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Abstract The transient receptor potential vanilloid
subtype 1 (TRPV1) is a member of the TRP family gated
by vanilloids, heat, and protons. Structurally, TRPV1
subunits have a modular architecture underlying different
functionalities, namely stimuli recognition, channel gating,
ion selectivity, subunit oligomerization, and regulation by
intracellular signaling molecules. Considering modular
organization and recent structural information in the ion
channel field, we have modeled a full-length TRPV1 by
assembly of its major modules: the cytosolic N-terminal,
C-terminal, and membrane-spanning region. For N-termi-
nal, we used the ankyrin repeat structure fused with the N-
end segment. The membrane domain was modeled with the
structure of the eukaryotic, voltage-gated Kv1.2 K™
channel. The C-terminus was cast using the coordinates of
HCN channels. The extensive structure—function data
available for TRPV1 was used to validate the models in
terms of the location of molecular determinants of function
in the structure. Additionally, the current information
allowed the modeling of the vanilloid receptor in the closed
and desensitized states. The closed state shows the N-ter-
minal module highly exposed and accessible to adenosine
triphosphate and the C-terminal accessible to phosphoino-
sitides. In contrast, the desensitized state depicts the N-
terminal and C-terminal modules close together, compati-
ble with an interaction mediated by Ca**—calmodulin
complex. These models identify potential previously
unrecognized intra- and interdomain interactions that may
play an important functional role. Although the molecular
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models should be taken with caution, they provide a
helpful tool that yields testable hypothesis that further our
understanding on ion channels work in terms of underlying
protein structure.
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TRPV1 is one member of the vanilloid subfamily of
mammalian TRP channels (Montell et al. 2002; Pedersen
et al. 2005; Venkatachalam and Montell 2007; Ramsey
et al. 2006). This channel is involved in the detection and
integration of painful chemical and thermal stimuli (Cate-
rina et al. 2000). Receptor functional analysis demonstrated
that TRPV1 is a nonselective cation channel activated by
heat (>42°C), low pH and capsaicin, playing a key role in
nociception, as well as in calcium homeostasis, hyperalge-
sia and neurogenic inflammation (Caterina et al. 1997;
Caterina and Julius 2001; Garcia-Martinez et al. 2002; Ji
et al. 2002; Tominaga and Tominaga 2005). The general
topology of the vanilloid channel includes an intracellular
N- and C-terminal region of variable length and six trans-
membrane domains with an additional short amphipathic
stretch between transmembrane regions 5 and 6. The N-
terminal region contains six ankyrin repeats, and the C-
terminal has a coiled—coil segment just adjacent to the sixth
transmembrane segment that has been implicated in the
subunit tetramerization and channel gating (Garcia-Sanz
et al. 2004, 2007; Valente et al. 2008).

The activation of TRPV1 channel by heat, pH, voltage
and ligands, as well as the cellular processes that modulate
its activation, is consistent with a TRPV1 architecture
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comprising a number of functional protein modules. This
organization has been suggested by extensive structure—
function relationships. Hence, the temperature sensor has
been located at the C-terminus of the protein, along with
the interaction with phosphoinositides and calmodulin
(Brauchi et al. 2007). The vanilloid binding site seems to
be structured by the transmembrane segments S2—S4 (Jordt
and Julius 2002; Johnson et al. 2006; Gavva et al. 2004),
and the proposed voltage sensor seems to be defined by a
single arginine residue in the S4 segment (Matta and Ahern
2007; Voets et al. 2007). Conversely, the pH sensor has
been mapped in the extracellular, amphipathic segment
connecting S5 and S6 (Jordt et al. 2000). The N-terminus
domain harbors ankyrin repeats that are able to bind mul-
tiple ligands and modulate the channel activity (Lishko
et al. 2007). The ankyrin domain competitively binds
adenosine triphosphate (ATP) and calmodulin, which play
a role modulating capsaicin-induced receptor tachyphy-
laxis (Lishko et al. 2007). In addition, this domain is
involved in complexing with cytosolic proteins (Morenilla-
Palao et al. 2004).

Despite the wealth of structure—function information on
the TRPV1, the structural data available are restricted to the
ankyrin domain (Lishko et al. 2007), which represents a
handicap for a molecular interpretation of the functional
data. The lack of structural information reflects the difficulty
of overproducing and crystallizing protein membranes.
However, an alternative approach that could be used is to
build up structural models taking advantage of the modular
organization of the proteins and the evolutionary conser-
vation of such modules from prokaryotes to eukaryotes
(Minor 2007). Thus, molecular or structural homologous
proteins or protein domains could be utilized as valuable
templates to model the architecture of eukaryotic ion
channels. A potential problem is that the transference of
information from available structures to similar, but not
exactly the same proteins is inherently biased to the starting
template (Minor 2007), and even with good homology
models having the overall backbone fold correct, the exact
positioning of side chains and loops could be compromised.
In addition, the structure of an incomplete protein does not
provide structural information on the absent domains,
except for the rough location of the N-terminal and
C-terminal connections. Nevertheless, these homology-
based models, although with limitations, provide valuable
testable hypothesis susceptible of function-directed struc-
tural refinement.

