects have been observed in vivo, showing non-analgesic or anti-inflammatory activity for the
experiments performed in rats. Based on this action mechanism a large number of
pharmaceutical companies have developed small molecules that inhibit TRPV1 with high
specificity. Some of these compounds have already progressed into clinical trials showing a
potential therapeutic efficacy as a TRPV1 antagonist drug ([17], [117], [118],). Another group of

antagonists act as non-competitive inhibitors binding to a different site where capsaicin binds
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([89], [90]). Some of these compounds are Ruthenium Red and several peptides with a high
content of arginine residues which are strong channel blockers. However, there are some
negative aspects related with the inhibition of TRPV1. Firstly, the suppression of TRPV1 by
selective antagonism evoked hyperthermia in experimental animals and humans ([119],[120]).
Since this phenomenon is not observed in TRPV1 knockout animals, authors suggest that it may
exist a compensation mechanism in those TRPV1 null mice which regulates the body
temperature. Secondly, clinical trials disclosed that the threshold for detecting painful heat was
considerably raised in non-sensitized skin of healthy volunteers after the administration of a
specific antagonist. This effect represents a risk of burn injury during common activities due to
the increased heat pain threshold [118]. These facts are considered a significant barrier for the
clinical application of TRPV1 antagonists. As suggested, it would be interesting to develop
therapeutic agents that selectively inhibit the activated nociceptors under pathological
conditions but not physiological activity of TRPV1. Uncompetitive antagonists can be adequate
candidates because they are a class of activity-dependent inhibitors that specifically bind to the
agonist-receptor complex or to the open state of the channel. Related to this, a TRPV1 blocker
compound (triazine 8aA) [121], which acts by an activity-dependent mechanism, has been
recently reported. This molecule has been described as an open channel blocker showing an
inhibiting channel activity at negative membrane potential without altering the capsaicin ICs.
The identification and validation of uncompetitive antagonists acting as open channel blockers
of TRPV1 receptors warrant exploration as a strategy to develop selective analgesic drugs with

higher therapeutic index than currently discovered channel antagonists.

- A new strategy for drug design by using TRPV1 as target for drug delivery has been
recently proposed. It has been demonstrated that TRPV1 pore has the property of being dilated
in a time-dependent and agonist-dependent manner ([122], [123]). This feature of the channel
can be utilized to deliver small membrane-impermeable cationic drugs into cells that only
express TRPV1. For instance, lidocaine is broadly use as a local anesthetic that works by blocking
the activation of voltage-gated sodium channels. The problem of this usage is that this agent
acts on all nerve fibers, affecting innocuous sensation, motor and autonomic control, as well as
nociception. Interestingly, it was reported that selective silencing of nociceptive nerve fibers can
be achieved by using a hydrophilic polar derivative of lidocaine when this is administered
together with capsaicin. Thus, TRPV1 pore dilation may be induced by capsaicin activation of the

channel allowing the permeation of these large cationic molecules [124]. To minimize patient
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discomfort a non-pungent activator of TRPV1 would be ideal for avoiding the painful sensation

induced by capsaicin previous desensitization.

The fact that inflammatory mediators increase the surface expression of TRPV1 has been
broadly reported ([92], [125]). Therefore, as a new approach for drug design, it would be
interesting to eliminate the increase of channels surface density in membrane nociceptors under
inflammatory conditions by blocking neuronal exocytosis. It has been shown that interactions
between TRPV1 and SNARE (Soluble NSF Attachment protein Receptor) complex proteins are
essential for the trafficking and surface expression of TRPV1 channels in response to activation
of intracellular pathways by inflammatory mediators. Furthermore, it was found that a small
peptide DD04107, which blocks vesicular fusion by interfering with the SNARE complex, robustly
abolished TRPV1 inflammatory potentiation [126]. Interestingly, compounds such as this peptide
could represent a new family of anti-inflammatory and analgesic molecules acting in
pathologically activated nociceptors and by avoiding the abrogation of the TRPV1 subpopulation
involved in anti-inflammatory and protective roles [121]. Noticeably, all the followed strategies
for drug design targeting TRPV1 entail the imperative necessity of elucidating the molecular

mechanism of TRPV1 functionality.

1.5. STRUCTURE-FUNCTION RELATIONSHIP IN TRPV1

The cDNA molecule codifying for the rat (Rattus norvergicus) TRPV1 determines that
each subunit consists in 838 amino acids and it has a molecular weight of 95 KDa. The subunit
topology shows 6 transmembrane-spanning segments (S1-S6) with a pore region between S5
and S6 regions and two large cytosolic amino- and carboxy-terminal domains. This predicted
topology was supported by structural approaches from Moissenkova-Bell et al. [127]. They
showed a 19-A structure of TRPV1 determined by using single-particle electron cryomicroscopy.
This structure exhibited fourfold-symmetry and contained two different regions: a large open
basket-like domain which would correspond to the cytoplasmic N- and C-terminal fragments,
and a more compact domain, corresponding to the transmembrane segments. The assignment

of these regions was guided by fitting a TRPV1 model obtained from crystal structures of the
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structurally homologous Kv1.2 channel and isolated TRPV1 ankyrin repeats into the TRPV1 cryo-

electromycroscopy structure.
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Figure 16. Regions and amino acids involved in trpv1 function. [128]

1.5.1. PORE REGION

The pore region is formed by an anphipathic loop located between S5 and S6
transmembrane segments. Interestingly, the pore region sequence of TRPV channels shows high
similarity to the equivalent sequence of the bacterial potassium channel KcsA and Shaker
potassium channels. This region contains several acidic residues involved in the selectivity filter
conferring specific permeation properties to the channel [129]. The substitution of some of
these acidic residues by neutral amino acids alters the permeability of divalent cations and the

sensitivity to Ruthenium Red blockage [130].

An asparagine residue in this region was found which appears glycosylated in rat TRPV1
when is heterologously expressed. Some experiments performed in transiently transfected HEK
293 and F-11 cells revealed that the glycosylated position corresponds to the residue N604 (Fig.

16) [131]. The mutation of this amino acid N604T considerably affected the channel response to
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capsaicin and to the inhibitor capsazepine [132], as well as the desensitization process and its
permeability properties. Up until recently, there were no evidences of the existence of a TRPV1
glycosylated form in vivo. But, lately, the N-glycosylated form of TRPV1 was reported in rat DRGs
cultured neurons [133] suggesting that glycosylation properties in vivo may play a role in the

protein functionality.

The detection mechanism of some TRPV1 activators has been also attributed to some
residues in the pore region. The acidification of extracellular media was proposed as a chemical
stimulus which directly activates TRPV1 at room temperature [78]. It has been reported that
residues E648 and E600 (Fig. 16), located in the putative pore-forming region of the channel, are
implicated in the direct activation of TRPV1 by protons as in the potentiation mechanisms that

sets its sensitivity to other noxious stimuli in the presence of acidification [134].

Recently, it has been proposed that some residues of the pore region are implicated in
temperature sensing ([135], [136]). Yang et al. reported that the replacement of 14 residues
located between S5 segment and the pore helix generated non-sensitive channels to
temperature but were normally responding to capsaicin. Additionally, they showed by using site-
directed fluorescence approach that the channel opening triggered by temperature is initiated
by a specific rearrangement of those amino acids. They also demonstrated that these
movements are temperature-dependent since they did not observe this behavior during ligand-
and voltage-dependent channel activation [135]. However, some controversial results were
lately published by Yao et al [137] proposing that those amino acids were not as relevant for
temperature activation as it was described. Yao et al. showed that the complete deletion of
those residues in TRPV1 did not affect temperature sensitivity or capsaicin and low pH
responses. In parallel, Grandl et al. suggested that amino acids located between the filter region
and the S6 transmembrane segment are important for the thermal stimulus transduction.
Mutation of these residues ablated long channel openings that are characteristic of the
temperature-gating pathway. Interestingly, Grandl et al. also identified residues in the pore

region of TRPV3 that were required for temperature activation [138].
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1.5.2. CAPSAICIN BINDING SITE

The capsaicin molecule is formed by three well-differentiated regions. The A region is
formed by an aromatic ring containing the homovanillic group (3-metoxi 4-hidroxibenzil). The B
region corresponds to an amide bound, and the C region consists in an aliphatic portion which is
the part of the molecule proposed for being potentially interacting with TRPV1 through
hydrophobic interactions with an intracellular cavity (suggested by Humphrey H. Rang in the
“Spring Pain Conference”, Grand Cayman, BWI, 1998; [139]). The identification of the region in
charge of capsaicin interaction revealed that the intracellular loop placed between S2 and S3
transmembrane segments directly interacted with the agonist. Residue Y511 (Fig. 16) was
proposed as the main candidate for capsaicin detection since its mutation completely abolished
the capsaicin and resiniferatoxin activation but left heat and protons response intact. Supporting
this idea, it was found that the region between S2 and S4 could structure a hydrophobic cavity

where capsaicin molecule could bind [81].

1.5.3. TEMPERATURE SENSITIVITY

The specific role of TRPV1 in detecting heat stimuli still remains surprisingly elusive. As it
is aforementioned, some authors proposed that some residues of the pore turret region in the
P-loop are directly implicated in the temperature sensing process. However, other studies
suggested that the C-terminal plays a role either in containing or strongly modulating the
temperature sensor [140]. They performed a TRPMS8 chimeric channel containing the equivalent
section of C terminus from TRPV1. This small portion of the protein conferred to the chimera
heat sensitivity. Despite of these findings, further studies and more conclusive results are

needed to identify the molecular basis of temperature sensitivity.

It is difficult to explain how TRPV1, and other thermoTRPs, are exceptionally high
temperature sensitivity and can be activated by small differences in temperature over a narrow
range. Clapham and Miller [141] proposed that, according to the laws of thermodynamic, a
strong temperature dependence of TRP channel gating is accompanied by large changes in molar
heat capacity, (ACp). Furthermore, this work leads to the conclusion that hot- and cold-sensing

TRPs operate by identical conformational changes; although, it may not be experimentally
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possible to cover a temperature range wide enough to actually observe both hot-sensing and
cold-sensing in an unique channel. That means that TRP channels have apparently evolved to
produce a large heat capacity change upon opening. They also suggest that the molecular origin
of this phenomenon corresponds to the exposure of hydrophobic groups to water, as it has been
described as the common molecular basis of heat- and cold-driven unfolded proteins.
Considering these findings, the authors suggest that the opening process induced by
temperature changes may be due to small rearrangements in multiple regions of the protein

more than to the existence of localized temperature-sensing domains.

1.5.4. AMINO TERMINAL DOMAIN

The amino terminal region of TRPV1 is considered as an important fragment in the
modulation of channel activity due to the implication of this region in protein-protein interaction
processes. Furthermore, published works reported that some residues of this region are directly
implicated in phosphorylation mechanisms. This region contains consensus sequences for
several enzymes implicated in these phosphorylation processes such as PKA, PKC, calmodulin
kinase Il or Src kinase ([142], [143], [144], [145]. In TRPV1, the phosphorylation mechanism is

mainly involved in channel sensitization/desensitization, strongly modulating its activity.

Ankyrin repeat domains located in the N-terminal of TRPV1 indicated that this region is
probably interacting with cytosolic proteins, as it was described for other membrane proteins.
Some of these cytosolic interacting proteins are calmodulin (CaM) [146] and vesicular proteins
involved in regulated exocytosis such as Snapin and Synaptotagmin IX [92]. Another protein that
has been proposed for interacting with the N-terminal region of TRPV1 is the gamma-
aminobutyric acid receptor-associated protein (GABARAP) [147]. The interaction of both proteins
was detected in DRG neurons and in heterologous expression system eukaryotic HEK 293 cells.
Authors attributed an important role in the channel expression pattern to this interplay. The
presence of GABARAP would increase the interaction between the carboxy-terminal domain of
the channel and the cytoplasmic protein tubulin. This fact influences transport and recruitment

of the channels to the plasma membrane.
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1.5.5. CARBOXY TERMINAL DOMAIN

The cytoplasmic C-terminal domain of TRPV1 also shows structural motifs and specific
sequences that seem to be involved in protein-protein interactions. For example, a small
sequence of approximately 30 residues length, which is essential for calmodulin binding, was
found in this domain [148]. It was reported that the deletion of this segment significantly

reduced CaM binding and calcium-induced desensitization of the channel.

The membrane protein Pirt (phosphoinositide interacting regulator of TRP) has been
identified for being interacting with the C-terminal of TRPV1. Pirt is expressed in the peripheral
nervous system (DRGs and trigeminal ganglia) but not found in the central nervous system. It has
been demonstrated the presence of Pirt in most of the nociceptive neurons in DRGs including
those expressing TRPV1 [149]. Pirt knockout mice revealed impairment in capsaicin and noxious
heat responsiveness. These stimuli induced significantly attenuated currents in Pirt deficient
DRG neurons when compared with wild type DRGs. Besides, the heterologous expression of Pirt
in TRPV1 HEK 293 stable cell line enhanced the current intensity evoked by capsaicin without
altering the channel expression level. Authors also showed that Pirt directly interacted with
TRPV1 and phosphatidylinositol-4,5-bisphosphate (PiP2) through its C-terminus potentiating
TRPV1 activity.

Regarding this aspect, it has been also described the direct interaction between the C-
terminal domain of TRPV1 and PiP2 molecule itself. As in other TRP channels, this interaction
plays a very important role in the capsaicin sensitivity by the receptor [150]. Thereby, deletion of
the potential binding region to PiP2 in C-terminal TRPV1 lessened temperature and capsaicin
gating [86]. It has been suggested that residue S800 (Fig. 16), in the PiP2 recognizing sequence, is
phosphorylated by PKC [143] and consequently, producing channel activation by avoidance of
the inhibitory effect that PiP2 binding causes to the channel. Noticeably, there are other
residues that also participate in the modulation of the channel activity by phosphorylation. For
instance, the amino acid T704, which is included in a phosphorylation consensus sequence for
PKC and CaMKlI, is involved in the interaction of vanilloids with the channel altering their affinity

([80], [151].
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Recently, a new molecule that could be modulating TRPV1 activity by direct has been
reported by Nieto-Posadas et al. [152]. The authors suggest that the bioactive phospholipid
lysophosphatidic acid (LPA) activates TRPV1 through a unique mechanism that is independent of
G protein-coupled receptors. The amount of this phospholipid is increased upon tissue injury
and it activates primary nociceptors giving rise to neuropathic pain. The presented results
showed that LPA produces acute pain-like behaviors in wild type mice, albeit, this response is
substantially reduced in TRPV1 knockout animals. They proposed that LPA regulates TRPV1

activity by direct interaction with the C terminal region of the channel.

The carboxy terminal domain of TRPV1 also contains a highly conserved sequence
referred to as TRP domain [25]. Initially, the TRP domain was described as a 25 residues
sequence, located in the C-terminal region adjacent to the receptor internal gate. This sequence
has been found in other TRP subfamilies, such as TRPMs and TRPCs although in most of those
cases its function is not well defined. TRP domain also includes a 6-mer conserved sequence
termed TRP box ([25], [153], [151]). In TRPCs, this short sequence remains unaltered (EWKFAR)
albeit its function on these channels is not fully understood. However, in TRPM and TRPV
channels this sequence is less conserved than in TRPC subfamily, with a consensus sequence
corresponding to :[VIYFLJWK[FAY][QN]R and [IL]JW[KR][LA]JQ[RWVI]), respectively [154]. The role
of TRP domain in TRPV1 functionality has been proposed as implicated in intersubunit
interaction that may contribute to the coupling of stimulus sensing to channel opening ([60],
[61], [62]). Supporting this idea, they showed that the corresponding sequence with the TRP

domain (®**Glu-"*

Arg) had a propensity to fold into an a-helix and to form coiled-coil structure.
These facts are consistent with the idea that this region may be involved in channel
tetramerization since these structures are two hallmarks of association domains of channel
proteins [155]. Indeed, it was shown that when the corresponding TRP domain sequence was
removed in full-length TRPV1 monomers the formation of stable heteromeric assemblies with
wild-type subunits was blocked. Furthermore, purified recombinant C terminus of TRPV1 formed
discrete and stable multimers in vitro. Besides, when the TRP domain sequence was ablated in a
poreless TRPV1 subunit suppressed it robust dominant negative phenotype. All those findings

suggested that TRP domain region is involved in subunit tetramerization to give rise functional

channels [60].
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Regarding the role of TRP domain in channel functionality different approaches were
carried out for elucidating its function in TRPV1 activity. One of the strategies generated
chimeric channels by the substitution of the TRP domain of TRPV1 with the cognate region of
TRPV channels. These chimeras were not activated by depolarizing voltages as it is observed in
TRPV1 and additionally, functional chimeras showed defective sensitivity to activating stimuli
such as capsaicin and heat. Furthermore, biophysical properties of partially-activated chimeric
channels revealed that the TRP domain act as a molecular determinant of the activation energy

of channel gating [61] .

The other strategy corresponded to an alanine scanning mutagenesis of the TRP box of
TRPV1 (IWKLQR) to further characterize its role in TRPV1 activity [62]. The mutations introduced
in this motif altered channel gating by increasing the free energy of channel activation.
Interestingly, they observed that replacement of 1696, W697 and R701 by alanine severely
affected voltage- and heat-dependent activation and notably reduced the capsaicin
responsiveness. In summary, these results suggested that the mutation of TRP box residues to
alanine affected TRPV1 function by affecting events downstream of the initial stimuli-sensing
step and imply that intersubunit interactions within the TRP box play an important role in TRPV1
gating. In the present work we will try to elucidate the specific function of the TRP domain in

TRPV1 gating process.

38



TRPV1 STRUCTURE-FUNCTION STUDY: ROLE OF THE TRP DOMAIN IN
TRPV1 ALLOSTERIC GATING

DOCTORAL THESIS

LUCIA GREGORIO TERUEL

2. OBJECTIVES
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The main objective in this research project is to study the TRPV1 protein functionality in
terms of its structural features. The aim of this work is focused on further characterizing the role
of the TRP domain in the molecular mechanism of TRPV1 activation. This region is located in the
C-terminal domain, and it has been widely reported that it is involved in oligomerization

processes and activity modulation.

The main strategy is divided into two specific goals:

i) To identify the physicochemical features of 1696, W697 and R701 residues of TRP box,

required to maintain functional TRPV1 channel properties.

ii) To determine which amino acids are essential for reverting a non-functional TRPV1

chimeric channel containing the cognate TRP domain of TRPV2 to a functional state.
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3.1. CHARACTERIZATION OF TRP BOX IN TRPV1

TRP box is a highly conserved 6-mer sequence (IWKLQR in TRPV1) located at the core of
the TRP domain region. Some studies reported that this region is involved in inter- and
intrasubunit interactions of TRPV1 channel [62] suggesting that the TRP box may be implicated in
the functional coupling between stimulus sensing and pore opening. Valente et al, using an Ala-
scanning of the TRP box sequence, found that residues 1696, W697 and R701 (numbers
corresponding to TRPV1 from Rattus norvergicus) were essential for the correct functionality of
the channel. Concerning these results, we decided to further interrogate the role of these three

amino acids in TRPV1 gating.

3.1.1. MUTAGENESIS STRATEGY

To further understand the role of these positions in channel gating, we evaluated the
impact of introducing the rest of 18 natural amino acids in each of the three positions (Fig. R1).
We decided to omit to cysteine since this amino acid could form disulfide bonds with other
cysteine residues and, consequently, it could generate undesired secondary structures which
may interfere in the interpretation of the results. We used a site directed mutagenesis approach
where three pair of degenerate primers were designed, one pair for each position. Thereby, we

obtained the 18 mutants from one unique PCR reaction.

TRP DOMAIN
682 722
a d a d a d a d a d
TRP BOX
TRPV1 MGETVNKIAQESKNlIWKLQRlAITILDTEKSFLKCMRKAFRS
l l X = natural amino acids
W697X
1696X R701X

Figure R1. Schematic representation of TRP box sequence in TRPV1. TRP domain sequence of rat TRPV1.
TRP box sequence is highlighted in an open rectangle. The three positions 1696, W697 and R701 are
individually substituted by 18 of the 20 natural amino acids generating 54 point mutations. The “a” and
“d” positions of the predicted coiled coil are tagged. Numbers refer to the position of amino acids in rat
TRPV1 cDNA.

45



3. RESULTS

The plasmid containing the cDNA encoding TRPV1 contains the insert and the pcDNA3
vector (Invitrogen). The mutations are performed by PCR technique using site directed
mutagenesis with this plasmid as template for amplification. For this procedure we used
PfuTurbo DNA polymerase (Strategene) which showed lower error rates than other enzymes
avoiding the insertion of undesired mutations. The DNA obtained as PCR product was
transformed in the bacteria strain XL1-Blue to obtain a higher number of copies. Afterwards, the
plasmidic DNA was extracted and purified using specific plasmidic DNA extraction kits, and
thereafter sequenced to obtain and verify the mutation. Once we checked that the mutation

was included we proceeded to perform the functional characterization.

