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Abstract

Membrane proteins remain challenging targets for structural biologists, despite recent technical
developments regarding sample preparation and structure determination. We review recent
progress towards a structural understanding of TRP channels and the techniques used to that end.
We discuss available low-resolution structures from electron microscopy (EM), X-ray
crystallography and nuclear magnetic resonance (NMR), and review the resulting insights into
TRP channel function for various subfamily members. The recent high-resolution structure of
TRPV1 is discussed in more detail in Chapter X. We also consider the opportunities and
challenges of using the accumulating structural information on TRPs and homologous proteins for
deducing full-length structures of different TRP channel subfamilies, such as building homology
models. Finally, we close by summarizing the outlook of the “holy grail” of understanding in
atomic detail the diverse functions of TRP channels.
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Bottlenecks to TRP channel structure determination

In comparison to soluble proteins, high-resolution structures of membrane proteins are
vastly underrepresented, comprising ~1% of structures in the protein database (PDB) versus
~30% of the protein-coding genome. Structure determination of membrane proteins can
seem daunting - before the first structures of ion channels were determined not so long ago
(Doyle et al., 1998; Dutzler et al., 2002), it had been presumed an almost impossible task
(Abbott, 2002).

TRP channel architecture is similar to other ion channels (Cao et al., 2013b; Liao et al.,
2013): a six-transmembrane helix topology (S1 through S6) with a reentrant loop between
S5 and S6 forming the channel pore is a recurring structural motif (Yu and Catterall, 2004).
These channels tetramerize to a 24-helix functional protein complex (Fig. 1). As observed
for other ion channels, TRP channel function is strongly influenced by large intracellular
domains (Fig. 1), and the responsiveness to functional modulators, e.g. regulation by
phosphoinositides (Nilius et al., 2008), or inhibition by quaternary ammonium ions (Jara-
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Oseguera et al., 2008) and venom toxins (Siemens et al., 2006) is conserved across ion
channel families.

Structural studies on TRP channels are challenging, partially due to the difficulty of
producing sufficient quantities of protein in available (and financially sustainable) host
systems. While structure determination of important membrane proteins has been facilitated
through the use of bacterial, archeal or thermophilic homologs, no such homologs have been
identified for TRPs. Instead TRP channels are heterologously expressed in yeast, insect or
mammalian cells, all more costly and time-consuming than bacterial systems. The fact that
neither cell-free nor bacterial expression systems are currently available for full-length TRP
channels (except for TRPV3 and TRPM8 (Kol et al., 2013; Zakharian et al., 2010)) shows
the importance of carefully selecting the expression system to fulfill the requirements of
eukaryotic protein folding and (where applicable) posttranslational modifications. However,
TRPs do have many N- and C-terminal cytoplasmic regions for which bacterial systems have
yielded soluble fragments for use in X-ray crystallographic and NMR approaches (Fig. 2).
Recent technological advances in the field of electron microscopy (EM) make smaller
sample amounts amenable for medium to high resolution structure determination (Li et al.,
2013), as seen for the 3.4A TRPV1 structure determined by cryoEM ((Cao et al., 2013b;
Liao et al., 2013); see Chapter X for a more detailed description (Hellmich and Gaudet,
2014)).

Membrane protein purification is challenging. It requires stripping the lipid bilayer and
replacing it by detergents harsh enough to obtain good yields, but mild enough not to
compromise protein integrity. Detergent choice is doubly critical for tetrameric TRP
channels, as both the 3D structure of each subunit and the correct oligomeric state need to be
retained. Finally, the functional integrity of purified proteins has to be verified, which is
particularly challenging for many TRPs as their physiological function and naturally
occurring ligands are unknown or coarsely characterized. For membrane transporters,
substrate binding is often used as a proxy for activity in detergent. With channels,
reconstitution into liposomes or planar bilayers is required to detect ion movement across
the membrane with electrophysiology or ion flux assays. Functional reconstitution has been
described for TRPAL, TRPMS8, TRPV1, TRPV2 and TRPV3 (Cao et al., 2013a; Cvetkov et
al., 2011; Huynh et al., 2013; Kol et al., 2013; Moiseenkova-Bell et al., 2008; Zakharian et
al., 2010).

Techniques to study TRP channel structures

Once a source of protein has been identified, the next step is to choose an appropriate
structure determination technique. While most available protein structures have been
obtained using X-ray crystallography, other powerful techniques exist, such as electron
microscopy (EM) or nuclear magnetic resonance spectroscopy (NMR). These can provide
information not accessible by crystallographic studies, such as dynamics or, in the case of
membrane proteins, visualization in lipid bilayers. For TRP channels, current structural
information does indeed come from a combination of techniques (Table 1).
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Methods to determine 3D structures each have advantages and limitations (see (Minor, 2007)
for a useful primer). Significant differences include resolution, and sample quantity,
condition, and preparation. Different levels of resolution are required to answer different
questions, and this can guide the choice of method. For example, resolution of 10 A or
worse is adequate to determine approximate molecule shape or observe large domain
movements. Detecting secondary structure elements necessitates higher resolution, ~4 A for
B-sheets and ~9 A for a-helices. Around 3.5 A, amino acid sidechains are discernible, while
~2.5 A or better enables the observation of bound water molecules or ions. Below we
provide brief overviews of EM, X-ray crystallography and NMR.

Electron Microscopy

Initially, five low-resolution EM structures — of TRPV1, TRPV4, TRPM2, TRPC3 and
TRPA1 - were our only experimental glimpse at the overall shapes of full-length TRP
channels (Table 1, Fig. 1). Recently, TRPV2 joined this collection (Huynh et al., 2013). The
achievable resolution in EM is generally lower than that of X-ray or NMR structures,
although the convergence of ideal technical conditions and sample behavior can now yield
atomistic structures (Zhou, 2011), including high-resolution cryoEM structures of TRPV1
((Cao et al., 2013b; Liao et al., 2013); Chapter X (Hellmich and Gaudet, 2014)). EM has no
upper size limits on the macromolecular complex under study — in fact the bigger the
molecules, the better the signal — and it does not require crystals, although it does require
samples of high purity. The protein is applied as a dilute solution to a carbon film surface. It
can then be visualized either by negative-staining to yield low resolution shape information,
or directly imaged under cryo conditions (cryoEM). Both techniques have been applied to
TRP channels.

In cryoEM, the sample is rapidly frozen, i.e. vitrified to avoid ice crystal formation, keeping
the protein fully hydrated so that it retains its native conformation. Because the atoms
present in biological samples have low electron beam absorption and therefore very low
signal-to-noise, cryoEM requires merging tens of thousands of particle images. Under
optimal conditions, especially if particle symmetry can be leveraged into further averaging,
cryoEM can yield high-resolution structures.

