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SUMMARY
TRP channels are implicated in various diseases, but high structural similarity between themmakes selective
pharmacological modulation challenging. Here, we study the molecular mechanism underlying specific inhi-
bition of the TRPM7 channel, which is essential for cancer cell proliferation, by the anticancer agent
CCT128930 (CCT). Using cryo-EM, functional analysis, and MD simulations, we show that CCT binds to a va-
nilloid-like (VL) site, stabilizing TRPM7 in the closed non-conducting state. Similar to other allosteric inhibi-
tors of TRPM7, NS8593 and VER155008, binding of CCT is accompanied by displacement of a lipid that re-
sides in the VL site in the apo condition.Moreover, we demonstrate the principal role of several residues in the
VL site enabling CCT to inhibit TRPM7without impacting the homologous TRPM6 channel. Hence, our results
uncover the central role of the VL site for the selective interaction of TRPM7 with small molecules that can be
explored in future drug design.
INTRODUCTION

The transient receptor potential cation channel, subfamily M,

member 7 (TRPM7) is a bifunctional protein containing a mem-

brane-spanning cation channel fused to a cytosolic a-type ki-

nase domain, which can be cleaved from the channel in some

physiological settings.1–3 Notably, TRPM7 and its close homolog

TRPM6 are the only known examples of ion channels in verte-

brate genomes covalently linked to protein kinases and, there-

fore, often referred to as channel-kinases.1,4,5 TRPM7 forms a

constitutively active channel permeable to Zn2+, Mg2+, and

Ca2+ ions.3,6–9

Independent evidence indicates that the TRPM7 channel is

highly active in cancer cells, serving as a prime route for the

cellular uptake of divalent cations, especially Mg2+ ions.6,7,9 Be-

sides the homeostatic control of cellular Mg2+ levels, TRPM7

regulates multiple Zn2+- and Ca2+-dependent signaling path-

ways, which drive tumor progression.1,6,8,10–12 Accordingly, inhi-

bition of TRPM7 currents by pharmacological compounds has

been shown to suppress the proliferation of various cancer cell

types in vitro and in animal disease models.13–17 Collectively,

these findings identified TRPM7 as an emerging anti-tumor

drug target.13–17

Several small molecules were found to act as potent inhibitors

of TRPM7, including NS8593 (NS), VER155008 (VER), and

CCT128930 (CCT).18–20 Recently, cryo-EM structures of
Cell Reports 43, 114108,
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TRPM7 were solved in the active open and inactive closed

states.21,22 One of these studies21 identified the site of NS and

VER binding, located near the cytoplasmic side of themembrane

at the interface between the S3, S4, S5 and TRP helices. It was

referred to as a vanilloid-like (VL) site because the homologous

site in the vanilloid subfamily TRP channels is known as the va-

nilloid site.23,24

Here, we describe the inhibition of TRPM7 by the anticancer

agent CCT and show that this pharmacological agent inactivates

TRPM7 without impacting the homologous TRPM6 due to fine

structural differences in their VL sites. Collectively, our findings

provide the molecular basis for selective pharmacological mod-

ulation of the TRPM7 channel.

RESULTS

Electrophysiological characterization of TRPM7
inhibition by CCT
TRPM7 is a constitutively active cation channel, negatively regu-

lated by intracellular Mg2+, that presumably binds at the intracel-

lular entry to the ion channel pore.7,25 Accordingly, the induction

of whole-cell TRPM7 currents in the patch-clampmeasurements

is traditionally achieved by removing cytosolic Mg2+ with EDTA

added to the patch pipette solutions.7,25 We used this approach

to study the inhibitory effect of CCT (Figure 1A) on full-length

TRPM7 transiently expressed in HEK293T cells. As expected,
April 23, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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A Figure 1. Electrophysiological and cryo-EM

characterization of TRPM7 in the presence

of CCT

(A) Chemical structure of CCT.

(B) Representative current-voltage (I-V) relation-

ship of fully developed whole-cell currents

measured in HEK293T cells expressing TRPM7 in

the absence (black) and presence (red) of 10 mM

CCT.

(C) Time dependence of the average current

density measured at �80 and +80 mV during ex-

periments illustrated in (B). Data are mean ± SEM;

n, the number of biological replicates (cells

examined).

(D) Dot plot showing average current density re-

corded at +80 mV at 250 s in (C). The p value is

given for the U test (Mann-Whitney). Data are

mean ± SEM. Source data are provided.

(E) Cryo-EM map of TRPM7CCT at 2.45 Å resolu-

tion, viewed parallel to the membrane (top) and

extracellularly (bottom), with the density for

TRPM7 subunits colored green, beige, pink, and

blue, CCT in red and lipids in purple. See also

Figures S1–S3 and Table S1.
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TRPM7 currents displayed an amplitude increase during the first

�2 min of recordings (Figures 1B and 1C). The current-voltage

(I-V) relationship for fully developed TRPM7 currents showed a

characteristic shape with a reversal potential of approximately

0 mV, steep outward rectification, and negligibly small inward

currents (Figure 1B). After addition of 10 mMCCT to the recording

chamber, the TRPM7 current amplitude was dramatically

reduced (Figures 1C and 1D). Alternatively, TRPM7 currents

were inhibited when the cells were perfused with 10 mM CCT af-

ter the saturation of channel activation had been reached (Fig-

ure S1A). In the same experimental settings, 10 mM CCT did

not affect the amplitude of currents mediated by TRPM6, the

closest homolog of TRPM7 (Figures 2A–2C and S1C). Moreover,

10 mM CCT did not inhibit the activity of TRPM3 or TRPM8, the

more distal members of the TRPM channel family (Figure 3), sup-

porting the notion that CCT is a selective inhibitor of TRPM7.