3.1.2. FUNCTIONAL CHARACTERIZATION OF TRP BOX MUTANTS

We used patch clamp to study the biophysical properties of the TRP box generated
mutants. Specifically, we characterized the response of these channels to two activating stimuli:
depolarizing voltage and the chemical agonist capsaicin. These experiments will define the
characteristics determining the structural properties needed at positions 1696, W697 and R701
of TRPV1 compatible with channel function. For the biophysical characterization of TRP box
mutants, the receptors were heterologously expressed in HEK 293 cells. We performed patch
clamp experiments in whole cell configuration. We used TRPV1 transfected cells as positive
control and pcDNA3 as negative. We applied depolarizing voltages up to 240 mV to study the
response of mutant channels to this activating stimulus. Furthermore, we characterized the

response to the agonist by applying 100 uM capsaicin at negative and positive potentials.

Figure R2 exhibits current density values for all the mutants obtained in the three
positions. This parameter represents the current obtained divided by the cell capacitance. The
normalization of current values respect to the cell surface is very important since we are working
with transiently transfected cells and they can express different protein levels depending on the
cell size. These data revealed the important role that 1696, W697 and R701 residues play in
TRPV1 functionality.
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Figure R2. Current densities of TRPV1 and TRPbox mutants in 1696, W697 and R701 positions. Current
densities of TRPV1 and 1696 (grey), W697 (purple) and R701 (blue) mutants evoked at 240 mV (A) and in
presence of capsaicin (B) at -80 and +80 mV. lonic currents from mutants were activated by 100 uM
capsaicin, whereas those of TRPV1 were evoked by 1 uM. Higher concentrations of capsaicin was difficult
to use for TRPV1 because the large currents evoked at positive potentials could not be clamped. Data are
shown as mean + SEM, with number of cells >4.

As depicted in Fig. R2, the mutations introduced in the three positions (1696, W697 and
R701) showed disparate responses after the application of the activating stimuli. Regarding the
activation by voltage, the pull of mutants for each position showed different behaviors when
depolarization was applied (Fig. R2A). For 1696 mutants we observed that only some of the
mutants containing a hydrophobic residue in this position, similar to the original amino acid in
TRPV1 wt, were partially activated when positive potentials were applied. It is important to
highlight that the replacement of 1696 by an alanine or glycine gave rise to less- and non-active
channels, indicating that the amino acid size at this position seems to be also important for
channel function. These results suggested that not only the non-polar surface area but also the
amino acid size might be relevant in this position for the correct coupling of the channel.
Noticeably, we also detected modest channel activation in cells expressing the mutant 1696H.
Deprotonated histidine has a non-polar surface area very similar to the aliphatic residues, and

shows a comparable volume to valine and isoleucine. Thus, these results support the tenet that
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residue with hydrophobic properties within a volume range is required at 1696 for generating

functional TRPV1 channels.

Analysis of the response to 100 UM capsaicin was carried out at depolarizing (+80mV)
and hyperpolarizing (-80mV) conditions. Interestingly, most of the active 1696X mutants did not
show any response to the agonist capsaicin at negative potentials (Fig. R2B). Only for 1696L and
1696V we detected ionic currents in both conditions induced by depolarizing voltages and by
capsaicin at -80mV. In contrast, when capsaicin was applied at +80 mV, we observe that all
active mutants responded well to the vanilloid at depolarizing potentials. Remarkably, as we
observed from voltage activation, only the mutants with a hydrophobic amino acid included in

1696 position were activated by capsaicin.

The same experiments were performed with W697X mutants. Figure R2A shows that
none of the W697X mutants were voltage-sensitive channels. Even though we applied
depolarizing voltages up to 240mV, we were not able to evoke the activation of any of the
W697X mutants, not even the most conservative substitutions such as aromatic residues
tyrosine and phenylalanine. However, this pattern was not found in W697X mutants when 100
UM capsaicin was administered (Fig. R2B). In this case, high concentration of capsaicin induced
detectable currents from most W697X mutants. Analysis of the responses did not reveal any
apparent correlation between partially activated mutants and the physico-chemical properties
of the incorporated amino acid in this position. Furthermore, most of the responsive mutants

were activated by the vanilloid at both hyper- and depolarizing voltages.

Finally, we studied the response of the mutants obtained for R701 position to these
activators. As seen in figure R2A, several mutants corresponding to different amino acid families,
except negatively-charged amino acids, were partially activated by depolarizing voltages. The
same activation pattern was observed when R701 mutants were stimulated with capsaicin (Fig.
R2B). Because R701 is plausible located in a CaMKIl phosphorylation consensus site (Hyd-
XRXX(T/S)-Hyd), where R represents the residue R701 [144] its substitution can affect not only
channel activation properties but also could be altering other processes such as phosphorylation

and desensitization mechanisms.
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Taking together, these results showed that 1696 and W697 residues play an essential
role in TRPV1 functionality. In general terms, the replacement of any of these two positions by
any amino acid gave rise to less sensitive channels than the original protein to voltage and
capsaicin. The fact that all mutant channels displayed altered responses to both activators
suggests that the TRP box is implicated in a gating step common to both stimuli, most likely the
coupling between their sensors and channel pore. Consequently, we decided to focus in 1696X
and W697X mutants. For 1696 position we selected all the mutants that responded to both
voltage and capsaicin stimuli. For W697, we chose one mutant representative of each amino
acid family according to their physico-chemical properties, hydrophobic (valine and methionine),
polar (asparagine), aromatic (tyrosine), positively-charged (histidine), negatively-charged

(aspartic acid).
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3.1.3. 1696 X MUTANTS CHARACTERIZATION

A preceding work revealed that the modification of 1696 to alanine altered channel
function by affecting events downstream of the initial stimuli-sensing step and implied that
intersubunit interactions within the TRPbox play an important role in TRPV1 gating [62]. These
findings supported the structural model proposed in this work, where 1696 is placed at the “a”
position of the putative coiled-coil motif and possibly interacting with the rest of subunits of the

tetramer.

In our results we observe that the substitution of 1696 residue of TRPV1 by any amino
acid severely impaired voltage- (Figs. R2A and R4) and capsaicin-dependent activation (Fig. R2B
and R6). We also detected a strong outward rectifying |-V relation with a barely detectable ionic
current at hyperpolarized membrane voltages in the presence of high concentrations of
capsaicin in most of the 1696X mutants studied. The same behavior was previously reported by
Valente et al. for I696A mutant. We next disclose a detailed study about the changes induced by

1696 mutations in TRPV1 gating processes.

PROTEIN EXPRESSION LEVEL

It has been widely demonstrated that the TRP domain sequence in TRPV1 acts as a
molecular determinant of subunit multimerization. Thus, mutations in this sequence could alter
the structure of this region and consequently, the tetrameric assembly needed for a functional
channel. In turn, perturbations of the protein assembling may give rise to an improper folding of
the protein inducing its own degradation process. Since we are introducing mutations in the TRP
box, which is located in the center of TRP domain, we considered relevant to check the mutant’s
protein expression level. Furthermore, these results would determine whether there was a
relation between the absences of receptor function in some mutants with abrogation of the

protein expression.
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Figure R3. 1696 mutant’s expression level and membrane detection. A, Representative Western blot
showing the total protein extracts and membrane fraction of transiently transfected HEK cells with TRPV1,
pcDNA3 and a group of selected 1696 mutants. Separate fractions were obtained by surface biotinylation.
G and NG indicate glycosylated and non-glycosylated form. For the detection of bands were used
antibodies against TRPV1 and actin as a loading control protein (a-TRPV1, 1:30000 and a-actin, 1:10000).
Bands detection was performed by using ECL-select. B, Normalized values of densitometry obtained from
the western blot bands by using TOTAL LAB software. Measurements represent mean + SEM, number of
experiments = 3.

As depicted in Fig. R3, TRPV1 was detected as a double band corresponding to different
glycosylated forms of the protein (referred as G for glycosylated and NG for non-glycosylated
form) [131] (Since not all the mutants have the glycosylated form, we used the NG band for
protein quantification.). Mock transfected cells did not show immunoreactivity against the anti-
TRPV1 antibody, which demonstrate the antibody was specific for the channel. Regarding the
protein expression of I696X mutants, I696M showed the lowest expression level when compared
with TRPV1. The rest of mutants did not exhibit significant changes in their expression level
when compared with the wild type protein (Fig. R3B). By using biotinylation protocol for
membrane protein detection we found that all mutants reached the plasma membrane in a

similar way to TRPV1 (Fig. R3A). And also the ration between the amount of protein found in
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membrane and the total amount of protein was comparable to wild type. Furthermore, we
observed that only mutants 1696V, 1696L and slightly 1696H showed the glycosylated forms (G)
characteristic of wild type channels. However, this phenomenon should not interfere in
channels’ functionality because it has been reported that defective glycosylation mutant of
TRPV1 (N604T) exhibited normal plasma membrane expression and showed detectable currents
values when activated by all agonist ([132], [133]).This finding suggests that the absence of this
band in TRPV1 mutants could be due to modulation of protein folding which prevents the

glycosylation of the protein either by altering the tertiary or quaternary structure of the protein.

VOLTAGE RESPONSE

3We next studied the effect of mutating 1696 position to valine (V), leucine (L),
methionine (M), histidine (H), asparagine (N) and aspartic acid (D) on voltage-dependent channel
gating. For this purpose, we performed patch clamp experiments of mutant channels
heterologously expressed in HEK 293 cells by using whole-cell configuration. The protocol used
for voltage-activation corresponded to 100 ms depolarizing pulses from -120 to 240 mV in steps
of 20 mV. The next figure display representative ionic currents evoked by the voltage step

protocol (Fig. R4).

1696V £ 1696L 1696M =
0 omy 60 mV
% 50 ms %% g 120mV
TRPV1

EL MOCK
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1696H 1696N 1696D
= _
v I

Figure R4. Voltage response of 1696 mutants. Representative families of ionic currents evoked with a
voltage step protocol consisting of 100 ms depolarizing pulses from -120 to 240 mV in steps of 20 mV.
Holding potential = 0 mV; time between pulses 5 s.
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Application of depolarizing pulses up to 240 mV evoked noninactivating ionic currents
from TRPV1, 1696V, 1696L, 1696M and 1696H mutants. However, all active mutants displayed
lower currents than those of wild-type channels. Mutants 1696N and 1696D did not elicit any
response to this activating stimulus. Analysis of the conductance-voltage curves (G-V) of active

mutants revealed that voltage sensitivity was altered in all 1696X mutants studied (Fig. R5).
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Figure R5. Normalized conductance and biophysical parameters of TRPV1 and 1696X mutants. A, G-V
relation is plotted for TRPV1 and mutants constructions. Conductance curves were obtained from the ionic
currents shown in Fig. R4 using G=I/(V-Vy), where V is the stimulation potential value and Vy is the reversal
potential. Conductance values for each cell were fitted to the Boltzmann equation: G=G ,./{1+exp[(V-
Vos)/a,]}. Solid lines depict the best fit to a Boltzmann distribution. B, V, s values for the different 1696
mutants obtained from the Boltzmann distribution G-V relations. C, Apparent gating valence of the
activation process: z,=25.69 mV/ a,. D, Free energy values at OmV and 25°C (AG,) for TRPV1 and mutants
assuming a two-state model. AG, = Z,FV, 5, where F is the Faraday constant (0.023 kcal/mol mV). All values
are means + SEM; number of cells 25; one-way ANOVA, *p<0.05.
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The G-V curves for TRPV1 and active mutants calculated from the steady-state ionic
currents evoked with the step protocol (Fig. R4) were suitably fitted to a Boltzmann distribution.
This distribution is characterized by two parameters: Vs, the voltage at which the conductance
was half-maximal, and a,, the slope of the conductance-voltage relationship. Alteration of a, by
mutation can reflect changes in the apparent gating valence of activation (z,). As seen, all 1696X
mutants exhibited an altered voltage-dependent activation when compared with TRPV1
currents. Normalized conductance-to-voltage (G/Gn.x — V) curves gave rise to a Vg5 for TRPV1 of
138.8 £ 3.25 mV and a gating valence (z,) of 0.63 *+ 0.04 (Fig. R5B-C). Noticeably, Vs values were
significantly shifted to more depolarized potentials for the mutants up to 165.9 + 4 mV for
1696H, 177.4 £ 2.2 for 1696V, 192.4 + 2.7 for 1696L and 206.3 + 3.6 for I696M (Fig. R5B). However,
none of these mutations appeared to alter the apparent gating valence associated to channel
opening (Fig. R5C) when compared with TRPV1. Notice that 1696M mutant exhibited the largest
rightward change in all parameters, together with the highest variability. This may be due to the
fact that G-V curve for 1696M mutant data did not reach saturation and the Boltzmann
distribution fit gave rise to higher error values. Taking together, these results suggest that
mutation of 1696 in the TRP box residue to Val, His, Leu and Met impaired the voltage-
dependent gating, probably by raising the free energy of voltage activation. This idea was further
supported by the analysis of the free energy difference between the closed and open states at 0
mV and 252C (AG,) calculated from the values of V5 and z; considering a two-state model.
Although it has been extensively reported that TRPV1 gating may be formed by several
conformational states ([53], [156]) this approach is a simple and valuable manner to compare the
effect of mutations on the energetic of channel gating. As observed in figure R5D the four
mutants showed increased values of AG, when compared with wild type protein. For TRPV1, the
AG, was 1.95 + 0.12 kcal/mol, and for 1696V, 1696L, 1696M and 1696H were 2.77 + 0.05, 2.88 +
0.05, 3.3 £0.43 and 2.2 + 0.07 kcal/mol respectively.

In contrast to these results, mutants 1696D and I696N completely lacked voltage-induced
responses. Even when we applied voltage stimuli up to 240 mV, we could not elicit ionic currents
from these mutants. The same behavior was observed for the rest of mutants containing other
charged or polar residues in this position. Thus, these results indicate that mutation of 1696 to

polar or charged residues significantly affected the voltage sensitivity of TRPV1.
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Summarizing, the results described above implied that 1696 mutation to any amino acid
raises the activation energy of voltage-dependent gating. Furthermore, our findings signal that
1696 position in TRPV1 requires an amino acid with certain hydrophobicity and size

characteristics to generate voltage-gated channels.

CAPSAICIN RESPONSE

To better determine the biophysical properties of 1696 mutants we next evaluated the
effect of increasing concentrations of the vanilloid on the voltage activation of these mutants
(Figs. R6 and R7). We decided to use both stimuli simultaneously because it is well known that
capsaicin potentiates voltage responses and displaces the G-V relation of TRPV1 toward more
physiological potentials. The synergistic effect of both stimuli could help us to evoke currents in

mutant channels which were non-responsive under more moderate conditions.

For studying the capsaicin response, we performed patch clamp experiments of mutant
channels heterologously expressed in HEK 293 cells by using whole-cell configuration. The
protocol used for these experiments corresponded to a ramp protocol of 300 ms from the
holding potential of OmV to -80 mV, followed by 350 ms linear ramp up to 160 mV, in the
presence of capsaicin, 1 and 100 uM. We used this saturating vanilloid concentration to ensure
the response of all channels, taking into consideration our previous results showing that
mutation of these receptor sites decreased the sensitivity to the agonist [62]. In figure R6, we
show some representative current-voltage relation (I-V) corresponding to TRPV1 and 1696
mutants. Furthermore, the conductance-to-voltage relation (G-V) are depicted in figure R7.
Some biophysical parameters for the mutants were calculated to elucidate how these changes
are affecting gating process in TRPV1. As discerned, all 1696 mutants showed an altered

capsaicin-evoked response as compared with TRPV1.
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Figure Ré6. I-V relation of TRPV1 and 1696X mutants in the presence of capsaicin. Some representative
ionic currents evoked by increasing concentration of capsaicin from TRPV1 and some 1696 mutants. |-V
relations were recorded using a ramp protocol consisting of a voltage step of 300 ms from 0 to -80 mV,
followed by a 350 ms linear ramp up to 160 mV. Cells were sequentially exposed to the increasing
concentration of capsaicin 1 and 100 uM.

As illustrated in figure R6, the sequential addition of 1 and 100 uM capsaicin evoked
similar current intensity for TRPV1. These results were consistent with the EC50 estimates
previously obtained for TRPV1 which corresponded to values between 1 to 3 uM. Furthermore,
in both cases the channel displayed ionic current at hyperpolarizing potentials induced by the
presence of the agonist capsaicin. In 1 uM capsaicin, the evoked current at negative membrane
potentials showed a non-linear response. Whereas, when 100 uM capsaicin was applied the
inward current showed an ohmic behavior. Therefore, we considered this saturating vanilloid

condition elicited maximum probability of channel opening in a voltage-independent manner.
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Regarding 1696 mutants, at 1 uM capsaicin all of them showed none or barely detectable
ionic current at hyperpolarized membrane voltages. Noticeably, this phenomenon was also
observed for 1696H, 1696M and 1696A when 100 uM capsaicin was applied. The capsaicin energy
contribution at this high concentration was still not enough stimulus for opening these mutant
channels at hyperpolarizing potentials. However, mutants 1696V and 1696L displayed ionic
currents at negative voltages in the presence of the maximum capsaicin concentration applied
which are more similar to TRPV1. Analysis of conductance values shows the impact caused by

substituting 1696 residue by any amino acid in the biophysical properties of the channel.
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Figure R7. Normalized conductance and biophysical parameters of TRPV1 and 1696X mutants in presence
of capsaicin. A and B, G-V relation are plotted for TRPV1 and mutants constructions in presence of 1 (A)
and 100 (B) uM capsaicin. Conductance curves were obtained as described in Fig. R5 from the ionic
currents shown in Fig. R6. Solid lines depict the best fit to a Boltzmann distribution. C, V,s values of the
different 1696X mutants obtained from the G-V curves. For TRPV1 we only calculated these parameters
from the recordings at 1 uM capsaicin since data at 100 uM was not properly fitted as a Boltzmann
distribution. D, Free energy values of the voltage-dependent and -independent components relations (AG,
= AG, (V)+ AG, (i)), assuming a two-state model obtained from the Boltzmann distribution G-V. For TRPV1
at 100 uM, only capsaicin-dependent free energy is calculated. Data are given as mean + SEM, with
number of cells > 5. *p<0.05, as compared with wild type, using a one-way ANOVA statistical test.
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The G-V curves were obtained from ionic currents evoked with the aforementioned
ramp-depolarizing protocol. For TRPV1 only the conductance obtained in 1 uM capsaicin (Fig.
R7A) was suitable for fitting to a Boltzmann distribution. The G-V curve for TRPV1 at 100 uM
capsaicin resulted in a voltage-independent plot derived from the ohmic current described in
figure R6. As observed, all 1696 mutants showed voltage-dependent gating in the presence of
capsaicin since they followed a Boltzmann distribution (Fig. R7 A-B). However, the normalized G-
V relations showed that the vanilloid modulated differently the voltage-activated response of
the different mutants. On the one hand, the agonist barely evoked any current at
hyperpolarizing potentials for 1696A, 1696M and 1696H, even when the concentration applied
was 100 pM. In contrast, mutants 1696V and 1696L displayed significant voltage-independent
gating at hyperpolarized potentials which rose in a dose-dependent manner as it was detected
for the wild type protein (Fig. R7A-B). Noticeably, mutant 1696L exhibited the most similar

phenotype to TRPV1 wild type channel in the presence of capsaicin.

Increasing the concentration of the vanilloid shifted the Vs of all the studied mutants
(I696A, 1696V, 1696L, 1696M and 1696H) toward more physiological potentials (Fig. R7C).
However, they still are shifted to more positive potentials as TRPV1 in the presence of 1uM
capsaicin (47.4 £ 4 mV). The statistically significant values were 134.04 * 2.4 for 1696A, 109.1 +
10.3 for 1696M, 90.01 + 5.7 for 1696M, 73.9 + 1.7 for 1696V and 65.5 + 2.3 mV for 1696L.
Noteworthy, we detected that V5 values for 1696V and I696L were notably closer to TRPV1 than
those exhibited by the other mutants studied. It is also important to mention that, despite of
reducing V, s toward more physiological voltages, the 100-fold higher concentration of capsaicin

did not affect the V5 parameter of 1696 mutants as strongly as for wild type channels.

Analysis of the free energy of gating showed that capsaicin reduced the free-energy
difference between the closed and the open states at 0 mV and 252C of TRPV1 and all the
mutants in a dose-dependent manner (Fig. R7D). These results yielded a free energy change,
assuming a two-state model and considering voltage-dependent and —independent components,
with a profile that closely resembled that of V5. All mutants exhibited higher AG, values when
compared with wild type protein, showing lower values for 1696V and 1696L than the other
mutants. In addition, the highest concentration of capsaicin did not significantly reduced AG,
values for most of the 1696 mutants. Similarly, the presence of the vanilloid did not alter the

gating valence of the voltage-dependent component (z, = 0.6-0.8)
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Taken together, these results imply a contribution of 1696 position to the activation
energy of channel gating. In general, the replacement of 1696 residue by any of the natural
amino acids gave rise to defective functional or non-functional channels. Only the mutation to
valine, leucine, methionine and histidine showed a partial response to depolarizing voltages and
the agonist capsaicin. As we can perceive from Table I, the amino acids allowed in the 1696
position to generate functional channels were included in a strict range of volume and non-polar

surface area.

non-polar
surface VOLUME
amino acid area(A?) amino acid (A%

Asn 42 Gly 60.1
Asp 45 Ala 88.6
Gly 47 Ser 89

Cys 48 Cys 108.5
Ser 56 Asp 1111
Gln 66 Pro 112.7
Glu 69 Asn 114.1
Ala 86 Thr 116.1
Arg 89 Glu 138.4
Thr 90 Val 140
Lys 122 Gln 143.8
Pro 124 His 153.2
His 129 Met 162.9
Val 135 lle 166.7
Met 137 Leu 166.7
Tyr 154 Lys 168.6
lle 155 Arg 173.4
Leu 164 Phe 189.9
Phe 194 Tyr 193.6
Trp 236 Trp 227.8

Table I. The numbers indicate the increasing values for non-polar surface area (AZ) and volume (fi3) of
natural amino acid. 1696 functional mutants are highlighted in grey.