In negative staining an electron-rich dye forms a cast around the protein particles as the
sample is dried. The particle’s outline is visualized with good signal-to-noise, but the cast
inherently limits the resolution. Staining and drying the sample also leads to loss of the
protein’s hydration shell and may consequentially distort it.

The EM 3D reconstruction process consists of merging tens of thousands of 2D pictures of
individual protein particles in different orientation into a single 3D representation. Therefore
a bias in the protein orientation on the grid, which is particularly common in dried negative-
stained samples, can lead to poor averages and loss of resolution and/or distortions of the 3D
volume due to undersampling of some orientations.

X-ray crystallography

Most high-resolution structures of TRP channel fragments have been determined by X-ray
crystallography (Table 1). We now have an assortment of structures of soluble TRP channel
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domains that, in combination with the EM structures, begin to delineate larger structural
correlations and functional features of various TRP channel subfamilies.

X-ray crystallography requires large quantities of highly pure protein to screen many
crystallization conditions as we cannot predict successful conditions. Crystal formation, i.e.
the assembly of molecules in an ordered 3D lattice, depends on the chemical and physical
properties of the protein and precipitation agents, and the temperature, pH, and other factors
such as the presence of ligands and additives (Dumetz et al., 2007; Luft et al., 2011). For
membrane proteins, the number of variables increases further, as the nature of the detergent
also matters (Bill et al., 2011). Finally, the protein should be conformationally homogenous:
highly flexible regions, such as unstructured N- and C-termini and loops are often truncated
and dozens of variants may need to be tested to find a candidate that crystallizes
successfully. This approach can be used to eliminate low complexity sequence regions in
TRP channels and increase the chances to obtain high-resolution structures by either EM
(Cao et al., 2013b; Liao et al., 2013) or crystallography. Alternatively, ligands or mutations
can be used to restrict protein motion. For example, multiple G-protein coupled receptors
crystal structures were obtained after introducing combinations of mutations that
significantly increase their melting temperatures (Tate, 2012). A general take-home message
is that crystallization is facilitated by taking advantage of accumulated biochemical and
structural information on a protein to engineer stable conformational states.

NMR spectroscopy

Only a few structures of TRP channel fragments have been obtained by NMR (Table 1).
However, NMR is advantageous for specific questions, especially regarding conformational
dynamics. In addition to high concentration (>100 uM) and large sample volumes, NMR
also requires isotope labeling to increase the signal from low-abundance nuclei such as 13C
and 15N. Efficient labeling protocols exist for bacteria, yeast and even insect cells (Saxena et
al., 2012), but production of isotope-labeled membrane proteins in mammalian cells is
generally not economically feasible.

Slow tumbling of large particles in solution degrades NMR signals, imposing size limits on
proteins in solution NMR, with few examples of protein structures larger than 35 kDa (see
(Tugarinov et al., 2005) for one example). This size limitation is particularly acute for
membrane proteins because the detergent micelles necessary to maintain a soluble native-
like state add significant bulk to the particle size.

Once high-quality NMR spectra with good dispersion of the signals from individual atoms
are obtained, determining an NMR structure consists of three steps (Wider, 2000): (i) assign
each spectral peak to its corresponding 13C, 15N or 1H atom via through-bond correlations
between these peaks, which also yields secondary structure information; (ii) collect through-
space correlations linking atom pairs, called the NOEs after the nuclear Overhauser effect
allowing nuclei to “see” each other through space to a distance of up to ~5 A; and (iii) use
the resulting constraints to “fold” the protein /n silico through iterative molecular dynamics
and energy minimization steps, yielding a structure showing atomic details. The NMR
assignments also enable further investigations to, for example, probe ligand interactions and
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protein dynamics. Therefore NMR spectroscopy has a place in “divide and conquer”
approaches to understand details of TRP channel structure, function and dynamics.

Solid-state NMR, in contrast to solution NMR, does not have inherent size limitations and
can thus be applied to microcrystalline samples or membrane proteins reconstituted into
lipid bilayers. However, solid-state NMR structure determination is still far from
standardized (Hong et al., 2012; Zhao, 2012). Membrane proteins are challenging because
transmembrane regions contain an overabundance of similar hydrophobic residues in a
comparable secondary structure environment, making spectrum analyses difficult. The few
heroic examples of membrane protein structures determined with solid-state NMR include
the G-protein coupled receptor CXCR1, kaliotoxin bound to a KcsA-Kv1.3 chimera, and
various bacterial retinylidene proteins (Lange et al., 2006; Park et al., 2012; Wang et al.,
2013).

information on TRP channels

In this section, we first discuss the low-resolution electron microscopy (EM) structures of
full-length TRP channels, then review the current parts list of high-resolution structures of
TRP channel fragments, providing additional context about what we know (and do not
know) about how these fragments assemble. The high-resolution cryoEM structures of
TRPV1 are discussed separately in Chapter X (Hellmich and Gaudet, 2014).

Overall architecture of a TRP channel — an electron microscopy view

TRP proteins share a common topology, with six membrane-spanning segments flanked by
the variable cytoplasmic domains (Fig. 2), and in most cases tetramerize to form channels
(TRPP channels however form heteromers; see below). The five low-resolution molecular
envelopes obtained by single-particle EM reconstructions (Table 1) gave us first glimpses at
the possible overall general shape of full-length TRP channels. Low-resolution structures of
TRPC3, TRPV1, TRPV2 and TRPV4 have been determined using cryoEM (Huynh et al.,
2013; Mio et al., 2007a; Moiseenkova-Bell et al., 2008; Shigematsu et al., 2010), while
negative-stain EM was used for TRPM2 and TRPAL (Cvetkov et al., 2011; Maruyama et al.,
2007). In most of these cases, functional assays (calcium influx or electrophysiology) were
used to confirm that the proteins were active in their heterologous expression system. For the
low-resolution structures of TRPV1, TRPV2 and TRPAL, the authors also confirmed that the
purified proteins retained their ability to be activated by chemical agonists after
reconstitution into liposomes (Cvetkov et al., 2011; Huynh et al., 2013; Moiseenkova-Bell et
al., 2008).