Cryo-EM of TRPM7-CCT complex
To investigate the molecular basis of TRPM7 inhibition by

CCT, we determined a cryo-EM structure of the TRPM7-
2 Cell Reports 43, 114108, April 23, 2024
CCT complex (TRPM7CCT). For these

structural studies, we used a C-termi-

nally truncated mouse TRPM7

construct, which represents a func-

tional channel with the proteolytically

cleaved kinase domain.2 We extracted

TRPM7 from the membranes of

HEK293S cells using the glyco-diosge-

nin detergent, reconstituted the protein

into lipid nanodiscs, and subjected it to

cryo-EM in the presence of 400 mM

CCT. Cryo-EM analysis of this sample

resulted in a 2.45-Å resolution map,

with clear density for four protein sub-
units surrounded by annular lipids (Figures 1, S2, and S3;

Table S1).

The tetrameric TRPM7CCT has a structural architecture typical

of other TRPM channels1 (Figure 4A). Each TRPM7 subunit con-

sists of an intracellular N-terminal domain, which includes four

melastatin homology regions (MHR1-4), a transmembrane

domain (TMD) composed of six transmembrane helices (S1-

S6), a pore loop (P loop) between S5 and S6, and a cytosolic

C-terminal domain (CTD). The amphiphilic TRP helix runs nearly

parallel to the membrane and connects the TMD to the CTD.

CCT binds to the VL site
Inspection of the cryo-EM map revealed four identical densities,

one per subunit of TRPM7CCT tetramer, with the characteristic

shape of CCT (Figures 1E, 4A, and 4B). Each of these densities

unambiguously identifies CCT binding sites located in the TMD

region that faces the cytoplasmic leaflet of the membrane, at

the interfaces between the S1-S4 and pore domains, atop the

TRP helix (Figure 4C). Each site is contributed by the N-terminal

part of S3 (residues D922, Y923, and F924), the C-terminal part
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Figure 2. Electrophysiological characterization of TRPM6 and mutant TRPM7 channel in the presence of CCT

(A and D) Representative current-voltage (I-V) relationships of fully developedwhole-cell currents measured in HEK293T cells expressing TRPM6 (A) and TRPM7-

F924W (D) in the absence (black) and presence (blue) of 10 mM CCT.

(B and E) Time dependence of the average current density measured at �80 and +80 mV in the absence (black) or presence (blue) of 10 mMCCT in experiments

illustrated in (A) and (D), respectively. Data are mean ± SEM; n, the number of biological replicates (cells examined).

(C and F) Dot plots showing the average density of outward current recorded at +80 mV at 250 s in the absence (black) and presence (blue) of 10 mM CCT from

HEK293T cells expressing TRPM6 (C) and TRPM7-F924W (F). The p values are shown for the unpaired t test with Welch’s correction (C) or U test (F). Data are

mean ± SEM. Source data are provided. See also Table S2.
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of S4 (D978 and A981), S4-S5 linker (M991), and TRP helix

(W1111, Q1114, and F1118). The inhibitor-channel interactions

are mostly hydrophobic, except for the hydrogen bond between

the piperidine-amine of CCT and the carboxyl group of the D922

side chain (Figure S4A and S5). Since the homologous site in

TRPV channels is known as the vanilloid site, we will refer to

this site as VL.21,23

To verify that inhibition of TRPM7 by CCT is mediated by the

VL site, we mutated residues contributing to CCT binding and

compared inhibition of Ca2+ influx in cells expressing the wild-

type channel and TRPM7 variants with point mutations of

residues in the VL site (Figure 4D; Table S2). The half-maximal

inhibitory concentration (IC50) for wild-type TRPM7 was 1.42 ±

0.01 mM (n = 6). In line with the structural data, the A981V,

A981L, and W1111A substitutions fully abolished the inhibitory

effect of CCT (Figure 4D). We noted that the TRPM7 residues

D922 and F924 are not conserved and that the CCT-insensitive

channel TRPM6 contains glutamate and tryptophan at these

positions (E914 andW916 inmouse TRPM6) (Figure S6A). There-
fore, we studied whether the D922E and F924W substitutions in

TRPM7 impact the inhibitory effect of CCT.

CCT inhibition of the D922E mutant was very weak, and it was

not feasible to calculate the IC50 value in the working range of

CCT concentrations (Figure 4D), likely due to the elongated

side chain of glutamate comparedwith aspartate being no longer

capable of establishing a hydrogen bond with the piperidine-

amine of CCT. In addition, we found that TRPM7-F924W showed

no response to CCT application (Figure 4D), probably because of

the direct interference of the larger side chain of W924 with CCT

binding to the VL pocket. In line with this idea, the potency of

TRPM7-F924A inhibition by CCT was only modestly reduced

(IC50 = 2.32 ± 0.02 mM) (n = 3) (Figure 4D; Table S2). Moreover,

the F924W substitution did not alter the activating potency of

the agonist naltriben (NTB)26 (Figure S6B; Table S2), indicating

that F924W affected the interaction of CCT with the VL site

without an overall impact on TRPM7 activation. Overall, these re-

sults support the idea that the VL site mediates CCT inhibition of

TRPM7 and that the side chains of F924 and D922 serve as the
Cell Reports 43, 114108, April 23, 2024 3
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Figure 3. Assessment of the TRPM3 and TRPM8 channels ex-

pressed in HEK293T cells

Left panels: intracellular Ca2+ levels ([Ca2+]i) in TRPM3-expressing cells upon

external application of 10 mM CIM 0216 (A) and in TRPM8-expressing cells

exposed to 10 mM icilin (B) in the absence (control) or in the presence of 10 mM

CCT. Representative traces are shown from n = 3 independent experiments

(technical replicates). Right panels: Ca2+ rises (D[Ca2+]i, mean ± SEM, n = 3,

technical replicates) were calculated from measurements shown in the left

panels by subtraction of the resting [Ca2+]i from the maximal [Ca2+]i after the

application of agonists. The p values are shown for the unpaired t test. Source

data are provided.
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crucial selectivity factors in the corresponding inhibitory

mechanism.

