
UCSF
UC San Francisco Previously Published Works

Title

Structure of the human TRPM4 ion channel in a lipid nanodisc

Permalink

https://escholarship.org/uc/item/1n54z3pk

Journal

Science, 359(6372)

ISSN

0036-8075

Authors

Autzen, Henriette E
Myasnikov, Alexander G
Campbell, Melody G
et al.

Publication Date

2018-01-12

DOI

10.1126/science.aar4510
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1n54z3pk
https://escholarship.org/uc/item/1n54z3pk#author
https://escholarship.org
http://www.cdlib.org/


Structure of the human TRPM4 ion channel in a lipid nanodisc

Henriette E. Autzen1,2, Alexander G. Myasnikov1, Melody G. Campbell1, Daniel Asarnow1, 
David Julius3,*, and Yifan Cheng1,4,*

1Department of Biochemistry and Biophysics, University of California, San Francisco, California 
94143, USA

2Department of Molecular Biology and Genetics, University of Aarhus, 8000 Aarhus, Denmark

3Department of Physiology, University of California, San Francisco, California, 94143, USA

4Howard Hughes Medical Institute, University of California, San Francisco, 94143, USA

Abstract

Transient receptor potential (TRP) melastatin 4 (TRPM4) is a widely expressed cation channel 

associated with a variety of cardiovascular disorders. TRPM4 is activated by increased 

intracellular calcium in a voltage dependent manner, but unlike many other TRP channels is 

permeable to monovalent cations only. Here we present two structures of full-length human 

TRPM4 embedded in lipid nanodiscs at ~3Å resolution as determined by single particle electron 

cryo-microscopy. These structures, with and without calcium bound, reveal a general architecture 

for this major subfamily of TRP channels and a well-defined calcium binding site within the 

intracellular side of the S1–S4 domain. The structures correspond to two distinct closed states. 

Calcium binding induces conformational changes that likely prime the channel for voltage-

dependent opening.

Transient receptor potential (TRP) channels comprise an extended superfamily of membrane 

ion channels that mediate diverse cellular and physiological functions. Permeability to both 

mono- and divalent cations is a defining feature for the majority of TRP channels (1). 

However, the TRP melastatin subfamily member 4 (TRPM4) channel is impermeable to 

Ca2+, yet activated by intracellular Ca2+ (2). Activation of TRPM4 depolarizes the plasma 

membrane through Na+-entry, which in turn enhances Ca2+-influx through Ca2+-permeable 

channels or otherwise modulates Ca2+ oscillations (2, 3). Like many other TRP channel 

subtypes, TRPM4 displays voltage sensitivity as evidenced by pronounced outward 

rectification of Ca2+-activated TRPM4 currents in response to voltage ramps (4). Binding of 

Ca2+ to TRPM4 is hypothesized to precede voltage-dependent opening, thereby giving rise 

to two closed states: Ca2+-unbound and Ca2+-bound (5). However, it is unclear where the 

Ca2+-binding site is located in the channel and a structural basis for voltage sensitivity and 

ion selectivity remains elusive. Here, we present two single particle electron cryo-

microscopy (cryo-EM) structures of the human TRPM4 channel in nanodiscs, in both Ca2+-

bound and unbound closed states. Comparison of the two structures reveals a Ca2+ binding 

site in the transmembrane domain, and conformational changes induced by Ca2+. Lipid 
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molecules, including cholesteryl hemisuccinate (CHS), form tight interactions with the 

channel, likely stabilizing it in the lipid bilayer.

Recombinant full-length human TRPM4 (hTRPM4b) was purified in detergent, and 

reconstituted into lipid nanodiscs as described for other TRP ion channels (6) (fig. S1). 

Three-dimensional (3D) reconstructions with a C4 symmetry were obtained in the presence 

of either 5 mM EDTA or CaCl2 to overall resolutions of 3.2Å and 3.1Å (Fig. 1A, B, fig. 