Although these EM structures vary in resolution and shape details, they provided some
useful frameworks for understanding the overall architecture of TRP channels across
subfamilies. A common theme is that they all display some signs of a fourfold symmetry
axis, however their overall dimensions and surface shapes vary significantly. These
differences are in part explained by the differences in molecular mass and intracellular
domain composition, although some discrepancies are also apparent, as discussed below.
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TRPV proteins have a ~400-450-residue N-terminal domain with six ankyrin repeats and a
~150-residue C-terminus that acts as a platform for interactions with other proteins and
ligands (Fig. 2; (Lishko et al., 2007; Numazaki et al., 2003; Prescott and Julius, 2003)).
TRPV1 and TRPV4 are ~840 and 870 residues, respectively, and their low-resolution EM
structures look similar (Moiseenkova-Bell et al., 2008; Shigematsu et al., 2010). TRPV EM
structures have a two-domain overall architecture with a larger and a smaller domain
connected through four pillars on the four corners of the smaller domain. The overall height
of the low-resolution TRPV1 structure is 150 A. The smaller domain measures ~40 x 60 x
60 A, while the larger domain, referred to as the “hanging gondola” (a term first coined for
the cytoplasmic domains of a voltage-gated potassium channel (Kobertz et al., 2000)), is
~110 x 100 x 100 A. Such a “hanging gondola” has been observed in other channels
including voltage-gated potassium channels (Fig. 1).

Based on superpositions of available crystallographic structures of the N-terminal TRPV1
ankyrin repeat domain (ARD) (Lishko et al., 2007) and the transmembrane domain (TMD)
of the Kv1.2 (Long et al., 2005) or MlotiK1 channels (Clayton et al., 2008), the small
domain was assigned to the TRPV1 transmembrane region, and the larger domain to the
cytoplasmic N- and C-termini. The larger domain can readily accommodate four copies of
the TRPV1 ARD, with a good fit obtained when the long axis of the ARD is perpendicular
to the membrane plane. Interestingly, evidence of four-fold symmetry was observed in both
top and bottom views of the TRPV1 and TRPV4 EM structures (Moiseenkova-Bell et al.,
2008; Shigematsu et al., 2010), indicating that both the TMD and the cytoplasmic domains
adopt a highly symmetric conformation.

The main difference between the low-resolution TRPV1 and TRPV4 EM structures is that in
comparison to TRPV1, the “hanging gondola” is shorter in TRPV4. As a result, the ARD
crystal structure had to be tilted diagonally relative to the membrane plane to be
accommodated in the volume. It is unclear whether these differences represent two
conformations of TRPV channels, structural differences between TRPV1 and TRPV4, or are
artifacts of the differences in resolution and structure determination methods. The high-
resolution TRPV1 structures do show the ARDs much closer to the transmembrane region
(Cao et al., 2013b; Liao et al., 2013). The low-resolution TRPV?2 structure is more compact
(with an overall height of 115 A) than the low-resolution TRPV1 and TRPV4 structure
(Huynh et al., 2013), and closely resembles that of the high-resolution TRPV1 structures.

The observation that all cytoplasmic domains of the TRPV channels are localized very
closely to each other in the “hanging gondola” suggested that their N- and C-termini can
interact with each other at least in one conformation. The N-terminal TRPV ARDs do not
interact in vitro as isolated domains (Phelps et al., 2010), but N- and C-terminal interactions
have been observed for TRPV5 and TRPV6 (Chang et al., 2004; Erler et al., 2004), and the
N- and C-termini of TRPV1 indeed interact in the high-resolution structures (Cao et al.,
2013b; Liao et al., 2013).

A TRPA1 EM structure also shows a two-domain architecture resembling that of TRPV
structures with an overall height of 195 A and four-fold symmetry (Cvetkov et al., 2011).
The larger and taller TRPA1 “hanging gondola” measures ~130 x 120 x 120 A, and was
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accordingly assigned to the larger N-terminal region (~800 residues). TRPAL’s smaller
domain, designated as the transmembrane region, measures ~70 x 100 x 100 A, and is
therefore larger than that of TRPVs. The authors speculate that this could be due to the
amphipatic polymer used in place of detergents to stabilize TRPA1 (Cvetkov et al., 2011).

While the low-resolution TRPV1, TRPV2, TRPV4 and TRPAL have a similar overall
architecture, the EM structures of TRPM2 and TRPC3 look markedly different from the
aforementioned and each other. The negative-stain EM structure TRPM2 (Maruyama et al.,
2007) shows an overall bell-shape with few features except a bulb-like extension on its
widest end that would correspond to the bell clapper. The calculated molecular mass for this
structure is about one third heavier than expected. The authors attributed this ~200 kDa
difference to attached lipids and detergent molecules. However, the protein was purified in
dodecylmaltoside, with an isolated micelle size of ~55 kDa, the same detergent used for
TRPV4 where no such large discrepancy between expected and observed size was observed
(Shigematsu et al., 2010).

To identify the TRPM2 cytoplasmic region, a gold-conjugated antibody fragment against a
C-terminal FLAG-tag was used and the TMD thus assigned to the apex of the large bell hull
structure. However, the “bell clapper” of the TRPM2 structure is tantalizingly similar in size
and shape to the small domain assigned to the TMD of the TRPV EM structures.

A cryoEM TRPC3 structure consisting of an intricate mesh of thin rods was reported (Mio et
al., 2007a) with a ~200 x 200 x 240 A volume, extraordinarily large for an expected
tetramer mass similar to that of a TRPV1 tetramer. The authors observed smaller particles in
high-salt conditions, which they attribute to a tetramer-to-monomer transition (Mio et al.,
2007b). Alternatively, the mesh-like structure could be an artifact of trying to contour a
volume corresponding to a tetramer when they are instead observing a larger aggregate, with
high-salt conditions dissociating the aggregate into isolated tetramers. It is also possible that
technical issues with a relatively new automated particle picking algorithm may have led to a
distorted reconstruction (Moiseenkova-Bell and Wensel, 2009).

In summary, the low-resolution TRPV1, TRPV2, TRPV4 and TRPAL EM structures are
relatively consistent with expectations from our knowledge of distantly related ion channels
(Fig. 1). It is noteworthy that only one conformation, with soluble domains forming the
hanging gondola, has thus far been observed in low-resolution EM structures. Significant
conformational changes in TRPV4 in response to changing levels of phosphoinositides in
the cell membrane have been inferred using Forster resonance energy transfer (FRET)
between C-termini (Garcia-Elias et al., 2013). In contrast, there was no evidence of
conformational changes in TRPV1 in response to capsaicin, heat, or calcium, using a similar
experimental strategy (De-la-Rosa et al., 2013). This suggests that either their FRET sensors
lack the necessary spatial resolution, and/or that there are only small conformational changes
upon TRPV1 activation. In agreement with the latter, no large conformational changes were
observed when comparing the high-resolution TRPV1 structures in the absence or presence
of agonists (Cao et al., 2013b; Liao et al., 2013).
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Current high-resolution parts list: Structures of TRP channel domains

The modularity of ion channels such as TRP channels makes them amenable to a “divide
and conquer” approach where high-resolution structures of individual soluble domains are
easier or faster to obtain than full-length protein structures (Gaudet, 2009). Below, we
describe the available “parts list”, and discuss how the different parts may assemble in the
context of full-length tetrameric channels. Because these parts stem from a large number of
TRP channels, they allow important insights into the peculiarities and commonalities of
various subfamilies that a single structure cannot achieve.