Here, we have used this approach to model the full-
length TRPV1 channel. We took advantage of the solved
structure of the eukaryotic Kv1.2 channel, which exhibits
some molecular analogy with TRPV1, particularly in the
organization of the transmembrane domain. In addition,
several structure—function studies on TRPV1 suggested a
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similar structure for the pore domain of TRPV1 and volt-
age-gated K channels (Ferrer-Montiel et al. 2004). The
structural homology is further substantiated by the voltage-
dependent gating of TRPVI1. The model was completed
with the structural arrangement of the two distinct and
independent modules present in the TRPV1 structure,
namely the cytosolic N- and C-termini. We report the
putative molecular forms of the closed and desensitized
states of the TRPV1 channel. These models are compatible
with the available functional data, thus providing the first
testable structural templates of a full-length TRP channel.

Materials and Methods

Sequence Alignment of the Transmembrane Domains
of TRPV1 and Kvl1.2

The automatic multiple sequence alignment of the TRPV1
and Kvl.2 transmembrane regions was performed with
CLUSTALW at the European Bioinformatics Institute
(Labarga et al. 2007) site (http://www.ebi.ac.uk) using
Gonnet matrices (Gonnet et al. 1992). Manual alignment of
the transmembrane region was accomplished by the
alignment editor BioEdit v7.0.9 (Hall 1999) using PAM250
matrices. The resulting alignment had 9.5% identity and
31.5% similarity.

Modeling Full-length TRPV1 Channel

The protein modules were modeled by homology using the
structural templates of remote or close homologues avail-
able with the highest resolution possible at the Brookhaven
Protein Data Bank (http://www.rcsb.org/pdb). The trans-
membrane region was cast using the spatial coordinates of
the atomic structure of the rat potassium channel Kvl1.2
(Long et al. 2007) (PDB code 2R9R at 2.4 A resolution).
The N-end domain of the N-terminus was modeled using
the human thymidylate kinase (PDB code 1E9C at 1.6 A
resolution) as a template, while the ankyrin domain was
molded using its recently solved atomic structure (PDB
code 2PNN at 2.7 A resolution) by Lishko et al. (2007).
The C-terminal domain was modeled as two distinct
domains: 1) the coiled—coil TRP domain near the channel
gate was previously cast using the coordinates of a parallel
tetrameric four helix bundle (Yadav et al. 2006; Garcia-
Sanz et al. 2007) (PDB code 1WLS5 at 2.17 A 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 (Garcia-
Sanz et al. 2004) (PDB code 1Q3E at 1.9 A resolution).
The homology modeling of the individual domains was
performed in the Swiss-Model Protein Modeling Server
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(Schwede et al. 2003) at ExXPASy Molecular Biology site
(http://kr.expasy.org/). The partial models obtained after
homology modeling were cut and the residues were
renumbered to match exactly the human TRPV1 sequence.

Domain Assembly

Because there is no direct structural information to connect
the different parts of the TRPV1 (N-terminal, C-terminal
and transmembrane domains) to construct the whole model,
the assembly of the entire TRPV1 was made following the
physical, biochemical, and functional information avail-
able. First, the C-terminal was positioned following the four
S6 transmembrane regions according to the predicted
coiled—coil structure, already described as essential for
subunit oligomerization (Garcia-Sanz et al. 2004), and
channel gating activation (Garcia-Sanz et al. 2007; Valente
et al. 2008). Second, the N-terminal domain coupling was
based on the connection of the ankyrin repeats crystal
structure with the S1 transmembrane region by using an
unordered peptide. Third, the relative position between
N- and C-terminal in the cytosol was explored by posi-
tioning the domains in two plausible conformations: a
closed state with noninteracting N-and C-terminal domains;
and a putative desensitized state, where these domains
interact via calmodulin. In both cases a large cytosolic
cavity is produced, and the dimension of the starting models
agrees well with that reported for TRPV1 channel revealed
by electron microscopy (Moiseenkova-Bell et al. 2008).
Peptide bond connection as well as structure visualization
and checking were carried out by WHAT IF (Vriend 1990)
and Swiss PDB viewer version 3.7 (Guex and Peitsch
1997). The final molecular graphic representations were
created by PyMOL 0.991rc6 (http://www.pymol.org).

Side-chain Optimization

The initial orientation and optimization of the side chains
were achieved in two steps: first, residues making van der
Waals clashes were selected and fitted with “Quick and
Dirty” algorithms; and second, models were energy mini-
mized in vacuum (100 steps of steepest descent and 100
conjugate gradient, cutoff of 10 A for nonbonded interac-
tions) with Insight II (Biosym/MSI), previously to the
molecular dynamics (see below). The edition of the struc-
ture was accomplished with Swiss PDB viewer (Guex and
Peitsch 1997) and Insight II (Accelrys Software Inc.,
http://www.accelrys.com/). The starting models were ini-
tially evaluated with PROCHECK (Laskowski et al. 1996)
showing a Ramachandran plot with 84.1% of the residues in
most favorable regions and 15% in additional allowed
regions. In addition, the model was tested in terms of energy
with FoldX (Guerois et al. 2002; Schymkowitz et al. 2005)

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 within the protein.

