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ARTICLE INFO ABSTRACT

Keywords: Briefly review the recent structural work of transient receptor potential canonical (TRPC) ion channels by using
TRPC electron cryo-microscopy (cryo-EM). The high resolution structures of TRPC3, TRPC4, TRPC5 and TRPC6 are
Cryo-EM discussed.

1. Introduction

Transient receptor potential canonical (TRPC) ion channels are
calcium-permeable, nonselective cation (Na*, K*, Ca?*) channels be-
longing to the TRP superfamily [1-3]. They are expressed in many cell
types and tissues, including brain, placenta, adrenal gland, retina en-
dothelia, testis, and kidney [4], and crucially involved in both the re-
ceptor-operated Ca®* signaling and a store-operated calcium entry
(SOCE) [5-7], a major mechanism regulating calcium homeostasis,
which is triggered by the depletion of calcium stored in the en-
doplasmic reticulum (ER) [8]. TRPCs play important roles in many
physiological processes and implicated in various pathogenesis and
human diseases [9-13]. Among the seven members in TRPC family,
they can be further divided into two subgroups based on the sequence
similarity: TRPC1/4/5 and TRPC2/3/6/7 [14-18]. TRPC1/4, 1/5 het-
erotetramers and TRPC4 or 5 homotetramers can be activated by Gq
protein-coupled receptors and increasing intracellular Ca®*, as well as
by PIP2 hydrolysis. TRPC3, TRPC6, and TRPC7 are unique in being
activated by the lipid secondary messenger diacylglycerol (DAG), a
degradation product of the signaling lipid phosphatidylinositol 4,5-bi-
sphosphate (PIP2) [19-24]. There are many reviews on these topics
[1,25-34].

Despite many investigations of TRPC ion channels, lack of high re-
solution structure information have long be a restraint for under-
standing the channels gating mechanism and structure-function re-
lationship. In last few years electron cryo-microscopy (cryo-EM) have
evolved rapidly and experienced the “resolution revolution”, becoming
one of the major method for determining high resolution structure of
protein/protein complex [35,36]. Compare to x-ray crystallography,
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cryo-EM method does not need protein to be crystallized and only use a
few micron liter samples, and has thus greatly facilitate the structure
determination of membrane proteins, especially the various ion chan-
nels. Transient receptor potential canonical (TRPC) channels, important
to the cell calcium homeostasis, are among them. Here we summarize
the recent development of the high resolution structure work of TRPC
ion channels.

2. High resolution structure of TRPC ion channels

The structure of the full-length human TRPC3(hTRPC3) has been
determined in a lipid-occupied apo state at various resolutions, ranging
from 3.3 to 5.8 A [37-39]. These structure revealed the atomic view of
TRPC3 channel and its two lipid-binding sites. The cytoplasmic domain
of human TRPC3 in the apo state was also determined at 4.0 A [38]. The
structure of full-length human TRPC6 (hTRPC6) in complex with in-
hibitor BTDM within the nanodiscs at 3.8 A resolution, together with
functional data elucidated the structural basis of high-affinity binding
by a novel inhibitor [39]. The structure of cytoplasmic domain of
murine TRPC6 at 3.8 A resolution is also available [40]. The structure
of the hTRPC3 shows a similar structure as hTRPC6, consistent with
their high sequence homology (73%identity), the ion channel pore of
hTRPC3 and hTRPC6 are all in the closed state. The structures of apo
state TRPC4 in mouse and zebrafish have been reported at 3.3 A and
3.6 10\, respectively [41,42]. The structure of mouse TRPC5 (mTRPC5) at
pH 7.5 has been determined at an overall resolution of 2.8 A [43], the
highest resolution in all published TRP protein structures (Figs. 1 and
2).
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Fig. 1. Structures of TRPC channels. a, Ribbon representation of the overall atomic model of TRPC3 (PDB:5ZBG, green), TRPC4 (PDB:5Z96, cyan), TRPC5 (PDB:6AEI,
magentas) and TRPC6 (PDB:5YX9, yellow); b, The Ribbon representation of monomeric of TRPC3 (PDB:6CUD, green), TRPC4 (PDB:5Z96, cyan), TRPC5 (PDB:6AEI,
magentas) and TRPC6 (PDB:5YX9, yellow); ¢, Linear diagram depicting the major structural domains of the TRPC4/TRPC5 and TRPC3/TRPC6 monomer. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.1. Overadll architecture of the TRPC channel

Overall structure of these TRPCs are similar to each other, which are
four-fold symmetric homotetramer and have solely alpha-helical com-
position [37-43]. Each monomer consists of a transmembrane domain
(TMD) and a compact cytoplasmic domain (CD). The transmembrane
domain comprises the voltage-sensor-like (VSL) domain and structu-
rally conserved pore domain. Compared to the structures of mTRPC4/5,
the long TMD alpha-helix S3 in TRPC3/6 elongate into extra cellular
space, together with long linker between S3 and S4, form an “pseudo”
extra cellular domain (ECD) [37,39]. The CD has an inverted bell shape
and caps the lower end of the ion channel pore of TMD, which is
composed of N- and C-terminal subdomains (NTD and CTD, respec-
tively). The NTD consists of four ankyrin repeats (AR1-AR4) and several
linker helices (LHs, seven in TRPC4/5 and nine in TRPC3/6), and the
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CTD contains a connecting helix (C-terminal helix 1, CH1) and a coiled-
coil domain (C-terminal helix 2, CH2). Inter-subunit interactions med-
iate TRPC tetramer assembly, both the TMD and CD contribute to the
tetrameric assembly of the TRPC channels. The CD of each subunit
extensively interacts with the neighboring subunits. Moreover, CH1
inserts into the cavity between two neighboring subunits and glues
them together. CH2 helices form a vertical four-helix bundle that fur-
ther tightens the tetramer, reminiscent of TRPA1 [44] and TRPM
[45-49] C-terminal four helix bundle structures. Uniquely, the four
CH1-CH2 connection linkers pack tightly to form a knot-like structure
on the top of CH2, indicating the essential role of the CH1-CH2 linker
knot and the first half of the CH2 in tetramer assembly.