The TRPM7 a-kinase domain—TRPM6 and TRPM7 are involved in Mg2* homeostasis
in mammals and their C-terminal a-kinase domain, unique within the TRP superfamily, is
implicated in Mg2* sensing (Demeuse et al., 2006; Schmitz et al., 2003). The crystal
structure of the TRPM7 a-kinase domain was the first high-resolution structure of a TRP
channel domain, and coincidentally the first structure of an a-kinase (Yamaguchi et al.,
2001). a-Kinases predominantly target residues in a-helical regions, hence their name
(Ryazanov et al., 1999). The TRPM7 a-kinase is a Ser/Thr kinase that can be expressed as a
soluble protein and retains its activity (Runnels et al., 2001), indicating that it is an
independently folding domain.

The TRPM7 a-kinase structure shows a domain-swapped dimer: a short N-terminal a-helix
of one kinase subunit reaches into the structural core of the other subunit via an extended
peptide region (Fig. 3A; (Yamaguchi et al., 2001)). As we discuss below, this dimerization
mechanism suggests a dimer of dimer arrangement in a tetrameric TRPM7 channel.

The TRPM7 a-kinase structure revealed an unexpected structural similarity to other
eukaryotic protein kinases (Yamaguchi et al., 2001), despite the fact that a-kinases do not
share all typical sequence motifs of classical kinases (Bates-Withers et al., 2011; Ryazanov
etal., 1999). Each individual TRPM7 a-kinase consists of N- and C-terminal lobes
connected by a flexible linker region. Similar to classic kinases, the nucleotide-binding
pocket is nested in between the two lobes. The TRPM7 a-kinase structure also features a
structural zinc-binding site within the C-terminal lobe, which is unique to and conserved in
a-kinases.

Within the a.-kinase active site, the P-loop (required for nucleotide binding and hydrolysis)
and a conserved glycine-rich a-kinase motif are in strikingly similar orientation to the P-
loop and activation loop (acting as a structural scaffold for interaction with the substrate) of
classical kinases. The glycine-rich a-kinase motif was therefore hypothesized to be the
substrate interaction platform (Yamaguchi et al., 2001). Interestingly, point mutations that
abrogated TRPM7 activity (Runnels et al., 2001), were not located in the catalytic center of
the kinase but rather in this postulated substrate peptide recognition site (Yamaguchi et al.,
2001). However, the nature of the substrate(s) cannot be readily inferred from the kinase
structure.

The TRPM7 coiled coil—The C-terminal cytoplasmic region of TRPM7 contains a ~50-
residue coiled coil assembly domain that precedes and is separated from the a-kinase
domain by ~300 residues (Fig. 3A). This coiled coil is found in all TRPM channels, many of
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which require it for correct oligomerization and channel activation (Tsuruda et al., 2006).
The crystal structure of the isolated TRPM7 coiled coil shows a tetrameric antiparallel
bundle (Fujiwara and Minor, 2008).

Before describing the structural details of the TRPM7 coiled coil, it is useful to review the
salient features of coiled coils (see (Grigoryan and Keating, 2008; Moutevelis and Woolfson,
2009) for in depth reviews). Coiled coils are found in a large number of otherwise
functionally and structurally unrelated protein families and consist of two or more a-helices
that wind around each other to form a superstructure with helical properties, or supercoil.
Coiled coils can be homo- or heteromeric, and the subunits can interact in parallel or
antiparallel fashion with regard to the relative orientation of their N- and C-termini. This
allows for a broad variety of architectures despite the seemingly simple design of a coiled
coil, and hence a variety of functions as oligomerization or protein-protein interaction
motifs.

Coiled coils have seven-residue or “heptad” repeats, with individual amino acids designated
athrough g. Positions aand d'typically feature hydrophobic residues that project into the
core of the assembled superstructure. This occurs in a “knob-in-holes” fashion, where an a
or dresidue is a “knob” that protrudes into a “hole” formed by sidechains of the other
helices. This makes for a snug helix-helix interaction surface. In contrast, residues at eand g
positions are usually hydrophilic and on the outside of the coiled coil, forming inter-helical
interactions that determine the number and orientation (parallel or antiparallel) of a-helices
in the coiled coil. Residues at positions b, ¢, and fare at the surface, away from inter-helical
contacts, and thus have little influence on coiled coil assembly. In other words, positions a
and d provide most of the affinity, whereas positions eand g provide most of the specificity,
although predictive rules for coiled coil assemblies have yet to be determined (Grigoryan
and Keating, 2008).

The 77-A long TRPM?7 coiled coil is tetrameric, as expected, but surprisingly is antiparallel,
with two strands running in opposite direction to the other two. While it is a classical and
well ordered & d coiled coil with knob-in-hole packing geometry at its center, the termini of
the coiled coil show distinct splaying and knob-against-knob packing.

Implications for TRPM channel assembly—The available structures of two C-
terminal domains of TRPM7 provide some constraints for the assembly of full-length
tetrameric TRPM7 channels (Fig. 3A). Because the TRPM7 coiled coil is antiparallel, the
four-fold rotational symmetry of the TMD, expected based on homologous voltage-gated
potassium channel structures (Long et al., 2005), must be broken in the C-terminal
cytoplasmic region. This is in stark contrast to the parallel coiled coil observed in Kv7
channels, which allow for a continuous four-fold rotational symmetry through the entire
protein (Howard et al., 2007). However, the TRPM7 TMD is separated by a ~100-residue
linker from the coiled coil, which can readily accommodate the divergent symmetry of the
TMD and coiled coil.

The antiparallel coiled coil complements the domain-swapped dimer observed for the a-
kinase domain (‘Yamaguchi et al., 2001), suggesting that the four kinase domains in a
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tetrameric channel assemble as two dimers that may or may not contact each other. It was
recently reported that cleavage of the a-kinase domain by caspases leads to increased
TRPMY7 channel activity in the context of Fas-induced apoptosis (Desai et al., 2012). That
the C-terminal kinase domain can influence pore opening implies that the kinase and pore
domains communicate, but whether there is direct contact or a long-range network relay
remains to be seen. The antiparallel orientation of the TRPM7 coiled coil also raises the
question of how this domain is oriented in relation to the rest of the protein (and the
membrane plane) and whether its orientation and length remain constant as the TRPM7
channel undergoes activation/deactivation cycles.

