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Figure 1. Protein constituents of native transient receptor potential melastatin- subfamily member 7 (TRPM7) channels identified by multi- epitope 
antibody- based affinity purification (ME- AP) proteomics. (A) Topology and localisation of the anti-TRPM7 antibodies used for ME- APs. Established 
hallmark domains of TRPM7 are colour- coded, TRP (transient receptor potential domain, brown), CC (coiled- coil domain, red), kinase (kinase domain, 
yellow), SD (serine/threonine- rich substrate domain of kinase(s), green). (B) Upper panel: Two- dimensional gel separation of TRPM7 channels in CL- 47 
solubilised membrane fractions of HEK293 cells with (upper panel) or without (lower panel) transfection of HA- tagged Trpm7, Western- probed with an 
anti- TRPM7 antibody (Materials and methods). Size (blue native polyacrylamide gel electrophoresis [BN- PAGE]) and molecular weight (SDS- PAGE) are 
as indicated. Lower panel: Abundance- mass profile of TRPM7 obtained by cryo- slicing blue native mass spectrometry (csBN- MS) in a CL- 47 solubilised 
membrane fraction from adult mouse brain (a total of 192 gel slices). Inset: Abundance of the indicated proteins in the mouse brain. Note the large 
apparent molecular mass of the native TRPM7 channel in both culture cells and mouse brain, markedly exceeding the mass calculated for tetrameric 
channel assemblies (about 850 kDa, red circles). (C) Table summarising the results of all anti-TRPM7 APs performed with the indicated antibodies on 
membrane fractions prepared from rodent brain and cultured HEK293 cells. Solubilisation conditions and specificity of purification of the listed proteins 
determined by comparison with stringent negative controls are colour- coded as given in the upper left; MW is indicated on the right. TUC refers to 
series of APs with target- unrelated control antibodies. Note that TRPM7 channels co- assemble with all CNNM family members and ADP- ribosylation 
factor- like protein 15 (ARL15) in the brain and HEK293 cells.
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Figure 1—figure supplement 1. The specificity of an anti- transient receptor potential melastatin- subfamily 
member 7 (TRPM7) mouse monoclonal antibody in Western blot assessment of the recombinant TRPM6 and 
TRPM7 proteins. 0.8 µg/ml of 2C7 IgG (upper panel) or 1.3 µg/ml of 4F9 IgG (lower panel) were used for Western 
blot analysis of untransfected HEK293 cells (Control 1) or cells transfected with mouse Trpm7 cDNA (mTRPM7), 
uninduced (Control 2) or induced HEK293- Rex cells expressing the human TRPM7 (hTRPM7), HEK293 cells 
transfected with human TRPM6 (hTRPM6), or mouse Trpm6 cDNA (mTRPM6). Representative results of two 
independent experiments are shown.
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Figure 2. Heterologous reconstitution of transient receptor potential melastatin- subfamily member 7 (TRPM7) complexes in HEK293 cells. Affinity 
purifications (APs) with anti- HA antibody from CL- 47 solubilised membrane fractions of TRPM7-/- HEK293 cells transiently expressing the proteins 
indicated above. Input and eluates of the distinct APs were separated by SDS- PAGE and Western- probed with anti- Flag, anti- HA, and anti-β-actin 
antibodies. Molecular weight (MW) is marked on the left.
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Figure 2—figure supplement 1. Heterologous reconstitution of transient receptor potential melastatin- subfamily member 7 (TRPM7) complexes 
in HEK293 cells. Affinity purifications (APs) with anti- HA antibody from CL- 47 solubilised membrane fractions of TRPM7-/- HEK293 cells transiently 
expressing the indicated combinations of proteins. Input and eluates of the distinct APs were separated by SDS- PAGE and Western- probed with anti- 
Flag, anti- HA, and anti-β-actin antibodies. Molecular weight (MW) is marked on the left.