Comparative analysis of TRPM7 structures in complex
with CCT and other modulators
To compare the effect of inhibitor binding on the ion channel

pore, we measured the pore radius in TRPM7CCT and compared

it with the pore radius in the previously solved structures

of TRPM7 obtained in the absence of ligands (TRPM7apo)

or in complex with its pharmacological modulators VER

(TRPM7VER), NS (TRPM7NS), and NTB (TRPM7NTB).
21 The pore

radius of TRPM7 has two narrow constrictions: one at the selec-

tivity filter and the second at the gate region that allows or stops

permeation of water and ions through the pore (Figure 5A). The

pore radius profile of TRPM7CCT is very similar to the ones previ-

ously obtained for TRPM7apo, TRPM7VER, and TRPM7NS (Fig-

ure 5B), indicating that the CCT-bound structure represents

the closed, non-conducting state. This pore profile is in stark

contrast with the profile obtained for the open-state structures

of TRPM7, activated as a result of either the introduced gain-

of-function mutation N1098Q (TRPM7N1098Q) or binding of

agonist NTB (TRPM7NTB),
21 where the gate region is substan-

tially wider (Figure 5B). Therefore, we propose that, in analogy

to VER and NS, CCT acts by allosterically stabilizing the closed

state of the TRPM7 channel.
4 Cell Reports 43, 114108, April 23, 2024
Further analysis of TRPM7apo revealed that the VL site accom-

modates the acyl chain of an annular lipid molecule (Figure 6A).

Upon CCT binding (Figure 6B), this acyl chain disappeared, sug-

gesting that CCT outcompeted the lipid from the VL site. A similar

situation was observed for two other TRPM7 inhibitors that act

through the VL site, VER and NS (Figures 6C, 6D, S4B, and

S4C),21 suggesting that the replacement of endogenous lipids

by pharmacological agents in the VL site is a common step of

the TRPM7 channel inhibition. While wemodeled the VL site lipid

in TRPM7CCT as an acyl chain of phosphatidylcholine, it could be

another type of phospholipid. Determining the precise chemical

nature of the VL site lipid will require additional investigation.

Interestingly, NS inhibits both TRPM7 and TRPM6.18,19 In

contrast, VER resembles CCT, because this compound acts as

a potent inhibitor of TRPM7 but is inactive against TRPM6.18

Therefore, we compared the impact of the TRPM6-like mutation

F924W on the capability of VER and NS to inhibit TRPM7. Anal-

ogously to the situation with CCT (Figure 4D), the F924W muta-

tion caused a 19-fold increase in the IC50 for VER (Figure 6E;

Table S2). However, F924W elicited only a moderate impact on

the action of NS (Figure 6F; Table S2). These findings are in

agreement with the model that the side chains of F924 and

W924 differently interfere with the VER and NS binding to the

VL site of TRPM7 (Figures 6C, 6D, S4B, S4C, and S5). Taken

together, we concluded that F924 represents the critical struc-

tural determinant of the specificity of CCT and VER effects on

TRPM7 versus TRPM6.

MD simulations of TRPM7 in complex with antagonists
To further validate CCT binding to the VL site and to probe the

contribution of different residues to inhibitor binding, the TMD

of TRPM7 in the closed conformation was placed in POPC lipid

bilayer and water electrolyte solution at room temperature and

subjected to 800- to 950-ns all-atom equilibrium MD simula-

tions (Figures 7, S7A, and S7B). We first compared the

behavior of the VL site in the absence (apo) and presence of

CCT. In the apo state, the structure was stable and showed

high occupancy of the VL site by an acyl chain of a POPC lipid

(Figure 7A), residing in a similar position to the cryo-EM struc-

ture (Figure 6A). We also observed a continuous presence of

two lipid molecules, cholesterol, which was modeled according

to the cryo-EM structure, and a phospholipid near the VL site

that entered the structure during simulation (Figure 7A). Consis-

tent with the cryo-EM experiment (Figure 6B), binding of CCT

was accompanied by displacement of the lipid from the VL

site (Figure 7B). Interestingly, the resident cholesterol and the

second POPC molecule remained at about the same place as

in the apo structure simulation. The resident POPC contributed

to the CCT binding, which is consistent with the cryo-EM struc-

ture (Figure 6B). Most importantly, the neighboring aspartate

residues D922 and D978 showed high propensity to form a

hydrogen bond to the nitrogen of CCT, providing an alternating

hydrogen bond acceptor oxygen during most of the simulation

time, which suggests their important role in CCT binding. In

addition, the hydrogen bond and hydrophobic interaction with

Y923 in the immediate proximity to F924 supports the impor-

tant role of F924 in selective binding of inhibitors to the VL

site in TRPM7 as suggested by the mutagenesis experiments
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(A) Structure of TRPM7CCT viewed parallel to

membrane (top) and extracellularly (bottom), with

four subunits colored green, beige, pink, and blue,

the molecules of CCT shown as space-filling

models (yellow) and lipids as sticks (purple).

(B) Molecule of CCT viewed from two different

angles, with the cryo-EM density shown as red

mesh.

(C) Close-up view of the CCT binding site. The

molecule of CCT (yellow) and residues involved in

its binding, as well as the neighboring lipid (purple)

are shown in sticks. The dashed line indicates a

hydrogen bond between CCT and D922.

(D) Concentration-dependences for inhibition of

wild-type (WT) and mutant TRPM7 channels by

CCT. TRPM7 inhibition was determined using the

Ca2+ influx assay. Curves through the points

(mean ± SEM) are the logistic Equation 2 fits; n, the

number of independent measurements (technical

replicates). The corresponding values of IC50 and

nHill are provided in Table S2. Source data are

provided. See also Figure S4 and Table S2.
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(Figures 2, 4D, 6E, 6F, and S1; Table S2). During MD simula-

tions, we also observed that the hydrophobic residues W1111

and F1118 (TRP helix) and V982 (S4) form a water-excluding

cage that is occupied by the lipid in the apo state but inhibitor

in the inhibitor-bound state. At the same time, a continuous

water channel formed at the side of the VL binding site
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(Figure S7C), suggesting a mechanism for the inhibitor access

route in a solvated form.