Interestingly, sequence alignments of TRPM subfamily members, all of which have a coiled
coil sequence motif at their C-terminus, indicate that their coiled coils vary in length and
packing properties, hence clustering subfamily members into two groups (Fujiwara and
Minor, 2008). This suggests different structural requirements of this domain in different
TRPM channels and testable hypotheses of possible hetero-oligomerization partners.
Considering that coiled coil assembly can be influenced by minimal sequence changes
(Grigoryan and Keating, 2008; Xu and Minor, 2009), it is possible that the antiparallel
tetramer assembly of the TRPM7 coiled coil is not a conserved feature of all TRPM
channels, and that some may have other arrangements.

In summary, the TRPM?7 coiled coil and a-kinase domain structures both suggest that at
least some TRPM channels do not maintain four-fold rotational symmetry throughout the
whole tetramer. This certainly represents a cautionary note in the processing and
interpretation of EM structures: four-fold rotational symmetry averaging should not be
blindly enforced, but only after clearly observing symmetry in un-averaged preliminary
reconstructions.

Trimeric coiled coils and the assembly of TRPP channels

Putative coiled coils are also found in the N-terminal cytoplasmic region of TRPC proteins
and the C-terminal cytoplasmic region of TRPP proteins (Fig. 2). The TRPP subfamily is
somewhat unusual as there is emerging consensus that the functional unit is a heteromeric
complex (Fig. 3B). Each complex consists of one PKD1 subunit (Polycystic Kidney Disease
1 or polycystin-1; previously known as TRPP1, although it is not a TRP protein) and three
TRPP2 subunits (also referred to as polycystin-2, or polycystic kidney disease 2, PKD2) (Yu
et al., 2009). A homologous complex is formed by one Polycystic Kidney Disease 1-Like 3
(PKD1L3) subunit and three TRPP3 subunits (also known as polycystic kidney disease 2-
Like 1 or PKD2L1) (Yu et al., 2012). The PKD1/TRPP2 complex is important for
mechanosensation in the kidney (reviewed in (Qamar et al., 2007)), while the acid-sensing
PKD1L3/TRPP3 complex is activated by low pH and implicated in sour taste perception
(see (Yu et al., 2012) and references therein).

PKD1, PKD1L3 and their homologs have a large extracellular N-terminal region containing
up to 16 PKD domains, for which an NMR structure is available (Bycroft et al., 1999), and
other subdomains, followed by 11 predicted transmembrane segments, six of which are
homologous to the TMD of ion channels (Li et al., 2003). Mutations in the predicted pore
region of PKD1L3 affect ion selectivity of the PKD1L3/TRPP3 complex (Yu et al., 2012).
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Therefore the PKD1/TRPP2 and PKD1L3/TRPP3 complex likely have a tetrameric channel
pore domain analogous to homotetrameric TRP channels (Fig. 3B).

The heterotetrameric 1:3 arrangement raises the question of how these channels are
assembled, and structures of TRPP coiled coils are providing valuable insights. X-ray
structures of the TRPP2 and TRPP3 C-terminal coiled coils have been determined (Molland
etal., 2012; Yu et al., 2009; Yu et al., 2012). Consistent with the heteromeric assemblies
described above, the coiled coils of TRPP2 and TRPP3 form stable parallel trimers.
Intriguingly, the TRPP2 coiled coil bundle is splayed open at its C-terminus (Yu et al.,
2009). Because crystal contacts were observed in this region, the splaying could be a crystal-
packing artifact, or suggest a physiological mechanism for partial or complete exchange of
coiled coil strands as explained below.

PKD1 contains a short cytoplasmic C-terminus with a predicted coiled coil that interacts
with the TRPP2 coiled coil /7 vitro (Qian et al., 1997; Tsiokas et al., 1997). A heteromeric
four-helix bundle of a PKD1 and TRPP2 coiled coil has not yet been observed. However a
computational docking study, combined with /n vitro crosslinking and mutagenesis, supports
a model in which the PKD1 coiled coil replaces one strand of the TRPP2 trimeric coiled coil
in the splayed out C-terminal region (Fig. 3B) (Zhu et al., 2011). Furthermore, disruption of
these residues prevents assembly of the PKD1/TRPP2 complex in cells (Zhu et al., 2011).
Although dynamic exchanges of coiled coil strands may seem unusual, there is ample
precedent for coiled coils as dynamic structures. For example, the long stalk of the dynein
motor protein is a two-stranded coiled coil that slides to different helical registries separated
by half a heptad, as dynein walks on microtubules (Kon et al., 2009).

PKD1L3, in contrast to PKD1, has a very short C-terminus and no predicted coiled coil.
TRPP3 thus interacts with PKD1L3 mainly through interactions in the TMD (Ishimaru et al.,
2010). However, disruption of TRPP3 coiled coil trimerization impairs surface expression of
TRPP3/PKD1L3 (Yu et al., 2012). Coiled coil trimerization is therefore still essential for
complex formation, supporting the idea that a TRPP trimer platform is required for a fourth
(PKD) subunit to attach itself to form a mature complex.

In summary, the accumulated biochemical and structural data on the TRPP subfamily point
to a key role for the coiled coil in the assembly of a functional channel that includes three
TRPP subunits and one subunit of a PKD1 family member. The coiled coil structures also
enable studies of the assembly mechanisms of this unusual family of ion channels with
important physiological roles including kidney function and sour taste perception.

Broader implications of coiled coils on TRP channel assembly

Recently, the crystal structure of a C-terminal coiled coil of a fungal TRP channel, TRPGz
from Gibberella zeae, has been determined (Ihara et al., 2013). TRPGz is homologous to the
Saccharomyces cerevisiae TRPY1, but has a more polymodal activation profile. When
compared to vertebrate TRP channels, it shows the highest similarity to members of the
TRPC subfamily. TRPGz contains a coiled coil in its C-terminus, deletion of which disrupts
responses to hyperosmotic or temperature shock. In contrast to other TRP channels, deletion
of this coiled coil did not lead to oligomerization defects, as TRPGz still formed stable
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tetramers and retained its responses to voltage. Only the coiled coil shows significant
secondary structure within the otherwise unstructured TRPGz C-terminus, as observed with
NMR (lhara et al., 2013). The TRPGz coiled coil was crystallized as a tetramer, with the
typical aand o position hydrophobic knobs. Interestingly, the TRPGz coiled coil does not
have exact four-fold rotational symmetry: the four coils come together at a significantly
steeper angle than in canonical coiled coils, and the knobs-in-hole packing is only
maintained for three out of four helices. In solution, this helical bundle is in equilibrium
between monomer, dimer and tetramer. The precise role of this packing mode is not clear,
and it is worth noting that the peptide used for crystallization is very short (20 amino acid
residues).