  Research article Biochemistry and Chemical Biology

Kollewe, Chubanov, et al. eLife 2021;10:e68544. DOI: https://doi.org/10.7554/eLife.68544  6 of 22

Figure 3. Heterologous expression of transient receptor potential melastatin- subfamily member 7 (TRPM7) in Xenopus oocytes. (A, B) Two- electrode 
voltage clamp (TEVC) measurements of TRPM7 currents. (A) Left panel: Representative current- voltage (I- V) relationships of TRPM7 currents measured in 
oocytes expressing TRPM7 alone or TRPM7 with CNNM3 or ADP- ribosylation factor- like protein 15 (ARL15) (cRNAs ratio 2:1), and TRPM7 with CNNM3 
and ARL15 (cRNAs ratio 2:1:1). Right panel: Current amplitudes (mean ± standard error of the mean [SEM]) at +80 mV in measurements shown on the 

Figure 3 continued on next page
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left. Two independent batches of injected oocytes (n = 8–16) were examined. *p < 0.05; ****p < 0.0001 (ANOVA). (B) Left panel: Representative I- V 
relationships of TRPM7 currents measured in oocytes expressing TRPM7 or co- expressing TRPM7 with ARL15 at the indicated ratios of injected cRNAs. 
Right panel: Current amplitudes (mean ± SEM) at +80 mV in measurements shown on the left. Two independent batches of injected oocytes (n = 5–7) 
were examined. *p < 0.05; ****p < 0.0001 (ANOVA). (C) Western blot analysis of ARL15 expression using the anti- Myc antibody in total lysates of oocytes 
injected with Trpm7 or Trpm7 and Arl15 cRNAs (ratios 200:1, 20:1, and 10:1). Representative results are shown for two independent experiments. Anti- 
Na+/K+- ATPase antibody was used for loading controls. (D) Western blot analysis of TRPM7 expression using the anti-M7d antibody in total lysates of 
oocytes injected with Trpm7 or Trpm7 and Arl15 cRNAs (ratio 10:1). Anti- Na+/K+ ATPase antibody was used for loading controls. Representative results 
are shown for two independent experiments. (E) Immunofluorescence staining of un- injected oocytes (control) or oocytes injected with Trpm7 (TRPM7) 
or Trpm7 and Arl15 cRNAs (TRPM7+ ARL15, ratio 10:1) using anti-M7d antibody and anti- mouse antibody conjugated with Alexa Fluor 488. Confocal 
images of Alexa Fluor 488 fluorescence (Alexa488) and overlays of Alexa488 with differential interference contrast images (overlay) are depicted for two 
independent oocytes per image; scale bars, 50 μm. The diagrams depict fluorescence intensity acquired along the green bars shown in overlay images. 
The stars indicate the cell surface of two oocytes. Typical examples of two independent experiments (n = 10 oocytes) are shown.

