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Abstract

TRIC cation channels are thought to provide counter-ion currents that facilitate the
active release of Ca?* from intracellular stores. TRIC activity is controlled by voltage
and Ca?" modulation, but underlying mechanisms have remained unknown. Here we
describe high-resolution crystal structures of vertebrate TRIC-A and TRIC-B channels,
both in Ca®*-bound and Ca?*'-free states, and we analyze conductance properties in
structure-inspired mutagenesis experiments. The TRIC channels are symmetric
trimers, wherein we find a pore in each protomer that is gated by a highly conserved
lysine residue. In the resting state, Ca®* binding at the luminal surface of TRIC-A, on
its three-fold axis, stabilizes lysine blockage of the pores. During active Ca**-release,
luminal Ca®* depletion removes inhibition to permit the lysine-bearing and
voltage-sensing helix to move in response to consequent membrane
hyperpolarization. Diacylglycerol (DAG) is found at interprotomer interfaces,

suggesting a role in metabolic control.
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Significance

Triggered release of calcium from intracellular stores is crucial for diverse cellular
processes, including excitation-contraction coupling in muscle. TRIC cation
channels are essential components of ER/SR membranes, but their physiological
roles have been unclear. Studies reported here elucidate a counter-ion mechanism
by which TRIC channels facilitate calcium release. Calcium depletion during release
through IP3 or RYR receptors depolarizes the ER/SR membrane potential, which
retards continued calcium release. We show that Ca®* binding to TRIC channels
stabilizes a non-conductive conformation; however, Ca®*-free TRIC, as is generated
during calcium release, frees a gating residue on a voltage-sensing helix to move out
of blockage in response to membrane depolarization. Resulting K* counter-ion

currents can restore polarization for continued calcium release.



\body

Ca? released from the sarcoplasmic reticulum (SR) and endoplasmic reticulum (ER)
participates in a wide variety of physiological cellular functions, including muscle
contraction, neurotransmitter release, cell growth and death(1, 2). lon channels in
SR/ER membranes, notably ryanodine receptors (RyRs) and inositol
1,4,5-trisphosphate receptors (IP;Rs), mediate intracellular Ca* release and play key
roles in maintaining Ca** homeostasis. SR membranes are also rich in SR K*
channels(3, 4), which are thought to provide counter-ion currents that facilitate
continued Ca* release from intracellular stores(5-7) A corresponding gene, Tric-a,
was cloned, and its recombinant product was characterized as the trimeric
intracellular cation (TRIC) channel(8-10). Mammalian TRICs have two subtypes:
TRIC-A couples with RyRs to mediate Ca®* release in excitable cells, especially within
striated muscle cells and brain(8); whereas TRIC-B synchronizes with IP3;Rs to
mediate Ca** release in various tissue cells(9, 11). Tric-a-knockout mice developed
hypertension due to enhanced myogenic tone in resistance arteries(12). In contrast,
Tric-b-knockout mice exhibited neonatal lethality due to respiratory failure(13, 14).
Furthermore, knockout mice lacking both TRIC channel subtypes exhibited embryonic
heart failure. Single nucleotide polymorphisms (SNPs) in Tric-a are associated with
increased hypertension risk and decreased efficiency of antihypertensive drugs(15),
whereas mutations in TRIC-B have been linked to bone and pulmonary diseases (14,

16-21).



Besides mammals, TRIC family proteins occur in other domains of life, and
structural studies have been reported on TRIC homologs from bacteria, archaea and
C. elegans. These structures revealed that TRIC represents a class of novel cation
channel, with a unique architecture formed by two inverted structurally similar
triple-helix bundles (THBs) (22-26). Mammalian TRIC channels are selective for
cations, with slightly higher permeability for K* over Na®, and their activities are
mediated by the elaborate interplay of voltage sensing, Ca®* modulation and lipid
regulation (3, 11, 24, 27-30); however, the underlying mechanisms remain unknown.