In addition to the TRPM, TRPP and fungal TRP channels, TRPC subfamily channels also
have a potential coiled coil between the ARD and first transmembrane segment (Fig. 2). No
high-resolution structures are available for TRPC channels. Biochemical data for TRPC4
suggest that the N-terminal region forms tetramers, although the coiled coil was not directly
implicated in this assembly (Lepage et al., 2009). Therefore, it remains to be determined
whether the coiled coil sequence motifs actually form coiled coils and if so, whether these
are heteromeric in assembly and what their stoichiometry is.

As illustrated above, structural studies of isolated coiled coils provide a wealth of
information and constraints to better understand TRP channel assembly and function.
However, a cautionary note is in order: coiled coils can be inherently dynamic and/or heavily
influenced by their environment in both physiologically relevant and artifactual situations.
For example, while the full isolated coiled coil of the Kv7.1 channel yielded the expected
parallel tetrameric structure (Howard et al., 2007; Wiener et al., 2008), a shorter construct
assembled as a non-physiological stable trimer (Xu and Minor, 2009). It is therefore possible
that, in the context of a full-length channel, other oligomerization states of coiled coils are
possible other than those observed with short fragments.

TRP channel ankyrin repeats

The highest number of structures of TRP channel domains to date comes from the ankyrin
repeat domains (ARDs) of TRPVs. Ankyrin repeats are one of the most prevalent protein
sequence motifs, present in a multitude of unrelated protein families where they are mostly
associated with protein-protein interaction functions (Sedgwick and Smerdon, 1999). The
motif name stems from the protein Ankyrin 1, which contains 24 such repeats (Lux et al.,
1990). The basic architecture for this ~33-34 amino-acid stretch consists of short tandem
antiparallel a-helices (termed inner and outer helix in regard to their location within the
ARD concave or “palm” surface, see below), followed a B-hairpin loop. Individual ankyrin
repeats stack against each other with a slight counterclockwise twist from one to the next.
This gives them the appearance of a cupped hand: the loops forming the fingers attached to a
hand with an open concave palm, the backside accordingly forms a convex surface (Jacobs
and Harrison, 1998). The surface residues of the palm and fingers are not particularly
conserved, making this region malleable to evolutionary diversification for various
interaction partners (Sedgwick and Smerdon, 1999).
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Ankyrin repeats are found in the cytoplasmic N-terminal region of TRPA, TRPV, TRPC and
TRPN subfamily members (Fig. 2). TRP channel ARDs vary dramatically in size: TRPA1
and TRPN1 have 17 and 29 predicted repeats, respectively, that overall closely match the
ankyrin repeat consensus sequence, while TRPC proteins have only four predicted repeats,
which, like the six repeats found in TRPV proteins, more loosely follow the consensus
sequence motif. So far, ARD structures are only available from the TRPV subfamily.

The ARD structures from TRPV1, TRPV2, TRPV3, TRPV4 and TRPV6 all show six highly
conserved repeats (Inada et al., 2012; Jin et al., 2006; Landoure et al., 2010; Lishko et al.,
2007; McCleverty et al., 2006; Phelps et al., 2008; Shi et al., 2013). Repeats 5 and 6 have an
unusually large angular twist compared to repeats 1-4. Finally, the TRPV ARD finger loops
are highly elongated, enhancing the resemblance to a hand (Gaudet, 2008a), although it
should be noted that finger lengths varies within TRPV channels (Phelps et al., 2008).
Variance in finger sequence and length, and of the palm surface residues, may indicate
distinct roles for ARDs in TRPV channels, including interactions with different ligands. In
TRPV1, Finger 3 of the ARD interacts with a p-sheet formed by both the proceeding linker
region and the C-terminus of an adjacent subunit (Cao et al., 2013b; Liao et al., 2013).

Recent interesting developments include the structures of the TRPVV4 ARD and their
implications in understanding the molecular basis of TRPV4-linked genetic diseases. A large
number of dominant missense mutations in TRPV4 have emerged that lead to very different
channelopathies broadly segregating into two groups, skeletal disorders and degenerative
neuropathies (see (Nilius and Voets, 2013) for a recent review). We currently do not
understand the underlying structural implications of the mutants described to date, and even
the functional data are limited somewhat contradictory: both loss- or gain-of-function
phenotypes have been described for the same mutant (Auer-Grumbach et al., 2010;
Landoure et al., 2010). A different approach is to investigate whether neuronal vs. skeletal
manifestations of TRPV4-linked diseases may be the consequence of distinct structural or
biochemical differences. However, no correlation was observed between disease phenotype
and biochemical properties regarding TRPV4 ARD stability and/or ATP binding (Inada et
al., 2012).

Mapping known disease-causing TRPV4 mutations (Nilius and Voets, 2013) onto the
primary and tertiary structure of human TRPV4 allows us to appreciate their relative
localization in a new light. While skeletal dysplasia mutations are widely distributed
throughout the protein, neuropathy mutations localize primarily, although not exclusively, to
the ARD. Furthermore, the skeletal dysplasia mutations located within the ARD map
predominantly on its palm surface, whereas the mutants linked to neuropathies are
preferentially located to the surface corresponding to the back of the hand (Fig. 4; (Inada et
al., 2012; Landoure et al., 2012; Landoure et al., 2010)). Interestingly, the back face of the
ARD is much more conserved in TRPV4 than it is in TRPV1 (Phelps et al., 2007; Zimon et
al., 2010). This suggests that the physical segregation of TRPV4 channelopathy mutations
may underlie their different phenotypic outcome, perhaps by differentially affecting
intramolecular contacts or intermolecular interactions with cellular partners.
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TRPV ARD structures have already been extensively reviewed (Gaudet, 2008a, b, 2009),
and a few themes are emerging. First, the isolated TRPV ARDs show no evidence of self-
oligomerization (Phelps et al., 2008; Phelps et al., 2010). The ARDs instead influence TRPV
channel assembly and function through intramolecular contacts with other regions of the
TRPV proteins, as illustrated in the TRPV1 structure (Liao et al., 2013). Second, engineered
mutations of TRPV ARD surface residues tend to increase the sensitivity and/or basal
activity of TRPV channels (Lishko et al., 2007; Phelps et al., 2010), suggesting an overall
inhibitory role for this domain on TRPV channel function. Third, there is thus far no
evidence of large-scale conformational changes within the ARD itself, even upon ATP
ligand binding (Inada et al., 2012), although the finger loops do show inherent flexibility
(Inada et al., 2012; Jin et al., 2006). Therefore how the ARDs influence TRPV channel
behavior remains unclear — perhaps a movement of the entire domain relative to the rest of
the channel rather than a conformational change within its boundaries is ultimately
responsible for its influence on channel function, sensitization or desensitization. More
studies in the context of full-length channels are required to test these hypotheses.