Molecular Dynamics Simulation

To relax the TRPV1 models, the system was embedded into
a palmitoyl oleoyl phosphatidyl choline (POPC) lipid
bilayer, and solvated in a water box (TIP3 model) consid-
ering the presence of 0.2 M NaCl. All water molecules with
oxygen atoms closer than 3.8 Atoa nonhydrogen atom of
the protein, as well as lipid molecules with at least one atom
closer that 1.3 A to a nonhydrogen atom of the protein, were
removed. The lipid—protein assembly was done with VMD
(Humphrey et al. 1996). Topology predictions allowed the
appropriate positioning of the transmembrane region to the
bilayer. 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 bor-
dering conditions in the three coordinate directions, was
simulated at 310 K for 1 ns (“Langevin dynamics” and
“Constant pressure” with restraints, “Constant pressure”
without restraints, and then “Constant pressure” with
reduced damping coefficients). The final stage of the sim-
ulation was performed with parameters that approximate
more closely to free dynamics (“LangevinDamping”
parameter reduced and “LangevinPistonDecay” increased),
while still maintaining an NPT ensemble, for 2-ns simula-
tion. All dynamic simulations were performed by NAMD
(Phillips et al. 2005) with the force field CHARMM?27
(Mackerell et al. 2004). The cutoff used for long-range
interactions was 10 A.

Results
Modular Nature of the TRPV1 Channel

Eukaryotic channel proteins are complex assemblies of
central subunits organized around a central aqueous pore.
Each channel subunit is in turn composed of several
structural domains that endow the protein of a specific
functionality. Structure—function studies have shown that
TRPV1 is modular, containing at least three major protein
domains: i) a cytosolic N-terminus region holding an
ankyrin domain and involved in the modulation of the
channel activity and in the interaction with cytosolic
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Fig. 1 Alignment between human TRPV1 and rat Kv1.2 transmem-
brane regions. The automatic alignment was refined by hand using the
prediction of buried and lipid exposed residues for transmembrane
region of TRPV1 channel. Identity percentage was 9.5%, and
similarity was 31.5%. Underlined sequence show predicted o-helices

proteins (Morenilla-Palao et al. 2004; Lishko et al. 2007;
Jung et al. 2002), ii) a transmembrane region encompassing
segments S1-S6 having the vanilloid binding site, and the
voltage and pH sensors (Jordt and Julius 2002; Johnson
et al. 2006; Voets et al. 2007; Long et al. 2005; Jordt et al.
2000); and, iii) a C-terminus that includes a tetramerization
domain, and the temperature sensor (Garcia-Sanz et al.
2004; Brauchi et al. 2007). To obtain a full-length struc-
tural model of TRPV1 we first modeled each domain
separately, and then linked the three molded structures to
have an initial template that was further structurally opti-
mized and validated taking into account the plethora of
structure—function relationships available.

Modeling of the Transmembrane S1-S6 Region

The template selected to model the transmembrane
domains was the recently published structure of the volt-
age-dependent Kv1.2 rat potassium channel (Long et al.
2007) because they share an identical six transmembrane
segment topology, and arrange in a homomeric quaternary
structure (Latorre et al. 2007). In addition, structure—
function relationships suggest that TRPV1 and Kv channels
share an overall molecularly-related pore domain and a
voltage sensor (Ferrer-Montiel et al. 2004; Pedersen et al.
2005; Ramsey et al. 2006; Cromer and Mclntyre 2008;
Latorre et al. 2007). However, as a result of the low amino
acid similarity between TRPV1 and Kv1.2, both sequences
cannot be automatically aligned to build the homology-
based model because significant errors are produced. These
alignment inaccuracies are further enhanced because of
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for TRPV1 and crystallographic o-helices for Kv1.2. Differences in
the S2-S3 loop and in pore helix are boxed. Highlighted positions in
the pore helix reveal the limitations for the alignment in this region
(see text)

deletion and/or insertions in the water-exposed loops that
connect the transmembrane segments (Fig. 1). Thus, a
cautious manual adjustment of the computer-generated
multiple sequence alignment is required to ensure that
conserved residues are positioned, and to move gaps to
loop regions that connect the transmembrane domains
(Chang et al. 2005) (Fig. 1). An invaluable guide for
manually fitting the sequences alignment was a previous
study that reported a prediction of lipid-facing and burial
residues in transmembrane regions of TRPVI1 channel
(Adamian and Liang 2006). This investigation used the
transmembrane detection algorithm TMHMM to assign the
transmembrane regions and the position of residues gov-
erning helical-helical and helical-lipid interactions (Krogh
et al. 2001; Elofsson and von Heijne 2007). The secondary
structure prediction was also used to guide the alignment
(Fig. 1). The global alignment allowed the construction of
a model where hydrophobic and charged/polar residues
fitted reasonably well with the Kv1.2 template (Fig. 1). It
was only necessary to perform minor rotamer adjustments
to avoid strong van der Waals clashes, and that hydrogen
bond networks were correctly formed.