In this study, our bioinformatics analyses on TRIC sequences revealed that
eukaryotic TRICs bifurcate into the TRIC-A and TRIC-B subtype at the stage of the
vertebrate. We then determined crystal structures of two vertebrate TRICs: Gallus
gallus (chicken) TRIC-A (GgTRIC-A) and Xenopus laevis (frog) TRIC-B (X/TRIC-B), in
both Ca**-bound and Ca*'-free state. Ca** binds to a conserved site on the trimeric
three-fold axis at the luminal side and is connected to inhibit channel activity.
Structural comparison of the Ca®"-bound with Ca®'-free proteins, together with
electrophysiology results, show that the channel is blocked by high Ca* (as the
resting state in SR) and opened in lowered Ca* (as during RyR activity). Further
structural analyses and related conductance measurements from mutants confirm the
gating role of a high conserved lysine residue. The disulfide-trapping experiments,
together with the electrophysiological measurement reveal the role of a putative
voltage-sensitive helix TM, in controlling channel gating. Diacylglycerol (DAG) binds

at membrane-exposed subunit interfaces, and its identity suggests a role in metabolic
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control. Altogether, the sensing and movement of voltage-sensitive helix TMy, in
concert with Ca®* modulation, regulates TRIC channel activity to facilitate intracellular
Ca®* release. This study provides a structural and functional framework for

understanding the counter-ion mechanism in TRIC channels.

Results

Sequence analysis of TRIC proteins

To better understand how TRIC proteins are represented in the animal kingdom,
which includes various vertebrates and invertebrates, we clustered 425
non-redundant sequences into a superfamily of animal TRICs at the PSI-BLAST level
E<10?, then separated them into distinct clusters of vertebrate and invertebrate
TRICs at an initial threshold of E<10®, and finally into the vertebrate TRIC-A and
TRIC-B subfamilies at a typical initial threshold of E<10, as detailed in SI Appendix,
Table S1.

The vertebrate sequence includes proteins from mammals, amphibia, bird and
fish, each species typically containing two paralogous TRIC proteins, namely TRIC-A
and TRIC-B, which have distinctive cellular distributions and functional characteristics.
Among the vertebrate family, the orthologous TRIC-A proteins share ~50-70%
pairwise sequence identity, whereas the orthologous TRIC-B proteins are somewhat
more divergent, sharing ~40% sequence identity. The invertebrate family comprises a
remote set of TRIC proteins including those from worms and various insects. These
invertebrate TRIC proteins share merely ~30% sequence identity to either

mammalian TRIC-A or TRIC-B. However, the invertebrate TRIC proteins have not
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evolved into distinctive subsets as in the vertebrate family, although some organisms
do contain two distinctive TRIC sequences, e.g. Ce1 and Ce2 from the worm C.
elegans, with 54% sequence identity to each other, and with similar relatedness to
human TRIC-A (31% and 31% identity) and human TRIC-B (32% and 30% identity),
respectively.

Representative sequences from both vertebrate and invertebrate TRICs,
together with sequences from green algae, archaea and bacteria, were used to
calculate the phylogenetic tree shown in Fig. 1A. The structure-based alignment of
GgTRIC-A, XITRIC-B, CeTRIC-2, HSTRIC-A, and HsTRIC-B sequences is shown in
Fig.1B, from which GgTRIC-A shares 76% and 40% sequence identity to human
HsTRIC-A and HsSTRIC-B, whereas X/TRIC-B shares 46% and 54% sequence
identity to human HsTRIC-A and HsTRIC-B, respectively.

Biochemistry and structure determination

Eight pairs of vertebrate TRIC-A and TRIC-B were selected for gene synthesis with
codon optimization for expression in the yeast S. pombe. Both chicken GgTRIC-A and
xenopus XITRIC-B were stable candidates for structural and functional
characterization. As fused into planar lipid bilayers, the purified GgTRIC-A and
XITRIC-B proteins conduct K* currents with characteristics similar to those for
mammalian TRIC-A and TRIC-B, respectively (S| Appendix, Fig. S1).