In particular, the substitution of 1696 residue to leucine showed the most similar
functional properties to wild type protein in presence of capsaicin, followed by mutation to
valine. Considering that both amino acid are chemically the most similar to isoleucine, these

findings suggested that 696 position not only needs to maintain hydrophobic and size
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properties, but also the chemical groups included in the side chain are also important for
generating functional channels. These results may indicate that 1696 position in TRPV1 must be

located in a hydrophobic environment, shielded from the aqueous surroundings.

ALLOSTERIC MODEL

To further understand the results we have obtained from the functional characterization
of 1696 mutants, we considered whether they could be explained by an allosteric model. Thus
far, we have been assuming a two-state gating model to simplify the calculus performed. This
model implies a strict coupling between the sensor and the pore, in such a way that whenever
the sensor is activated the channel will open and always by reaching the maximum opening
probability. This two-state model has previously been used for describing the opening of TRPV1
induced by voltage [52]. On the contrary, other groups have shown results demonstrating that
the process of TRPV1 channel gating induced by different activators corresponds to different

open and closed states ([85], [157]).

Allosteric coupling has been proposed and demonstrated for several voltage-activated
channels, for instance hyperpolarization- and cyclic nucleotide-gated (HCN) channels [158] and
the high conductance voltage- and calcium-activated potassium (BK) channels [159]. A common
feature of these channels, also found in some TRPs, is their polymodal activation, i.e. voltage and
another stimulus. In fact, one of the main characteristics of the allosteric model is the existence
of distinct structural domains known as sensors for these different stimuli. These different
domains are independent of each other but all allosterically coupled to the channel’s gate.
According to this model, every stimulus drives a transition between resting and activating states
of its own sensor. However, activation of any of these sensors may not necessarily lead directly

to channel opening but preferably to an increase of the open state probability.

An allosteric gating scheme can be imagined as several unconnected state transitions
whose rate (and equilibrium) constants are modified depending on the state or the other
equilibria. For the analysis of this data is important to consider that the homotetrameric
conformation of TRPV1 implies that every channel possess four identical voltage sensors and
capsaicin binding sites. However, the location and molecular nature of voltage sensor and the

number of molecules of capsaicin required to gate the channel are still unknown. In view of this
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fact, akin to Brauchi et al 2004 and Matta and Ahern, 2007 , we assumed that all voltage sensors
in TRPV1 operate in unison and that all binding sites need to be occupied for the activation of
the channel. In addition, we assumed that voltage and capsaicin sensors move simultaneously,

giving rise to a simplified 8-state allosteric model (Fig. R8).

A B C

cl . |R D I P
d== Ll

Figure R8. Allosteric model for channel activation. A, allosteric activation by voltage. Two independent
equilibria that interact allosterically. B, allosteric activation by voltage and capsaicin. An additional
equilibrium is included to the equation.

Figure R8A depicts an allosteric activation induced by voltage where two separate two-
state equilibria interact allosterically with each other. In the first equilibrium C and O
represented the closed and open states of the pore gate (respectively). This equilibrium was
defined by a constant L, which would correspond to a very small value when no stimuli are being
applied. The second equilibrium was defined by R, and A, which represented the resting and
activated state of the voltage sensor. J defines the equilibrium constant for voltage sensor
activation and is voltage dependent. D corresponds to an allosteric factor which determines the
coupling between the voltage sensor and the pore of the channel. When the voltage sensor is
activated, the equilibrium constant between C and O would be modified as LD. According to this

model, the probability of being in any open state is:

1

1+J
LA +/D)

Po =
1+

(Equation 1)
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Where J is:

ZFV
] :joe RT

(Equation 1.2)
Being Jo the equilibrium constant at 0 mV.

Figure R8B shows a diagram of an allosteric activation by voltage and capsaicin. In this
case, a third two-state equilibrium is added where U and B represent the unbound and bound
conformation of the capsaicin site, respectively. The equilibrium constant of capsaicin binding
corresponds to Q. With the third equilibrium two new allosteric factors are introduced: P which
determines the coupling between capsaicin binding site and the pore of the channel and E,
which defines the coupling between both sensors. When sensors act independently between
them E=1. Whereas, when E differs from 1 we understand both sensor are allosterically coupled

to each other. According to this model, the opening probability is given by:

1

1+/+0+JQE
L(1+/D + QP + JQDPE)

Po =
1+

(Equation 2)
Where Q is:

[caps]
Kd

(Equation 2.1)

Where Ky corresponds to the capsaicin dissociation constant and [caps] is the concentration of

capsaicin applied.

The free energy of channel activation can be estimated from the allosteric model by

([156], [160]):

AG, = —RTIn(n]L,K;)
(Equation 3)

Where RT = 0.58 kcal/mol at 222C, and Ki are the equilibrium constants considered in

the model.

62



TRPV1 STRUCTURE-FUNCTION STUDY: ROLE OF THE TRP DOMAIN IN
TRPV1 ALLOSTERIC GATING
DOCTORAL THESIS

LUCIA GREGORIO TERUEL

The next step was to fit our data obtained for TRPV1 and 1696 mutants to the equations
that describe the allosteric activation mechanism for voltage and both voltage and capsaicin
together. This approach will assist in understanding how we are affecting the channel gating
with the mutations introduced in the 1696 position. We assumed G/Gmax values are equivalent

to Po for whole cell currents.
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Figure R9. Fit of Po-V curves to an allosteric gating scheme. Normalized Po values are plotted against
voltage for the indicated concentrations of capsaicin. Lines are the simultaneous best fit to Equation 1 or
Equation 2, in absence or presence of capsaicin, respectively.

As observed in figure R9, Po values fitted properly to the proposed allosteric model for
voltage in the absence (Equation 1) and the presence (Equation 2) of capsaicin. Po values are
averaged and normalized from several experiments and continuous lines show the best fits for
data at 0, 0.1, 1 and 100 uM of capsaicin for TRPV1 and 1696 mutants. The parameters obtained

are displayed in table II.
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Voltage | TRPV1 1696V 1696L 1696 M 1696H
Jo | 0.0008 7.60E-06 6.40E-06 5.10E-06 9.51E-06
Z; | 0.65 0.67 0.66 0.68 0.6
L | 2.00E-05 0.01 0.03 0.03 0.05
D | 2.00E+06 84600 49000 35000 48000
AG, | 2.0 2.9 2.7 3.05 2.2
(Kcal/mol)

Table Il. Parameter values of allosteric model for voltage-gating activity of TRPV1 and 1696X mutants. The
energy was calculated from the allosteric model as AG, = —RT In(J,LD).

According to the fit, the values obtained for TRPV1 in all parameters are similar to the
ones found in bibliography ([85], [161]), L= 2E-05, D=2E+06 and Jo=8E-04 (Table Il). It is also
important to mention that, for both TRPV1 and 1696 mutants, z; and AG, had similar values as
the obtained with the fitting to a Boltzmann from the experimental data. These findings may

validate the allosteric model.

Regarding the values we obtained for 1696 mutants, the most relevant alterations were
noticed in parameters L and D. For all 1696 mutants, L values were increased (0.01 for 1696V,
0.03 for 1696L, 0.03 for 1696M and 0.05 for 1696H) at least 500-2000 fold. According to this fit,
the equilibrium between closed and open state, when all sensors are in their resting
configuration, is shifted to the open state for these mutants. On the other hand, allosteric factor
D was decreased in all cases (8.46E+4 for 1696V, 4.9E+4 for 1696L, 3.5E+4 for 1696M and 4.7E+4
for 1696H) suggesting a defective coupling between their voltage sensors and the channel gate.
Estimation of the AGg values from the allosteric model reveals that mutation of 1696 raises the
free energy of activation by 0.2-1.0 kcal/mol (Table Il). These results are consistent with the
notion that the lower voltage sensitivity of 1696X mutants arises primarily from an impact of

these mutations on the equilibrium of the voltage sensor and its coupling to the pore.

We next fitted the data to the allosteric mechanism of gating in presence of different
concentrations of capsaicin (Equation 2). For TRPV1 we used 0.1 and 1 pM capsaicin since higher
amount of capsaicin evoked ohmic currents which were not properly fitted to a sigmoidal shape.

Whereas for 1696X mutants we studied 1 and 100 uM vanilloid concentrations. In contrast to
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previous studies about allosteric model in TRPV1, we considered the possibility that both
sensors might be allosterically coupled during the channel gating characterized by a coupling
constant E. It is also important to highlight that none of the parameters were constrained for the

fitting. Data obtained from this fitting is shown in Table III.

TRPV1 1696A 1696V
Capsaicin | 0.1 uM 1M 1M 100 uM 1umM 100 uM
Jo | 2.70E-05 5.60E-05 9.50E-05 6.20E-06 9.00E-06 3.50E-05
Z, | 0.7 0.62 0.87 0.85 0.79 0.6
L | 0.0044 0.024 0.0031 0.00037 0.01 0.007
D | 9300 1500 64 1.50E+06 | 14000 19000
Kd | 1.00E-05 8.00E-06 6.00E-06 5.00E-05 8.71E-06 2.00E-05
E |43 8.3 200 1.2 6.6 2.6
P | 110 200 13 6 121 80
AG, | 1.76 0.50 2.8 1.74 1.22 -0.91
(Kcal/mol)
1696L 1696 M 1696H
Capsaicin | 1 uM 100 pM 1uM 100 pM 1uM 100 pM
Jo | 4.00E-05 4.50E-05 5.20E-05 3.80E-05 1.60E-04 7.00E-05
Z,| 0.7 0.45 0.67 0.72 0.65 0.65
L | 0.008 0.011 0.006 0.003 0.0094 0.005
D | 5677 16000 4000 20100 651 6938
Kd | 8.00E-06 6.00E-05 1.30E-05 7.00E-05 6.00E-06 1.7E-04
E|S8 3.5 11 3.3 9.6 5
P |99 133 68 35 82 60
AG, | 1 -1.05 1.51 0.56 2.55 0.5
(Kcal/mol)

Table Ill. Parameter values of allosteric model for voltage-gating activity in the presence of capsaicin 0.1
and 1 uM capsaicin for TRPV1 and 1 and 100 uM for 1696 mutants. The energy was calculated from the
allosteric model as AG, = —RT In(J,LDEPQ).
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Regarding the parameters derived from the action of capsaicin (P and Kg4), we noticed
that, for TRPV1, they showed reasonable values when compared with published data ([85],
[161]). The application of capsaicin induced some changes in parameters L, D, P and E. We
observed an increase in L (0.004 at 0.1 uM and 0.024 at 1uM capsaicin) and P (110 at 0.1 uM and
200 for 1 uM) in a dose-dependent manner, whereas, parameters D (9300 at 0.1 uM and 1500 at
1uM) and E (43 at 0.1 uM and 8.3 at 1uM) were decreased. This finding is consistent with the
decrease in voltage dependency that was observed under rising concentrations of capsaicin until

getting an ohmic current at 100 uM, where channel gating will be driven by L, Q and P.

In contrast to these results, the values that best described the data of 1696 mutants
exhibited significant differences when compared with wild type data. The most disparate values
were observed for 1696A that showed an increase in values for E and D, and a decrease for P and
L. This might be related with the significantly lower voltage-sensitivity of this mutant that
prevented to reach near full opening at highly depolarized potentials. In agreement with this
statement, when the vanilloid concentration was increased 100-fold, the values for all constants

were in accordance with the other mutations.

In the presence of 1 UM capsaicin, the data revealed non-large changes in values for L, E,
Jo, Ky and z; parameters for the remaining 1696 mutants. However, these mutants mainly
exhibited higher values for parameter D and lower for parameter P than wild type channels.
Intriguingly, we detected a decrease in parameter D from the fitting of 1 uM capsaicin data,
when compared with data obtained in the absence of the agonist. But we did not observe dose-
dependent decrease values for this parameter in the presence of higher concentration of the
agonist (100 uM) as it was detected for wild type channels. This means that an increase in the
capsaicin concentration benefits the coupling between voltage sensor and channel pore. This
might be in accordance with the barely voltage-independent conductance these mutants

showed at hyperpolarized potentials.

In relation to the data obtained for capsaicin activation parameters for 1696 mutants we
observed that they showed similar K; values to the ones obtained for wild type, around
micromolar range (=10E-05 — 10E-06). Nevertheless, these mutants showed lower values for
parameter P which was decreased in the presence of higher vanilloid concentration unlike for

TRPV1 channel. Mutant 1696L displayed an increment in the values of L and P as the capsaicin
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concentration was increased, akin to TRPV1. These findings may suggest that most 1696 mutants
showed an impaired coupling between capsaicin binding site and the pore of the channel. Since
we detected values for parameter E different from 1, we assume that voltage sensor and
capsaicin binding site are not totally independent from each other in the gating process.
However, similar to wild type results, we observed that the allosteric factor E also diminished in
a vanilloid dose-dependent manner. These results suggest that the binding of capsaicin
molecules to their sensor influences the movement of voltage sensor. And, when the amount of
capsaicin increases both sensors become less coupled to each other. In energetic terms, all
mutants displayed higher AGq values that wild type channels. Overall, these data further support
that mutation of amino acid 1696 in the TRP domain has a significant impact in the allosteric
mechanisms of activation, by affecting the equilibrium of pore opening and its coupling to the

activating sensors.
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3.1.4. W697 MUTANTS CHARACTERIZATION

Previous functional characterization of TRPV1 mutants in the W697 position showed
that substitution by alanine strongly affected channel activation when it was stimulated with
capsaicin, depolarizing voltages and heat [62]. According to the refined structural model they
presented at this work, W697 is located at the position “b” of the putative coiled-coil motif,
where it could mediate intersubunit interactions of the four helix bundle by TRPV1 subunits. As
696X mutants, we further studied the changes induced by mutations in the W697 position in
TRPV1 gating. In our results we observe that all W697 mutants did not show a response to
voltage (Fig. R2A and R11) but exhibited capsaicin-dependent activation (Fig. R2B and R12). We
found that none of the W697 mutants was activated by the voltage applied (up to 240mV).
However, they showed some voltage-dependent activation in presence of capsaicin. We next
describe a more detailed study about the changes induced by W697 mutations in TRPV1 gating

processes.

PROTEIN EXPRESSION LEVEL

Firstly, we checked the protein expression level and its presence in cell membrane by
using biotinylation assay for some representative W697X mutants. This assay will unveil whether

the absence of channel function could be related with impairment in protein expression.
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Figure R10. W697 mutant’s expression level. A, Representative Western blot showing the total protein
extracts and membrane fraction of transiently transfected HEK cells with TRPV1, pcDNA3 and a group of
selected W697X mutants. Separate fractions were obtained by surface biotinylation. For the detection of
bands were used antibodies against TRPV1 and actin as a loading control protein (a-TRPV1, 1:30000 and
a-actin, 1:10000). Bands detection was performed by chemiluminiscence using ECL-select. B, Normalized
values of densitometry obtained from the western blot bands by using TOTAL LAB software. Ratio relates
amount of protein from both samples membrane respect to total band. Measurements represent mean +
SEM, number of experiments 23. Statistical analysis one-way ANOVA (***p < 0.0001).

As seen in figure R10, all W697 mutants tended to decrease their protein expression
level when compared to TRPV1. W697M and W697N mutants showed significant changes in
protein expression level when compared with the wild type protein (Fig. R10A-B) showing
W697M the most dramatic decrease in protein expression (=80%) respect to the wild type
protein. Interestingly, all mutants reached the cell membrane although in a lower rate than
TRPV1, statistically significant for W697M, W697N and W697Y. Similar to 1696X mutants, for
W697X mutants we could discern some changes in the glycosylation pattern when compared
with TRPV1 (Fig. R10A). None of the mutants showed the upper band over 100 KDa

corresponding to the glycosylated form of the protein. This finding suggested that mutation of
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W697 also produced a conformation change in the protein subunits that prevented their

glycosylation.

VOLTAGE RESPONSE

Akin to 1696 mutants, we further studied the voltage-dependent channel gating of some
representative W697X mutants, selected from each group of amino acids (valine (V), methionine
(M), histidine (H), tyrosin (Y), asparagine (N) and aspartic acid (D)). For this purpose, we
performed patch clamp experiments of mutant channels heterologously expressed in HEK cells
using whole-cell configuration. The protocol used for voltage-activation corresponded to 100 ms
depolarizing pulses from -120 to 240 mV in steps of 20 mV. In figure R11, representative

recordings evoked by the voltage step protocol are depicted.

240 mV
0omV

W697V £ W697M W697H Hzomy
50 msec

-60mVv

We97Y WG697N wWe97D

Figure R11. Mutation of the W697 residue produces non-responsive channels by voltage. Representative
families of ionic currents evoked with a voltage step protocol consisting of 100 ms depolarizing pulses from
-120 to 240 mV in steps of 20 mV. Holding potential 0 mV; time between pulses 5 s.

As observed, chosen W697X mutants did not show response to the depolarizing voltages
(Fig. R11). This absence of protein functionality to voltage was also found in all of W697X
mutants (Fig. R2A). The lack of response to depolarizing voltages as high as 240 mV suggests that
W697X mutants lost their voltage dependency. This contribution of W697 to voltage sensing is
intriguing since the TRP box is supposedly distant from the proposed voltage sensor.
Nonetheless it is consistent with a contribution of this domain in the downstream events upon

the activating stimulus that lead to gate opening.
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CAPSAICIN RESPONSE

We next characterized the response of W697X mutants to capsaicin, at both negative
and positive membrane potentials. The protocol used for these experiments corresponded to a
ramp protocol of 300 ms from the holding potential of OmV step to -80 mV, followed by 350 ms

linear ramp up to 160 mV, in the presence of 100 uM capsaicin.

In figure R12, we disclosed representative current-voltage relations (I-V) for W697X. We
also tested 1 and 10 uM capsaicin to activate the channels, but most of the mutants did not
show fully activation in presence of the low agonist concentrations. In addition, we obtained the
conductance-voltage relation (G-V) and calculated the biophysical parameters of gating for the
selected mutants (Fig. R13). All tested W697X mutants displayed an altered capsaicin-evoked

response in comparison with wild type channel currents.

W697V W697M W697H
=~ 50- < 20, ~ 2p-
g 20 ié/ 151 E 20
= 151 = 10 = 151
101 27 10-
5 = 100 uM / 54
1005 | 50 100 150 200 ~-100 -50 50 100 150 200 -100—60"_| 50 100 150 200
-10- Voltage (mV) 2 Voltage (mV) -10- Voltage (mV)
W697Y WG697N W697D
I 20 I 20- I 20-
[y { oy oy
= 151 = 154 = 154
101 101 101
5 5 5
-100_5 g 50 100 150 200 -100_80” | 50 100 150 200  -100=75 | 50 100 150 200
-10- Voltage (mV) -10- Voltage (mV) -10- Voltage (mV)

Figure R12. Capsaicin evoked current for W697X mutant channels. Representative ionic currents evoked
by 100 uM capsaicin from the mutants W697V, W697M, W697H, W697Y, W697N and W697D. For
mutants I-V relations were recorded using a ramp protocol consisting of a voltage step of 300 ms from O to
-80 mV, followed by a 350 ms linear ramp up to 160 mV.
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As illustrated in figure R12, addition of 100 uM capsaicin resulted in large outward
rectifying currents for all studied W697 mutants, even the W697M, that reversed around 0 mV.
In contrast to mutants in 1696 position, W697X mutants exhibited ionic current induced by
capsaicin at hyperpolarizing membrane potentials. In general, these currents followed a similar
nonlinear behavior as TRPV1 currents induced by 1 uM capsaicin. The |-V curve of W697M
mutant displayed lower intensity than the rest of W697 mutants, likely due to the fact that this
mutant expression is 80% lower than that of wild type and other mutants. However, we
observed that this current showed voltage dependency induced by capsaicin as for the rest of
functional mutants. Therefore, despite of the dramatic decreased of protein expression level,
the mutant protein is expressed, reaches cell membrane current and is functional. We next

evaluated the biophysical parameters obtained from the currents displayed in figure R12.
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Figure R13. Voltage dependency and biophysical parameters of W697X mutants. A, G-V relation are
plotted for TRPV1 and mutants constructions in presence of 100 uM capsaicin. Conductance curves were
obtained as previously described in Fig. R5 from the ionic currents shown in Fig. 12. Solid lines depict the
best fit to a Boltzmann distribution. TRPV1 data did not properly fit to a Boltzmann distribution. B, Vs
values for the different W697 mutants obtained from the Boltzmann distribution G-V relations. C, Apparent
gating valence of the activation process: Z,=25.69 mV/ a,. D, Free energy of the activation process from
voltage (AG, (v)) or agonist (AG, (i)) activation, assuming a two-state model. All values are mean + SEM;
number of cells > 5.
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The G-V curves (Fig. R13A) were obtained from ionic currents evoked with the ramp-
depolarizing protocol used in figure R12. At this capsaicin concentration we observed that, all
W697 mutants exhibited voltage-dependent gating since they followed a Boltzmann distribution.
As it corresponds with an ohmic current, the conductance obtained from TRPV1 currents
followed a voltage-independent linear distribution. Despite of the impaired voltage-dependent
activation of W697 mutants, these results imply that these channels were still able to sense
voltage changes and operate in a voltage-dependent manner. Furthermore, we detected high
conductance values (0.4 - 0.7) at hyperpolarized membrane potential indicating that capsaicin

was able to induce channel opening in a voltage-independent manner.