The Kv1.2 channel depicts a significantly shorter intra-
cellular S2-S3 loop than TRPV1 (Fig. 2a), and thus we
could not use crystallographic coordinates to model its
structure, which is shown as unordered. However, we
imposed several functional constrains, in particular in the
region close to the bilayer interface. This region is involved
in the binding of vanilloids. The proposed molecular
determinants in S3 are R491, Y511, and S512 (Jordt and
Julius 2002; Johnson et al. 2006). Other residues involved
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Fig. 2 Modeled TRPV1
transmembrane domain. (a)
Global view of the TRPV1 S1 to
S6 transmembrane domain. The
model exhibits a voltage sensor
module (left) and a pore module
(right). The S2-S3 loop
involved in the vanilloids
binding is presented in a
unordered conformation (black
arrow). Details of important
polar and hydrophobic
interactions in S1-S4 (b) and ‘
S5-S6 (¢) domains (see text).
Hydrogen bonds are depicted as
magenta discontinuous lines.
The potassium ions located in
the selectivity filter are drawn as

A

orange spheres

in ligand interaction are L547, W549 and T550 in the S4
segment (Gavva et al. 2004). The modeled S2-S3 loop
positions R491 in S2 toward the membrane interface
interacting with the polar group of Q561 in S4, and in turn,
hydrogen bonds with Y436 in S1 (Fig. 2b). These inter-
actions fulfill two important requirements for stability: first,
compensate a positive charge in a quite hydrophobic
environment; second, anchors the S2-S3 loop containing
the binding site for capsaicin and derivatives near the
membrane interface. In this configuration, the residues
Y511 and S512 that seem to be involved in capsaicin
binding (Jordt and Julius 2002) are located at the beginning
of S3 exposed to the cytosolic environment, but close to the
membrane interface (Fig. 2a). Additional determinants of
vanilloid binding are located in the S4 segment. Residue
547 is facing the lipid environment suggesting a marginal
role in agonist binding, while W549 is oriented to a cavity
structured by S1-S3, consistent with their involvement in
capsaicin interaction. Residue T550 seems to play a more

structural role by hydrogen bonding with T597 of the
adjacent subunit. Mutation of this residue could therefore
alter the vanilloid binding site consistent with the func-
tional effect reported (Gavva et al. 2004).

Residue S502 that has been reported to be located in a
consensus sequence for PKA, PKC, and CAMKII is solvent
exposed and therefore fully accessible to be phosphory-
lated. The phosphorylation state of this residue is known to
affect the binding affinity of vanilloids (Jung et al. 2004).
Inspection of the modeled structure is consistent with the
hypothesis that the phosphorylation state of S502 may
change the conformation of the capsaicin binding site. This
impact is because of a putative interaction of this region
with polar and charged residues (Q424, D425, K426, etc.)
located in the spatially close N-terminal regulatory domain.

The transmembrane domain also holds a voltage sensor
that, at variance, with that of voltage-activated channels,
seems to lack most of the positively charged residues in the
S4 segment (Fig. 1). This lower positive charge is
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consistent with the weak voltage dependency exhibited by
TRPV1, with charge movements during gating of <le
(Premkumar and Ahern 2000; Voets et al. 2004). Inspection
of the TRPV1 S4 identifies a single arginine (R557) in the
N-end of the S4 segment. The model suggests the R557
interacting with E570 and Q560, residues located in the S4—
S5 linker (Fig. 2b). This arrangement is compatible with a
role of the S4-S5 segment in voltage-gated channel gating
(Voets et al. 2007; Matta and Ahern 2007). Imposition of a
strong electric field would break this interaction and pull
outward the S4 segment, which in turn would drag the
linker, giving rise to pore opening. The central role of the
S4-S5 segment is further underscored by the presence of
positive residues K571, R575 and R579, that are oriented
toward the intracellular moiety, close to the bilayer inter-
face where they could be interacting with negatively-
charged lipids, thus contributing to the stabilization of the
linker in the closed state of the channel. This organization is
in agreement with functional data that endow a role of
K571, R575 and R579 in voltage sensing (Voets et al. 2007,
Long et al. 2005), and lipid interaction (Brauchi et al. 2007).