We further verified the importance of the key residues in the VL

site for the TRPM7 inhibition by running MD simulations with

TRPM7 bound to VER and NS (Figures 7C, 7D, S7A, and S7B).

Similar to CCT, the adjacent to the VL site phospholipid
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Figure 5. Pore in TRPM7CCT compared with

other TRPM7 structures

(A) Pore-forming domain in TRPM7CCT with the

residues contributing to pore lining shown as

sticks. Only two of four subunits are shown, with

the front and back subunits omitted for clarity. The

pore profile is shown as a space-filling model

(gray). The p-bulge in the middle of S6 is labeled.

(B) Pore radius for TRPM7CCT (slate) in comparison

with the pore radius for TRPM7apo (green, PDB:

8SI3), TRPM7VER (teal, PDB: 8SI7), TRPM7NS
(cyan, PDB: 8SIA), TRPM7Naltriben (pink, PDB:

8SI5), and TRPM7N1098Q (orange, PDB: 8SI4), all

calculated using HOLE. The vertical dashed line

denotes the radius of a water molecule, 1.4 Å.
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Figure 6. VL site in TRPM7

(A–D) Close-up view of the VL site in TRPM7apo (A,

PDB: 8SI3), TRPM7CCT (B, this study), TRPM7VER
(C, PDB: 8SI7), and TRPM7NS (D, PDB: 8SIA), with

lipid (purple) and inhibitor (yellow) molecules as

well as residues involved in their binding shown in

sticks. The dashed lines in (B), (C), and (D) show

hydrogen bonds between the pharmacological

agents and side chains of residues contributing to

the VL site.

(E and F) Concentration-dependences for inhibition

of wild-type (WT) and mutant F924W TRPM7

channels by VER (E) and NS (F). TRPM7 inhibition

was determined using the Ca2+ influx assay.

Curves through the points (mean ± SEM) are the

logistic Equation 2 fits; n, the number of indepen-

dent measurements (technical replicates). The

corresponding values of IC50 and nHill are provided

in Table S2. Source data are provided. See also

Figures S5 and S6; Table S2.
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remained in close proximity and was alsomaking direct contacts

with the inhibitor molecules. Most importantly, the TRPM7 signa-

ture residues in the VL pocket, D922 and F924 (Figure S6A), were

either directly involved in strong interactions (hydrogen bonds

between VER or NS and D922 or D978) or surrounded by resi-

dues forming hydrophobic interactions with the inhibitors (F924

as well as A981, V982, M991, W1111, and F1118). The results

of our MD simulations therefore provide strong support to

binding of CCT, VER, and NS to the VL site and highlight the

important role of the signature residues D922 and F924 in selec-

tive inhibition of TRPM7.

DISCUSSION

Here, we used cryo-EM to resolve the structure of TRPM7

in complex with the anticancer agent CCT (TRPM7CCT).

TRPM7CCT recapitulated the closed-state conformations of the

TRPM7 structures in complex with alternative pharmacological

inhibitors NS (TRPM7NS) and VER (TRPM7VER).
21 We concluded

that TRPM7CCT represents the closed, non-conducting state of

TRPM7. This study also discovers the mechanism of TRPM7 in-

hibition by CCT. The CCT-binding site in TRPM7 is formed by the
6 Cell Reports 43, 114108, April 23, 2024
N-terminal part of S3, the C-terminal part

of S4, S4-S5 linker, and the TRP helix,

and is referred to as the VL site because

of its similar location to the vanilloid site

initially identified in TRPV (vanilloid family)

channels.23 The analogous site was

shown to bind the antagonist NDNA in

TRPM527 and activator GNE551 in

TRPA1.28 Moreover, in our recent struc-

tural analysis of TRPM7, we found that

two other structurally unrelated antago-

nists, VER and NS, also bind to the VL

site of TRPM7.21

Structural analysis of TRPM7 in the

absence of ligands (TRPM7apo) revealed
that the VL site contains the acyl chain of a lipid, which disap-

pears upon CCT binding. Further studies are needed to deter-

mine the exact nature of the lipid present in the VL site. Intrigu-

ingly, the vanilloid-binding site of TRPV1 in the apo state

contains phosphatidylinositol, which is also expelled upon bind-

ing of exogenous activators or inhibitors.29,30 The vanilloid-bind-

ing pocket of TRPV3 contains a phospholipid, which is released

upon activation by heat.31 We hypothesized that binding any of

the three structurally unrelated ligands to the VL site of TRPM7

outcompetes the endogenous lipid from the VL site. However,

a functional interplay of the lipid and CCT in the regulation of

the TRPM7 channel remains to be established.

Using mutagenesis, functional analysis, and MD simulations,

we demonstrated the crucial impact of D922, F924, A981, and

W1111 residues in the VL site on CCT inhibitory efficiency,

thus confirming our structural model of TRPM7 inhibition.