When solubilized in octyl glucose-neopentyl glycol amphiphiles, GgTRIC-A and
XITRIC-B each crystallized in multiple lattices from various conditions (S| Appendix,

Table S2). The GgTRIC-A structure was solved by selenomethionyl SAD phasing and
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used to solve other structures as isomorphs or by molecular replacement. Structures
were determined for each protein both in the presence and absence of Ca®" ions, in
differing conditions, and in differing lattices at resolutions down to 1.8 A for GgTRIC-A
and 3.1 A for XITRIC-B (Table S3); structures were also determined for GgTRIC-A
mutant proteins K129A and K129Q. We refined f"’ scattering factors against data
measured at low X-ray energy (7keV, A=1.77A) to identify bound ions, such as for
ca”.

Structures of TRIC-A and TRIC-B

Both GgTRIC-A and XITRIC-B are symmetrical trimers of 7-TM subunits (Fig. S2A),
and each protomer is composed of inverted quasi-repeats of triple-helix bundles
(THBs) plus an additional TMy, forming an apparent ion-conduction pathway across
the membrane. Despite low sequence identity (~19.5%), TM4.3 resembles TM,, each
adopting a THB fold, as in other TRICs (Fig. S2B), while TM7 separately stands on the
lateral side of the trimer, making contact with the pre-TM helix, TMy. The electrostatic
potential surface generally is negative on the luminal side and largely positive on the
cytoplasmic side (Fig. S2C and D). When compared to prokaryotic TRICs, most of the
TMs in vertebrate TRICs have conserved proline residues located at the boundary of
trans-membrane segments. Their trans-membrane helices are more inclined within
the membrane, and adopt a more expanded conformation (Fig. 2A). The X/TRIC-B
shares 48.0% sequence identity with that of GgTRIC-A. The overall structure of
XITRIC-B is similar to that of GgTRIC-A, with a rm.s.d. of 0.92 A for 221

superimposed C, of the protomer and 1.14 A for 665 superimposed C, of the trimer
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(Fig. 2B). They both share similar overall topological organization pattern, trimeric
assembly architecture and surface electrostatic characteristics with prokaryotic TRICs
and invertebrate TRICs from C. elegans (Fig. S3A-F).

Lipid binding in the lateral fenestration

Similar to the prokaryotic TRICs(23, 25, 26) and CeTRICs(24), lateral fenestrations
are found at the protomer interfaces for both GgTRIC-A and X/TRIC-B. These
interfacial openings are largely hydrophobic, formed mainly by the conserved
glycine-mediated kinked TM, and TMs from neighbouring protomers (Fig. 3A).
Electron density features of the lipid in GgTRIC-A (Fig. 3B) are distinct from those of
the endogenous PIP; found in CeTRIC. Considering the shape of these densities, we
speculated that the lipid molecule could be diacylglycerol (DAG), a hydrolyzed
product of PIP, (Fig. 3C). Further evidence came from the observation of DAG
enrichment in the protein dissolved from crystals by lipidomics analysis via mass
spectrometry (Fig. S4A and B). The DAG molecules interact extensively with the
hydrophobic residues of the kinked TM; and TMs helices, with head groups crevice
entrances and acyl chains embedded toward the center of the channel.