S2A–F and S3A–F). In both structures, the transmembrane domain and part of the soluble 

domain are well resolved. However, the soluble regions distal to the membrane and the 

symmetry axis are of lower resolution, indicating conformational flexibility (fig. S2G, S3G). 

Focused refinement of the transmembrane domain with the central coiled-coil improved 

local resolution and enabled de novo atomic model building of these domains for both 

samples (fig. S2F, H; S3F, H; S4B, D and S5). For the rest of the cytoplasmic domains, 

further classification and focused refinement of individual monomers without symmetry 

improved the resolution to a level sufficient for de novo model building (Fig. 1C–F, fig. S2I–

K, S3I-K, S4C, E and S5). The complete data processing scheme is described in 

Supplementary Methods and Figure S4.

The transmembrane core contains six helices (S1-S6) arranged in a domain-swapped 

architecture (Fig. 1C, D) reminiscent of many tetrameric voltage-gated cation channels, and 

all other TRP channels to date (7–13). hTRPM4 has additional membrane embedded 

fragments that surround the S1–S4 domain from the inner leaflet of the membrane (Fig. 1D, 

F), a feature that might be distinct to the TRPM subfamily. The C-terminus of each subunit 

joins to form a parallel coiled-coil resembling that of TRPA1 channel (11). The coiled-coil is 

surrounded by a large, intertwined cytoplasmic domain, comprised of four N-terminal 

TRPM Homology Regions (MHR1-4), which are highly conserved within the TRPM 

subfamily (14). MHR1-2 contains an eight-stranded β-sheet surrounded by eight α-helices. 

MHR3-4 is composed of stacked α-helices and linked to the transmembrane domain through 

MHR4, which clasps the TRP domain, thereby forming an interaction between the 

cytoplasmic domain and the transmembrane core (Fig. 1D). Between neighboring 

monomers, MHR1 of one subunit interacts with the MHR3 of the neighboring subunit 

forming a ring that does not interact with the central coiled-coil (Fig. 1E).

Comparison of Ca2+-free and Ca2+-bound structures reveals an extra density in a hydrophilic 

pocket within the cytoplasmic side of the S1–S4 domain (Fig. 2A and fig. S6). Several lines 

of analysis suggest that this density represents a bona fide bound Ca2+-ion: 1) Direct 

comparison between both half maps and the combined maps of the CaCl2 and EDTA 

samples confirms the existence and precise location of the additional density in the CaCl2 

map (fig. S6A–C, E–G); 2) the omit densities calculated as the difference between the 

experimental maps and map calculated from the refined atomic models without Ca2+ show a 

strong density corresponding to a bound Ca2+-ion (fig. S6D) in the CaCl2 structure, but not 

in the EDTA structure; 3) the difference map between the CaCl2 and EDTA maps reveals a 

clear density with a high signal-to-noise ratio (Fig. 2A and fig. S6H); 4) side chain densities 

of surrounding negatively charged residues are stronger in the CaCl2 structure than in the 

EDTA structure (fig. S6A, E), consistent with the observation that negatively charged side 
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chains are generally weaker in a cryo-EM density map unless they are engaged in specific 

interactions (15).

The Ca2+ ion is directly coordinated by side chains of Glu828 and Gln831 from S2, and 

Asn865 from S3 (Fig. 2A). Asp868 is also near the ion and may participate in its 

coordination. Together, these side chains contribute at least four oxygens that can coordinate 

the Ca2+. The Ca2+ binding site is located within a hydrophilic pocket that is large enough to 

accommodate additional water molecules for further coordination of the bound ion. This 

pocket is connected to the cytoplasmic space through a narrow path between the TRP 

domain and the S2–S3 linker (fig. S6I, J). Within the pocket, Arg905 from a single 310 

helical turn in S4 and Tyr790 from the S1 are located above the Ca2+ binding site. In the 

absence of Ca2+, Arg905 is coordinated by Glu828 and Asp868 (Fig. 2B). Upon Ca2+ 

binding, the S2–S3 linker translates ~1.5 Å such that Tyr859 supports a tighter conformation 

for coordination of Ca2+ by Glu828, Gln831, Asn865 and Asp868 (fig. S6L). Furthermore, 

the side chain of His908 in S4 transitions from a π-π stacking arrangement with Trp864 in 