The pore domain of TRPV1 is the region that shows the
highest resemblance to Kv channels (Fig. 1). Indeed, this
region was previously modeled using as a template the
coordinates of the prokaryotic KcsA channel (Ferrer-
Montiel et al. 2004). The most conspicuous difference is
found in the size of the loop connecting the S5 and S6
transmembrane segment. This domain contains important
determinants of function, such as the pH sensor (E600), the
selectivity filter that defines the permeation properties, as
well as a glysosylation site (N604) (Wirkner et al. 2005).
As depicted in Fig. 2, the high resolution structure of the
Kv1.2 channels seems to be an accurate template to cast the
pore module of TRPV1. The overall structure shows that
the wall of the ionic pore is formed by the S5 and S6
transmembrane helices, where the S5 of one subunit is
interacting with the S4 of the adjacent monomer. The S6
holds at its C-end a set of hydrophobic residues that may
structure the gate of the channel. Connecting both helices,
there is a long loop that was partially modeled as an o-helix
taking into consideration secondary structure prediction.
The external loop connects with pore helix, which is fol-
lowed by the extended configuration that holds the
signature sequence TXGMG that structures the channel
selectivity filter. The pore helix of TRPV1 and the Kv1.2
exhibit significant differences, in particular by the presence
of E637 and K640 in the vanilloid receptor that are
hydrophobic residues in Kv1.2 (Fig. 1). The K640 is
located in the C-terminal of the pore helix, facing S5 and
S6, and buried in an unfavorable hydrophobic environment.
Thus, we compensate the positive charge of K640 by salt
bridging it with the E637 that lies in the same face of the
o-helix. This arrangement is supported by the observation
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that charge swapping at these positions gives rise to
functional channels (Garcia-Martinez et al. 2000).

The structural conformation of the pore domain depicts
residue E600, a molecular determinant of pH sensing and
divalent cation binding (Jordt et al. 2000; Ahern et al.
2005). The model shows the residue E600 hydrogen bonds
with Y632 located in the helix pore. Furthermore, it is
exposed to the extracellular milieu and surrounded by the
acidic residues D601, D605, D625 and E652 (Fig. 2c¢),
forming a negatively-charged cluster that could be readily
altered by protonation of E600. This organization of E600
is consistent with a role as a pH sensor. Another residue
involved in pH sensing is T634 in the pore helix, located in
the model close to the aqueous pore and facing the S5
region of the adjacent monomer, suggesting a role of the
helix pore as an active component in channel gating (Ryu
et al. 2007).

Another cluster of negatively-charged residues is loca-
ted at the vestibule of the aqueous pore, near the signature
sequence that forms the selectivity filter. These acidic
amino acids are water-exposed forming a negative poten-
tial sink that attracts cations at the pore entryway (Ferrer-
Montiel et al. 2004). Mutation of E637, D647, and E649
altered the sensitivity of the channel to divalent cations and
ruthenium red (Garcia-Martinez et al. 2000; Welch et al.
2000; Ahern et al. 2005). Taken together, the proposed
model of the membrane-spanning domain reasonably pro-
vides a structural framework, consistent with the functional
observations and suggests additional experimental work to
determine the involvement of additional residues in chan-
nel gating.

Modeling the Cytosolic N-terminal Domain

The whole N-terminus of TRPV1 seems composed of three
distinct regions: i) an N-end stretch comprising the first 111
amino acids; ii) the ankyrin repeats involved in protein-
protein interactions with cytosolic proteins and binding
ATP (Morenilla-Palao et al. 2004; Lishko et al. 2007); and
iii) a regulatory domain that connects the N-terminus to the
membrane region. Of the three regions, the ankyrin domain
is the only one that has been crystallized bound to ATP and
its structure solved (Lishko et al. 2007), and therefore, we
use it to build the conformation of the entire N-terminus
(Fig. 3a).

The first 111 residues have been described as an
unstructured, proline-rich stretch of residues that are not
crucial for capsaicin activated currents (Jung et al. 2002). A
BLAST search with this segment against the PDB database
gave partial similarities with the proximal proline stretch
(amino acids 1-35) or with the distal segment encom-
passing residues 95-111 of the human thymidylate kinase.
Because of this partial homology, we decided to model this
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Fig. 3 Models of TRPV1 N-terminal and C-terminal domains. (a)
The N-terminal of TRPV1 was modeled as three distinct regions, the
N-end stretch (green, 1-111), the ankyrin repeats (cyan, 112-364),
and the linker domain (red, 365—433), connecting to S1 transmem-
brane region. The black arrow points to the Pro-rich region in the N-
end stretch. (b) The C-terminal was modeled as three different
regions: the TRP domain (red, 684-721), the heat sensor (magenta,
727-752), and the regulatory domain (767-810) comprising the
overlapping calmodulin (blue) and the PIP, (cyan) binding sites

stretch using as a template the structure of the kinase and
connect it to the ankyrin domain. The structure fitted quite
reasonably well with the C-end region of the N-terminus.
The proximal N-end contains a proline rich motif com-
prising residues R32 to P38 that was predicted as an
unstructured, extended conformation (Fig. 3a). Interest-
ingly, this stretch contains a typical consensus sequence for
SH3 domain recognition type I (RxxPxxP) that suggests
that this region may participate in protein—protein inter-
actions characteristics of membrane complexes. It is also
tempting to hypothesize that this “putative” SH3 domain
may be involved in the Src-kinase-mediated phosphoryla-
tion of Y200, a process that triggers the exocytotic
insertion of TRPV1 channels into the cell surface in
response to NGF-induced sensitization (Zhang et al. 2005).