Both PIP, and DAG are second messengers important in regulating channels,
notably TRPC(31), CNG(32), Kir(33) and K2P(34). The discovery of PIP, and/or
DAG binding to the TRIC channel uncovered a link between cellular lipid signaling
and Ca?* homeostasis. In PIP,-bound CeTRIC, the head group of PIP; protrudes into
the pore, and the inositol ring is hydrogen-bonded to highly conserved residues

(K129/R133 on TMy), thus blocking the pore. DAG lacks of the inositol ring of PIP,,
9



which leaves the pore unblocked in GgTRIC-A (Fig. S4C and D). Superimposition of
PIP,-bound CeTRIC-2 onto the DAG-bound GgTRIC-A reveals that the TMs, segment
serve as a conformational switch for binding different lipids. The indole rings of W173
residues in DAG-bound GgTRIC-A tightly associate at the three-fold axis on the
cytoplasmic side of the channel, whereas they swing away in PIP,-bound CeTRIC-2
(Fig. S4E and F). Altogether, our data suggested DAG plays a key role in the
conformational control of pore-forming helices of TM, and TMs, thus cooperatively
coupling to channel gating.
Ca? binding and channel modulation
Several groups have reported that Ca?** modulates the activity of cardiac SR K"
channel (3, 27-29). The activities of TRIC-B have been shown to be regulated by Ca**
on both the cytoplasmic and luminal sides(30); however, the underlying molecular
mechanism remains unclear. Here, we show that a well-ordered Ca** ion, with
associated water molecules, is bound at a luminal site in GgTRIC-A. The site is
formed by backbone carbonyl oxygen atoms from highly conserved glycine 74 residue
on the three-fold axis of the trimeric channel (Fig. 4A and B). The Ca®" site was
located easily in a Bijvoet-different map (Fig. S5B), and its identification was verified
by f” refinement in the 2.0 A resolution structure. The fitted f” (Ca®*) 1.82e is close to
the theoretical value 1.60e. Similarly, Ca®" is found to bind to the same site in
XITRIC-B, which is formed by highly conserved alanine residues in the TRIC-B family.
In keeping with the observation of Ca*" binding on the luminal side of the

channel, we found that luminal Ca®" inhibits the channel activity in single channel
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experiments. When 2mM Ca®" was applied at the luminal side of GgTRIC-A
(orientation established as the asymmetrically charged TRIC protein is fused to the
lipid bilayer held in an applied cis-bilayer potential), voltage-activated channels
became inhibited as evidenced by elimination of current in single channel recordings.
Gratifyingly, the inhibition was reversed when 5mM EGTA was added to the bath
solution to chelate the luminal Ca?* (Fig. S6A). Similar results were also found for
XITRIC-B, suggesting a conserved mechanism for TRIC channel modulation by Ca**
(Fig. S6B). Conductance measurements at varied luminal Ca** concentrations
showed that inhibition occurs with K; ~ 0.4mM (Fig. 4C).

The comparison of Ca®*-bound with Ca*-free TRICs revealed substantial pore
stabilization by Ca®* (Fig. 4D-F) despite having nearly identical overall structures
(r.m.s.d. values of 0.51 A/226C,and 0.24 A/224C, for GgTRIC-A and X/TRIC-A,
respectively; Fig. S7A and B). A shift of 0.49 A in the coordinating carbonyl oxygen
atom of G74 upon Ca? binding (Fig. S7C) leads to a rotameric shift in the side chain
of E75 in Ca?-bound GgTRIC-A such that E75 then hydrogen bonds to D70 and to
Q140, stabilizing interactions between TM, and TM,. This contact is strengthened by
a water-mediated hydrogen bond between Q140 and the backbone carbonyl oxygen
of L73.

Evidence that these Ca”*-mediated interactions are stabilizing is seen in
comparing the atomic-mobility (B-factor) profiles from the two structures (Fig. S7D).
Whereas the mobility profile for the Ca?*-free TRIC-A is relatively uniform, that for the