S3 to form a new interaction with Cys867 (Fig. 2B, C and fig. S6K–N). Without 

coordination of Glu828 and with rearrangement in S3 and S4, Arg905 moves slightly 

upward (fig. S6N). The configuration of Arg905 and Tyr790 is reminiscent of a positive 

gating charge (arginine) and charge transfer center (tyrosine) seen in voltage-gated 

potassium channels (16). We speculate that Ca2+ binding moves Arg905 up towards Tyr790 

to prime the channel for voltage-dependent opening.

A previous mutagenesis study showed that the Glu1068Gln mutation significantly reduces 

TRPM4 Ca2+-sensitivity (17). Glu1068 is located in the pathway leading to the Ca2+-

binding site from the cytoplasmic space (fig. S6I, J), and this mutation likely reduces the 

Ca2+ accessibility to the site. Of the four residues that constitute the Ca2+ binding site, 

Asn865 and the negative charge of Asp868 are conserved throughout the TRPM subfamily, 

while Glu828 and Gln831 as well as Tyr859 and Glu1068 are conserved only in subfamily 

members that are shown to be Ca2+ dependent: TRPM2, TRPM4, TRPM5 and TRPM8(18–

20) (fig. S7). Therefore, it is likely that there is an analogous binding site in these channels. 

Electrophysiological and mutagenesis studies of TRPM8 suggest that Ca2+ binds directly to 

an analogous site in that channel to confer sensitivity to icilin, a synthetic cooling agent. 

Specifically, substituting the residues corresponding to Asn865 and Asp868 resulted in 

icilin-insensitive channels that retain robust Ca2+-independent responses to cold and menthol 

(21).

The central pore of hTRPM4 is formed by S5 and S6, and the intervening re-entrant pore 

helix and pore loop. Together, these elements form an ion permeation pathway with two 

restriction sites, similar to other TRP channels (Fig. 3A, B). As seen in TRPV1(10), the 

outer pore has a funnel shape with a negatively charged residue facing the funnel, attracting 

cations (fig. S8A, B). Two highly conserved residues, Phe975 and Gly976, located in the 

bottom of the pore loop, form the narrowest restriction point of the upper pore. The pore 

diameter at this site is very similar to that of the open gate in TRPV1 (22) (Fig. 3B), which 

is sufficient to accommodate partially dehydrated monovalent cations. However, no density 

corresponding to coordinated ions is found within the pore (fig. S8C, D). The location of a 

previously identified putative selectivity filter (981EDMDVA986) (23) does not coincide with 
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this restriction site, but is located further towards the extracellular face (Fig. 3C). At the 

bottom of the ion permeation pathway, side chains of opposing Ile1040 residues in S6 form a 

tight seal at the lower restriction site, signifying that both structures are in closed 

conformations (Fig. 3A, B).

The pore helix of hTRPM4 has an additional turn compared to that in other TRP channels 

(Fig. 3C) (9–13). In the middle of the pore helix there is a single-turn π-helix (Arg964-

Arg969) followed by a proline residue, Pro970, conserved in all human TRPM channels 

except TRPM2. Likewise, similar to what was first identified in TRPV1 (10) and 

subsequently observed in other TRP channels (7, 11), there is a one-turn π-helix (Val1030-

Leu1035) in the middle of the S6 helix (Fig. 3C). While the exact role of these single-turn 

π-helices is unclear, they could potentially facilitate helix bending under different functional 

states, leading to movement of the lower gate or modulation of the upper pore.