Compare the TRPCs’ structure with previously reported other TRP
structures, the organization of six helices in each TMD is similar to that
of other TRP channels, while the intracellular architecture is distinct.
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Distinctive features of TRPCs include: (1) Shorter S2-S3 linker limits its
interactions with cytoplasmic regions [37-43]; (2) the disulfide bond in
the TRPC4/5 structures lie in the loop linking S5 and the pore helix
[41,43]; (3) a pre-S1 elbow helix connects different structures in dif-
ferent members.

2.2. Ion-conducting pathway

The ion-conducting pore of TRPCs are lined with an extracellular
selectivity filter and an intracellular gate, with a wide central vestibule
in the middle. The pore of all published TRPCs adopt a closed con-
formation, and thus preventing ion passage. The differences in the
narrowest point of TRPCs structures may give some clue as to ion se-
lectivity, the lower gate is too narrow to allow the passage of a fully or
partially hydrated ion [37-43,50].

A key feature of TRPC ion channels is the conserved 'LFW' motif
inside the pore domain, the pore helix and pore loop interact ex-
tensively with §5-S6 gating helices. For stabilizing the pore, a pheny-
lalanine and tryptophan form part of the prominent hydrophobic con-
tact between the pore helix of one protomer and helix S6 of the adjacent
protomer. Different LFW motif, including 609-611 in hTRPC3, 571-573
in mTRPC4, 575-577 in mTRPC5 and 678-680 in hTRPC6 forms spe-
cific multiple hydrophobic interactions within the pore domain and
therefore plays an important role in maintaining the proper structure of
the pore domain. For instance, in the hTRPC3/6, motif ‘EVTSV/EVKSV’
forms a small helix in the middle of the intracellular loop connecting S6
and the pore helix and this unique helix is distinct from the corre-
sponding motif of TRPC4/5. While the mTRPCS5 motif contains 3 more
amino acids, including one more negatively-charged residue (Asp548)
and the hydrophobic residue(Ile547), thus potentially more attractive
for cation entry into the pore.

In the mTRPC5, Arg593 interacts via a salt bridge with Glu598 and
forms a hydrogen bond with the Val590 side chain. In addition, Arg593
is the only positively charged residue in the corresponding positions in
TRPC channels (glycine in TRPC1, aspartic in TRPC3, glutamine in
mTRPC4, asparagine in hTRPC6, and negatively-charged aspartic acid
in hTRPC7?). Therefore, Arg593 may serve as the molecular fulcrum,
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allowing the efficient transmission of the GPCR-G,-PLC-powered gating
force to mTRPC5’s pore helix-loop.

2.3. Disulfide bond

mTRPC4/5’s extracellular domains and long pore loops form in-
tricate structures stabilized by a disulfide bond, this is different from
TRPC3/6. In mTRPC4, C549 and C554 (C553 and C558 in mTRPC5)
form a disulfide bridge and is not in close proximity to helix S6. The
cysteines are likely involved in putting E555 (E559 in TRPC5) in place,
which is located at the extracellular vestibule above the selectivity
filter. Reducing the disulfide bond of cystines could thus lead to a de-
stabilization of the upper region of the selectivity filter and the E555
could be released and orient towards the center of the pore, altering its
properties. This conformational change could result in a negatively
charged sink at the turret, thereby attracting cations, possibly ex-
plaining the effect of the increased Ca®* conductance.

The two cysteines in the pore region are well conserved in TRPC1/
4/5 subfamily, but not in TRPC2/3/6/7, implying that they have dif-
ferent mechanism. Interestingly, although TRPC4 and TRPC5 have si-
milar functional properties, the loop preceding TRPC5’s disulfide bond
is distinct from that of TRPC4, with 3 extra residues in TRPC5
[2,3,36-40].

2.4. $2-S3 binding pocket

In Duan's mTRPC4 structure, the Na* located at the cytoplasmic
face is apparently coordinated by side chains of Glu417 and Gln420
from S2 and the Asp438 and Asn435 from S3. The negatively charged
Glu417 and Asp438 are conserved within the TRPC subfamily. The
corresponding residues in mTRPC5 are Glu418, Glu421, N436 and
D439, respectively. Structural alignment of these residues from TRPC
family members reveals that this is a well-preserved cation-binding site
[6,7]. In addition, Tyr373 of S1 and the positively charged Arg491 of S4
are located above the cation binding site, forming a lid that may pre-
vent the outward movement of cations.
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3. Conclusions

The advances in cryo-EM enable the high resolution structure de-
termination of TRP ion channels, including the TRPC sub-family. These
structures shed light on the architecture of this receptor-activated TRPC
channel and provide a structural basis in understanding how the ion
conduction pathway is built and the gating mechanism. The findings
have broad implications for understanding the structural basis under-
lying calcium homeostasis, epitope antibody selectivity, and the diverse
functional and physiological roles of this ion channel family. Although
TRPCs has wide pharmaceutical applications in treatment of various
diseases, drug development specifically targeting TRPCs has been lim-
ited due to the lack of understanding of its molecular activation me-
chanisms and the relationships between structural properties and the
physiological conditions. These structures provide the starting point for
future investigation on these important molecules.
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