Ca®*-bound structure has its B-factors appreciably reduced for the TM,-TM; and
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TM4-TM;5 helix pairs associated with the Caz+-binding site. This stabilization extends
through the lengths of these helices, and consequently two backbone-coordinated
water molecules bind near S65 at a kink in TM,. The resulting network of added
interactions strengthens pore blockage by the K129 plug (Fig. 4E). The number of
stabilizing contacts is decreased from 22 in the Ca?*-bound state to 3 in the
Ca®*-free state. Only the hydrogen bonds connecting K129 with Y29 and S65 are
retained in Ca**-free GGTRIC-A (Fig. 4F). As discussed below, channel opening is
voltage dependent; thus, not surprisingly, all crystal structures are in a closed, resting
state. The K129 latch is expected to loosen with Ca?* depletion on the luminal side,
which we see leads to increased Pg for the TRIC channel (Fig. 4C).

lon-conducting pore

The pores in both GgTRIC-A and XI/TRIC-B have similar hourglass-shaped tunnels
across the membrane, with a narrow constriction in each near the middle of the
membrane, as calculated by the HOLE program (Fig. 5A and B). The pore is lined with
highly conserved residues and is largely hydrophobic and electropositive (Fig. S8A
and B). The basic character of the pore is a puzzle; however, conformational
changes may occur during gating. Sequence analyses revealed well-conserved
glycine-containing signature motifs in both TM, and TMs helices among all TRICs. It is
highly conserved as “FGSY” in TM, and “GWXKGXGVA” in TMs for TRIC-As,
whereas it is “FGGG” in TM, and “GWARGXGGG” in TMs for TRIC-Bs. These
signature motifs generate structural kinks in the middle of trans-membrane segments,

thus disrupting the regular hydrogen-bonding patterns in TM, and TMs, and
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consequently exposing backbone amines for coordinating water molecules. The site
of a disease-causing mutation in human TRIC-B (VL insertion after G152) is located
at the glycine-mediated kink in TMs, which could alter properties of the channel pore
to cause autosomal recessive osteogenesis imperfect (21).

In prokaryotic TRICs, a network of inter-helical hydrogen bonds (residues
D99-R139-D140-Y155 in SaTRIC) locks the channel pore in a closed state(26). By
comparison, this interaction network is not observed in either GgTRIC-A or XITRIC-B.
Instead, a highly conserved lysine residue (K129 in GgTRIC-A) at the neck of the
hourglass-shaped pore interacts with Y29 (TM4) and S65 (TM,;) and forms a
hydrogen-bonded plug to block the pore. The K129A mutation generates an
apparently open pore, with a uniform diameter of ~ 4 A across the membrane (Fig. 5C
and D). In keeping with these structural observations, we found that the K129A
mutant resulted in a fully open pore at all voltages whereas wild type TRIC-A
channels are a voltage-dependent, with higher open probability and higher current
amplitude at positive potential than at negative potential (Fig. S8C and D). This
rectification characteristic of the wild type channel is eliminated for K129A. These
observations not only point to the gating role for the highly conserved K129, but also
indicate its role in sensing voltage across membrane (Fig. 5E and F). Furthermore,
the channel pore of mutant K129Q remained largely closed, showing occasional
openings only at high voltage (90 mV), which is consistent with stabilizing contacts of

Q129 with Y66 and K155 in the structure of K129Q (Fig. S8E and F).

Voltage sensing and gating mechanism
13



Similar to mammalian TRICs, GgTRIC-A can sense the voltage potential across the

membrane and is regulated in a voltage-dependent manner (Fig. 6A).

Voltage-regulated ion channels, such as Na, (35), K, (36) and TPC, (37), usually have

a separated voltage-sensing domain (VSD), with some positively charged lysine or

arginine residues on their voltage-sensing S4 helix. There is no such VSD in either

TRIC-As or TRIC-Bs, but these channel proteins do have TM, helices that are

enriched in highly conserved basic residues (Fig. 6B). This composition is as in VSDs,

but the TRIC TM4 segments are otherwise structurally distinct (Fig. S9), being long,

straight and inclined (Fig. 6C). The five conserved basic residues on TMy in

GgTRIC-A, namely K115, K122, R126, R128 and K129, four of which line the pore to

generate the unique electropositive characteristic. These observations raise the

possibility that the conformation of the basic region within the pore could change,

perhaps as part of the gating process.