Structures of TRP channel motifs involved in calcium regulation

Many TRP channels are permeable to calcium, and their activation leads to changes in
intracellular calcium concentrations. In turn, many of these channels are in turn regulated
directly or indirectly by calcium-dependent signaling pathways. Structural biology has
begun to yield mechanistic insights into two such calcium regulation mechanisms: (i)
calcium-calmodulin (CaM) binding to the C-terminal cytoplasmic region of TRPV1, and (ii)
calcium binding to a paired EF-hand motif that precedes the coiled coil in the TRPP C-
terminus.

EF hands are the most common Ca2*-binding motifs in proteins, and typically occur in pairs.
The basic architecture is a helix-loop-helix motif with the two helices oriented in a V-shape
between the thumb and index finger (Fig. 5). Upon calcium binding in the cleft formed by
the loop region — by the palm and remaining fingers, using the hand analogy — the thumb
moves further away from the index finger, changing the V to an L-shape. This exposes
otherwise buried residues that can then interact with downstream target sequences thereby
enabling Ca2*-dependent signal propagation (Lewit-Bentley and Rety, 2000). The most
famous EF-hand-containing protein is CaM, a ubiquitous 17 kDa protein with flexibly
connected N- and C-terminal lobes comprised of two EF-hands that each bind calcium in the
UM range (Persechini et al., 1989; Vetter and Leclerc, 2003). CaM regulates many ion
channels and signaling proteins, including several TRP channels (Zhu, 2005). Of note, CaM
does not necessarily have to be fully calcified to interact with its targets (Delmas and Brown,
2005). This variety in Ca2*-occupancy and structural flexibility make CaM a highly versatile
regulatory partner.

Ca?* influx through TRPV1 is stimulated by noxious heat, pH and capsaicin, but prolonged
exposure leads to Ca*-dependent desensitization (Caterina et al., 1997). Understanding the
molecular details of desensitization is a major focus of elucidating TRPV1 function. The
TRPV1 C-terminus is important for desensitization and thought to mediate both protein and
lipid interactions (Cao et al., 2013a; Nieto-Posadas et al., 2012; Numazaki et al., 2003;
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Prescott and Julius, 2003). Recently, the first high-resolution view of such an interaction was
obtained through a crystal structure of Ca2*-CaM bound to a TRPV1 C-terminal peptide
(Fig. 5; (Lau et al., 2012)). This region is missing from the high-resolution TRPV1 structure
(Liao et al., 2013).

A 35-amino acid C-terminal TRPV1 fragment (residues 767-801 in rat) binds CaM in a
Ca?*-dependent manner with high affinity (Kp = 50 nM), and the fully Ca?*-loaded CaM
winds itself around a 10-residue a-helix flanked by extended peptide regions ina 1:1
complex (Fig. 5). The complex is antiparallel: the CaM N-lobe interacts with the TRPV1
peptide’s C-terminus and the CaM C-lobe with the peptide’s N-terminus. Binding of CaM to
the TRPV1 C-terminus follows the classic 1-10 CaM-binding motif organization (Rhoads
and Friedberg, 1997) where two bulky hydrophobic residues at positions 1 and 10 are the
main determinants of the CaM interaction.

Intriguingly, TRPV1 ARD also binds to CaM in a Ca2*-dependent manner (Lishko et al.,
2007). It had been suggested that CaM may bridge the ARD and C-terminus and thus lock
the channel in a ternary complex (Lishko et al., 2007), similar to what has been observed for
SK channels and proposed for Cay1 channels (Dick et al., 2008; Schumacher et al., 2001).
However, the CaM C-lobe dominates interactions with both the TRPV1 ARD and C-
terminus. Accordingly, TRPV1 ARD, Ca2*-CaM and C-terminus do not form a ternary
complex, at least not outside the context of the full-length channel (Lau et al., 2012). While
mutation of the Ca2*-CaM binding site on TRPV1 ARD essentially abolished
desensitization in response to capsaicin, mutation of the Ca2*-CaM binding site in the
TRPV1C-terminus led to slower and reduced TRPV1 desensitization, supporting the idea
that Ca2*-CaM binding to the two sites differentially regulates TRPV1 (Lau et al., 2012).

In contrast to CaM-mediated regulation, TRPP channel function is directly regulated by
calcium through a C-terminal EF-hand motif that precedes the coiled coil (Fig. 2 and 3;
(Petri et al., 2010)). Two groups have independently determined the NMR structure of the
TRPP2 EF-hand motifs (Petri et al., 2010; Schumann et al., 2009). Schumann and
colleagues used a 117-amino acid fragment, which formed a dimer that dissociated upon
Ca?* binding. In each subunit they find a pair of helix-loop-helix motifs assigned as a paired
EF-hand motif that binds two Ca2* with Kps in the 50-200 uM range, although only one of
these sites was canonical (Schumann et al., 2009).

Petri and colleagues also find a pair of helix-loop-helix motifs, but only observe Ca2*-
binding to one, and did not observe dimerization of their (40-amino acid shorter) construct
(Fig. 3; (Petri et al., 2010)). However, the structures themselves are different, and Petri and
colleagues raise concerns regarding the validity of the Schumann structure, which instead of
the typical L-shape shows the two helices almost perfectly in line, thereby distorting the
calcium coordination site. If the paired EF-hand motif indeed dimerizes, it begs the question
of how this assembly fits to the observed trimeric TRPP2 coiled coil (Yu et al., 2009).

In summary, structural data on the interaction of TRP channel regions with Ca2* or Ca2*-
dependent regulators are starting to trickle in. While the available structures do not allow a
complete view of how TRP channel activity is modulated by these interactions, they provide
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both tools and constraints for future experiments addressing the molecular mechanisms of
Ca?*-mediated TRP channel regulation.

Homology models to understand TRP channel structure and function

Before a high-resolution 3D structure of a full-length TRP channel was available,
considerable efforts were invested by several groups to generate homology models of TRP
channels. Valuable lessons can be drawn from these approaches and readily applied to
homology models based on the new TRPV1 structures and future TRP channel structures.
Structural models can be generally divided into two groups — de novo, or template-free,
models which rely on general physical properties of proteins; and template-based, or
homology models. Template-based models rely on identifying a template structure through
sequence similarity with a protein or protein fragment of known structure.