Figure 3 continued
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Figure 3—figure supplement 1. Two- electrode voltage clamp (TEVC) measurements of capsaicin- induced TRPV1 currents in Xenopus oocytes. (A) 
Voltage ramps from –80 to +80 mV were applied every 6 s, and current amplitudes (mean ± standard error of the mean [SEM], n = 7 *p < 0.05; **p < 0.01 
two- tailed t- test) were acquired at +80 mV in Xenopus oocytes expressing TRPV1 alone or TRPV1 with ADP- ribosylation factor- like protein 15 (ARL15) 
(cRNA ratio 2:1) and plotted over time. Oocytes were perfused with 1 µM capsaicin as indicated by the black bar. (B) Representative current- voltage (I- V) 
relationships of TRPV1 currents shown in (A) prior, during, and after exposure of oocytes to capsaicin as indicated by the correspondingly coloured data 
points.
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Figure 3—figure supplement 2. Heterologous expression of transient receptor potential melastatin- subfamily member 7 (TRPM7), ARL8A, and ADP- 
ribosylation factor- like protein 15 (ARL15) in Xenopus oocytes. Two- electrode voltage clamp (TEVC) measurements were performed and analysed as 
explained in Figure 3A. Left panel: Representative current- voltage (I- V) relationships of TRPM7 currents measured in oocytes expressing TRPM7 or 
co- expressing TRPM7 with ARL8A or ARL15 (cRNA ratio 10:1). Right panel: Current amplitudes (mean ± standard error of the mean [SEM]) at +80 mV in 
measurements shown on the left. Two independent batches of injected oocytes (n = 8–11) were examined. ns, not significant; **p < 0.01 (ANOVA).
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Figure 3—figure supplement 3. Assessment of the importance of the transient receptor potential melastatin- subfamily member 7 (TRPM7) kinase 
activity for the functional interplay between ADP- ribosylation factor- like protein 15 (ARL15) and TRPM7 by two- electrode voltage clamp (TEVC) 
measurements. (A) Representative current- voltage (I- V) relationships of TRPM7 currents measured in oocytes expressing TRPM7 or co- expressing 
TRPM7 with ARL15 (cRNA ratio 10:1). The dashed box in left panel indicates the area of inward currents shown enlarged in the right panel. (B) Current 

Figure 3—figure supplement 3 continued on next page



  Research article Biochemistry and Chemical Biology

Kollewe, Chubanov, et al. eLife 2021;10:e68544. DOI: https://doi.org/10.7554/eLife.68544  11 of 22

amplitudes (mean ± standard error of the mean [SEM]) at +80 mV (outward currents) and –80 mV (inward currents) in measurements from (A). Two 
independent batches of injected oocytes (n = 15–21) were examined. ****p < 0.0001 (two- tailed t- test). (C) Left panel: Representative I- V relationships 
of TRPM7 currents measured in oocytes expressing the TRPM7 K1646R mutant without or with ARL15 (cRNA ratio 10:1). Right panel: Current amplitudes 
(mean ± SEM) at +80 mV in measurements shown on the left. Two independent batches of injected oocytes (n = 10–14) were examined. ****p < 0.0001 
(two- tailed t- test).

Figure 3—figure supplement 3 continued
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Figure 3—figure supplement 4. Impact of ADP- ribosylation factor- like protein 15 (ARL15) on endogenous transient receptor potential melastatin- 
subfamily member 7 (TRPM7) currents in HEK293 cells. Whole- cell endogenous TRPM7 currents were recorded in untransfected cells (control) and cells 
transfected with Arl15 plasmid DNAs. Currents were induced using the Mg2+- free internal solution and the standard external solution containing 3 mM 
Ca2+ (no Mg2+). Left panel: Current amplitudes (mean ± standard error of the mean [SEM]) were acquired at –80 and +80 mV and plotted over time. 
Middle panel: Representative current- voltage (I- V) relationships of currents (at 400 s) shown in left panel. Right panel: Bar graphs of outward currents 
(mean ± SEM) in (A) at 400 s shown in left panel. n, number of cells measured. ns, not significant; *p ≤ 0.05 (two- tailed t- test).
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Figure 4. Effects of ADP- ribosylation factor- like protein 15 (ARL15) and CNNM3 on Mg2+ currents of the transient 
receptor potential melastatin- subfamily member 7 (TRPM7) channel expressed in Xenopus oocytes. 
 TEVC measurements were performed using the external ND96 solution containing 3 mM Mg2+and no other 
divalent cations. (A, B) Assessment of oocytes expressing TRPM7 or co- expressing TRPM7 with ARL15 (cRNA ratio 

Figure 4 continued on next page
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10:1). (A) Representative I- V relationships ofTRPM7 currents. The dashed box in Left panelindicates the area of 
inward currents enlarged in the Right panel. (B) Current amplitudes (mean ± SEM) at+80 mV (Outward currents) 
and at -80 mV (Inward currents) in measurements from (A). Two independent batches of injected oocytes (n=6-11) 
were examined. ns, not 36significant; ** P < 0.01, **** P < 0.0001 significant to the Uninjected group (ANOVA). 
# # P < 0.01, # # # P < 0.001 significant to the TRPM7 group (ANOVA). (C, D) Examination of oocytes expressing 
TRPM7 or co- expressing TRPM7 with CNNM3 (cRNA ratio 2:1). Data were produced and analyzed as explained in 
(A, B). Two independent batches of injected oocytes (n=4-7) were examined. ns, not significant (two- tailed t- test).