To tackle the possible gating mechanism, we have designed paired cysteine

mutations based on the structural analysis, including F25C/V125C, V127C/T217C

and A137C/T151C, which aimed to introduce disulfide bridges to test the role of a

putative voltage-sensitive helix TM, in regulating channel gating. Oxidative

crosslinking (38) of designed double cysteine mutants were expected to restrain the

conformation of the voltage-sensitive helix TM, relative to other adjacent

trans-membrane helix (e.g. TM4, TMs and TMg) upon disulfide formation, thus lock the

channel in a closed state (Fig. 6C). Interestingly, the V127C/T217C (TM4-TMsg) pair

mutants resulted in a small but non-negligible shift in the SDS-PAGE upon
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CuP-promoted oxidation, indicating inter-helical disulfide formation of C127/C217
within the protomer (Fig. 6D). Just as expected, the V127C/T217C double mutant
does not show any channel opening, even at voltages higher than +50 mV, most likely
because the C127/C217 disulfide bond locks the voltage-sensing TM4 helix in a
restrained conformation, thus causing the channel to remain closed upon
depolarization. Reduction of the disulfide bond with DTT leads to robust channel
opening (Fig. 6E). Other pairs of mutants (F25C/V125C (TM4-TM,) and A137C/T151C
(TM4-TMs)) did not show any obvious shift in the crosslinking analysis nor different
electrophysiological responses between oxidizing and reducing conditions.
Presumably the possible disulfide bonds were unable to form, due to non-ideal
geometry Fig. S10). All above observations point to an essential role for the

voltage-sensing TM, helix and its coupling to the channel activation.

Discussion

Excitation-contraction coupling in muscle depends on rapid release of Ca®* ions from
SR stores through RyR channels. SERCA pumps will ultimately restore the SR Ca?
concentration level, but not on a time scale that could avert inevitable SR membrane
hyperpolarization that would detrimentally slow Ca®" release. It has long been
appreciated that a counter-ion mechanism is needed to assure continued Ca**
release(5, 6); however, which channels predominantly carry such counter ions has
been unclear (10, 39). SR K" channels(3), now generally accepted to be TRIC

channels, are highly abundant in SR membranes and these are logical candidates;
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alternatively, RyR channels themselves have been posited as the primary route for
counter-ion flow (39). Supposing that TRIC channels are indeed the main conveyers
of the counter ions, mechanistic questions of how TRIC channels might serve this
function have also been open.

Recent studies have clarified our understanding of the counter-ion mechanism
appreciably. One study measured SR membrane potentials using a novel FRET
assay to provide compelling evidence that there is virtually no change in potential
during muscle fiber activation (40); and detailed simulations of activity at the SR
junctions with transverse tubules from the plasma membrane in cardiac muscle
concluded that, although several channels participate, TRIC K* channels predominate
in conducting counter-ion currents (41). These results are consistent with conclusions
from the permeability of isolated SR vesicles that the SR membrane cannot develop a
potential greater than a few mV under physiological conditions (7).

What then is the mechanism by which TRIC channels provide the counter
currents of K* ions that efficiently balance the losses from Ca?* release? Our studies
show that TRIC channels are controlled by Ca?* ion concentrations and membrane
potentials as observed in the physiological range. We find that GgTRIC-A is
substantially inhibited from carrying currents when with Ca?* ions as for SR at rest
(0.5-1.0 mM, Fig. 4C) but that TRIC-A is opened when the Ca?* level is reduced to the
0.1-0.2 mM level as happens during Ca®* release in active muscle.