Furthermore, this combinatory approach uncovered a unique

role of D922 and F924 in the selective regulation of the TRPM7

channel. Unlike other residues in the VL site, D922 and F924

are not conserved across TRPM channels and exchanged to

glutamate and tryptophan in TRPM6 (Figure S6A), the closest

homolog of TRPM7, which is insensitive to CCT and VER but



A TRPM7apo TRPM7CCT

TRPM7VER TRPM7NSDC

B Figure 7. VL site representative structures

from the MD simulations

Close-up view of the VL site after the MD simula-

tions of TRPM7apo (A), TRPM7CCT (B), TRPM7VER
(C), and TRPM7NS (D), with a lipid and inhibitor

molecules (yellow) in the binding pocket as well as

the residues involved in their binding shown in

stick representation. The resident POPC lipid

molecule shown in all panels in purple contributes

to interaction with the inhibitors; the cholesterol

molecule is shown inmagenta. The VL binding site

subunit is shown in colors matching the colors of

Figure 6. The neighboring subunit on the back

against which the POPC lipid tail resides is shown

as a green surface. The dashed lines (red and blue)

in (B), (C), and (D) show the most persistent atom

contacts between the pharmacological agents

and the protein. The red dashed lines show the

hydrogen bonds between the inhibitors and the VL

site residues, the blue dashed lines show the hy-

drophobic contacts between the inhibitors and the

hydrophobic side chains of the protein residues.

See also Figure S7.
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shows a robust response to NS. We found that TRPM6-like

F924W substitution in TRPM7 abolished the inhibitory effect of

CCT, presumably because the larger side chain of W924 inter-

feres with the binding of CCT to the VL site. In good agreement

with this model, the adjacent to F924 residue Y923was tightly in-

teracting with the inhibitor throughout MD simulations (Figure 7),

and CCT inhibition of TRPM7 was only modestly affected by the

F924A mutation (Figure 4D). Such a structural impact of F924W

also explains the distinct selectivity of NS and VER action on

TRPM7 compared with TRPM6. Collectively, we propose that

D922 and F924 are the structural determinants of selective phar-

macological targeting of TRPM7.

Currently, the prevailing view is that TRPM7 represents the

prime channel for the cellular uptake of divalent cations,

including Mg2+, Ca2+, and Zn2+ ions.1 Pharmacological modula-

tors were used extensively to map the cellular role of TRPM7 in a

broad range of experimental settings, including mouse models

of human diseases.14,16,32 One of the most prominent findings

in this research area is the striking attenuation of proliferation

of many types of cancer cells by TRPM7 inhibitors.5,7,16,33–37

Consequently, TRPM7 has been suggested as a prospective

anticancer target.13,15 In addition, pharmacological modulation

of TRPM7 appears to be beneficial for patients with immune, car-

diovascular, and neurological disorders.1 Accordingly, the pre-

sented TRPM7 structure in complex with CCT can serve as a
template for the structure-based drug design to achieve selec-

tive regulation of TRPM7.

Limitations of the study
In structural experiments presented here, we used aC-terminally

truncated mouse TRPM7 construct that lacks the cytosolic

a-type kinase domain. Although the truncated part represents

�31% of the full-length TRPM7 polypeptide, the remaining

part assembles into an entirely functional channel. Moreover,

in certain physiological settings, the TRPM7 kinase domain is

naturally cleaved from the channel.1–3 Thus, our construct emu-

lates the function of TRPM7 with the proteolytically cleaved ki-

nase domain. The structural role of the kinase domain in

TRPM7 awaits further investigations.
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Materials availability
Materials listed in key resources table under ‘‘Recombinant DNA’’ and ‘‘Oligonucleotides’’ should be requested from the lead con-

tact, Alexander Sobolevsky (as4005@cumc.columbia.edu). Unique reagents generated in the study will be available upon MTA

completion.
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Data and code availability
d The cryo-EM map for TRPM7CCT has been deposited in the Electron Microscopy Data Bank under the accession code EMD-

43751. The coordinates for the atomic model of TRPM7CCT have been deposited in the Protein Data Bank under the accession

code 8W2L.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
For structural experiments, expression of mouse TRPM7was performed in HEK293S cells lacking N-acetyl-glucosaminyltransferase

I (GnTI�, mycoplasma test negative, ATCC #CRL-3022) that were maintained at 37�C and 6%CO2 in Freestyle 293 medium (Thermo

Fisher Scientific #12338-018) supplemented with 2% FBS. Baculovirus for infecting HEK293S GnTI– cells was produced in Sf9 cells

(GIBCO) cultured in the Sf-900 III SFMmedia (GIBCO) at 27�C. For aequorin-based Ca2+ influx assay and patch-clamp experiments,

TRPM channels were expressed in HEK293T cells (mycoplasma test negative, ATCC #CRL3216) that were maintained at 37�C and

5%CO2 in DMEM (Merck, #D6429) supplemented with 10% fetal calf serum (Thermo Fisher Scientific, #10270106), 100 mg/ml strep-

tomycin and 100 U/ml penicillin (Merck, #P4333).

METHOD DETAILS

Constructs
For structural experiments, cDNA for mouse Trpm7 (NM_021450) truncated C-terminally (the corresponding protein residues

1–1280)22,25 was introduced into the pEG-BacMam vector for protein expression in mammalian cells, with an N-terminal region cod-

ing for the streptavidin affinity tag (residuesWSHPQFEK), followed by the green fluorescent protein (GFP) and thrombin cleavage site

(residues LVPRG), as described before.21 For functional experiments, full-length mouse Trpm7 (NM_021450) and Trpm6 (KX375810)

were introduced into the pIRES2-EGFP expression vector as reported previously.18,25 Point mutations D922E, F924W and F924A in

Trpm7were introduced using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent) according to the manufacturer’s protocol

and verified by sequencing (Eurofins, Germany). The Trpm7 variants with A981L, A981V and W1111A mutations were described

earlier.21 Mouse Trpm3 cDNA (JF706722; in pcDNA3.1-TOPO vector) and human TRPM8 (NM_076985; in pcDNA3.1-TOPO vector)

were described earlier.19

Protein expression and purification
For cryo-EM studies, TRPM7 bacmids and baculoviruses were produced using the standard procedures.21 Briefly, baculoviruses

were made in Sf9 cells (Thermo Fisher Scientific, mycoplasma test negative, #12659017) for �96 hours and added to suspen-

sion-adapted HEK293S GnTI� cells. To reduce TRPM7 cytotoxicity, 10 mM ruthenium red was added to the suspension of

HEK293SGnTI� cells. To enhance protein expression, sodium butyrate (10mM)was added 12 hours after transduction, and the tem-

perature was reduced to 30�C. The cells were harvested 48 hours after transduction by 15-min centrifugation at 5,471 g using a Sor-

vall Evolution RC centrifuge (Thermo Fisher Scientific). The cells were washed in the phosphate-buffered saline (PBS) pH 7.4 and

pelleted by centrifugation at 3,202 g for 10 min using an Eppendorf 5810 centrifuge.