Since W697 mutants exhibited voltage dependency in the presence of capsaicin, we
were able to calculate the biophysical parameters of gating from the normalized G-V curves. The
presence of capsaicin shifted the Vs toward measurable potentials for these mutants (Fig.
R13B). Interestingly, all the mutants showed very similar values for this parameter and non-
significant differences were found between them (Vg5 values in mV: 74.6 + 2.9 for W697M; 75.8
+ 3.6 for W697N; 67.8 + 3.7 for W697D; 72.7 £ 2.9 for W697H; 69.9 + 4.7 for W697Y and 65.6 +
3.3 for W697V).

We also calculated the apparent gating valence of the activation process for these
mutants (Fig. R13C). This value was not significantly changed by the mutation included in each
case. However, when we compare them with the values for wild type protein TRPV1 and 1696X
mutants, we detected a >2-fold increase in W697 mutant’s values (1.55 + 0.24 for W697M; 1.53
1 0.29 for W697N; 1.43 + 0.26 for W697D; 1.17 £ 0.14 for W697H; 1.29 + 0.27 for W697Y and
1.13 £+ 0.15 for W697V), in accordance with the steeper G-V curves displayed in figure R13A.
Even though these values were higher than the ones for wild type channels, they were still close
to 1, which suggested that the movement of charges across the membrane due to the voltage

sensing had not significantly changed in these mutants.

Finally, we studied the differences between the free energy of gating for the mutants
studied. In figure R13D, we displayed the values of AG, between the closed and the open state
for the voltage- and capsaicin-dependent components separately to better understand the

contribution of each agonist to the gating process. The voltage-independent component
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proceeded from the conductance required at negative membrane potentials in the presence of
the vanilloid (AG,(i)). Voltage-dependent component (AGy(v)) elicited higher free energy of
activation when compared with vanilloid values. This phenomenon arises primarily from the
voltage insensitivity of these mutants (1.8-2.8 kcal/mol), since that form the voltage

independent component is negative (-0.07 to -0.41 kcal/mol).

Summarizing, these data suggest that the replacement of W697 by other amino acids is
not directly abrogating the ability of sensing the stimulus voltage. We conclude this from the
result that these channels showed voltage-dependent activation in the presence of capsaicin,
despite of their lack of activation by the physical stimulus alone. In fact, these mutants seemed
to be affecting downstream processes in the gating mechanism, i.e. coupling between voltage
sensor and the pore of the channel. Furthermore, although we observed differences in current
density between these mutants (Fig. R2B), we did not find differences in the biophysical
parameters of the selected mutants, independently of the physico-chemical nature of the amino
acid inserted (Fig. R13). Collectively, this would mean that W697 position in TRPV1 could not be
replaced by any other residue without dramatically affecting channel activity. These results
might indicate that W697 position in TRPV1 must be located in a critical position for the correct

coupling of channel sensors and gate.

ALLOSTERIC MODEL

Substitution of the W697 residue in TRPV1 by the natural amino acids gave rise to a
critical impairment in channel functionality. Nevertheless, the process of channel gating being
affected by these mutations is still not completely understood. To further investigate this issue,
we evaluated our results obtained from electrophysiological experiments of W697X mutants by
fitting them to the allosteric model of gating. In this case, since W697 mutants were non-
activated by depolarizing voltages we could only study the allosteric activation mechanism in the
presence of capsaicin at 100 uM both hyperpolarizing and depolarizing membrane potentials
(Equation 2). We decided to study this concentration of the agonist at which all channels showed
detectable currents because most of the W697X mutants were not activated at lower
concentration of capsaicin or they did not reach a G-V saturated curve. As described, we

assumed G/Gmax values are equivalent to Po for whole cell currents.
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Figure R14. Fit of Po-V curves of W697X
mutants to an allosteric gating scheme.
Normalized values of Po plotted against
voltage in presence of 100 uM capsaicin.
Lines are the simultaneous best fit to
Equation 2.
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As observed in Fig. R14, Po values were fitted properly to the proposed allosteric model

when considering activation by voltage and capsaicin (Equation 2). The fitting gave rise to the

parameters reported in Table IV.

Capsaicin | W697Y W697H W697V W697M W697D | W697N
100 pMm

Jo 3.310° 5.010° 7.510° 1.010° 1.010” 1.010°

z, 1.3 1.3 1.2 1.6 1.5 1.6

L 0.011 0.011 0.011 0.011 0.012 0.013

D 793 19484 13245 19343 3389 2084

Kd 1.010° 1.010” 3.010° 8.010° 3.010° 2.010°

E 1.77 0.52 0.92 0.83 1.1 0.61

P 140 133 133 131 151 159

AG, 0.19 0.17 0.47 1.72 0.86 0.15
(kcal/mol)

Table IV. Parameter values of allosteric model for voltage-gating activity in the presence of 100 uM of

capsaicin  for

W697X mutants.

AG, = —RT In(J,LDEPQ).

The energy was calculated from

the allosteric model as

As discerned from Table IV, all studied W697X mutants showed similar values for most

of the parameters calculated in this fitting, correlating the pattern of values for biophysical
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parameters obtained from the electrophysiological studies. We only identified a significant
change in voltage sensor parameters for mutants W697H, W697V and W697M which showed
higher D and lower J, values for these factors when compared to W697Y, W69D and W697N in
presence of the same amount of capsaicin (100 uM). This result suggests that W697X mutants
incorporating an amino acid with hydrophobic characteristics exhibited better coupling between
their voltage sensor and the channel pore at that high vanilloid concentration than mutants
including polar residues. Furthermore, z, values obtained from the fitting were very similar to
the values calculated from the Boltzmann fitting to experimental data. This finding would

support the accuracy of the allosteric model results.

We also noticed that capsaicin activation-derived parameters obtained for W697X
mutants were more similar to the values obtained for TRPV1 than the values obtained from the
696X mutants. For W697X mutants Kd was estimated around micromolar range (10E-05, 10E-
06) and P gave values between 130 and 160. Interestingly, the lowest values that were detected
for parameter P corresponded to the mutants W697H, W697V and W697M, indicating a weaker
coupling between capsaicin binding and channel gate than the rest of mutants studied. These
results suggest that mutants substituting W697 by hydrophobic amino acids showed better
coupling between the voltage sensor and the pore than between capsaicin binding site and the

channel gate.

Other intriguing finding from the allosteric model fitting was that, for all W697X mutants
studied, the value proposed for parameter E was very close to 1, which means that voltage
sensor and capsaicin binding site acted independently in the gating process of these mutants.
Summarizing, we observed that mutation of W697 position mostly affected the allosteric
processes, but mainly the coupling between voltage sensor and channel pore and the coupling
between sensors were being impaired. Furthermore, the free energy of channel gating in the
presence of 100 uM, revealed a values close to O kcal/mol, consistent with the notion that
channel gating of these channels is largely driven by capsaicin in a voltage-independent manner.
Noticeably, lower free energy values were found for mutants substituted by a polar amino acid,

indicating a preference for this type of residue.

To further characterize the behavior observed in W697 mutants, we studied the action

of increasing concentrations of capsaicin for W697Y mutant. This mutant, despite of being one
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of the most similar amino acid to tryptophan, still showed significant alterations in protein

functionality when compared with wild type channel.
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Figure R15. Fitting of an allosteric model for W697Y in presence of increasing concentration of capsaicin.
A, Fit of Po-V for W697Y curves to an allosteric gating scheme. Normalized values of Po plotted against
voltage for the indicated concentrations of capsaicin. Lines are the simultaneous best fit to Equation 2 in
presence of 1, 10 and 100 uM capsaicin. B (Table V). Parameter values obtained from allosteric model
fitting.

The fit performed in figure R15A yielded parameters shown in figure R15B (table V). As it
was found in the graph above, the model was properly fitted to Po normalized values for the
three conditions. As depicted in Table V, an increment in the vanilloid from 1 to 100 pM mostly
reduced the value of the coupling E and D constants, and had minor effects on P, Jo and L,
consistent with the tenet that mutation of this position primarily affected the allosteric coupling.
As for wild type and 1696X mutants, the free energy of activation, obtained from the allosteric

model, decreased as the vanilloid was augmented.
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3.1.5. STRUCTURAL FEATURES OF TRP BOX

The TRP box of TRPV1 is located a few amino acids after the putative channel gate, at
the core of the predicted coiled-coil structure of the TRP domain which has been proposed to
fold in a 4-strand, parallel coiled-coil structure in the homomeric channel ([60], [61], [62]).
Nevertheless, the folding of this putative structure may show an assembling that diverge from a
typical left-handed coiled-coil, as suggested by the occupancy of the e and g positions by non-
charged residues. Considering these sequence variations and the functional data obtained from
the alanine scanning mutagenesis of TRP box sequence, they suggested that 1696 and W697
residues were located at the a and b positions of the putative coiled-coil motif, where they could
mediate inter- or intrasubunit interactions of the four helix bundle assembled by TRPV1
subunits. Furthermore, our results about these two positions entirely support this model and, in

turn, the provide news aspects to consider in this putative structure (Fig. R16).

Figure R16. Putative model for full-length TRPV1 and the proposed coiled-coil structure of the TRP box.
A, Global view of the tetrameric arrangement of TRPV1 in the closed state, inserted into the lipid bilayer.
The N terminus domain of the channel is not displayed. B, Putative model proposed for TRP domain.
Positions 1696 in the bundle core and W697 in a more external position are marked. The model was
performed as described (Fernandez-Ballester and Ferrer-Montiel, 2008). The molecular graphic
representations were created using PyMOL v1.6.0 (http://www.pymol.org/).
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Substitution of 1696 residue by any of the natural amino acids caused a significant
impairment in mutant channels functionality. Only a hydrophobic residue was allowed in the
1696 position for generating functional channels. Furthermore, the volume of the amino acid
placed in this position was also relevant for the correct coupling of the channel. These results
might indicate that the 1696 position in TRPV1 must be located in a hydrophobic environment,
shielded from the aqueous surroundings and with delimited space where the residue can be
embedded. Therefore, these findings supported the aforementioned model, which placed the

1696 residue in the central position of the four subunits.

Replacement of W697 in TRPV1 also evoked a profound impact in channel activation.
Mutation of this position fully abrogated the ability of voltage to act as a partial activator of
channel gating. Notwithstanding, at variance with the lack of voltage sensitivity, several W697X
mutants displayed partial activation by capsaicin, independent of their physico-chemical
properties. Our data proposed that residue W697 must play an essential role in channel gating
since none of the mutants were able to respond to depolarizing voltages. According to the
model described above, the W697 residue could be interacting with the TRP domain of the
adjacent subunit. Alternatively, it could be more externally oriented for interacting with other

subunit domains such as the S4-S5 linker or the S2-S3 loop.

To learn more about the impact that mutations may cause in 1696 and W697 positions in
the structural model proposed, we studied the effect of these changes on the interaction energy
values. This parameter measures the contribution to the tetramer binding energy that is caused
by the interaction between a specific residue in one subunit and the other three. In each case,
energy values have been obtained from the model explained above and normalized respect to
the amino acid that is contained in TRPV1 wild type protein for each position. Thus, the
replacement of this residue by any amino acid which evoked energy values higher than 0
kcal/mol implied that the interaction between one subunit and the others was negatively

affected by this particular mutation.
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Figure R17. Interaction energy values for all mutants in 1696 (A) and W697 (B) positions. Energy
values represent the difference between the interaction energy obtained for each mutant and
wild type protein. The original amino acid contained in TRPV1 (open rectangle) is normalized as 0
kcal/mol. Mutants responding to both depolarizing voltage and capsaicin are indicated in the
graph (black arrow).

As depicted in figure R17, interaction energy values in both positions were significantly
affected by most of the mutations included. Noticeably, we observed that mutations in 1696
position showing the lowest energy values (1696L, 1696M and 1696V) were also partially activated
by both stimuli applied. However, the mutant to histidine, which was also responsive to both
stimuli, showed an unexpected high interaction energy value when compared when other non-
functional mutants. This phenomenon could be due to the fact we are measuring energy values
from a static image of the structural model. Therefore, this approach might not reveal possible
rearrangements that may exist in the assembly of the four strands, suggested for this region as a
coiled coil, to adapt different volumes and configurations of the side chain placed in this
position. For this reason, the substitution of 1696 residue by a histidine could generate functional
channels in real conditions, as we detected in functional assays, despite of the high energy
values obtained. Interestingly, all mutations included in W697 showed higher energy values than
wild type protein. This data suggested that any amino acid placed in this position impaired the
interaction between the four subunits. This pattern was also observed in the functional
experiments performed where none of the mutants were activated by applying depolarizing
voltages. Thus, these results confirm that W697 residue plays an essential role in channel gating

since none of the natural amino acid placed in this position generate fully activated channels.
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3.2. CHARACTERIZATION OF TRP DOMAIN IN TRPV1

The TRP domain plays a double role in TRPV1 functionality. As mentioned, the TRP
domain has been described as an important region in subunit oligomerization; likewise, it has
been suggested its involvement in the functional coupling necessary for channel gating ([60],
[61], [62]). Considering these findings, we were interested in further understanding the
implication of this region in channel functionality. For this purpose, we focused our research on
identifying the amino acids from this region that are essential for preserving the intrinsic role of

the TRP domain in TRPV1 functionality.

3.2.1. MUTAGENESIS STRATEGY

The main objective of this project is to recover the activity of a non-functional TRPV1
chimera where its TRP domain was replaced by that of the TRPV2 channel (TRPV1-AD2). We
considered this chimera as interesting aim of study because, despite TRPV2 exhibits the most
similar TRP domain sequence to TRPV1, this chimera did not show any response to capsaicin,
voltage or heat. In contrast other chimeras like TRPV1-AD3, with the corresponding TRP domain
of TRPV3 that shares lower percentage of identity with TRPV1, was partially gated by the
activating stimuli [61]. In this approach, we proposed a site directed sequential and cumulative
mutagenesis strategy of this region to restore the sequence of TRPV1. The aim of this strategy
was to determine the minimum number of mutations in the AD2 context required to restore
TRPV1 channel activity (Fig. R18). The design of the mutations was based on the importance
from each residue in the original sequence attending to its structural features and identity.
Thereby, we firstly inserted the corresponding amino acids in the positions we considered were
deleted according to our alignment between the TRP domain sequences of TRPV1 and TRPV2.
Afterwards, we recovered the amino acids which were placed in the corresponding positions “a”
and “d” from the proposed coiled-coil structure. Finally, we restored the residues showing the
most different physico-chemical properties. Following this stepwise we should be able to assign

functional properties to specific residues or group of residues in the TRP domain sequence.
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Figure R18. Schematic representation of step-reconstruction TRPV1-AD1 domain in the context of the
TRPV1-AD2 chimera. A, The original chimera (TRPV1-AD2) corresponds to TRPV1 with its TRP domain
(grey) replaced by the cognate part of TRPV2 (orange). B, The chimera TRPV1-AD2 is cumulative and
sequentially mutated rescuing the TRP domain sequence from TRPV1 wt. In this process were generated 20
mutants AD2-1 to AD2-20. The mutated residues are highlighted with grey square. Residue numbers
correspond to rat TRPV1. The “a” and “d” positions of the predicted coiled coil are boxed
(http://www.ch.embnet.org/software/COILS form.html).
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The construct containing the cDNA encoding the chimeric channel TRPV1-AD2 was
designed in the pcDNA3 vector (Invitrogen). The mutations are performed by PCR technique
using site directed mutagenesis using this plasmid as template for amplification. For each
mutant we designed a pair of primers which specifically included the mutation in the nucleotide

sequence in each amplification cycle.

It is important to mention that, mutant AD2-20 contains two extra amino acids at the
end of TRP domain corresponding to K721 and Q722. This is because of the insertion of amino

acids A719 and F720 in the gaps detected in the alignment between both proteins.

3.2.2. FUNCTIONAL CHARACTERIZATION OF CHIMERIC CHANNELS

TRPV1 is a non-selective cationic channel showing high permeability to Ca®* ions.
Considering this property of the channel, we used two approaches to study chimeric channels
functionality elicited by different activating stimuli. Firstly, we performed a calcium
microfluorographic assay with the fluorescent dye Fluo4-NW to investigate the activation of the

chimeric mutants with capsaicin. We used the vanilloid at 100 uM to ensure channel opening.

To study the biophysical properties of the functional chimeric channels, we
characterized them with patch clamp using depolarizing voltages and heating temperature as
stimuli. For all these experiments we used HEK 293 cells transfected with the cDNA encoding the

different chimeric mutants after 48h expression.

AD2 CHIMERAS EXPRESSION LEVEL

The TRP domain has been proposed as a molecular determinant of channel
multimerization. Since we are introducing critical changes in this region, we considered it was
relevant to study the protein level of some representative chimeras in transiently transfected
cells. In turn, differences in protein expression could be related with possible alterations in

chimeras’ functionality.
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Figure R19. Expression level and membrane detection of TRPV1 and some representative chimeras. A,
Total protein extracts and surface protein of transiently transfected HEK 293 cells with some
representative chimeric channels, TRPV1, and pcDNA3. Separate fractions were obtained by surface
biotinylation. Actin bands in total lysate fractions were used to normalize loading. The same amount of
protein is loaded for every sample. For the detection of bands were used antibodies against TRPV1 and
actin (a-TRPV1, 1:30000 and a-actin, 1:10000). Bands detection was performed by using ECL-select. B,
Normalized values of densitometry obtained from the western blot bands by using TOTAL LAB software. C,
Ratio relating amount of protein from both samples membrane respect to total band. Measurements
represent mean + SEM, number of experiments > 3. One-way ANOVA, ***p<0.0001.

Since not all samples showed the glycosylated band we used the lower non-glycosilated
band to compare the protein expression pattern. As seen in figure R19A, all chimeric channels
were detected in both total protein extracts and the cell surface while no bands were detected
for mock transfected cells. However, the protein expression level was severely impaired in some
chimeras, i.e. AD2, AD2-4 and AD2-17 as compared with wild type (Fig. R19B). Furthermore,
these mutants lacked the upper band of the characteristic doublet corresponding to the
glycosylated form described for TRPV1. Interestingly, the expression level of these chimeric
channels was sequentially increased reaching approximate TRPV1 while the original sequence
was recovered. Simultaneously, the glycosylated form of the protein was also recovered. First, it
was slightly detected in AD2-18 and lately increasing its expression level until getting wild type

values in AD2-19 and AD2-20. Thereby, AD2-19 and AD2-20 showed the most similar expression
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pattern to TRPV1 channel. These results indicate that small changes in the TRP domain
dramatically affect protein expression level. This phenomenon could be due to an impairment of

protein folding causing the degradation of an improper conformation of the channel.

CALCIUM ASSAY SCREENING METHOD.

We screened the response of chimeric channels to capsaicin by Ca** microfluorography.
HEK cells were transiently transfected with the mutated chimeras (AD2-1 — AD2-20). For this
experiment we used the calcium-sensitive fluorescent dye Fluo4-NW (Molecular Probes) which
increases its fluorescence upon calcium binding. This procedure allowed us to detect cells
expressing functional chimeras by measuring the fluorescence increase in cytosolic Ca®* after
applying 100 puM capsaicin as activating stimulus. We used that saturating capsaicin
concentration of capsaicin to ensure channel gating even if the chimeras display an alteration in

ligand efficacy. The data collected from these experiments is shown in figure R20.
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Figure R20. TRPV1 activity recovery from the non-active chimera TRPV1-AD2. A, Change in Ca2+-
dependent fluorescence of transfected HEK cells as a function of time, before and after the exposure to
vehicle (0.1%DMSO) (left graph) or 100 uM capsaicin (right graph) at 25°C. Traces represent the average in
fluorescence changes of all the experiments performed for TRPV1 wt and some representative AD2
mutants. The arrows indicate the onset vehicle and capsaicin exposure. B, Normalized values of
fluorescence from Area under the Curve (AUC between the fifth and the last point) data for TRPV1 wt, AD2
mutants and mock transfected cells were used for quantification of the relative capsaicin-evoked
fluorescence change. Data are shown as mean * SEM, with number of experiments >4. Statistical analysis
corresponds to one-way ANOVA, ***p<0.0001

Figure R20 showed capsaicin-evoked Ca**-influx in TRPV1 transfected cells after the
agonist was applied in the fifth cycle (Fig. R20A). In contrast, TRPV1-AD2 did not exhibit vanilloid
evoked Ca’*-influx. Analysis of the generated mutants revealed that only cells transfected with
the mutants AD2-18, AD2-19 and AD2-20 showed capsaicin-induced responses, although AD2-18
displayed significant lower Ca**-signal. None of the other mutants (AD2-1 ->AD2-17) produced
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responses to 100 uM capsaicin (Fig. R20B) significantly different from these recorded in mock

transfected cells.