The domain encompassing amino acids 365—-433 con-
nects N-terminus to the S1 transmembrane segment. The
structure of this domain is presented in the model as vir-
tually unstructured as a result of the lack of similarity with
any protein available in the public databases (Fig. 3a). A
small part was modeled taking a portion of the cytoplasmic
beta-subunit associated to the Shaker potassium channel
Kv1.2. The role of this region in the model is to be a
connector of the ankyrin domain to the transmembrane
region. In addition, the lack of structure—function data

precludes a potential refinement of this structural confor-
mation. Nonetheless, because the ankyrin domain seems to
be involved in the conformational change that leads to a
desensitized state, the flexibility of this domain may be
important for the structural rearrangements triggered by
ligand-induced desensitization.

Modeling the Cytosolic C-terminal Domain

We have previously modeled the C-terminus domain of
TRPV1 (Fig. 3b) as two distinct regions, namely the TRP
domain (E684-R721) and a regulatory region (767-810)
connected by a flexible linker (Garcia-Sanz et al. 2004,
2007; Valente et al. 2008). The TRP domain is predicted to
fold as a coiled—coil structure that seems essential for
subunit oligomerization (Garcia-Sanz et al. 2004), and
contributes to define the activation energy of channel gat-
ing (Garcia-Sanz et al. 2007). The coiled—coil TRP
domains of the four subunits are arranged in a four-helix
bundle structure, giving rise to a homotetramer (Fig. 4).
Examination of the four-helix bundle shows that the core
“a” and “d” positions of the coil mediate most of the
intersubunit interactions, and mutations that disrupt or alter
these interactions should have a profound impact on the
activation energy of channel gating (Garcia-Sanz et al.
2007), and suggest that the preservation of compatible in-
tersubunit and intrasubunit interactions in the TRP domain
is critical for channel gating. Thus, it is suggested an
important role of this segment in coupling the conforma-
tional change induced by the activating stimulus to gate
opening. In addition, this segment holds residues R702 and
K711 that are externally oriented consistent with a poten-
tial interaction with the polar heads of PIP,. It should be
noted that a simultaneous interaction of R702/K711 and
R575/R579 with PIP2, as described in Brauchi et al. (2007)
for the homologous menthol-activated TRPMS channel, is
not supported by our model because the two set of amino
acids are located quite distant. Nonetheless, it is plausible
that they could interact with the lipid bilayer in
conformationally different channel states, i.e., closed and
open.

The regulatory C-terminus was modeled taking into
consideration the significant similarities in secondary
structure prediction between TRPV1 and the HCN2 cyclic
nucleotide binding domain (Zagotta et al. 2003). This
domain was composed of two distinct sites corresponding
to a region containing a putative PIP2 (amino acids 777—
810) and calmodulin binding sites (residues 767-801)
(Numazaki et al. 2003; Prescott and Julius 2003). The
interaction of PIP2 with this region is controversial because
mutations in C-terminal of TRPV1 indicate an inhibitory
role for PIP2 (Prescott and Julius 2003). However, recent
studies have found that PIP2 reduces tachyphylaxis (Liu
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Fig. 4 Tetrameric arrangement of the full human TRPV1 in the
closed state. (a) Side view of the ribbon structural model of two
opposite monomers of TRPV1 channel. The other two monomers are
not shown for clarity. (b) Upper view of the channel. Potassium ions
are shown as orange spheres. Contacts between monomers occur
mainly in the membrane domain and at the C-terminus coiled—coil
domain that lies around the central axis and surrounded by the N-
terminus. (¢) Global view of the TRPV1 model in the closed state,
inserted into the lipid bilayer, after molecular dynamic simulation

et al. 2005; Stein et al. 2006; Lishko et al. 2007), consistent
with an inhibition of the calmodulin binding to the C-ter-
minal region that overlaps with the putative PIP2 binding
site. In this context, our model also places the putative PIP,
binding site far from the membrane, at least in the modeled
closed conformation. Thus, our proposed conformation is
more consistent with those functional findings that locate
the residues involved in PIP2 binding in the globular region
of the TRP domain and the S4-S5 linker (Brauchi et al.
2007; Prescott and Julius 2003). Nevertheless, we can not
rule out that the conformation change that leads to the open
conformation approximates this domain to the membrane
interface, although it seems unlikely as a result of the
severe constrains that the N-terminus may imposed in the
full-length, native receptor.

The temperature sensor of TRPV1 has been assigned to
the C-terminus of the protein, specifically in the linker
segment (amino acids 727-752) between the TRP domain
and the calmodulin binding domain (Kwak et al. 2000;
Brauchi et al. 2007). This region is proposed to be an
unstructured conformation in the model, oriented to the
cytosol and completely solvent exposed. This conformation
does not provide any structural hint on the functional role
assigned to this domain. It is plausible that temperature

@ Springer

sensing may involve the interaction of the linker with other
domains of the protein and/or molecules.