The cell pellet was resuspended in the ice-cold buffer containing 20 mM Tris pH 8.0, 150 mM NaCl, 0.8 mM aprotinin, 4.3 mM leu-

peptin, 2 mMpepstatin A, 1 mMphenylmethylsulfonyl fluoride (PMSF), and 1mM b-mercaptoethanol (bME). The suspension was sup-

plemented with 1% (w/v) glyco-diosgenin (GDN), and the cells were lysed at constant stirring for 2 hours at 4�C. Unbroken cells and

cell debris were pelleted in the Eppendorf 5810 centrifuge at 3,202 g and 4�C for 10 min. Insoluble material was removed by ultra-

centrifugation for 1 hour at 186,000 g in a Beckman Coulter centrifuge using a 45 Ti rotor. The supernatant was added to the strep

resin, which was then rotated for 20 min at 4�C. The resin was washed with 10 column volumes of the wash buffer containing 20 mM

Tris pH 8.0, 150 mM NaCl, 1 mM bME, and 0.01% (w/v) GDN, and the protein was eluted with the same buffer supplemented with

2.5 mM D-desthiobiotin. The eluted protein was concentrated to 0.5 ml using a 100-kDa NMWL centrifugal filter (MilliporeSigmaTM

AmiconTM) and then centrifuged in a Sorvall MTX 150 Micro-Ultracentrifuge (Thermo Fisher Scientific) for 30 min at 66,000 g and 4�C
using a S100AT4 rotor before injecting it into a size-exclusion chromatography (SEC) column. The protein was purified using a Super-

oseTM 6 10/300GL SEC column attached to an AKTA FPLC (GEHealthcare) and equilibrated with the buffer containing 150mMNaCl,

20 mM Tris pH 8.0, 1 mM bME, and 0.01% (w/v) GDN. The tetrameric peak fractions were pooled and concentrated to 2–3 mg/ml

using the 100-kDa NMWL centrifugal filter.

For TRPM7 reconstitution into MSP2N2 nanodiscs, the purified TRPM7 protein was mixed with the purified MSP2N2 protein and

lipids POPC:POPE:POPG (3:1:1, molar ratio; 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine – POPC, 1-palmitoyl-2-oleoyl-glycero-

3-phosphoethanolamine – POPE, 1-palmitoyl-2-oleoyl-glycero-3-phosphoglycerol – POPG; Anatrace) at a molar ratio of 1:3:166

(monomer:MSP2N2:lipid). The MSP2N2 protein was stored in a buffer containing 150 mM NaCl and 20 mM Tris (pH 8.0). The lipids

were resuspended to a concentration of 100 mg/mL in 150 mMNaCl, 20 mM Tris (pH 8.0) and subjected to 5–10 cycles of freezing in

liquid nitrogen and thawing in a water bath sonicator. The nanodisc mixture (500 mL) was rocked at room temperature for 1 hour.
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Subsequently, the nanodisc mixture was supplemented with 40 mg of Bio-beads SM2 (Bio-Rad) pre-wet in the buffer containing

20 mM Tris pH 8.0, 150 mM NaCl, and 1 mM bME and subjected to rotation at 4�C. After one hour of rotation, 40 mg more of

Bio-beads SM2 was added, and the resulting mixture was rotated at 4�C for another �14–20 hours. The Bio-beads SM2 were

then removed by pipetting, and TRPM7 reconstituted in nanodiscs was purified from empty nanodiscs by SEC using the SuperoseTM

6 10/300 GL column equilibrated in the buffer containing 150 mMNaCl, 20 mM Tris (pH 8.0), and 1 mM bME. The SEC fractions cor-

responding to TRPM7 reconstituted into nanodiscs were pooled and concentrated to 1.9 mg/ml using the 100-kDa NMWL centrif-

ugal filter.

Cryo-EM sample preparation and data collection
The nanodisc-reconstituted TRPM7 was supplemented with 400 mM of CCT128930, which was then incubated for 15 minutes at

room temperature before grid freezing. CCT was acquired from Cayman Chemical Company. Before sample application,

UltrAuFoil R 1.2/1.3, Au 300 (300-mesh) grids were plasma treated in a PELCO easiGlow glow discharge cleaning system (0.39 mBar,

15 mA, ‘‘glow’’ for 25 s, and ‘‘hold’’ for 10 s). A Mark IV Vitrobot (Thermo Fisher Scientific) set to 100% humidity and 4�Cwas used to

plunge-freeze the grids in liquid ethane after applying 3 ml of protein sample to their gold-coated side using the blot time of 3 s, blot

force of 3, and wait time of 15 s. The grids were stored in liquid nitrogen before imaging.

Images of frozen-hydrated particles of TRPM7 in the presence of 400 mMCCTwere collected on a Titan Krios transmission electron

microscope (Thermo Fisher Scientific) operating at 300 kV and equipped with a Gatan K3 Summit direct electron detection camera

(Gatan, Pleasanton, CA, USA) using SerialEM 4.0. A total of 9,254 micrographs were collected in the super-resolution mode with a

physical-resolution pixel size of 0.788 Å (super-resolution pixel size 0.394 Å) across the defocus range of�0.75 to�1.5 mm. The total

dose of �60 e�Å�2 was attained by using the dose rate of �15 e�pixel�1s�1 across 50 frames during the 2.48-s exposure time.