Figure 4 continued
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Figure 4—figure supplement 1. Heterologous expression of transient receptor potential melastatin- subfamily 
member 7 (TRPM7) and CNNM3 in HEK293T cells. (A) Whole- cell currents in cells transfected with Trpm7 or Trpm7 
and Cnnm3 were recorded using the standard Mg2+- free internal solution and standard external solution. When 
currents were developed, the cells were exposed to the external solution containing 10 mM Mg2+ as indicated by 

Figure 4—figure supplement 1 continued on next page
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the black bar. Current amplitudes (mean ± standard error of the mean [SEM]) were acquired at –80 and +80 mV 
and plotted over time. (B, C) Representative current- voltage (I- V) relationships of currents in (A) at 160 and 200 s 
in cells transfected with Trpm7 (B) or Trpm7 and Cnnm3 (C). The dashed boxes in the left panels indicate areas of 
inward currents enlarged in the right panels. (D) Bar graphs of outward (+80 mV, mean ± SEM) and inward (–80 mV, 
mean ± SEM) currents were obtained before and during application of 10 mM Mg2+ as indicated in (A). n, number 
of cells measured. ns, not significant (two- tailed t- test).

Figure 4—figure supplement 1 continued
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Figure 4—figure supplement 2. Assessment of total 
magnesium levels in TRPM7-/- HEK293T cells transiently 
transfected with Trpm7 and Cnnm3 plasmid cDNAs. 
Frozen cell pellets were obtained from untransfected 
TRPM7-/- HEK293 cells (control) or cells transfected with 
Trpm7 and/or Cnnm3 cDNA plasmids and analysed by 
inductively coupled plasma mass spectrometry (ICP- 
MS). Total elementary Mg contents were normalised 
to elementary contents of sulphur (S) and represented 
as mean ± standard error of the mean [SEM] (n = 
number of independent cell pellets analysed). ns, not 
significant; ***p ≤ 0.001; ****p ≤ 0.0001 significant to 
the control group (ANOVA). ##p ≤ 0.01 significant to 
the TRPM7+ CNNM3 group (ANOVA).
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Figure 5. Impact of ADP- ribosylation factor- like protein 15 (ARL15) and CNNM3 on transient receptor potential melastatin- subfamily member 7 (TRPM7) 
autophosphorylation at Ser1511. (A) HEK293 cells were transiently transfected with Trpm7, co- transfected with Trpm7 and Arl15, or with Trpm7 and 
different amounts of Cnnm3 plasmid cDNAs.  Twenty- four hours after transfection, cell lysates were examined using an anti- (p)Ser1511 M7 antibody 
(upper panel). After a stripping step, the blot was probed with anti- M7d (middle panel) and anti- Myc antibodies (lower panel) to detect total levels of 

Figure 5 continued on next page
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TRPM7, ARL15- Myc, and CNNM3- Myc, respectively. Representative results are shown from three independent experiments. (B) Quantification of (p)
Ser1511 TRPM7 levels in Western blot experiments (n = 3) shown in (A). A relative band density for each sample was obtained by dividing the (p)Ser1511 
signal (upper panel) by the corresponding anti- M7d value (middle panel). The relative density of Sample 2 (TRPM7) was set as a 1.0 to calculate changes 
in (p)Ser1511 TRPM7 (mean ± standard error of the mean [SEM]) caused by co- transfection of Arl15 or Cnnm3 as outlined in the bar graph. ns, not 
significant; *p ≤ 0.05, **p ≤ 0.01 significant to the control (ANOVA).