Outside of the pore, hTRPM4 has an extensive extracellular loop comprising more than 30 

residues that connect the pore loop to the S6 helix. The loop is clearly resolved, likely 

stabilized by a disulfide bond between two cysteines (Cys993 and Cys1011) (Fig. 3C and 

fig. S8F, G), a feature predicted to exist in the majority of TRPM channels. This disulfide 

bond is not seen in the CaCl2 structure (fig. S7H), where disulfide bond breakage may have 

been caused by radiation damage (24). The loop also contains a glycosylation site (Asn992) 

with the attached glycan pointing towards the extracellular space (Fig. 3C and fig. S7G, H).

In addition to the transmembrane S1–S6 domain, hTRPM4 has distinct membrane 

embedded α-helical segments (Fig. 4A). These segments surround the exterior of the S1–S4 

domain within the inner leaflet of the membrane and mediate extensive interactions with the 

soluble domain. Preceding the S1 helix, there are two short helices shaped as an inverted ‘V’ 

embedded within the inner leaflet of the membrane (Fig. 4B). We term it the “pre-S1 

elbow”, similar to that observed in the mechanotransduction channel NOMPC (9). A 

disordered loop unresolved in both structures, connects the pre-S1 elbow to an amphipathic 

helix termed as the “pre-S1 shoulder” positioned at the inner surface of the membrane (Fig. 

4C). The pre-S1 shoulder helix contains large hydrophobic residues buried in the membrane 

and a number of charged residues facing the cytosol. Among these charged residues, Arg767 

was identified as important for interactions with the phosphatidylinositol lipids, PIP2 and 

PIP3 (25).

An extended S2–S3 linker distinct to the TRPM subfamily forms a short amphipathic helix, 

positioned at the membrane surface, near the Ca2+-binding site (Fig. 2B). The loop that 

connects S2 with the S2–S3 linker is ~12 residues longer in hTRPM4 compared to other 

human TRPM channels and extends beyond the membrane bilayer, interacting with MHR4. 

Ser839 in the linker is a predicted phosphorylation site important for trafficking TRPM4 to 

plasma membrane (26), however, this linker is only weakly resolved in the CaCl2 structure. 

In addition, the S2–S3 linker also interacts loosely with the cytoplasmic domain MHR3 (Fig. 

4D).

The last segment is positioned between the pre-S1 shoulder and S2–S3 linker helix (Fig. 4A, 

F). Here, a loop fills the gap between S1 and S2 and connects the conserved TRP domain to 
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the C-terminal Helix 1 (CH1), which is located at a steep angle relative to S1, extending 

downwards from the middle of the membrane bilayer to the cytoplasmic surface more than 

20Å away from the end of the TRP domain (Fig. 4E). The C-terminus of CH1 contains five 

arginine residues, similar to the pre-S1 shoulder mentioned above, which likely constitute 

interaction partners for negatively charged lipid headgroups at the membrane interface. CH1 

connects to CH2 through a 19-residue linker which was only partially resolved in the 

structures and observed to associate with MHR4 and the C-terminal end of the TRP-domain.

A number of lipids were observed in our structures (fig. S9A). In addition to annular 

phospholipids, we identified three densities as CHS based on its characteristic shape (Fig. 

3C, 4B and fig. S9B). CHS is often used as a cholesterol analog (27), thus a cholesterol 

molecule is likely to bind at the same sites. One CHS molecule fills a cleft at the backside of 

the pore, interacting with the S6 helix and the pore loop or the proposed selectivity filter of 

one subunit and the pore helix of the neighboring subunit. This arrangement, together with 

the relative rigidity of CHS over annular phospholipids, may stabilize the conformation of 

the pore (Fig. 3C and fig. S8E). A second CHS molecule is positioned at a location 

equivalent to the vanilloid binding pocket in TRPV1 (6) (fig. S9C). A third CHS is located at 

the pre-S1 elbow, which together with S1 and S4 creates a cavity (Fig. 4B).