Modeling the Full-length TRPV1 Channel in the Closed
State

Having modeled the three independent domains of TRPV1,
we next connected them to produce a mold of the full-
length protein (Fig. 4). Four of these subunits were arran-
ged around central axis to produce the tetrameric channel
in the closed state. The model shows that most intimate
contacts between monomers occur in the membrane
domain. In addition, significant interactions are also
noticeable at the level of the coiled—coil domain at the C-
terminus. The structure of the channel depicts that the C-
terminal domains lie around the central axis, surrounded by
the N-terminus. This organization suggests that both
cytosolic domains may be interacting, which could con-
tribute to stabilize the homotetramer. This tenet is
consistent with the significant, but not complete, abroga-
tion of channel assembly when the TRP domain is deleted
(Garcia-Sanz et al. 2004). The organization of the N-ter-
minus in the homotetramer is also compatible with its
functional role. The fingers of the ankyrin domain are
oriented externally where they could readily interact with
cytosolic proteins. A similar orientation is outlined for the
phosphorylation regulatory sites S117 and Y200 (Bhave
et al. 2002; Jin et al. 2004). In addition, the extended
configuration of the N-terminus linker and the S2-S3 loop
may allow the access of S502 to protein kinases.

Modeling the Full-length TRPV1 Channel
in the Putative Desensitized State

Notably, a CaM-mediated interaction of the N- and
C-termini has been proposed to occur in the desensitized
state of the channel (Lishko et al. 2007). This hypothesis
suggests that, upon PIP2 depletion by PLC, Ca®"—cal-
modulin binds to its N and C-termini sites provoking
conformational change of the N-terminus producing clos-
ing of the pore gate (Lishko et al. 2007). Thus, we
questioned whether our model could also be consistent
with this proposition and modeled a putative desensitized
state of the channel by changing the relative position of the
N-terminus with respect to that of the S1-S6 region and the
C-terminal (Fig. 5). We checked the size compatibility for
ankyrins-CaM-C-terminus interactions by inserting a Ca**-
CaM complex (PDB code 2F3Z). Although the exact points
of interaction between Ca?"-CaM and the ankyrin repeats
or Ca’T-CaM and the C-terminal are unknown, the model
shows that Ca’"-CaM could be positioned between the
C-termini of two adjacent monomers. This location
reproduces the interaction of Ca*"-CaM with the C-end
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Fig. 5 Putative interaction of N- and C-terminal regions of TRPV1
via calmodulin. (a, b) Side and upper views of the modeled TRPV1
with a different spatial location of the N-terminal, which allows the
interaction with C-terminal mediated by calmodulin (in magenta).
The presumed flexibility of the N-terminal linker allows high mobility
for the entire N-terminal to interact with the C-terminal or with other
cytoplasmatic proteins. (a) Only two opposite monomers for clarity.
(C) Global view of the TRPV1 model in the putative desensitized
state inserted into the lipid bilayer after molecular dynamic simulation

domain encompassing residues 767-801, that holds a
Ca’"-CaM binding site (Rosenbaum et al. 2004) (see
Fig. 5). Furthermore, the model depicts that the ankyrin
domain could interact with Ca’"-CaM in the proposed
region (amino acids 189-222) that lies close to their ATP
binding site (Lishko et al. 2007). In addition, the phos-
phorylation sites S117 (Bhave et al. 2002) and Y200 (Jin
et al. 2004) point toward negatively-charged residues in the
CaM, and the phosphorylated form may interfere with the
Ca”*-dependent binding of CaM to this site, as suggested
by Lishko et al. (2007). In support of this notion, TRPV1
phosphorylation potentiates its channel activity partially by
preventing the channel desensitization (Bhave et al. 2002,
2003). Taken together, a putative desensitized model is
consistent with a structural arrangement of N-terminal
module lying close to the C-terminal module, and inter-
acting with it through CaM. Note that this conformational

change is compatible with the flexible structure proposed
for the N-terminus linker that allows a more extended
configuration (Fig. 5a).

The molecular dynamics of the full systems, including
the entire TRPV 1 channel, POPC membrane, explicit water
and counter ions were stable through 2 ns of simulation.
During the trajectories, several residues reorganized,
forming salt-bridges and hydrogen bonds, improving in-
tersubunit interactions and providing stability to N- and C-
terminal regions. At the residue level, the most important
deviations from the starting model are found in the most
mobile parts of the protein: loops and terminal regions. In
contrast, the membrane segments remain stable in all
simulations. At domain level, the largest fluctuations were
found in the N-terminal cytoplasmic regions of the protein
in the closed state model, while minor motions were found
in the desensitized model (Figs. 4 and 5).