Figure 5 continued
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Figure 5—figure supplement 1. Effects of TG100- 115 on transient receptor potential melastatin- subfamily member 7 (TRPM7) autophosphorylation. 
(A) Concentration- dependent inhibitory effects of TG100- 115 on the autophosphorylation of TRPM7. HEK293 cells were transiently transfected with 
Trpm7 cDNA.  Twenty- four hours after transfection, the indicated concentrations of TG100- 115 were added to the cell culture medium, and cells 
were cultured for an additional 12 hr and immunoreactivity of (p)Ser1511 TRPM7 was detected in cell lysates using the anti- (p)Ser1511 M7 antibody. 
(B) Time- dependent action of TG100- 115 on (p)Ser1511- TRPM7 levels. Trpm7- transfected cells were exposed to the cell culture medium containing 
50 µM TG100- 115 during 10–90 min at room temperature, and cell lysates were examined as in (A). (C) Reversibility of TG100- 115 effects on the 
autophosphorylation of TRPM7. Trpm7- transfected cells were exposed to cell culture medium containing 50 µM TG100- 115 for 2 hr. Afterwards, the cells 
were washed with fresh medium and incubated without TG100- 115 for 20–120 min at room temperature. Immunoreactivity of (p)Ser1511 TRPM7 was 
detected as in (A). To verify the specificity of the TRPM7 signal, lysates from Trpm7- transfected and -untransfected cells were used (correspondently, 
Control 1 and Control 2). Representative results are shown from two independent experiments. Note: In contrast to the (p)Ser1511 signal, unspecific 
bands were equally detectable in all samples examined.
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Figure 6. Identification of transient receptor potential melastatin- subfamily member 7 (TRPM7) phospho- sites and functional assessment of 
phosphomimetic TRPM7 mutants. (A) Coverage of the primary sequence of TRPM7 and phosphorylation sites as identified by mass spectrometry (MS) 
analyses of affinity purifications (APs) from transfected HEK293 cells and rodent brain. Peptides identified by MS are in red; those accessible to but not 
identified in tandem mass spectrometry (MS/MS) analyses are in black, and peptides not accessible to the MS/MS analyses used are given in grey. Blue 
boxes indicate phospho- sites identified in the brain and transfected HEK293 cells; those uniquely seen in heterologous expressions are boxed in yellow. 
Colour coding of hallmark domains is as in Figure 1A; S1- S6 helices of TRPM7 are underlined. (B, C) Two- electrode voltage clamp (TEVC) measurements 
of phosphomimetic TRPM7 mutants performed and analysed as explained in Figure 3A. (B) Representative current- voltage (I- V) relationships of TRPM7 
currents measured in oocytes expressing WT and mutant variants of TRPM7, as indicated. (C) Current amplitudes (mean ± standard error of the mean 
[SEM]) at +80 mV of measurements shown in (B). Two independent batches of injected oocytes (n = 10–12) were examined. ns, not significant; *p ≤ 0.05, 
**p ≤ 0.01, ****p ≤ 0.0001 (ANOVA). (D) Western blot analysis of TRPM7 variants with phosphomimetic mutations expressed in Xenopus oocytes. Lysates 
of un- injected oocytes (control) or oocytes injected with WT and indicated mutant variants of Trpm7 cRNAs were examined using the anti-M7d antibody. 
The anti- Na+/K+ ATPase antibody was used for loading controls. Representative results are shown for three independent experiments.
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Figure 6—figure supplement 1. Tandem mass spectrometry (MS/MS) spectra illustrating phosphorylation of Ser1567 in transient receptor potential 
melastatin- subfamily member 7 (TRPM7) from both brain (upper panel) and culture cells (lower panel).