Image processing and 3D reconstruction
Single-particle cryo-EM data was processed in cryoSPARC 4.3.042 and Relion 4.0.53 Movie frames were aligned using the

MotionCor2 algorithm implemented in Relion 4.0. The contrast transfer function (CTF) estimation was performed using the patch

CTF estimation in cryoSPARC 4.3.0. Following CTF estimation, micrographs were manually inspected and those with outliers in de-

focus values, ice thickness, and astigmatism as well as micrographs with lower predicted CTF-correlated resolution were excluded

from further processing (individually assessed for each parameter relative to the overall distribution). The total number of 4,800,731

particles were picked using internally generated 2D templates and, after inspection, 3,969,671 particles were extracted with the

360-pixel box size and then binned to the 128-pixel box size. After several rounds of reference-free 2D classifications and Hetero-

geneous Refinements in cryoSPARC with one reference class and three automatically generated ‘‘garbage’’ classes, the best

759,539 particles were imported into Relion and re-extracted with the 360-pixel box size and binned to the 256-pixel box size. These

particles were subjected to one round of 3D classification into 10 classes without imposing symmetry restraints (C1 symmetry). Par-

ticles representing the best classes were combined, refined together (C1) and subjected to CTF refinements to correct for the beam-

tilt, higher order aberrations, anisotropic magnification, per particle defocus, and per micrograph astigmatism.42 The CTF-refined

particles were subjected to Bayesian polishing and CTF refined again using the same procedure as described above. Polished

and CTF-refined particles (433,014) were imported into cryoSPARC. The final set of 433,014 particles representing the best classes

was subjected to homogenous, non-uniform, and CTF refinements with C4 rotational symmetry. The reported resolution of 2.45 Å for

the final map was estimated using the gold standard Fourier shell correlation (GSFSC) using FSC = 0.143 criterion. Cryo-EM density

was visualized using UCSF Chimera43 and ChimeraX.44

Model building
The TRPM7CCT model was built in Coot47 using the previously published cryo-EM structure of TRPM7 (PDB ID: 8SI3) as a guide. The

model was tested for overfitting by shifting the coordinates by 0.5 Å (using Shake) in Phenix,46 refining the shaken model against the

corresponding unfiltered half map, and generating densities from the resulting model in UCSF Chimera. The resulting model was real

space refined in Phenix 1.18 and visualized using UCSF Chimera and PyMOL (The PyMOL Molecular Graphics System, Version 2.0

Schrödinger, LLC.). The pore radius was calculated using HOLE.54

Aequorin-based Ca2+ influx assay
Measurements of [Ca2+]i in TRPM7 expressing cells were performed as reported previously,18,21,25 with several modifications.

HEK293T cells cultured in 6-well plates (�60% confluence) were transfected with 2 mg/dish Trpm7 plasmid DNA and 0.1 mg/dish

pG5A plasmid DNA encoding EGFP fused to Aequorea victoria aequorin, using Lipofectamine 2000 (Thermo Fisher Scientific,

#11668019). Twenty-four hours after transfection, the cells were washed with Mg2+-free HEPES-buffered saline (Mg2+-free HBS)

containing 150 mM NaCl, 5.4 mM KCl, 0.5 mM CaCl2, 5 mM HEPES (pH 7.4) and 10 mM glucose, and mechanically resuspended

in the Mg2+-free HBS. For reconstitution of aequorin, cell suspensions were incubated with 5 mg/ml coelenterazine (Carl Roth,

#4094.3) in theMg2+-free HBS for 30min at room temperature. Cells were washed twice by centrifugation at 2000 rpm for 5 min (Her-

aeus Pico 17 microcentrifuge, Thermo Fisher Scientific), resuspended in the Mg2+-free HBS and aliquoted into 96-well plates (1x105

cells per well). Luminescence was detected at room temperature using a CLARIOstar microplate reader (BMG LABTECHGmbH). To

monitor the effects of CCT, NS8593 (NS; Tocris, #4597) and VER155008 (VER; Tocris, #3803), the extracellular concentration of Ca2+
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was increased to 5 mM by injecting the CaCl2-containing Mg2+-free HBS in the absence or presence of the inhibitors. The back-

ground Ca2+ influx was determined using cells transfected with an inactive mutant channel Trpm7-P1040R.21,25 To study activation

by naltriben (NTB; Tocris, #N156), TRPM7-transfected cells were exposed to Mg2+-free HBS containing different concentrations of

the agonist. The experiments were terminated by lysing cells with 0.05% (v/v) Triton X-100 in the Mg2+-free HBS to record the total

bioluminescence. The bioluminescence rates (counts/s) were analyzed at 1-s intervals and calibrated as [Ca2+]i values using the

following equation:
p[Ca2+]i = 0.332588 (�log(k)) + 5.5593
 (Equation 1)

where k represents the rate of aequorin consumption, i.e., counts/s divided by the total number of counts.

The concentration dependencies for inhibitors CCT, NS and VER were fitted with the following logistic equation:

EðcÞ = Emin +
Emax � Emin

1+
ch

IC50
h

(Equation 2)

where E(c) is TRPM7 activity at the concentration c of the compound, Emin is the minimal activity, Emax is the maximal activity, IC50 is

the half-maximal inhibitory concentration, and h is the Hill coefficient. Similarly, the concentration dependencies for agonist NTB

were fitted with the following logistic equation:

EðcÞ = Emin +
Emax � Emin

1+
EC50

h

ch

(Equation 3)

where EC50 is the half-maximal effective concentration.

Assessment of HEK293T cells expressing TRPM3 and TRPM8 were performed analogously to the experiments with TRPM6 and

TRPM7 except that HEPES-buffered saline contained 2 mMCa2+ and 1mMMg2+. TRPM3was stimulated by an external application

of CIM 0216 (Tocris, #5521).55 TRPM8 was activated by icilin (Tocris, #1531).56

Patch-clamp measurements
Patch-clamp experiments with TRPM6 and TRPM7 were performed as reported previously,18,21,25 with a few modifications.