These observations can be explained by two main reasons; on the one hand, the lack of
response to the agonist in some of the mutants could be due to a drastic decrease in capsaicin
sensitivity of these channels. Although HEK cells transfected with other TRPV1 mutants
expressing very low protein levels evoked detectable currents when the agonist capsaicin was
applied at that high concentration (i.e. TRPV1-W697M in previous section). Alternatively, it could
be possible that these non-functional channels exhibited altered gating properties that
abrogated channel opening under normal conditions. To better characterize the behavior of
these functionally impaired chimeric proteins we next performed electrophysiological

experiments to define the biophysical properties of these channels.

We next studied which possible role may play in the recovery of functionality the point
mutations performed in chimeras AD2-18, AD2-19 and AD2-20, namely K701R, D692E and
S704T. For this purpose, we replaced these three positions in the initial chimera AD2 by the
corresponding residues in TRPV1. Furthermore, we also characterized these three positions in
TRPV1 wild type channel substituting the original residue by the equivalent in AD2. The data
obtained from Ca** microfluorography experiments in presence of 100 uM capsaicin is shown in

figure R21.
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Figure R21. Role of residues R701,
D692 and S704 in TRPV1
functionality. A, Change in Ca2+-
dependent fluorescence of
transfected HEK cells as a function of
time, before and after the exposure to
100 uM capsaicin at 25°C. Traces
represent the average in fluorescence
changes of all the experiments
performed. The arrows indicate the
onset  capsaicin exposure. B,
Normalized values of fluorescence
from the Area under the Curve (AUC
between the fifth and the last point).
Data are shown as mean * SEM, with
number of experiments 24. Statistical
analysis corresponds to one-way
ANOVA, ***p<0.0001.

As discerned from figure R21, neither single nor combined mutations of K701R, D692E

and S704T residues in chimera AD2 gave rise to capsaicin-sensitive channels when compared

with mock-transfected cells response. However, the equivalent mutations in TRPV1 (R701K,

E692D and T704S) revealed a detectable decrease in capsaicin-induced response in these mutant

channels. We found the most significant decrease in fluorescence signal when the three

mutations were combined. These results suggested that these amino acids need a cooperative

environment provided by the rest of positions of the TRP domain, recovered in AD2-18, AD2-19

and AD2-20, to generate functional channels. Taking together these findings demonstrate that

residues R701, E692 and T704 are important for the correct gating of TRPV1. Despite of

introducing conservative changes in these positions their activity was dramatically reduced.

However, the single restoration of these three residues in the context of AD2-TRP domain was

not enough for recovering the original phenotype of the channel.
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VOLTAGE RESPONSE

We next studied the response to voltage stimuli of chimeric mutants. For this purpose,
we performed patch clamp experiments of mutant channels heterologously expressing in HEK
cells by using whole-cell configuration. The protocol used for voltage-activation corresponded to
100 ms depolarizing pulses from -120 to 240 mV in steps of 20 mV. In figure R22 we show

families of currents from representative chimeric mutants evoked by voltage.

TRPV1 MOCK AD2

240 mV

0my 60 mV

-120 mV

AD2.4 AD2.9 AD2.12

AD2.18 AD2.19 AD2.20

[t
]

ﬁ_%ﬁ

Figure R22. Reestablishment of voltage response of AD2-chimeric channels. Representative families of
ionic currents evoked with a voltage step protocol consisting of 100 ms depolarizing pulses from -120 to
240 mV in steps of 20 mV. Holding potential 0 mV; time between pulses 5 s.

Application of depolarizing pulses up to 240 mV evoked detectable noninactivating ionic

currents from TRPV1, AD2-18, AD2-19 and AD2-20. The rest of mutants did not elicit any
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response to this activating stimulus when compared to mock transfected cells. Mutants AD2-18
and AD2-19 displayed significant lower currents than those of wild-type channels. However,

AD2-20 exhibited equivalent currents to TRPV1 transfected cells.

Analysis of the G-V curves yielded from steady-state currents evoked for partially

activated mutants AD2-18, AD2-19 and AD2-20 performed.
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Figure R23. Normalized conductance and biophysical parameters of functional chimeric mutants. A, G-V
relation for AD2-18, AD2-19, AD2-20 and TRPV1. Conductance curves were obtained from the ionic
currents shown in Fig. R5 using G=I/(V-V). Conductance values for each cell were fitted to the Boltzmann
equation: G=G,,q/{1+exp[(V-V,ys)/a,]}. Solid lines depict the best fit to a Boltzmann distribution. B, Vy s
values, apparent gating valence of the activation process (Z,=25.69 mV/ a,) and free energy values at OmV
and 25°C (AG,) assuming a two-state model. AG, = Z,FV, s, for all species obtained from the Boltzmann
distribution G-V relations. All values are means + SEM; number of cells >5; One-way ANOVA, ***p<0.0001.

The G-V curves for TRPV1 and AD2-20 suitably fitted to a Boltzmann distribution (Fig.
R23A) and AD2-20 Boltzmann resembling TRPV1 curve. Partially activated mutants AD2-18 and
AD2-19 did not reach the saturated phase of the curve. Thus, these two chimeric mutants
showed a significant increase of parameters Vo5 and AGo when compared with TRPV1 (Fig.
R23B). Analysis of biophysical parameters obtained from these graphs revealed that non-
significant changes were detected for Vo5 and z, when compared TRPV1 and AD2-20 (Fig. R23B)
(Vos: 138.8 + 3.25 and 147.5 + 8.3 mV; z,: 0.63 = 0.04 and 0.75 * 0.14 for TRPV1 and AD2-20,
respectively). Furthermore, free energy difference between closed and open state of both
channels did not show any significant difference when compared with each other (1.9 + 0.11 for
TRPV1 and 2.4 + 0.24 for AD2-20). Therefore, our results indicate that we have fully recovered

wild type phenotype in AD2-20 when activated by voltage.
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TEMPERATURE RESPONSE AND THERMODYNAMIC ANALYSIS

The next step was to characterize thermodynamic parameters of temperature-
dependent gating of these chimeric mutant channels. For this purpose, we performed direct,
time-resolved measurements of heat activation by using patch clamp technique of some
representative chimeric mutant channels over a full activation range (=36-60 2C) at both
hyperpolarizing (-60 mV) and depolarizing (+60 mV) potentials. From these experiments we
determined transitions for entropy and enthalpy values from steady-state measurements and
parameters which defined the energetics of heat activation. In this approach, we used an
infrared laser diode as a heat source with light brought to the samples through an optical fiber.
By restricting laser illumination to single cells, the system could promptly achieve a temperature
jump > 60 2C under a millisecond [162]. In the next figure (Fig. R24) we represented the response
of TRPV1 and some representative AD2 chimeric mutants by a family of temperature steps
(362C-602C) at -60 and +60 mV. The experiments were carried out by using patch clamp

experiments in whole cell configuration.
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Figure R24. Rapid activation of TRPV1 and AD2 chimeric channels by heating temperature. Channel
responses evoked by rapid temperature jumps at -60 and +60 mV as indicated for selected mutants (A)
AD2, AD2-4, AD2-14 and (B) AD2-18, AD2-19 and AD2-20. Inset A, Temperature pulses generated by
infrared diode laser irradiation. Each pulse had a duration of 100 ms and a rise time of 0.75 ms.
Temperature jumped from 37-53 2C for TRPV1 recordings and 36-60°C for mutants. Inset B, TRPV1
responses evoked by the protocol described in A. Data were recorded in whole-cell configuration patch
clamp.

As observed in figure R24 (inset B), significant activity for TRPV1 began above =409C, in
accord with the threshold of steady-state measurements described in the bibliography. Once
above the threshold, temperature steps generated an exponential rise of the current. After this
point, a small rise of temperature-induced large increases in both activation rates and steady-
state currents. The response reached saturation at temperatures above 50 2C since we observed

activation with higher temperature did not evoke larger currents levels.
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Regarding AD2 mutants we observed that most of the mutants showed an impaired
response to heat activation. In particular, mutants AD2, AD-4 and AD2-14 (Fig. R24A) were
totally insensitive to the range of heating temperatures applied at both negative and positive
potentials. For the rest of mutants studied AD2-18, AD2-19 and AD2-20 (Fig. R24B), we detected
partial activation starting in AD2-18 mutant around 50 eC, at hyperpolarizing potentials, that
sequentially increased reaching wild type current levels when we recovered the full sequence of
the TRP domain in AD2-20. In fact, we were not able to apply higher temperatures than =542C
for the mutant AD2-20 since the seal became unstable and difficult to clamp. Moreover, the
response of this chimeric channel had reached saturation at this temperature as we detected for
TRPV1 channels. This gradual increase of activity in chimeras AD2-18, AD2-19 and AD2-20 was
also detected in previous sections where we activated the channels with stimuli like depolarizing

voltages or capsaicin.

In contrast, significant activity was detected at temperatures around 40°C for the
functional chimeric mutants at +60 mV, indicating that these channels had a lower threshold of
activation at depolarizing potentials. In turn, the current elicited at these conditions seemed less
temperature-dependent showing smaller and more uniform increments between consecutive

temperature steps.

From these experiments we next extracted thermodynamic parameters from steady-
state measurements and activation rates. We could only calculate these parameters from AD2-
19 (Fig. R25) and AD2-20 (Fig. R26) since these were the only mutants which reached steady-

state currents.
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Figure R25. Thermodynamic analysis of AD2-19 mutant at -60 and +60 mV. A, G-T curve with normalized
conductance values obtained from steady-state current values showed in Fig. R24B at -60 (black) and +60
mV (grey). Solid lines depicted the fitting to a Boltzmann distribution G/Gmax=1/{1+exp[(-AH/R)*((1/T)-
(1/Ty5))]}. B, Plot of log I/Imax vs temperature of the data shown in Fig.23B. Q;, values are shown in the
graph. The relationship is determined by Q;0={(l./1:)exp(10/(T2-T1))} C, Van’t Hoff plot of the equilibrium
constant, Keq, determined by InKeq={( -AH/RT)+(AS/R), where Keq={G/Gmax/(1-G/Gmax)}. Solid lines
depicted the fitting to a straight line. AH values are shown in kcal/mol and AS in cal.mol™.K. D, Arrhenius
plot for activation process. Activation rates were calculated from the activation time constants (t) of
current traces elicited at -60 mV. In(K)=In(A)-[Ea/(RT)] where In(K)=In(t). Ea value is shown in kcal/mol.
Solid lines depicted the fitting to a straight line. Data showed an average value for number of cells>6.

First, we represented an averaged normalized conductance versus temperature for all
the experiments of AD2-19 mutant at -60 and +60 mV holding potential (Fig. R25A). As discerned
from this graph, none of the plots reached the saturation level with the temperatures applied up
to 602C. However, we were able to estimate an accurate fitting to the Boltzmann equation in
both plots. From this fitting we obtained Ty, the temperature at which the conductance was
half-maximal. The values obtained for this parameter were 56.38 + 0.866 2C at -60 mV and 55.85
+ 4.36 °C at +60 mV which were around 102C shifted to higher temperatures when compare
with wild type channel values (=4929C, [161]). Interestingly, we observed that the simultaneous

application of depolarizing voltages (+60 mV) did not affect this parameter even though higher
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conductance levels were detected for temperatures below 502C. Furthermore, we detected that
sigmoidal shape became shallower respect to the data obtained under hyperpolarizing
membrane potentials. Therefore, depolarizing voltages contributed to a decrease in
temperature-dependency of currents whereas Tys values were not affected by this

phenomenon.

We next analyzed steady-state data following two thermodynamical approaches. First,
we used the 10-degree temperature coefficient (Qyo) to quantify the temperature sensitivity of
the AD2-19 chimeric mutant (Fig. R25B). The Q.o value was obtained from the slope of a log(l)
versus temperature according to the equation described in figure R25. In this equation I,
represented the maximum current obtained for each cell measured at temperature T,, and I,
represented the current value obtained for each pulse of temperature T;. In this graph we could
appreciate two phases at hyperpolarizing voltages. The first phase was found between 36 and 50
oC considered almost temperature-independent with Qo about 1.6. This phase corresponded to
the initial plateau of the Boltzmann where the conductance was barely detectable and open
probability was close to 0. The second phase, detected between 50 2C and 60 2°C, exhibited
higher temperature dependency showing a Qi around 11.9, almost one order of magnitude
higher than the first phase. However, this value was still distant from values which have been
obtained for TRPV1 (Qy4=20) and significantly shifted to higher temperatures. In contrast to
these results, currents evoked by temperature pulses at depolarizing voltages did not show
these two phases aforementioned. Moreover, depolarization elicited lower temperature-

dependent activation processes giving rise to Q,, values around 3.1.

The second thermodynamical analysis we could extract from steady-state
measurements was defined by assumption of a two-state gating model of TRPV1. Defining the
equilibrium constant as K., = O/C, where O was the open state and C closed, the open

probability (Po) would correspond to:
1

PO=—_1
1+ Keq

(Equation 4)
Therefore, Keq = (P0)/(1-Po). Since Po parameter may be taken as G/Gmax for whole cell

currents, we used the data showed in Fig. R25A to obtain the equilibrium constant at both
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potentials -60 and +60 mV. Afterwards, we represented In(Keq) versus inverse of temperature
following Van’t Hoff plot with their corresponding AH and AS values, shown in figure R25C. The
same as the Qi graph, this plot showed again two phases for temperature dependency for
experiments performed at hyperpolarizing voltages (-60 mV). The activation process observed
between 50 2C and 60 oC exhibited large transition changes with an enthalpy change of =80
kcal/mol and entropy change of =240 cal.mol™.K™. These values were significantly lower than the
ones obtained for TRPV1 in bibliography (AH=101 % 4 kcal/mol and AS=315 + 12 cal.mol™.K™),
[161]. These results suggested that the impairment detected in AD2-19 functionality lied in
altering the temperature sensitivity of the channel gating. Regarding the plot obtained at +60
mV we obtained an enthalpy change around =32.4 kcal/mol and an entropy change around =99
cal.mol™.K™. These findings confirmed the previous data supporting the lack of temperature
dependency in AD2-19 channel activation under depolarizing conditions. Thus, for these
conditions temperature did not drive the opening process as it did under hyperpolarizing

potentials, mainly because the channels were already partially open by the positive voltage.

Next, we analyzed the time course of the AD2-19 activation process by fitting current

traces of temperature response to a single exponential defined by,

FO) = ZAi.e_t/T g
i=1

(Equation 5)

Where f(t) represented the current at time t, Ai the current amplitude at time O, T
corresponded to exponential time constant and C was the constant of integration. Then, we
represented an Arrhenius plot of the time constants versus the inverse of the temperature (Fig.
R24D). We only represented time constant values at high temperatures (54-60 2C) where the
plot was approximately linear. At low temperature, the relationship did not follow a linear
tendency and the slow rise times rendered the exponential fitting less accurate. This approach
was only considered for temperature activation at hyperpolarizing voltages since the application
of positive potentials evoked positive currents following a biexponential shape, as described by

Yao et al, 2010.
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In accordance with previous works, we assumed a simple two-state model to fit the
responses at all temperatures and translate time constants into rate constants of the activation
process (t=K,,). TRPV1 gating has been widely described to be multistate, therefore we assumed
that the model describes only the major energetic changes of activation. The equation

describing this model corresponded to:

‘ AH-TAS
K,,=105.¢ RT _

C > 0

(Equation 6)

Where AH and AS corresponded to thermodynamical parameters of the opening process
and 10°/s was the assumed value for the preexponential factor [161]. Consequently, we
obtained activation enthalpy and entropy values from the rate constants (K,,) by fitting the
Arrhenius plot (Fig. R25D) to the two-state model equation described above (Equation 6) in the

form:

AS
+ —+In(v)

In(k,,) = _ﬁ T

(Equation 7)

The activation enthalpy for the opening rate was AH = 39.9 + 13 kcal/mol. This value was
significantly distant (0.5-fold) from the equilibrium enthalpy change between the closed and
open states. These findings indicated that the opening of the chimera AD2-19 alone could not
totally account for the temperature dependence of the steady-state obtained response. The
entropy transition of the activation process was AS = 130.5 + 50 cal.mol™.k™, assuming a
preexponential factor of 10%/s. This observation indicates that AD2-19, which only remains
S704T and D707E mutations to recover TRPV1 sequence, shows a severe impairment in the

coupling between temperature activation process and channel gate.
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The same procedure was carried out with the chimeric mutant AD2-20.
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Figure R26. Thermodynamic analysis of AD2-20 mutant at -60 and +60 mV. A, G-T curve with normalized
conductance values obtained from steady-state current values showed in Fig. R24B at -60 (black) and +60
mV (grey). Solid lines depicted the fitting to a Boltzmann distribution G=Gmax1/{1+exp[(-AH/R)*((1/T)-
(1/Ty5))]}. B, Plot of log I/Imax vs temperature of the data shown in Fig.23B. Q;, values are shown in the
graph. C, Van’t Hoff plot of the equilibrium constant K.,. Solid lines depicted the fitting to a straight line.
AH values are shown in kcal/mol and AS in cal.mol*.K". D, Arrhenius plot for activation process. Activation
rates were calculated from the activation time constants of current traces elicited at -60 mV. Ea value is
shown in kcal/mol. Solid lines depicted the fitting to a straight line. Data showed an average value for
number of cells >6.

We first represented an averaged normalized conductance versus temperature for all
the experiments of AD2-20 mutant at -60 and +60 mV holding potential (Fig. R26A). From this
fitting, the values obtained for T, 5 parameter were 48.5 + 0.58 2C at -60 mV and 46.8 + 0.732C at
+60 mV which were very similar to the values obtained for TRPV1 (=492C). The application of
depolarizing voltages evoked detectable conductance levels from the first temperature pulse
applied at 362C, which were not detected at negative potentials. However, the simultaneous

application of positive potentials did not affect Tos values. Therefore, depolarizing voltages
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contributed to a decrease in temperature-dependency of currents without affecting other

parameters as Tgs.

Thereafter, we estimated the temperature dependence of the gating process by
calculating the Qo factor. The Qi value was obtained from the slope of a log(l) versus
temperature according to the equation described in figure R25. In this graph (Fig. R26B) we
could appreciate two temperature-dependent regimes at hyperpolarizing voltages. The first one
was found between 36 2C and 50 2C showing a high Q;gabout 21.6, which was very similar to the
value obtained for TRPV1 (Q,0=20) in this temperature range. The second phase, detected
between 50 2C and 60 2C, showed much lower temperature dependency since we detected Q.9
around 1.08. This phase corresponded to the top plateau of the Boltzmann where the maximum
open probability was reached. However, when depolarizing voltages were applied, we barely
differentiated the two-phases. In addition, the temperature-dependence of the gating process
almost disappeared and we obtained Q,, values 2.54 between 36-50 2C and 1.36 between 50-60
oC.

We next estimated the thermodynamical parameters from the steady-state currents of
AD2-20 mutant at negative (-60 mV) and positive (+60 mV) potentials. We represented In(Keq)
versus inverse of temperature following Van’t Hoff plot with their corresponding AH and AS
values, shown in figure R26C. This plot showed two phases for temperature dependency for
experiments performed at hyperpolarizing voltages (-60 mV). The activation process observed
between 36 2C and 50 2C exhibited large transition changes with an enthalpy change of =106
kcal/mol and entropy change of =330 cal.mol™.K", as it was observed for TRPV1 (AH=101 + 4
kcal/mol and AS=315 # 12 cal.mol™.K") [161]. The application of positive potentials drove to
lower enthalpy and entropy values (AH=47.2 + 2 kcal/mol and AS=147 + 10 cal.mol™.K™)
indicating a decrease of the involvement of temperature in channel gating under depolarizing

conditions.
Finally, we calculated the activation enthalpy and entropy for the channel opening (Fig.