TRIC-A channel opening is potentiated at non-physiological membrane

potentials; however, channel openings also occur at relevant SR potentials near zero
16



(Fig. 5A). We find that TRIC channels are gated by a lysine residue (K129) on
voltage-sensitive helix TMy4, and that channel activity is blocked reversibly when TMy
is immobilized by a disulfide link. We also observe that the K129 latch is highly
sensitive to structural details: the K129Q channel has a closed pore and does not
conduct whereas K129A is fully open, structurally and functionally; similarly,
Ca?-bound TRIC-A has a network of hydrogen-bonded interactions surrounding the
K129 latch whereas stabilizing interactions are greatly diminished in Ca**-free TRIC-A.
Pore blockage is not released in the Ca*-free crystal, but we propose that
destabilization of the K129 latch leaves it poised for displacement as voltage-sensitive
TM,; moves in a hyperpolarized membrane (Fig. 6F). Such TMs movement likely
affects the electrostatic potential within the pore as well.

Our structural results also suggest that TRIC channels may be under overall
metabolic control. We identify DAG as a stabilizing ligand that co-purified with
GgTRIC-A and bound to lateral fenestrations between protomers. It is well
established that PIP; is a membrane phospholipid of importance in cellular signaling
pathways. Hydrolysis of PIP; yields IP; and DAG; IP; in turn activates IP3 receptors
on the ER and facilitates intracellular Ca®* release and other activities and DAG has
been shown to activate TRPC channels and here to stabilize the TRIC-A channel. In
a parallel observation, PIP, was found co-purified with C. elegans TRIC-2 and to be
bound at protomer interfaces(24), similarly as found here for DAG with GgTRIC-A.

Materials and Methods

17



Bioinformatics analysis, cloning and expression, scaled-up production and purification,
crystallization and data measurement, structure determination, f” refinement for ion
identification, electrophysiology, and cysteine cross-linking procedures are described

in SI Appendix, SI Materials and Methods
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FIGURE LEGENDS

Fig. 1. Structure-based sequence alignment of TRIC Family

(A) Family tree. The presentation was computed by the program COBALT (42) from
representative sequences from subfamilies. (B) Structure-based sequence
alignments of eukaryotic TRICs from GgTRIC-A, XITRIC-B, CeTRIC-2, HSTRIC-A,
and HsSTRIC-B. The structures of GgTRIC-A, CeTRIC-2 and X/TRIC-B have been
used to restrict sequence gaps to inter-helical segments. Superior coils define extents
of the helical segments; boxes are drawn for the highly conserved glycine containing
motifs; red letters mark residues in the TRICs that involved in the ion conduction
pathway; and the colored inferior bar encodes ConSurf (43) sequence variability for
the vertebrate TRIC-A of 117 non-redundant proteins (top), the invertebrate TRICs of
133 non-redundant proteins (middle) and vertebrate TRIC-B of 126 non-redundant

proteins (bottom).

Fig. 2. Structure of TRIC-A and TRIC-B channels

(A and B) Ribbon drawing of the trimer for GgTRIC-A (A) and SaTRIC (B), as viewed
from the membrane (top), and viewed from the luminal or extracellular side (below).
Bound Ca® ion in GgTRIC-A is shown as green sphere, and two bound Na* ions in
SaTRIC are shown as purple spheres. One protomer is colored spectrally from dark
blue at its N-terminus to red at its C-terminus. Membrane boundaries were calculated
by OPM server. (C) Superimposition of the protomer structure of GgTRIC-A and
XITRIC-B. Stereo view of the superimposed C, backbones, oriented as in (A). The

coloring for GgTRIC-A protomer is as in (A), and X/TRIC-B protomer is in grey.

Fig. 3. The lipid binding in the lateral fenestration

(A) Lipid binding in the lateral fenestration. Ribbon drawing of the GgTRIC-A, with one
protomer removed. The TM, and TMs helices from two protomers are coloured purple
and green, respectively. The lipid molecules within the lateral fenestrations are shown

as stick, with carbon, nitrogen and oxygen atoms colored yellow, blue and red,
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respectively. (B) Cross-section view of GgTRIC-A. Three DAG molecules were
superimposed into the lateral fenestrations, with one lipid covered by the 2Fo-Fc
electron density map, contoured at 2.00, and colored as in (A). (C) Close-up view of

the lipid molecule, as in (B).