Discussion

The elucidation of the protein structure of ion channels is a
difficult task that has been achieved for few members of
this large family. In the absence of atomic resolution, the
use of computer modeling represents a useful tool for the
generation of protein models that may help in under-
standing the wealth of structure—function relationships.
These structural representations are testable experimental
hypothesis amenable of refinement. Here, we used this
approach to build a structural blueprint of the full-length
TRPVI1 in the closed and a putative, Ca’T-CaM—driven
desensitized states. The TRPV1 model was constructed by
assembling the three structural and functional modules that
have been identified in the protein monomers. The cyto-
solic N-terminus was modeled by using the atomic
coordinates of the ankyrin repeats that was fused to a
proline region at its N-end and to the linker segment that
connects it to the transmembrane domain. The core mem-
brane spanning region was molded using as a template the
atomic structure of the Kv1.2 channel (Long et al. 2005).
The use of this architecture is justified by the overall
topological similarities between both channels—namely,
they are composed of six transmembrane segments and an
amphipathic loop connecting the S5 and S6 helices. In
addition, they exhibit a comparable modular arrangement
consisting of a voltage sensor and pore modules. Further-
more, they assemble with fourfold symmetry around a
central aqueous pore. The membrane part was bond to the
TRP domain of the C-terminus, a 25 amino acid stretch that
forms a coiled—coil and acts as an association domain
essential for subunit tetramerization. Modeling the C-terminal
was accomplished by the analogy of its secondary structure
prediction to that of the HNC channel family.
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This assembly is in agreement with the reported 19 A
structure of TRPV1 determined by single particle electron
cryomicroscopy (Moiseenkova-Bell et al. 2008), a fourfold
symmetry and two distinct regions: a compact domain
corresponding to the transmembrane portion, and a large
open (basket-like) domain corresponding to the cytoplas-
mic N- and C-terminal domains. The models also showed a
large aqueous cavity in the cytosolic part, and a plausible
interaction between N- and C-terminal domains. Interest-
ingly, these interactions are compatible with additional
interactions with cytoplasmic proteins, and could account
for the TRPV channel in the desensitized state (see below).

The assembled full length was optimized to fulfill the
currently available functional data. Phosphorylation sites
have been checked to be water exposed and accessible to
modification. Similarly, the finger domains of the ankyrin
repeats were externally oriented, consistent with their
interaction with cellular proteins (Morenilla-Palao et al.
2004; Stein et al. 2006). Furthermore, residues involved in
vanilloid binding were positioned near the membrane
interface where they could readily interact and stabilize the
ligand. The model also suggests how the elusive voltage
sensor could be structured, as it implies that a positively
charged residue in the C-end of S4 seems to play an
essential role stabilizing the S4-S5 linker. Voltage-induced
displacement of this residue would be translated into a
destabilization of S4-S5 linker position, which presumably
will be pulled toward the bilayer. This movement would be
transferred to the channel gate. The presence of positively-
charged residues in the S4-S5 linker support this hypoth-
esis because they help to stabilize this segment close to the
inner leaflet of the bilayer, and an strong depolarization
would push it toward the membrane. Although this is a
reasonable hypothesis of the mechanism underlying volt-
age-induced gating, experimental data are needed to
substantiate it. Nevertheless, the proposed model has con-
tributed to identifying the putative molecular determinants
of voltage sensing.

A recent study proposed a mechanism for the Ca-CaM-
induced desensitization of TRPV1 (Lishko et al. 2007).
This hypothesis proposed that in the closed stated, ATP and
PIP, are interacting with the channel. After channel
opening, the level of intracellular Ca’t increases, activat-
ing phospholipase C that depletes the PIP, pool allowing
Ca”*-CaM binding to the ankyrin domain and C-terminus,
which brings together both domains leading to the stabil-
ization of a desensitized state of the channel. Our structural
model is consistent with this mechanism as it structures a
Ca*"-CaM binding site with the contribution of both
cytosolic channel domains.

Molecular dynamics simulations showed minor devia-
tions at domain level in the model representing
desensitized state, probably as a result of the formation of
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stable protein-protein interactions between close N-termi-
nal-CaM-C-terminal domains after simulation, thus
representing an inactive state. The more significant motions
observed in the closed state model could be related to the
ability of the TRPV1 to undergo different conformational
changes associated with protein activation.

Homology modeling of membrane proteins takes
advantage of the concept that active sites, binding pockets,
motifs and general protein architecture have conserved
structural features that have been preserved throughout
evolution. The identification of one of these sites in archaea
or bacteria implies the existence of their counterpart in
mammalian proteins. This evolutionary conservation can
be reasonably used to model the eukaryotic proteins.
However, a note of caution should be sounded because
throughout evolution, proteins can absorb changes in the
sequence by accommodating their structure. Variation in
side chain properties from one homologue to another may
perturb the overall structure in an unpredicted manner.
Even with good templates, it is quite challenging to build a
model with high accuracy (Minor 2007). Nonetheless, the
construction of structural forms of membrane proteins is an
important strategy to gain insights on their architecture.
These models depict experimentally testable hypothesis
that can be improved through a structure—function—based
iterative approach. Accordingly, future experiments sug-
gested by the outlined receptor structure will be used to
refine this initial blueprint.
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