While there is no noticeable change of the pore between the two structures (Fig. 3B, fig. 

S10A, C), we observe subtle yet well-defined changes in the region surrounding the Ca2+ 

binding site (fig. S10). In addition, CH2 is horizontally displaced by ~2.5 Å around the 

central coiled-coil, measured from the Cα of Glu1116, in the distal end of CH2 (fig. S10D). 

The rotation results in a slight tightening of the central coiled-coil (fig. S10E), likely 

stabilizing it as evident by the observation that more residues in the C-terminal end of the 

coiled-coil were resolved in the CaCl2 structure (fig. S2G, 3G). Given that the lower gate 

remains closed in both structures, such conformational changes are insufficient for channel 

opening. However, as the extensive soluble domains are implicated in interactions with 

various co-factors (28), such conformational changes may be important functional features 

that enable the channel to better detect or response to its co-factors (28).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One sentence summary

Structures of the human TRPM4 channel reveal the architecture of the TRPM channel 

subfamily and its calcium binding site.
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Figure 1. Cryo-EM structure of hTRPM4
(A and B) Unsharpened (in transparent light blue) and sharpened cryo-EM density map of 

hTRPM4 in nanodiscs in side (A) and top (B) views with each subunit colored differently. 

(C) Atomic model of the tetrameric hTRPM4 in ribbons, in the same orientation and colors 

as the density map in A. (D) Atomic model of the hTRPM4b monomer in ribbons with 

domains labeled. (E) bottom view of the hTRPM4 structure showing interactions between 

neighboring subunits. (F) A schematic representation of the major structural components in 

hTPPM4b. Dashed lines denote regions where density was insufficient for model building. 

Each domain is labeled and color-coded to match the domain representation in (D).
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Figure 2. The Ca2+ binding site
(A) Coordination of the bound Ca2+-ion by Glu828, Gln831, Asn865 and Asp868, with 

distances labelled. The density of the CaCl2 structure (gray mesh) is contoured at σ = 5 and 

overlaid with the difference density (blue mesh) between the CaCl2 structure and the EDTA 

structure, contoured at σ = 14. (B) Ca2+ binding site within the S1–S4 domain in the 

absence of bound ion. (C) The same site with a bound ion. Side chains are labeled. The 

bound Ca2+ ion is shown in magenta.
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Figure 3. Ion permeation pore
(A) The solvent-accessible pathway along the ion permeation pore represented by dots 

between two opposing monomers shown in ribbons colored yellow and blue. Residues 

aligning the pathway are shown in sticks and labelled. (B) The pore radius of the hTRM4 

EDTA (black) and CaCl2 (blue) structures overlaid with the pore radius of TRPV1 in its 

closed (purple) and open (orange) states. (C) A close-up view of the pore helix and pore 

loop. The two single-turn π-helices are marked with red in the middle of S6 and the pore 

helix. The putative selectivity filter is marked with orange. The insert represents the density 

of a bound lipid, fitted with the atomic model of CHS, which forms a tripartite complex with 

S1 from one monomer and the pore helix of the neighboring monomer (‘Pore helix).
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Figure 4. Membrane embedded helical segments surround the S1–S4 domain
(A) Side view of the hTRPM4 monomer with membrane embedded helical segments labeled 

and in solid color. (B) The pre-S1 elbow (gold) and pre-S1 shoulder (yellow). Lipid density 

between the pre-S1 elbow and S1 is modeled with CHS. Side chains interacting with the 

CHS are shown as sticks. (C) Same as (B), viewed from the opposite direction. (D) 

Cytoplasmic domain MHR3 interacts with the S2–S3 linker. (E) The CH1 helix after the 

TRP domain. Charged residues in the pre-S1 shoulder (C) and CH1 (E) are shown in sticks. 

Missing links are shown in dashed lines in (A) and (D).
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