Fig. 4. Calcium binding and modulation in TRIC channels. (A) Ribbon diagram of
Ca? binding in the structure of GgTRIC-A, as viewed from membrane. In order to
have a better view for the Ca?* binding, a section of the front protomer (inside the red
box) is removed. The bound Ca?" ion (dark green) and water molecules (red) are
shown as spheres. 2Fo-Fc electron density contours are shown for both water
molecules and Ca®* ion, contoured at 1.50 and colored in blue. The anomalous
density is also shown for Ca?" ion, colored in purple and contoured at 5.00. (B) A
close-up view of the Ca® binding to the backbone carbonyl oxygen atom of G74.
Water molecules and Ca* ion are shown, as in (A). G74 O to Ca*, distance = 2.4 A;
Ca?" to water molecules, distance = 2.5 A (lower) or 2.6 A (upper). (C) GgTRIC-A
channel modulation by luminal Ca?*. Relative channel open probabilities (Po) were
determined from planar lipid bilayer recordings at +50 mV voltages (200 mM KCl in
both trans and cis solutions) in the presence of varied Ca®* concentrations in the cis
side (n=3). (D) Superimposition of GgTRIC-A, the Ca®-bound structure vs. the
Ca®*-free structure. The residues involved in hydrogen bonding interactions were
shown as sticks. The hydrogen bonds (distance < 3.2 A) were indicated as black
dash-line. Water molecules involved in interaction were shown, as red spheres. Ca?*
ion was shown as sphere, colored in dark green. (E and F) A close-up view of

hydrogen bonding interactions in Ca?*-bound GgTRIC-A (E) and Ca?**-free GgTRIC-A

(F).

Fig. 5. The ion conduction pore of TRIC channels
(A and B) The pore lining surface as computed by the program HOLE is drawn into a
ribbon model of the protomer structure of GgTRIC-A (A) and XITRIC-A (B), and the

kinked TM (in purple) and TMs (in green) helices are shown. The lateral fenestration
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interface and lipid-binding site is indicated, shown as a star. We used a simple van
der Waals surface for the protein and the program default probe radius of 1.15 A. The
lining surface is shown in blue dots except at narrow restrictions (pore radius < 2.0 A),
which are in green dots. A yellow line through the channel marks the calculated
center-line of the pore. (C) The pore lining surface of GgTRIC-A K129A mutant is
drawn into a ribbon model, oriented and details as in (A). (D) Close-up view of the
conserved K129 and its hydrogen-bonded interaction with Y29 and S65. Water
molecules observed within the ion conduction pathway are shown as red sphere. (E
and F) Analysis of single channel properties for GgTRIC-A, wild type, K129A and

K129Q mutants (n=3).

Fig. 6. The voltage sensor and gating mechanism of TRIC channels.

(A) Voltage dependency of channel gating. The P, of the full conductance open state
at a series of holding potentials is shown. TRIC-A channel activity was reduced at
negative potential compared to positive potential (n=5). (B) Conserved motifs on the
voltage-sensing TM, for both TRIC-A and TRIC-B. (C) The cartoon model for TMy4 in
the protomer structure of GgTRIC-A. The five highly conserved positive-charge
residues and their stabilizing residues were shown as sticks. Three pairs of
substituted cysteine mutations (F25C/V125C, V127C/T217C and A137C/T151C)
were also shown as sticks. (D) Analysis of substituted cysteine cross-linking
experiment, promoted by CuP-mediated oxidation. The A137C/T151C pair mutant
show shift on the SDS-PAGE, indicating the formation of disulfide bond. (E) Single
channel recording analysis of substituted cysteine cross-linking mutants. (F) A model

for TRIC channels voltage sensing and its coupling to the gating process.
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