R26D). The thermodynamic parameter values corresponded to AH = 80+16 kcal/mol and the

entropy AS = 268.8 + 53 cal.mol™.k™. These values were close to the equilibrium enthalpy and
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entropy change between the closed and open states (=0.8-fold), indicating that the opening of
the channel alone could justify the temperature dependence of the steady-state response.
Taking together, these results determined that the application of depolarizing voltages
significantly affected the temperature-dependency of the gating process both in AD2-19 (Fig.
R25) and AD2-20 (Fig. R26) mutants. As expected for high temperature dependent channels, the
enthalpy changes for channel opening were high, although they were significantly decreased by
the application of positive potentials. However, in all cases existed a precise coupling between
enthalpy and entropy (Fig. R27A) where a variation in enthalpy causes a concomitant change in
entropy so that they can cancel with each other. Consequently, the free energy difference
between the open and closed states exhibited only small changes (Fig. R27B), allowing the

channel to gate at high rates.
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Figure R27. Energetics of temperature gating of AD2-19 and AD2-20 chimeric mutants. A,
Enthalpy and entropy coupling. Each point represents the values obtained for these parameters
from steady-state currents at depolarizing (+60) and hyperpolarizing (-60) potentials and from
activation process (Ea) in all conditions. B, AG (kcal/mol) vs temperature plot for AD2-19 and
AD2-20 at -60 and +60 mV. AG = RTIn(Kg).

As discerned from figure R27A both mutants showed coupled enthalpy and entropy
changes in all conditions. AD2-20 showed the highest values for both parameters at -60 mV
holding potential by measuring at steady-state. In contrast, we obtained lower values for AD2-19
which implied that gating process of this mutant was less temperature dependent as compared
with AD2-20. Furthermore, the activation enthalpy (Ea) for the opening rate was close to the
equilibrium enthalpy change in AD2-20, whereas the activation energy value obtained for AD2-

19 was distant from the values obtained for the equilibrium. These findings indicated that for
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AD2-20 mutant the temperature dependence of the steady-state response could be driven by

the opening of the channel alone evoked by heating temperatures.

The free energy changes are maintained at low levels due to the high entropic
contribution which compensate that high enthalpy changes between closed and open state (Fig.
27B). The application of increasing temperatures induced a continuous decrease of this
difference above 40°C for AD2-20 chimeric channel. However, AD2-19 data was rightward
shifted around 102C, showing a plateau between 36 and 502C where the channel remained in
the closed state. When compared AD2-19 and AD2-20, we observed that the mutant AD2-19
displayed higher energy differences than AD2-20 for the same temperature applied, indicating
that the changes included in this mutant had an impact in protein activity by rising the activation
energy of the channel. With the application of positive potentials both curves became shallower

indicating a decrease in temperature dependency of the channel opening.

Under depolarizing voltages, AG, values were lower when compared with the ones
obtained at negative potentials. These results suggest that voltage stimulus is partially driving
channel opening and, consequently, energy contribution to channel gating derived from
temperature is reduced in the whole range studied. Noticeably, AD2-20 chimeric mutant
exhibited larger differences in AG, values between hyper- and depolarizing potentials than AD2-
19. Thus, AD2-19 seems less sensitive to voltage since energy provided from this physical
stimulus does not contribute to channel gating in the same manner as we detected for AD2-20.
This may be due to a defective coupling between voltage sensor and channel pore which

hindered the energy transfer between both modules.

ALLOSTERIC MODEL

As seen, small changes in the TRP domain of TRPV1 evoked dramatic alterations in
protein functionality. To better understand how these mutations are affecting the gating process
of this channel, we analyzed our results from electrophysiological experiments of functional AD2

mutants by fitting them to an allosteric model of gating. We studied the effect of these
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mutations in channel gating induced by voltage and temperature at hyperpolarizing and

depolarizing potentials.

First, we fitted the data obtained from voltage activation of AD2-20. It was the only
mutant studied by this method since the rest of them did not reach saturating conditions
hindering the fitting. According to functional studies, this mutant should display similar values to

TRPV1 allosteric model parameters.

A B

10- AD2-20 Voltage AD2-20 TRPV1
1.0- Jo | 0.0004 0.0008
081 z, | 0.73 0.65

O 0.64

o L | 2.00E-05 | 2.00E-05
0.4
0.2- D | 2.00E+06 | 2.00E+06
0.01 AG, | 2.4 2.0
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Figure R28. Fit of Po-V curves of AD2-20 mutant to an allosteric gating scheme. A, Normalized values of
Po plotted against voltage. Line depicts the simultaneous best fit to Equation 1. B (Table VI). Parameter
values obtained from allosteric model fitting.

As shown in figure R28A, the data obtained for AD2-20 mutant properly fitted to the
allosteric gating model. The values obtained from this fitting are represented in table VI. Data
obtained for AD2-20 indicated that this mutant behaved similarly to TRPV1. Allosteric constants
L and D were not affected while we detected small changes in J, and AG,, in agreement with
experimental data showing an increase in energetic of gating process. According to the allosteric
model, this change in free energy may be due to a decrease in the equilibrium constant of
voltage sensor which indicates a possible shift to the resting state. However, we did not find
significant differences in Vqs z, or AG, values when obtained from experimental data and
compared with wild type protein. Next, we studied the gating mechanism induced by

temperature at negative and positive potentials.
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Figure R29. Allosteric model for channel activation. A, allosteric activation by temperature. Two
independent equilibria that interact allosterically. B, allosteric activation by voltage and temperature
where an additional equilibrium is included to the equation.

Figure R29A depicts an allosteric activation induced by temperature where two separate
two-state equilibria interact allosterically with each other. The first equilibrium represented the
closed and open states (C and O) of the pore gate. The second equilibrium was defined by Ry and
A; which represented the resting and activated state of the temperature sensor. C defined the
equilibrium constant for temperature sensor. K corresponds to an allosteric factor which
determines the coupling between the temperature sensor and the pore of the channel. When
the temperature sensor is activated, the equilibrium constant between C and O would be

modified as LK. According to this model, the probability of being in any open state is:

Py = 1
0T, Itk _
L(1+KC)
(Equation 8)
Where K is defined by:
—(AH-TAS)
K=¢€ RT

(Equation 8.1)

Being AH and AS the changes in enthalpy and entropy between the open and the closed state.
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Figure R29B shows a diagram of an allosteric activation by temperature and voltage. In
this case, the voltage sensor two-state equilibrium is added to the diagram. We considered both
sensors could be coupled by factor E. According to this model, the opening probability is given

by:

1

1+J+K +JKE
L(1+/D + KC + JKDCE)

Po =

1+

(Equation 9)

Thereafter, we fitted our data obtained for AD2-19 and AD2-20 to the equations that

describe the allosteric activation mechanism for temperature and both temperature and voltage

together.
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Figure R30. Fit of Po-T curves to an allosteric gating scheme. Normalized Po values are plotted against
temperature for AD2-19 (A) and AD2-20 (B) the indicated voltages. Lines are the simultaneous best fit to
Equation 8 (at -60 mV) or Equation 9 (at +60 mV).

Figure R30 showed Po values fitted to the proposed allosteric model for temperature at
negative (Equation 8) and positive potentials (Equation 9). We considered Po parameter may be
taken as G/Gmax for whole cell current. Our data suitably fitted to the allosteric model
proposed. We assumed that at -60 mV the voltage sensor remains in resting configuration and
we considered the gating was only driven by temperature. Po values are averaged and
normalized from several experiments and solid lines show the best fits. The parameters obtained

are displayed in table VII.
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AD2-19 AD2-20
(mv) -60 +60 -60 +60
Jo — | 5.774e-05 1.89e-06
H (kcal/mol) 80000 35000 110000 50000
S (cal.mol™.K") 240 105 330 150
L 0.01235 0.2712 0.01283 0.107
E 1.319 15.61
C 328.7 127 33441 267
D 2727 985.6

Table VII. Parameter values of allosteric model for temperature and temperature-voltage-gating activity of
AD2-19 and AD2-20.

According to the fit, the values obtained for enthalpy and entropy parameters were very
similar to the ones experimentally calculated. Overall, the most relevant differences detected
between both channels corresponded to parameters C, D and E while L and J, were not
significantly altered (Table VII), indicating an effect in allosteric coupling. The data revealed that
AD2-19 exhibited conspicuously lower values for C than AD2-20, indicating impairment in the
allosteric coupling between temperature sensor and channel pore. On the contrary, parameter D
was higher pointing an improved voltage-coupling to the pore when compared with AD2-20.
Noticeably, coupling between both sensors was also affected since parameter E showed values
near 1 for AD2-19, indicating they act almost independently during channel gating in this
chimera. Taking together, this data suggest that mutations included in AD2-19 (S704T and
D707ED) have a significant impact in the allosteric coupling of temperature-dependent gating.
These findings further support the experimental data where enthalpy, entropy, Qo and
activation energy values were severely reduced when compared with AD2-20 under the same
conditions. In addition, allosteric model indicates that these mutations also disrupt the coupling

between the voltage and temperature sensors.

On the other side, AD2-20 exhibited robust coupling of temperature sensor with channel
gate according to values found for parameter C. Application of positive voltages dramatically

reduced this allosteric constant, in agreement with an experimental data that decreased
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temperature-dependency of channel gating when depolarizing voltages were applied.
Furthermore, the voltage allosteric factor D also showed a significant decrease when the channel
was activated by temperature at positive potentials. These results are consistent with a possible
coupling between voltage and temperature sensors, showing high E values, akin to TRPV1. That
would mean that the activation of one sensor significantly influences the other. This behavior is
also consistent with experimental data where temperature dependent parameters enthalpy and

entropy were significantly decreased in presence of positive potentials.

In general, these data further support that mutations S704T and D707E in the TRP
domain of TRPV1 has a significant influence in the allosteric mechanism of temperature-induced
activation. These changes primarily affected the temperature sensor coupling with the channel

pore and voltage sensor.
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3.2.3. STRUCTURAL FEATURES OF TRP DOMAIN

The TRP domain of TRPV1 is a segment adjacent to the inner pore helix that acts as a
molecular determinant of subunit multimerization and necessary for the correct coupling of the
channel. As mentioned, this region is predicted to fold in a 4-strand, parallel coiled-coil structure
in the homomeric channel ([60], [61]). Considering the sequence modification performed in this
work and the data obtained from functional experiments we further investigated the putative
structure of this region of some of the mutants. For this purpose, we performed secondary

structure studies using several online servers of structure prediction.

A

AD1 | MGETVNKIAQESKNIWKLOQRAITILDTEKSFLKCMRKAF
hhhhhhhhhhhhhhhhhhcchhhhhhhhhhee

AD2 MSETVNSVATDSWSIWKLOKAISVLEMENGYWWCRKKOQ
eee hhhhhhhceeeeeeece eeecee

Alpha helix (h) 68.29% 18.42%
3,0 helix  (g) 0.00% 0.00%
Pi helix (i) 0.00% 0.00%
Beta bridge (b) 0.00% 0.00%
Extended strand (e) 7.32% 42.11%
Beta turn (t) 0.00% 0.00%
Bend region (s) 0.00% 0.00%
Random coil  (c) 24.39% 39.47%

Figure R31. Secondary structure prediction of TRP domain of TRPV1 and TRPV2. A, Amino acid sequence
of TRP domain of TRPV1 (AD1) and TRPV2 (AD2) with element of secondary structure predicted by using
server GOR4 (http://npsa-pbil.ibcp.fr/cgi-bin/secpred gor4.pl). B, The table indicates the percentage of
each form of structure predicted for each sequence.
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As seen in figure R31, TRP domain of TRPV1 (AD1) showed a high percentage of alpha
helix according to the prediction (=68.3%). This secondary structure is necessary for coiled-coil
assembling, as proposed for this sequence. Noticeably, the N-terminal region of that TRP domain
had a tendency to form random coil. In contrast to these findings, in the cognate region of
TRPV2 (AD2), extended strand was predicted with the highest percentage (=42%) followed by
random coil (=39%). The presence of alpha helix was reduced to =18% and mainly fitted in the
TRP box sequence (W657-Q663, according to human TRPV2 sequence). The lack of secondary
structure in this region of TRPV1-AD2 chimera would be fairly unsuitable with a coiled-coil
assembly between the four subunits. This phenomenon would prevent the mechanism of
channel gating proposed for the channel. Furthermore, considering the role of TRP domain
region in channel multimerization, these important changes may also interfere in the correct
folding of the 3D-structure of the protein. These finding are in agreement with the data shown in
functional experiments (Fig. R20, R22 and R24) and analysis of protein expression level (Fig.

R19).

According to our strategy, the sequential recovery of TRP domain sequence from the
context of AD2 to AD1 would restore the secondary structure of alpha helix found in wild type
protein. However, since conservatives changes performed in AD2-18, AD2-19 and AD2-20
evoked such relevant changes in channels functionality, we further investigated the putative

changes in protein structure of these chimeric mutants.

SEQUENCE % ahelix

AD2-20 | MGETVNKIAQESKNIWKLORAITILDTEKSFLKCMRKAF 68,29
hhhhhhhhhhhhhhhhhhcchhhhhhhhhhee

AD2-19 | MGETVNKIAQESKNIWKLORAISILETEKSFLKCMRKAF 73,17
hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhee

AD2-18 | MGETVNKIAQDSKNIWKLORAISILETEKSFLKCMRKAF 70,73
eechhhhchhhhhhhhhhhhhhhhhhhhhhhhhee

AD2-17 | MGETVNKIAQDSKNIWKLOKAISILETEKSFLKCMRKAF 73,17
eechhhhhhhhhhhhhhhhhhhhhhhhhhhhhhce

Figure R32. Secondary structure prediction of TRP domain of chimeric mutants AD2-17, 18, 19 and AD2-
20. Amino acid sequence of TRP domains of representative mutants with element of secondary structure
predicted by using server GOR4 (http://npsa-pbil.ibcp.fr/cgi-bin/secpred gor4.pl). Residues different with
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TRPV1 are highlighted in yellow in each chimeric mutant. Percentage of alpha helix according to the
prediction is indicated.
As observed in figure R32, TRP domain sequence of AD2-20 showed the lowest

percentage of alpha helix when compared with the chimeric mutants. This was due to the
presence of two residues (D707 and T708) which slightly disrupted the secondary structure of
this region. On the contrary, AD2-17, AD2-18 and AD2-19 exhibited higher percentage of alpha
helix than the original sequence, showing an alpha helix prediction between 1689 and K718 with
no disruptions, except for AD2-18 which appeared altered in S693. These changes in secondary
structure could affect channel activation and partially cause the dramatic differences we
detected in functional assays between AD2-18, 19 and 20. The fact of introducing a more rigid
structure in this region could affect intra- and intersubunit interactions in two different ways. On
the one hand, this change on the side chains orientation of these residues could modify the
interactions with other amino acids. On the other hand, an increase of alpha helix percentage in
TRP domain could affect the strength and stability of coiled-coil arrangement. Stronger
interactions between the four subunits could significantly affect channel gating by raising the
energy needed for the channel to be open. In both cases, coupling between sensors and the
pore would be affected by these changes. These assumptions are in agreement with
experimental data which shows activation of chimeric channels AD2-18 and AD2-19 by different

stimuli was severely impaired.
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4. DISCUSSION
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Extensive structure-function analysis of TRPV1 channels has been performed with the
aim of identifying receptor domains involved in stimuli sensing and to understand their
contribution to channel gating [82]. These studies have map down potential regions involved in
voltage, capsaicin, pH and temperature sensing, along with domains that interact with proteins
and phosphoinositides. In particular, the TRP domain, a 40-mer segment adjacent to the inner
pore helix, has been reported as an essential region for the channel playing a dual role in
protein functionality. On the one hand, It has been demonstrated its function in subunit
oligomerization. Furthermore, this domain also appears to participate in the functional
coupling of stimuli sensing and pore opening ([60], [61]). In the center of TRP domain was
identified a 6-mer sequence, called TRP box, which was recognized as a molecular determinant
in TRPV1 channel gating [62]. Interestingly, this sequence is highly conserved among other TRP

channels suggesting an important role of the TRP box in these proteins.

In the present work, we focused our research on further characterizing the role of the
TRP domain in the molecular mechanism of TRPV1 activation. We addressed the structural-
function study of TRP domain by two complementary approaches. Firstly, we characterized the
physico-chemical properties of two key residues in the TRP box, 1696 and W697, needed to
preserve protein functionality. Secondly, we determined which amino acids within TRP domain
are necessary for the correct coupling of TRPV1 from the context of the cognate sequence of
TRPV2. As detailed bellow, we will discuss separately the results obtained from these two

complementary approaches.
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4.1. CHARACTERIZATION OF TRP BOX IN TRPV1

Mutations within the highly conserved core of the TRP domain (referred to as the TRP
box), abrogated all modes of TRPV1 channel gating, even though this region is located far from
most of the putative regions acting as channel sensors [62]. These findings signaled the TRP
box as a pivotal receptor domain in the allosteric mechanism of channel activation by coupling
the energy of the activating stimuli to open the pore. To address this fundamental question,
we mutated the most critical positions (1696, W697 and R701) in the TRP box to 18 L-amino
acids, with the aim of further our understanding on the role of the TRP box in the allosteric
linkage of sensors and the channel gate. We focused on studying voltage and capsaicin

activation at a constant temperature (222C).

The salient contribution of this study is that mutation of 1696 and W697 primarily
affects the allosteric coupling constants of the voltage and ligand sensors to the channel pore
along with the equilibrium constant of pore opening, with minor alterations of the sensors
equilibrium constants. Results showed for R701X mutants suggested that this position was also
relevant for channel gating. The substitution of this residue generated functionally defective
channels when activated by voltage and capsaicin. However, since this amino acid is plausibly
located in a CaMKIlI phosphorylation consensus site, other molecular mechanism could be
affected by these mutations. Therefore, we decided to focus the study on the effect of

mutating the 1696 and W697 positions.

Our results show that position 1696 was only tolerant to substitutions by hydrophobic
amino acids, and uncover an effect of the amino acid size at 1696 in channel activation. All
functional 1696X mutants exhibited altered channel gating, characterized by a lower response
to the activating stimuli. Smaller or larger amino acids than 1696 negatively impacted channel
activity resulting in lower current densities and higher free energy of activation. In marked
contrast, position W697 tolerated virtually all substitutions since practically all mutants
displayed channel activity in the presence of saturating concentrations of capsaicin.
Intriguingly, none of the W697X mutants could be activated by depolarizing voltages as high as
240 mV in the absence of vanilloid, suggesting a complete uncoupling of voltage sensing and
gate opening in these mutants. Taken together, these findings support the tenet that the TRP

box in TRPV1, and probably in other TRP channels, is an important molecular determinant of
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channel activation that pivotally contributes to the energetics of channel gating by modulating
the allosteric coupling constants of channel sensors and the pore. It is interesting to note that
all 1696 and W697mutants shown as representative, produced detectable levels of protein in
HEK cells. Nonetheless, some of them significantly affected the recombinant protein
expression. The most dramatic decrease was observed for W697M mutant, although this
channel reached the membrane as the rest of correctly expressed mutants and was activated
by the vanilloid. Thus, substitutions at these two positions generated TRPV1 channels with an
altered gating. Noteworthy, all W697X mutants, as well as some of the 1696X species (except
1696H, 1696V, 1696L), analyzed by western immunoblot did not display the characteristic
glycosylated TRPV1 band, suggesting that mutation of these two positions induced a
conformational change in the receptor subunit that prevented TRPV1 glycosylation in the
endoplasmic reticulum. The lack of glycosylated forms in most mutants is consistent with their
lower capsaicin efficacy and smaller current densities as compared with wild type channels.
This finding imply that mutation of these two positions in the TRP domain of TRPV1 modulates
the protein conformation, presumably by perturbing interactions which are pivotal for
preserving the quaternary structure of the channel, in agreement with the role of the TRP
domain in subunit tetramerization [60]. This modulation of the protein conformation may

underlie the effects observed in the allosteric coupling required for channel activation.

The data obtained in our work may help to elucidate the role of TRP box in functional
coupling of TRPV1. In the absence of a three dimensional structure for the channel, it is rather
unfeasible to provide a compelling mechanism. One can envision and hypothesize several
possibilities that could account for the impact of mutating the TRP box in channel gating. In the
4-strand, parallel coiled-coil model proposed for the TRP domain ([60], [61], [163]), amino acids
1696 and W697 are located at the a and b positions where they can mediate inter-subunit
interactions important for the allosteric coupling of the activating stimuli to the opening of the
channel gate. Our observation that 1696 could only be replaced by hydrophobic amino acids,
and the effect of the amino acid volume in channel gating evoked by voltage and capsaicin, are
consistent with a location of 1696 in the hydrophobic core of a coiled-coil fold. Incorporation of
smaller and larger amino acids than lle may strengthen the hydrophobic interactions at this
level of the coiled-coil raising the energy of channel gating. The increase in the equilibrium

constant of pore opening (L), along with the impact in the allosteric coupling constants (D, P
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and E), exhibited by functional I696X mutants is consistent with this interpretation, thus giving

support to the proposed helical organization of the TRP domain.