HEK293T cells grown in 35-mm dishes to �60% confluence were transiently transfected with Trpm7 cDNAs or Trpm6 in the

pIRES2-EGFP vector (2 mg/dish). Patch-clamp experiments were conducted 18-22 hours after transfection with cells displaying

EGFP fluorescence. Whole-cell currents were recorded using an EPC10 patch-clamp amplifier and PatchMaster software (Version

V2x69, Harvard Bioscience). Voltages were corrected for a liquid junction potential of 10mV. Currents were elicited by voltage ramps

from –100mV to +100mV over 50ms applied every 2 seconds. The inward and outward current amplitudesweremeasured at –80mV

and +80mV andwere normalized to the cell size as pA/pF. The capacitance wasmeasured using the automated capacitance cancel-

lation function of EPC10. The standard extracellular solution contained 140mMNaCl, 2.8 mMKCl, 1 mMCaCl2, 2 mMMgCl2, 10mM

HEPES-NaOH, and 11 mM glucose (all fromMerck). Solutions were adjusted to pH 7.2 using an FE20 pH meter (Mettler Toledo) and

to 290 mOsm using a Vapro 5520 osmometer (Wescor Inc). Patch pipettes were made of borosilicate glass (Science Products) and

had a resistance of 2.0�3.7 MU when filled with the standard intracellular pipette solution containing 120 mM Cs-glutamate, 8 mM

NaCl, 10 mM Cs-EGTA, 5 mM Cs-EDTA, and 10 mM HEPES-CsOH. The intracellular solution was also adjusted to pH 7.2 and

290 mOsm.

System preparation for molecular dynamics simulations
Initial atomic coordinates for Molecular Dynamics (MD) simulations were obtained from the TRPM7CCT, TRPM7VER, TRPM7NS and

TRPM7apo structures. Each structure was truncated to include the TMD and TRP helices (residues 843�1147 of the protein,

843�1141 for TRPM7CCT due to the missing residues). Each simulation box was constructed in CHARMM-GUI membrane

builder48,49 by inserting the truncated protein into a POPC bilayer and solvating with TIP3P water molecules and 150 mM NaCl.

The systems were set up for MD simulations using the ‘‘tleap’’ module of the AmberTools20 package.50 Parametrization of all the

ligands was carried out using the general AMBER force field (GAFF).57 Total number of atoms in the final simulation boxes was

181,313 for TRPM7CCT system, 184,906 for TRPM7VER system, 184,188 for TRPM7NS system and 183,380 for TRPM7apo system.

The boxes contained 34,124, 35,311, 35,189 and 34,973 water molecules for TRPM7CCT, TRPM7VER, TRPM7NS and TRPM7apo sys-

tems, respectively. TRPM7CCT system contained 96 Na+ and 114 Cl� ions while other systems contained 95 Na+ and 117 Cl� ions.

The number of lipid molecules was 435 for TRPM7CCT system, 432 for TRPM7VER system and 430 for TRPM7NS and TRPM7apo
systems.

Molecular dynamics simulation protocols
‘‘pmemd.cuda’’ program of the Amber20 molecular dynamics software package was used for all MD simulations.50 Amber FF99SB–

ILDN force field parameters were used for protein and ions, TIP3P model for water, and Lipid1458,59 force field parameters for lipids.
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All equilibration and production simulations were performed in NPT ensemble at 300 K temperature and 1 bar pressure with aniso-

tropic pressure scaling. The temperature was controlled using Langevin thermostat with a collision frequency of 1 ps�1 and the pres-

sure was controlled using Berendsen barostat with a relaxation time of 1 ps as implemented in Amber20. All covalent bonds involving

hydrogen atoms were constrained using the SHAKE algorithm,59 with the integration time step of 2 fs. The electrostatic interactions

were approximated using the Particle Mesh Ewald (PME) method, with a non-bonded interaction cutoff radius of 10 Å. Periodic

boundary conditions were applied in all directions.

Each systemwasminimized and heated from 0.1 K to 100 K at the constant volume and from 100 to 300 K at the constant pressure,

with all protein main-chain heavy atoms and ligand heavy atoms (for TRPM7CCT, TRPM7VER and TRPM7NS systems) harmonically

restrained at their original positionswith the force constant of 20 kcal mol�1 Å�2. The systemswere then equilibrated for 160 ns, grad-

ually releasing the restraints on the protein and the ligand. To limit excessive fluctuations of the protein due to the truncation, the Ca

atoms in the terminal regions (residues 843–850 and 1134–1147) were restrained with the force constant of 5 kcal mol–1 Å–2

throughout production simulations. For all the models, the backbone N-O distances of the TRP helix residues 1109–1123 were addi-

tionally restrained between 2.60�2.80 and 4.0�4.50 Å. All the other restraints were removed for the production runs. Production sim-

ulations were carried out for 800–950 ns.

Molecular dynamics trajectory analysis
Post-processing and analysis of the trajectories were carried out using CPPTRAJ51 module of AmberTools20 and VMD 1.9.4.52 VMD

1.9.4 was used to visualize trajectories and generate molecular graphics.

QUANTIFICATION AND STATISTICAL ANALYSIS

Fitting of dose-response curves was performed using GraphPad Prism 10.11. The results were tested for normal distribution using

the Shapiro-Wilk test followed by unpaired t test with Welch’s correction, paired t test or U test (Mann-Whitney) using GraphPad

Prism 10.11 as indicated in the figure legends. The significance was accepted at p % 0.05 and data are presented as the

means ± SEM. The statistical details of experiments can be found in figure legends (Figures 1, 2, 3, 4, 6, S1, and S6) and in the results.

Quantification of TRPM7-inhibitor interaction distances was performed using LigPlot.60
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