There have been a lot of developments in both types of modeling. The state of the field is
assessed every two years through the Critical Assessment of Techniques for Protein
Structure Prediction (CASP). The ninth contest, CASP9, in 2011, evaluated over 60,000
template-based models submitted (Mariani et al., 2011). Recent statistical analyses of
homology models built using metaservers indicate that sequence identity of >30% between a
target sequence and a template provides a very good chance of a model that is accurate
enough for such things as site-directed mutagenesis plans (Gront et al., 2012). Sequence
identity levels in the 20-30% range yield less accurate models (and the frequency of wrong
models increase), whereas identity levels below 20% are generally too low to generate a
useable homology model.

Sequence alignments can therefore be used to “thread” the sequence to be modeled onto a
known homologous protein structure. One danger for large multidomain proteins such as
TRP channels is that a full homology model requires both good templates for each domain
to be modeled and untemplated modeling of the connections (either covalent or non-covalent
contacts). One must therefore keep in mind that different parts of a homology model warrant
different confidence assessments.

Additionally, information from other ion channels should be included in functional and
structural assessments. For example the the structure of a GIRK channel bound to PIP, (Fig.
1; (Whorton and MacKinnon, 2011)) can provide ideas to explore how TRP channels are
regulated by phosphoinositides, although its sequence similarity to TRP channels may be too
low to be a useful template for homology modeling in the absence of additional constraints.

Considering one of the published TRP channel homology models can serve to illustrate the
current challenges. The full-length structure of TRPM8 has been modeled, using Kv2.2/2.1
chimera as a model for the TMD and importin as a model for the N-terminal TRPM
homology region (Pedretti et al., 2009), although again the 18% sequence identity is below
the thresholds described above. The final model contains more than 16% of residues within
the disallowed regions of the Ramachandran plot (Pedretti et al., 2009) compared to less
than 1% for typical crystal structures, and does not include a C-terminal coiled coil structure
for which there is strong biochemical evidence (Tsuruda et al., 2006)). Finally, there is little
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experimental data on interdomain contacts in TRPM channels to constrain the relative
orientation of each domain within the tetrameric assembly.

How can we improve the quality of TRP channel structural models? We need to use the best
modeling tools available, but also generate more and better structural templates and
accumulate as many other low- or high-resolution constraints such as knowledge of
proximities from crosslinking or FRET studies, and volumes from EM reconstructions.

Conclusion — the way forward in TRP channel structural biology

Although there is continuous progress in TRP channel structural biology, we are still far
from the holy grail of seeing the molecular details of a TRP channel in action. In the
meantime, many pieces of the structural puzzle have not yet been solved. For example, while
we know a lot about the structures of TRPV ARDs, we do not yet have structural insights
into the ARDs of TRPC, TRPA and TRPN channels. Also, a number of TRP domains are
unique to their subfamily, such as the N-terminal cytoplasmic TRPM homology region
common to all TRPM channels, or the C-terminal Nudix domain of TRPM2. Similarly,
structures of TRP channels or their fragments in complex with regulatory partners can
provide some insights into the functional consequences of their binding.

It is clear that there are vast differences between TRP channel subfamilies, and therefore a
need for vast amounts of structural data. While crystal structures will likely be an important
component, single-particle electron microscopy techniques are improving and as recently
seen, can attain a resolution that rival that of X-ray crystallography. NMR can be particularly
useful to study questions of dynamics. Finally, techniques for building homology models are
also improving, and the availability of scaffolds is rapidly increasing — although it is
important to keep in mind that a homology model is simply a model, even when based on a
closely related protein, and needs to be thoroughly validated and tested.

Structures of full-length TRP channel will lead to testable hypotheses for biochemical
experiments to answer which residues bestow cation selectivity, how the pore is organized,
which regions act as sensors or gates, and why certain mutations lead to channelopathies.
However, it should be emphasized that a structure never tells the whole story. Ultimately, to
completely understand how TRP channels function, we will need structures of at least one
representative of each subfamily, as well as experimental evidence of the multiple
conformations associated with different functional states to construct a movie of a TRP
channel at work.
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TRPV1 Kv1.2/2.1 BK

Fig. 1.
Structures of representative ion channels. Structures of TRPV1 (pdb: 3j5p), and other ion

channels, such as the Kv1.2/2.1 chimera (pdb: 2r9r) or the GIRK channel in complex with
PIP, (pdb: 3sya) have been determined at high resolution. BK channels (pdb: 3naf), like
TRP channels are only moderately voltage dependent and their function is modulated by
large cytoplasmic domains. The TRPV1 construct used to determine the structure has been
engineered to remove parts of the N- and C-termini (residues 1-109 and 765-838,
respectively) and of the extracellular turret (residues 604-626).
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Fig. 2.
Schematic overview of TRP channel domain organization. The domain architecture of N-

and C-termini, which differs widely across TRP channel subfamilies, is depicted
schematically with approximate size scales. TRPML proteins contain a lipase domain
between transmembrane helix S1 and S2 (LaPlante et al., 2011). Domains with available
high-resolution structural data are grey.
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Fig. 3.
Overview of spatial organization of TRPM6/M7 channels and TRPP/PKD complexes. (A)

For TRPM6/M7, transmembrane helices S1-S6 are drawn indicating possible 3D topology
of the tetramer in the membrane (based on Kv channel topology). For cytoplasmic domains,
the antiparallel coiled coil (pdb: 3e7k) and a-kinase domain (pdb: 1ia9) of TRPM7 are
shown; no structure is available for the TRPM homology region (MHR). The coiled coil
crystallized as a tetramer, and one antiparallel pair is colored. Only one dimer of the a-
kinase is shown for clarity. (B) For TRPP/PKC complexes, the three TRPP2/P3 subunits are
depicted in dark grey and the 11-transmembrane helix PKD1/PKD1L3 subunit in light grey.
One extracellular PKD repeat of PKDL1 is depicted (pdb: 1b4r). For TRPP2, the intracellular
EF hand (pdb: 2kq6) as well as the parallel coiled coil trimer (pdb: 2hrn) are shown.
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Fig. 4.
Crystal structure of the human TRPV4 ARD shown in cartoon and surface representations

from three angles (pdb: 4dx1). Locations of disease-causing mutations are mapped onto the
structure (spheres). Residues described in patients suffering from skeletal dysplasia and
arthropathy are predominantly found on the “front” or “palm” surface, and those causing
peripheral neuropathies localize preferentially to the “back”.
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O Skeletal Dysplasias & Arthropathy

Fig. 5.

Crgystal structure of the C-terminal fragment of TRPV1 in complex with CaZ*-calmodulin
(pdb: 3sui). The fully Ca?*-loaded CaM tightly winds around the TRPV1 peptide, forming
an antiparallel complex where the CaM N-lobe interacts with the TRPV1 peptide’s C-
terminus and the C-lobe with the N-terminus. Each EF hand is in a different shade.
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