The location of W697 at the b position of the coiled-coil arrangement appears also
compatible with the impact of its mutation on channel function. This amino acid could be
located at the helical interface involved in intersubunit interactions. Alternatively, it could be
more externally oriented for interacting with other subunit domains such as the S4-S5 linker or
the S2-S3 loop or even a region in the N-terminus domain. Our result that W697 could be
replaced by virtually all amino acids without losing channel function argues against a critical
contribution to coiled-coil intersubunit interactions, and rather implies a more external spatial
localization that would be more tolerant to substitutions. Noteworthy, although virtually all
W697X mutants responded to a variable extend to capsaicin, none of them was activated by
voltage indicating abrogation of voltage-dependent gating. However, capsaicin responses
displayed some voltage dependency that, intriguingly, was not affected by the vanilloid
concentration and exhibited a 2-fold increase in the gating valence associated to channel
opening. A putative interaction of W697 with the S4-S5 linker during gating could explain the
effect of the mutants. In this regard, the S4-S5 linker displays the presence of three positively-
charged residues (K571, R575 and R579) that could create a positive surface potential for a n-
cation-like interaction with W697. In support of this notion, substitution of W697 by
negatively-charged and polar residues was better tolerated than by positively-charged and
large hydrophobic amino acids. This interaction, optimal for a Trp residue because of its
polarity and volume, could be essential for coupling the movement of the voltage sensor to
the opening of the pore. A similar mechanism was proposed for Kv channels where gating
required a compatible S4-S5 linker and the region adjacent to the channel gate ([164], [165]).
However, the distance of the TRP box (>10A) from the pore gate argues against such
mechanisms because it would require a large conformational change in the TRP domain to
approach W697 to the S4-S5 linker. Nevertheless, the proposed interaction of amino acids
near this region with PIP2 in the inner leaflet of the membrane may approximate this domain
to the channel gate facilitating its interaction with protein domains located in the membrane

interface such as parts of the S4-S5 linker ([164],[166],[167]).
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It is tempting to propose an alternative hypothesis based on the potential interaction
of W697 with the S2-S3 loop as suggested by the TRPV1 model [163], since both domains could
lie near in the folded channel. In an extended configuration, this loop has the sufficient length
to be close to the TRP domain and the S4-S5 helix. If so, the S2-S3 loop could act as a linker of
the TRP box and the S4-S5 loop by interacting with both and, therefore, facilitating the
coupling between the voltage and capsaicin sensors to the TRP domain and the channel’s gate.
Noteworthy, the S2-S3 loop displays positive charges that could interact with the W697 in a
similar way as described for the S4-S5 linker. In this case, capsaicin binding to S2-S3 segment
could induce structural changes improving the connection between the TRP domain and S4-S5
region, which was impaired by W697X mutations. This assumption would be in accordance
with the results showing recovery of voltage sensitivity when capsaicin was simultaneously
applied. Evidently, structural data are necessary to unequivocally unveil the structural layout
and interactions of the W697 and 1696 residues, which is essential to unambiguously disclose

the role of the TRP domain in channel function.

4.2. CHARACTERIZATION OF TRP DOMAIN IN TRPV1

TRPV1 and TRPV2 channels have the highest percentage of identity in their TRP
domain sequence from all TRPV channels. However, replacement of this domain in TRPV1
channel by the cognate TRPV2 (TRPV1-AD2) produced a severe impairment in protein
functionality when activated by voltage, capsaicin, heat or acidic pH [61]. These results
indicated that the TRP domain acts as an essential region for coupling the activating sensors
and channel gate. To further investigate the role of this domain in channel gating, we
performed a mutagenesis strategy for recovering the TRPV1 TRP domain sequence in the
chimeric channel TRPV1-AD2. With this approach, we expected to assign a functional role in
protein functionality to specific residues in the context of TRP domain. We focused in studying

voltage and temperature response of these chimeric mutant channels.

The salient contribution of this study is that both sequence and structure of TRP

domain determines gating properties of TRPV1. Modest changes in this sequence severely
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affect coupling properties of channel gating between the voltage and temperature sensors and
with the channel pore. Our results revealed that TRP domain had to recover around 93% of the
original TRPV1 sequence from TRPV1-AD2 chimera for generating functional channels having
detectable currents. All functional chimeric channels containing mutations in this region
exhibited altered channel gating, characterized by a lower response to the activating stimuli.
Conservatives changes as contained in AD2-18 (E692D; T704S; D707E) and AD2-19 (T704S;
D707E) negatively affect channel activation induced by voltage, capsaicin and temperature
giving rise to lower current densities when compared with wild type. Furthermore, voltage and
temperature threshold were rightward shifted to higher values since none of the channels
reached saturating conditions as high as 240 mV or 60 2C. In contrast, mutations out of the TRP
domain region present in AD2-20 (extended in two amino acids due to the insertion of K721
and Q722) did not significantly affect functional channel properties, as detected for biophysical

and thermodynamic parameters of this channel.

The data obtained in this work may help us to understand the involvement of TRP
domain in TRPV1 functionality in terms of molecular and structural mechanisms of channel
gating. Our results indicated that changes affecting secondary structure, and consequently the
coiled coil formation predicted for this region, completely prevented channel activation by any
stimuli. It is evident that these mutations in TRP domain extremely affected protein stability.
We detected a dramatic decrease in protein expression level for TRPV1-AD2 and other
chimeric species such as AD2-4 and AD2-17, and likely the other non-functional chimeric
mutants in between. This phenomenon was probably due to an incorrect protein folding and
consequently, its degradation. These findings support the tenet that the preservation of the
TRP domain in TRPV1 is required for correct protein folding and channel tetramerization [60].
However, we cannot discard the possibility of other regions are implicated in channel
multimerization, since, despite the dramatic decrease of protein expression level, all chimeric
channels reach cell membrane. Therefore, it is plausible that other channel domains may
participate in subunit tetramerization such as N-terminus, transmembrane segments and distal
regions of C-terminal domain ([168], [169]). Interestingly, protein expression level was
sequentially recovered while TRP domain sequence, and secondary structure prediction, was
restored. Nevertheless, all mutants between TRPV1-AD2 and AD2-18 analyzed by western
immunoblot did not exhibit the glycosylated band described for TRPV1.
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As seen in our results, mutants AD2-18, AD2-19 and AD2-20 were the only mutants
exhibiting detectable currents evoked by voltage, capsaicin and temperature. In these
mutants, activity was sequentially recovered from barely discernible currents in AD2-18,
reaching wild type levels in AD2-20. Intriguingly, AD2-18 and AD2-19 channels contained
conservative changes when compared with TRPV1 sequence, maintaining the physic-chemical
properties of the mutated residue. One plausible explanation for these critical effects of
mutations included in AD2-18 and AD2-19 is the alteration in protein structure. These
conservative mutations had a modest effect on secondary structure prediction showing a
slightly higher percentage of alpha-helix for those mutants. These channels exhibited a
continuous alpha helix between 1689 and K718, unlike TRPV1 and AD2-20 which showed a
weak disruption of alpha helix in D707 and T708. These findings are in agreement with the
presence of aspartic acid residues in secondary structure disruption sequences. Incorporation
of a higher percentage of alpha-helix may strengthen the interaction between the 4-strand,
parallel coiled-coil proposed for TRP domain, raising the energy of channel gating.
Furthermore, secondary structure prediction revealed other differences in the proximal C-
terminal domain between AD2-18 and AD2-19. Akin to TRPV1, AD2-19 exhibited random coil
prediction for the 7-mer region adjacent to the pore, while AD2-18 showed extended strand
disruption in V686 and N687 apparently induced by mutation E692D contained in this chimera.
Extended strand arrangement allows the maximum space and freedom of movement for a side
chain and may be involved in protein-protein interactions or parallel and/or anti-parallel B-
sheet conformation. However, random coil structures do not form any secondary structure.
These structural differences could interfere with the linkage between TRP domain downstream
events and channel gate. All these structural changes in TRP domain may be affecting the
energy transfer between sensing domains and channel pore hindering the gating process. This
hypothesis is in accordance with the results obtained in the gating model where allosteric

coupling parameters showed the highest variability with wild type channels.

Despite structural changes, we cannot discard that these mutations are affecting
functional properties of these channels. One of the mutations present in these chimeric
species is R701K (in AD2-18). Residue R701 has been reported as a participant in the
interaction with PIP2 in the inner leaflet of the membrane ([166], [170]). In addition, this

position is also included in a CaMKII recognition sequence, close to the phosphorylation site
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T704 ([143], [144]) which is also mutated to a serine residue in AD2-18 and AD2-19 chimeras.
Although these conservative changes maintain physic-chemical properties of amino acids,
these chimeras exhibited severely impaired activation by all stimuli studied. This phenomenon
correlate with the results obtained for mutants TRPV1-R701K and TRPV1-R701K-E692D-T704S
which exhibited a significant impaired capsaicin response when compared with TRPV1 results
in microfluorographic assay. Noteworthy, the replacement of nothing but these positions to
TRPV1 original residue from the context of TRPV2 (AD2-K701R and AD2-K701R-D692E-S704T)
gave rise to completely inactive channels. Taken together, these results indicate that R701 and
T704 positions must be relevant for structural and/or functional properties of TRPV1 channel.
Albeit, the replacement of these residues by wild type corresponding amino acids from the

uncoupled chimera TRPV1-AD2 was not sufficient for reestablishing the coupling.

Regarding the preceding data, it is clear that this region participates in a common step
of channel activation for all stimuli studied. This region located next to the pore can be
important for the connection between different domains such as sensors and pore. Data
obtained from allosteric model fitting of functional mutants revealed a possible coupling
between temperature and voltage sensor in AD2-20 akin to TRPV1, in agreement with data
obtained from patch clamp experiments. This coupling was disrupted in AD2-19 chimeric
mutant displaying values for allosteric parameter E near 1, along with lower values in allosteric
parameters C while allosteric factor D was augmented. Impairment of temperature coupling is
reflected on defective temperature channel activation and improvement of voltage sensor
coupling to the pore when both stimuli act together. The uncoupling between both sensors
prevent the voltage sensor for being influenced by the temperature and allowing a better

coupling between voltage sensor and the pore when both stimuli are simultaneously applied.

4.3. STRUCTURAL FEATURES OF TRP DOMAIN AND IMPLICATION

IN CHANNEL GATING.

The modular structure of TRP channels determines their modulation by agonists and
their ion and selectivity properties. However, the mechanism by which sensing domains are

coupled to channel gating and how these processes are connected to specific structural
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regions in the channel are not completely understood. It is plausible that TRP domain plays an
important role in this mechanism since it is adjacent to the pore and may act as a linker
between channel gate and other domains in the protein. Our findings strongly substantiate the
tenet that the TRP domain in TRPV1 is a pivotal structural determinant of allosteric channel
gating. We demonstrate that the integrity of the TRP domain sequence is essential for correct
channel functionality, since modest and conservative changes in several residues of this

segment caused dramatic effects in channel coupling.

Here we provided evidence that mutations in two important sites of the TRP domain,
located in the so called TRP box, primarily modulate the equilibrium constant of pore opening
and the allosteric constants that couple stimuli sensing and gate activation. Notably, a critical
contribution of W697 in coupling voltage-dependent gating was uncovered. Noteworthy, a
Tryptophan residue is absolutely conserved in this position of the TRP box in all the TRP
channels (TRPC, TRPM and TRPV) bearing a TRP domain, further supporting a central role in
channel function. It is interesting to note that the mutation W692G in the TRP box of TRPV3,
that alters the response of the channel to 2-ABP, has been linked as a cause of the Olmsted
Syndrome, a rare congenital disorder characterized by diverse skin alterations and alopecia

[171], further substantiating the relevant role of the TRP box in TRP channel function.

It has been demonstrated that the TRP domain in TRPV1 contains several important
residues for the coupling of channel gating. This study revealed that conservative changes in
this sequence such as D692E, R701K and T704S severely affected channel coupling when
activated by voltage or temperature. However, our study unveiled that conservation of these
positions is not enough for maintaining the channel biophysical properties but also required an
appropriate context in TRP domain for correct channel functionality. Therefore, we were not
able to assign a specific role to any residue in this region. It is important to mention that
palmitoylated peptides patterned after the TRP domain of TRPV1 were found to selectively
inhibit channel gating by physical and chemical stimuli, strictly dependent on its amino acid
sequence [172]. These results also denote the relevance of the sequence in this region for
channel gating and represent a novel strategy to modulate channel gating in this family of ion

channels.
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Summarizing, data obtained from both approaches contribute to define the role of the
TRP domain in polymodal activation of TRPV1 channels. Our results lend support to data
showing that conservation of TRP domain sequence is important for the correct channel
coupling. It is suggested that changes modifying secondary and/or tertiary structure of this
region are incompatible with functional channels. Since TRP domain region in TRPV1 is
adjacent to the inner pore it is plausible that it could be mediating the transfer of energy
derived from stimuli between the sensors and channel gate. Discrete changes in the structure
of this region may alter inter- and intrasubunit interactions, and consequently, disrupt
coupling between sensors and pore. However, structural information is required for a full

understanding of the molecular details involved in channel gating.
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5.CONCLUSIONS
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Positions 1696 and W697 in TRP box are key residues transducing stimulus sensing to
pore gating through the allosteric coupling mechanism between voltage and capsaicin

activating sensor and channel gate.

1696 residue only can be substituted by hydrophobic amino acids for channel function.
The study also revealed an effect of the amino acid size at 1696 in channel activation
since the replacement of 1696 by smaller or larger amino acids result in higher

activation energy for activation.

Mutations of W697 position to any of the natural amino acids evoked a complete
uncoupling of voltage sensing and gate opening. However, this position tolerated
virtually all substitutions since practically all mutants displayed channel activity in the

presence of saturating concentrations of capsaicin.

1696 and W697 residues are essential in TRPV1 channel folding since discrete changes
in these position evoked relevant changes in the protein expression pattern and

glycosylation process.

TRP domain integrity determines gating properties of TRPV1 since modest changes in
this sequence severely affect coupling properties of channel gating between the

voltage and temperature sensors and with the channel pore.

TRP domain plays an important role in channel expression and folding since mutations
within this sequence dramatically altered protein expression pattern and glycosylation

process.
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6. MATERIAL AND

METHODS
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MOLECULAR BIOLOGY

PLASMIDS AND CHIMERIC CONSTRUCS

There are two main plasmidic constructs which have been used in this work. One of
them contains the rat TRPV1 cDNA as inserted gene. The other one includes the TRPV1
chimeric channel TRPV1-AD2 [referred to as association domain (AD)] in which has been
previously deleted the TRP domain sequence of TRPV1 (A684-721) and inserted the cognate
sequence of human TRPV2 (645-683). Both constructs are both cloned into the pcDNA3 vector

(Invitrogen).

" There is an ATG upstrearm e SOGEE
af the Xba | site. Bsml

SITE-DIRECTED MUTAGENESIS

Site-directed mutagenesis of the residues in TRPV1 and TRPV1-AD2 chimera were
carried out by PCR. We amplified the complete plasmid using a pair of primers which included
the designed mutation in the template DNA. We used the Pfu Turbo DNA polymerase
(Stratagene) following the manufacturer’s recommendations. For punctual mutations in TRP

box we designed a pair of degenerate primers for each residue obtaining the 19 mutants (lle
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for 696 and Trp for 697 were introduced as internal controls) from an only PCR reaction. To
confirm the correct amplification we loaded the PCR products in an agarose gel. The
electrophoresis of nucleic acids is used for identifying and separating individual molecules or
fragments of DNA. The DNA molecules are negatively charged because of the phosphate
group. This property allows the electrophoresis technique to separate them only attending to
their size. The gel was prepared at 0.8% agarose (m/v) in TAE buffer. We used 35 ml of 0.8%
agarose for one gel where 3 ul of GelRed (Biotium) was added to the mixture. GelRed is an
environmentally safe fluorescent nucleic acid dye for staining dsDNA, ssDNA or RNA in agarose
gels which can be detected by ultraviolet light transillumination of the gel. For the gel running
we used the Mini SubCell GT system (BIO-RAD) applying a voltage of 100V. Once we
determined the correct size of the PCR products the mutant channels were confirmed by DNA
sequencing. The PCR products was digested with Dpnl for 1h at 372C to eliminate the
methylated plasmid fraction and transformed in bacteria. For mutants’ identification, the
number indicates the position of the residue in the protein sequence; the first letter is the

original amino acid in the wild-type protein, and the second is the residue that substitutes it.

TRANSFORMATION AND PLASMIDIC DNA EXTRACTION

We included the plasmidic DNA in XL1-Blue strain of Escherichia coli employing the
heat shock protocol (Molecular cloning, Maniatis). Previously bacteria were chemically
prepared as competent cells using calcium chloride procedure (Maniatis). Afterwards, the cells
were seeded in a LB-Agar (2%)-Ampicilin (100mg/ml) plate and grew over night at 372C. For
the plasmidic DNA extraction we used QIAGEN Plasmid MINI kit and QIAGEN Plasmid MIDI kit

following manufacturer’s instructions.
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FUNCTIONAL ASSESMENT

CELL CULTURE AND TRANSFECTION

Human embryonic Kidney (HEK) 293 cells were cultured and maintained in DMEM-
Glutamax supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin solution,
pH 7.6 in a 5% CO, incubator at 37 2C. The cells were seeded according to the experiment were
going to be used for. It will be describe in detail in the corresponding paragraph. We used two
transfection methods depending on the experiment:

- Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) following the recommendations of the
manufacturer.

- Calcium phosphate precipitation. This technique is based on the precipitation of the complex
formed between DNA and salt. These precipitates layer directly onto the cells facilitating the
entrance into the cells by endocytotic uptake. The solution contained: 2x HEPES, 0.25 M CaCl,
and sterile distilled water. The amount of DNA used for this transfection protocol was = 0.5 ug
per 35mm plate. For all the experiments we used the plasmid containing the cDNA encoding

rat TRPV1 as a positive control and the empty vector pcDNA3 as a negative control.

CALCIUM MICROFLUOROGRAPHIC ASSAY

Cells were seeded in black 96 well-plate with clear flat bottom at 10000-20000 cells
per well and transfected between 24-48h after seed with Lipofectamine 2000. This experiment
was performed 48h after transfection. We used the fluorescence calcium indicator Fluo4-NW
(Molecular Probes) for detecting channel’s activity. Cells were incubated with 100ul of dye
loading solution (1X HBSS, 20mM HEPES, pH 7.4) in the presence of 2.5mM probenecid for 45
min at 372C and 10 min at room temperature. For fluorescence detection we used the
microplate reader POLARstar Omega (BMG Labtech). The protocol used measured the Fluo-4
fluorescence signal (Excitation at 494nm and emission at 516nm) during 18 cycles. TRPV1 and
mutants activity was evoked by the addition of capsaicin 100uM in the fifth cycle using the

injection system of the plate reader. We quantified the response to capsaicin by calculating the
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Area under the curve (AUC) between the fifth and the eighteenth cycles, generated by the

increase of fluorescence signal induced by the response to capsaicin.

PATCH-CLAMP RECORDINGS, DATA ACQUISITION AND ANALYSIS

This procedure was used for the study of the response of TRPV1 and mutants to
capsaicin and depolarizing voltages. Cells were seeded in Poly-D-lysine coated 30 mm dishes at
40000-80000 cells per plate and transfected between 24-48h after seed with Lipofectamine
2000. Whole-cell patch-clamp recordings were made from transfected cells 48 h after
transfection [62]. Specifically, HEK293 cells were cotrasfected with channel under study (TRPV1
or Mutants) and EYFP protein as reporter (pEYFP, Clontech, Palo Alto, CA, USA). Cells
transfected with pcDNA3 empty vector were used as negative control. Patch pipettes were
prepared from thin-borosilicate glass (World Precision Instruments, Sarasota, FL), pulled (P-97
horizontal puller, Sutter Instruments) and fire-polished to have a final resistance of 2-4 MQ
when filled with standard internal solution. Data were sampled at 10 kHz (EPC-10 amplifier
with Pulse software; HEKA Electronic, Lambrecht, Germany) and low-pass filtered at 3 kHz for
analysis (Pulse Fit 8.54; HEKA Electronic). Recordings with leak currents >100 pA or series

resistance >10 MQ were discarded.

For whole cells recordings pipettes were filled with Standard Internal Solution
contained (in mM): 150 NaCl, 3 MgCl,, 5 EGTA and 10 HEPES, pH 7.2 with CsOH, and perfused
with Standard Extracellular Solution contained (in mM): 150 NaCl, 6 CsCl, 1 MgCl,, 1.5 CaCl,, 10
glucose and 10 HEPES, pH 7.4 with NaOH. The different saline solutions were applied with a
gravity-driven local microperfusion system with a rate flow of about 200 pl/min, located within
about 100 um of cell under study. Capsaicin stocks (Fluka) (10 mM and 100 mM) were
prepared in dimethylsulfoxide and diluted as indicated for the experiments in bath solution the

day of the experiment. All recordings were performed at room temperature of 22-24 °C.

Voltage-step protocols consisting of 100 ms depolarizing pulses from -120 mV to +240
mV in steps of 20 mV were used. The holding potential was 0 mV and the time interval
between each pulse was 5s. |-V relationships were studied using a ramp protocol consisting of

a voltage step of 300 ms from the holding potential of 0 mV to -80 mV, followed by 350 ms
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linear ramp up to +80 or +160 mV. Time interval between each pulse was 5 s for voltage
activation and 3 s when experiments with capsaicin were performed. The series resistance was

usually less than 10 MQ and to minimize voltage errors was compensated to 70-90%.

The conductance-voltage (G-V) curves were obtained by converting the maximal
current values from the voltage step protocol to conductance using the relation G=I/(V-Vg),
were G is the conductance, | is the peak current, V is the command pulse potential, and Vy is
the reversal potential of the ionic current. G-V curves for each cell were fitted to the
Boltzmann equation: G=Gmin +(Gmax- Gmin)/{1 + exp [(V-V0.5)/a,]} were Gmax is the
maximal conductance, Gmin is the minimal conductance at hyperpolarized potentials, Vg5 is
the voltage required to activate the half-maximal conductance, and a, is the slope of the G-V
curve. Thereafter, estimated Gmax values were used to obtain the normalized G/Gmax-V
curves. Free energy difference between the closed and the open states at 0 mV (AG,) was
calculated using AGy=z,FV, 5 equation, were F is the Faraday constant (0.023 Kcal/mol™.mVv?)
and z, is the apparent gating valence obtained from z,=25.69 mV/a,. For channels that
displayed voltage-dependent and —independent components in the G-V curve in the presence
of capsaicin, the free energy of the activation process was obtained using AGy= AGy(V)+ AG(l),
where AGy(V) denoted free energy of the voltage dependent component, and AG, (1) indicated
the free energy of the voltage-independent part. This energy was calculated using AG(l)=-
RTIn(Po/1-Po) [173], where Po denoted the probability of channel opening at hyperpolarized
potentials. Po was calculated as the value obtained from the Boltzmann fitting for the bottom

horizontal asymptote.

Data were visualized and analized using PulseFit 8.11 (HEKA Elektronik), GraphPad
Prism 5 statistical software (GraphPad Software, Inc., CA, USA) and Origin 8.0 (Microcal
Software, Northampton, MA). All data were expressed as mean+SEM with n=number of cells
tested for electrophysiological data. Statistical analysis was performed with One-way ANOVA

and significance level was preset to p<0.05
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PATCH-CLAMP RECORDINGS AND LASER DIODE HEATING (Yao et al., 2009, 121)

This procedure was used for the study of the response of representative chimeric
mutants to heating temperatures. Cells were seeded in Poly-D-lysine coated 30 mm dishes at
40000-80000 cells per plate and transfected between 24-48h after seed by using calcium
phosphate precipitation method. Specifically, HEK293 cells were cotransfected with channel

under study and GFP protein as reporter (pGFP, Clontech, Palo Alto, CA, USA).

Patch-clamp recording of channel currents was made in whole-cell configuration.
Currents were amplified using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA),
low-pass filtered at 5-10 kHz through the built-in 8-pole Bessel filter, and sampled at 10-20 kHz
with a multifunctional data acquisition card (National Instruments, Austin, TX). Data
acquisition was controlled by custom-made software, which was capable of synchronous I/O
and simultaneous control of laser and patch-clamp amplifier. Patch pipettes were fabricated
from borosilicate glass capillary (Sutter Instrument, Novato, CA) and fire-polished to a
resistance <5 MQ when filled with 150 mM NacCl solution. Pipette series resistance and
capacitance were compensated using the built-in circuitry of the amplifier (50-70%), and the
liquid junction potential between the pipette and bath solutions was zeroed prior to seal
formation. Currents were normally evoked from a holding potential of either -60 mV (inward)
or +60 mV (outward). All voltages were defined as membrane potentials with respect to
extracellular solutions. Bath solutions consisted of (mM): 150 NaCl, 5 EGTA, 10 HEPES, pH 7.4
(adjusted with NaOH). Electrodes were filled with (mM): 140 CsCl, 10 HEPES, 1 EGTA, pH 7.4

(adjusted with CsOH). All chemicals were purchased from Sigma (St. Louis, MO).

Temperature jumps were produced using a single emitter laser diode as the heat
source. The fiber was mounted on a micromanipulator with the tip placed close to cells as the
perfusion pipette normally was. The laser diode was driven by a pulsed quasi-CW current
power supply (Lumina Power, Bradford, MA). Pulsing of the controller was controlled from
computer through the data acquisition card using a custom program. A visible laser line (532
nm) was coupled to the fiber to aid alignhment. Constant temperature steps were generated by
irradiating the tip of an open pipette and using the current of the electrode as a readout for
feedback control. The laser was first powered on for a brief duration to reach the set

temperature and was then modulated to maintain a constant pipette current. Temperature
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was calibrated offline from the pipette current and the temperature dependence of electrolyte

conductivity. Temperature for every step was calculated as follow:

1
T =

1 R I
To ~ Ea\°8(5)

Where To corresponded to the initial (room) temperature, R denoted gases constant (1.98
cal/K.mol), lo and | are initial current (at To) and current induced by the pulse (at 7) and Ea

refers to a constant activation energy for the solution going through the open pipette.

Temperature-step protocols consisting of 9 steps of 100 ms from =36 2C to =60 2C
were used. Previous to every step, a room temperature step (232C) was applied for 50 ms,
followed by a rapid ramp of 0.75 ms to reach the temperature set. At the end of the step, a

slow ramp (200 ms) was performed for recovering room temperature.

The conductance-temperature (G-T) curves were obtained by converting the maximal current
values from the temperature step protocol to conductance using the relation G=I/(V-Vg). G-T
curves for each cell were fitted to the Boltzmann equation: G=Gmin +(Gmax- Gmin)/{1 + exp [(-
AH/R)*((1/T)-(1/Tos))]} were Gmax is the maximal conductance, Gmin is the minimal
conductance at low temperatures, Tys is the temperature required to activate the half-
maximal conductance, and AH is the slope of the G-T curve. Thereafter, estimated Gmax values
were used to obtain the normalized G/Gmax-T curves. Thermodynamical parameters for
determining the temperature dependence of channel opening were calculated using Van’t
Hoff equation: InKeg={( -AH/RT)+(AS/R) where AH and AS corresponds to enthalpy (cal/mol)
and entropy (cal.mol™.K™") of gating process between closed and open state, T is the
temperature applied in every step, R is the gas constant and Keq refers the equilibrium
constant of the channel opening process obtained from Keq={G/Gmax/(1-G/Gmax)}. Free
energy difference between closed and open state was calculated from AG= RTin(Keq).
Temperature sensitivity was estimated with Q;o parameter from macroscopic currents,
obtained from Qo={(12/11)exp(10/(T2-T1))}, 12 represented the maximum current obtained for
each cell measured at temperature T2, and I1 represented the current value obtained for each

pulse of temperature T1.
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6. MATERIAL AND METHODS

Data were visualized and analyzed using a custom-made software (Q-studio),
GraphPad Prism 5 statistical software (GraphPad Software, Inc., CA, USA), Origin 8.0 (Microcal
Software, Northampton, MA) and pCLAMP 10.3 (Axon Instruments, Foster City, CA). All data

were expressed as meantSEM with n=number of cells tested for electrophysiological data
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BIOCHEMICAL APPROACHES

BIOTINYLATION ASSAY

This procedure was used for detecting the plasma membrane protein level. Cells were
plated onto 6-well plates at 250000-400000 cells per well and transfected with Lipofectamine
2000 between 24-48h after seeding (we used one well for each DNA). The experiment was
carried out 48 h after transfection. It is important to keep the temperature down during the
whole process to avoid the internalization of membrane proteins. Firstly, we washed the cells
twice with pre-chilled PBS to eliminate the rest of serum. Then, we incubated the cells with 1
ml of biotin (Thermo Scientific Pierce) solution at 0.9 mg/ml diluted in PBS for 30 min at 49C
with gent agitation. Afterwards, we added 1 ml of Quench Biotinylation buffer [Tris-buffered
saline (in mM: 10 Tris pH 7.4, 154 NaCl)] to stop the reaction and incubated the cells for 30
min at 42C with agitation. Then, we scrapped the cells and centrifuged them to remove the
supernatant and the extra-biotin has been not bound to the plasma membrane proteins. We
proceed to lysate the cells using lysis buffer (150 pl per well) having the following
composition: in mM, 50 HEPES pH 7.4; 140 NaCl; 10% Glycerol; 1% v/v Triton X-100; 1 EDTA; 2
EGTA; 0.5% Deoxycholate; proteases inhibitor cocktail (Sigma) 1:100. Cells were maintained in
lysis buffer for 40 min at 252C with gentle agitation. Solubilized proteins were recovered by
centrifugation at 10000rpm for 15 min. Then, we discarded the pellet and quantified the
supernatant by using BCA kit procedure (Pierce) following manufacturer’s instructions. After
the lysate procedure, we kept the solubilised proteins as a reference of the total amount of
protein we started from and proceeded to denature them with SDS-PAGE sample buffer (4X:
0.25 mM Tris-HCl pH 6.8, 80 mg/ml SDS, 4 mg/ml bromophenol blue, 40 % Glicerol and 0.2 M
DTT) boiling the samples at 100 2C for 5min. From the total extract we added 150 pg of
protein sample to the Streptavidin-Agarose resin (Sigma) in over resin capacity to make sure
all the biotin-labelled proteins are getting bound to the resin. We incubated the mix over night
at 4°C. Next day we centrifuged the resin at 5000 rpm for 15 min and removed the
supernatant very carefully. Then, we washed the resin twice with lysis buffer by centrifugation

and denatured the samples as we have already described.
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SODIUM DODECYL SULFATE POLYACRYLAMIDE GEL ELECTROPHORESI (SDS-PAGE)

This electrophoretic technique allows us to separate proteins using an electric field.
SDS confers negative charge to the proteins and permits them to be separated by their
molecular weight. We used this technique for detecting TRPV1 and mutants obtained as from
total protein extracts as from biotinylation. The polyacrylamide gels (1.5 mm thickness) were

made as follow:

Composition Resolving gel (10%) Composition Stacking gel (4%)
Distilled water 4 ml Distilled water 3ml

Tris base 1.5 M pH 8.8 2.5ml Tris base 0.5 M pH 6.8 1.25 ml

SDS 100 pl SDS 50 pl

30% Acril: 8% bisacril * 3.3ml 30% Acril: 8% bisacril* 0.65 ml

PSA (10%) 70 ul PSA (10%) 60 pl

TEMED 7 ul TEMED 7 ul

* (Protogel)

We used the MiniProtean Il system (BIORAD) with a running buffer containing 0.3% Tris base,

glycine 1.44% and SDS 0.1%. We gel was run at 100mV for 1h 30min at room temperature.

WESTERN IMMUNOBLOTTING

Western blotting identifies with specific antibodies proteins that have been separated
from a pull. We used this technique to detect and quantify the amount of TRPV1 and mutant
channels we have obtained by different methods. First of all, we transferred the proteins to a
0.45um nitrocellulose membrane (BIORAD) using the Trans-Blot SD Semi-Dry Transfer Cell
System (BIORAD) following manufacturer’s conditions. The transfer buffer contained: 200 mM
Glycine, 25 mM Tris base and 20% Methanol, pH 8.5. The proteins were transferred to the
membrane for 45 min at 0.27 or 0.52 A for one or two gels respectively. Afterwards, the
membrane was blockade with non-fat milk at 5% in PBS-0.05% Tween for 1h at room
temperature with agitation. Blocking the membrane prevents non-specific background binding

of the primary and/or secondary antibodies to the membrane. Then, we separately incubated
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the membrane for the staining of primary antibodies. The antibodies used were anti-TRPV1
antibody (1:30000, Allomone labs) and anti-actin antibody (1:10000, Sigma. Actin was used as
a loading control protein) and were incubated over night at 42C with agitation. The next day
membranes were washed out with PBS-0.05% Tween three times for 10 min each one.
Following, we incubated them with the secondary antibody anti-Rabbit IgG Peroxidase
conjugate (1:50000, Sigma) for 1 h at room temperature while agitating (all the antibodies
were prepared in non-fat milk at 5% in PBS-0.05% Tween). Immunoreactive bands were
visualized using the ECL method (ECL-Select, GE-Healthcare) and manually developed using X-
ray films. Protein bands quantification was calculated using TotalLab QUANT software. Data
were expressed as means + SEM for number of experiments (n) in different conditions.
Statistical analysis was performed with One-way Analysis of Variance and significance level

was preset to p<0.05.
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BIONFORMATICS

SECONDARY STRUCTURE PREDICTION

We investigated the presence of several secondary structures predicted in TRP domain
region of TRPV1 and some representative AD2 chimeras. Analysis was performed with the

server GOR IV (http://npsa-pbil.ibcp.fr/cgi-bin/npsa automat.pl?page=npsa gord.html). We

studied TRP domain sequence (M682-F721 corresponding with rat TRPV1) of wild type protein,
AD2, AD2-17, AD2-18, AD2-19 and AD2-20. Secondary structure forms considered are alpha
helix (h), 314 helix (g), Pi helix (i), beta bridge (b), extended strand (e), beta turn (t), bend region

(s) and random coil (c). An estimated percentage is calculated for each structure.

MODELLING FULL-LENGTH TRPV1 CHANNEL

The multiple sequence alignment of the different parts of the protein was made with
CLUSTALW [174] at the European Bioinformatics Institute site (http://www.ebi.ac.uk) using
Gonnet matrices [175]. The protein was modeled by homology [163] using the templates of
remote or close homologues available with the highest resolution possible at the Brookhaven
Protein Data Bank (http://www.rcsb.org/pdb). Briefly, the transmembrane region was cast
with the spatial coordinates of the atomic structure of the eukaryotic, voltage-gated Kv1.2 K+
channel [176] (PDB code 2R9R at 2.4A resolution). The N-end domain of N-terminus was
modeled using the human thymidylate kinase (PDB code 1E9C at 1.6A resolution) as a
template, while the ankyrin domain was modeled using its solved atomic structure (PDB code
2PNN at 2.7A resolution) by Lishko et al. (2007) [177]. The C-terminal domain was modeled as
two different domains: i) the coiled-coil TRP domain near the channel gate was previously cast
using the coordinates of a parallel tetrameric four helix bundle ([61], [178]) (PDB code 1WL5 at
2.17A resolution); and, ii) the regulatory domain was modeled using the C-terminal region of
the hyperpolarized, cyclic nucleotide-gated channel HCN2 in the presence of cGMP [60] (PDB
code 1Q3E at 1.9A resolution).
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The homology modeling of the individual domains was performed in the Swiss-Model
Protein Modeling Server [179] at ExPASy Molecular Biology site (http://kr.expasy.org/). To
construct the whole model, the assembly of the entire TRPV1 was made following the physical,
biochemical, and functional information available. Peptide bond connection as well as
structure visualization and checking were made using WHAT IF [180], Swiss PDB viewer version
3.7 [181] and Yasara (http://www.yasara.org). The final molecular graphic representations

were created by Pymol 0.99rc6 (http://www.pymol.org).

The orientation and optimization of the side chains were carried out in two steps: first,
those residues making van der Waals clashes were selected and fitted with “Quick and Dirty”
algorithms (DeepView); second, models were energy minimized in vacuum (100 steps of
seetpest descent and 100 conjugate gradient, cutoff of 10 A for nonbonded interactions) with
Insight Il (Biosym/MSI). The edition of the structure was accomplished with Swiss PDB viewer
[181] and Insight Il (Accelerys Software Inc., http://www.accelerys.com/). In addition, the
model was tested in terms of energy with FoldX ([182], [183]) at the CRG site:
http://foldx.crg.es The force field of FoldX evaluated the properties of the structure, such as its
atomic contact map, the accessibility of the atoms and residues, the backbone dihedral angles,

and the hydrogen bond and electrostatic networks of the protein.

The entire system was subjected to an equilibration process previous to the molecular
dynamics simulation. The equilibration consisted in an initial minimization with fixed backbone
atoms, followed by a minimization with restrained carbon alpha atoms and a short molecular
dynamics (10 ps), to reduce initial bad contacts and to fill empty cavities. Then, the full system,
under periodic boundary conditions in the three coordinate directions, was simulated at 3102K
for 1 ns. All dynamic simulations were done by using NAMD [184] with the force field
CHARMM27 [185]. The cutoff used for long range interactions was 10 A.
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Para tener éxito no tienes que hacer cosas extraordinarias.
Haz cosas sencillas extraordinariamente bien.

Jim Rohn.
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agradecer muchas cosas. Asi es que, pido perddn de antemano por si se me olvida alguna de
esas personas que, en mayor o menor medida, me han ayudado, apoyado, acompafiado y
compartido algo conmigo durante estos 6 afios.

En primer lugar, me gustaria agradecer al Prof. Antonio Ferrer que me diera la
oportunidad de haber hecho esta tesis. Que después de ver una charla de “su eminencia”
Ramadn Latorre, fui de cabeza a su despacho y le dije...” Antonio, yo quiero trabajar en esto de
los TRPs” y él me acogid, me ensefid y me ayudd a querer un poco mas la ciencia. De nuevo,
gracias. También a Grego; gracias por tu ayuda con esos modelos estructurales que tanto me
cuesta visualizar...jeje. Pero mas por la disposicidn que siempre has mostrado para ayudarme
ante cualquier problema. Gracias. En este grupo también quisiera afadir a unas personas que,
nos ayudan mucho mas de lo que nos pensamos y valoramos, y siempre pasan injustamente
desapercibidos en estos momentos. A mi secretaria favorita, May, Carmen, Javier y Raquelita.
Sois lo mas. Gracias.

Los siguientes en la lista, sin dudarlo ni un momento, son mi familia. Ese apoyo
incondicional que solo unos padres pueden dar no es comparable con ninguna otra cosa.
Mama, que siempre has creido en miy en “mi estrella”. Y papd, porque siempre me haces reir
y por tus abrazos de “energia positiva”. GRACIAS. Y, por supuesto, mi hermana Maria.
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conmigo grandes momentos. Lo que yo creo mas importante y siempre llevaré en mi memoria,
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siempre habia alguien de vosotros ahi para arreglarlo. Lo nuestro es increible. Y, como siempre
decimos, sé que ésto no lo encontraremos en ningun otro sitio. Ahora, permitidme hacer
alguna mencidn especial. Aaron, gran companfero de batallas, de largos dias de laboratorio y
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acompanado en esta etapa. Desde los ultimos afios de carrera habéis sido un pilar
fundamental para mi en los buenos y malos momentos. Hemos compartido horas de estudio,
comidas, viajes, crisis (experimentales o no)...y no cambiaria ni un solo minuto de todo lo
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9.1 ABBREVIATION LIST

cAMP: Cyclic adenosine monophosphate

2-APB: 2-Aminoethoxydiphenyl borate

ATP: Adenosin triphosphate

DNA: Desoxyrribonucleic acid

RNA: Ribonucleic acid

CaM: Calmoduline

CaMKIl: Ca ** /Calmodulin-Dependent Protein Kinase Il
cDNA: Complementary desoxyrribonucleic acid

CGRP: Calcitonin gene related peptide

CNG: Cyclic nucleotide-gated ion channel

DRG: Dorsal Root Ganglial

DTT: Dithiothreitol

EC50: Effective concentration 50%

Fluo-4 NW: Fluo-4 no-wash

G: Conductancie

GABARAP: Gamma-aminobutyric acid receptor-associated protein
AGo: Free energy difference between open and closed state at 0 mV and 252C
Gmax: Maximum conductance

HCN: Hyperpolarization-activated cyclic nucleotide-modulated ion channel
HEK293: Human Embryonic Kidney 293

I: current Intensity

Imax: maximum current Intensity

IP3: Inositol trisphosphate

Kcs: A K+ channel from Streptomyces lividans

NaCl: Calcium chloride

PBS: phosphate buffered saline

PIP2: Phosphatidylinositol 4,5-bisphosphate

Pirt: Posphoinositide interacting regulator of TRP

PKA: Protein kinase A

PKC: Protein kinase C

PKD: Polycystic kidney disease

PLC: Fosfolipase C

Q10: Temperature coefficient

RNA: Ribonucleic acid

RTX: Resiniferatoxin

$1-S6: Transmembrane segments 1to 6

SDS: Sodium dodecyl sulfate

SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SNARE: SNAP (Soluble NSFAttachment Protein) Receptors
SP: Substance P

TG: Trigeminal ganglia

TRP: Transient Receptor Potencial

TRPA: Transient Receptor Potencial Ankyrin

TRPC: Transient Receptor Potencial Canonical
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TRPM: Transient Receptor Potencial Melastatin

TRPML: Transient Receptor Potencial Mucolipin

TRPN: Transient Receptor Potencial (NOMPC) No Mechanoreceptor Potencial C
TRPP: Transient Receptor Potencial Polycystin

TRPV: Transient Receptor Potencial Vanilloid

TRPY: Transient Receptor Potencial Yeast

V: Voltage

V,.5. voltage at which 50% of channels are open

Zg: gating valence

T: Rate constant of gating process
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Mutation of 1696 and W697 in the TRP box of Vanilloid Receptor Subtype | modulates allosteric
channel activation. J Gen Physiol. (Submitted)
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“..Sali a la impresionante terraza y me fascinaron aquellas
excelentes vistas que abarcaban casi toda la costa de Capri. No
me habia percatado que al subir tantas cuestas nos habiamos
situado en una evaluacion privilegiada. A veces en la vida pasa lo
mismo: la dificultad de la pendiente te hace olvidar que no paras
de progresar y subir.”

Albert Espinosa.
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