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Abstract 

The transmembrane BAX inhibitor-1-containing motif 6 (TMBIM6) is an anti-apoptotic 

endoplasmic reticulum (ER) membrane protein. The suppression of apoptosis by TMBIM6 is 

linked to its role in regulating calcium homeostasis. However, the molecular mechanisms 

underlying the calcium regulation in the ER remain poorly understood. Using mutagenesis 

and fluorescence-based functional assays, this study investigates all the highly conserved 

negatively charged residues in the BsYetJ (a bacterial homolog of TMBIM6) and reveals that 

the charged residues E49 and R205 cooperatively act as a calcium-selectivity filter 

determining the channel conductance. This study identifies the conformations of BsYetJ in 

the ER environment using electron spin resonance and molecular dynamics. Together with 

the functional data, these previously undescribed structures provide new insights of how 

BsYetJ regulates calcium-dependent inactivation by interconversion between two coexisting 

conformations. Overall, this study provides a framework for understanding the non-canonical 

calcium gated membrane protein, which will facilitate structure-based development of more 

effective medications for TMBIM6. 
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Introduction 

The transmembrane BAX inhibitor-1-containing motif (TMBIM) family is widely conserved 

across species; it is present in prokaryotes, fungi, plants, and mammals1–6. Humans, for 

example, have six identified TMBIM proteins (TMBIM 1 to 6), each containing seven 

presumed transmembrane (TM) helices with variations in sequence and length. However, 

none of the six members has been structurally determined. TMBIM6 is identified as a 

suppressor of programmed cell death. Recently, TMBIM6 has been reported to play an 

important role in the regulation of aging in mice and humans, and to be closely associated 

with survival in patients with cervical, breast, lung, and prostate cancers7. The structure-

function relationship of TMBIM6, however, remains poorly understood. 

 Accumulating evidence has suggested a role of TMBIM6 in regulating calcium 

release3,7,8. It showed that BsYetJ (Bacillus subtilis bacterial homolog of TMBIM6) 

functionally uptakes Ca2+ in E. coli and operates in a pH-dependent manner in 

proteoliposomes9–11. Crystal studies revealed that BsYetJ (solubilized in detergent) adopts 

two distinct conformations at pH 7, with TM2 undergoing conformational changes9. 

Structurally, BsYetJ (a monomer consisting of 214 amino acids) is unlike canonical calcium 

channels displaying a well-defined oligomeric pore. When reconstituted into nanodiscs 

containing pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid and studied 

using the double electron-electron resonance (DEER) spectroscopy12–14, BsYetJ was reported 

to adopt multiple conformations and exhibit a pH-dependent behavior different from what 

was found in detergent-solubilized states11. These findings stimulate a model of calcium-

release channel showing that the calcium channel functioning can be modulated through the 

interconversion between distinct conformations in the preexisting conformational equilibria 

of BsYetJ. 

 One important message from the previous studies is that the surrounding environment 

can significantly influence a membrane protein; that the structure of BsYetJ is different 

between detergent and pure POPC environments implies an important role of the surrounding 

environment in determining the functional and structural integrity of BsYetJ. It is thus 

urgently needed to take into consideration of lipid environment when studying structure-

function relationship of BsYetJ. Several studies have reported that the composition of lipids is 
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critical for preserving the structural and functional properties of membrane proteins. For 

example, the conformation of the nicotinic acetylcholine receptor (nAChR) in POPC-only 

liposomes was found to be altered causing the loss of allosteric coupling between agonist-

binding sites and TM pore15. Cheng et al. showed that the human inward-rectifying potassium 

channel Kir2.1 becomes functionally inactive in liposomes containing pure 1-Palmitoyl-2-

oleoyl-sn-glycero-3-phosphoethanolamine (POPE) or POPC lipids16. ELIC, a pentameric 

ligand-gated ion channel, reconstituted in a POPC environment was found to frustrate the 

coupling between extracellular and transmembrane domains, and therefore fail to elicit its 

intrinsic ion-flux activity upon agonist binding17,18. Therefore, it is critical that such 

investigations of membrane protein be carried out in a lipid bilayer reminiscent of their native 

environment. 

 TMBIM6 localizes to the endoplasmic reticulum (ER), where it inhibits apoptosis 

sensitive to ER-stress responses such as etoposide and staurosporine3. The suppression of 

apoptosis by TMBIM6 is directly or indirectly linked to its role in regulating Ca2+ 

homeostasis3,8,19. However, the Ca2+ binding/gating sites of TMBIM6/BsYetJ have not been 

determined. To explore the calcium regulation mechanism, this study conducts a 

comprehensive investigation on the conformations of BsYetJ reconstituted in nanodiscs with 

a lipid environment mimicking the ER. We measure the calcium flux activity of various 

BsYetJ variants and carry out pulsed electron spin resonance (ESR) DEER technique to 

measure the distances between selected spin-label pairs in BsYetJ. The conformations of 

BsYetJ are revealed in apo state (metal ion-free) by using choline chloride as a substitute for 

metal ions11, and in holo state (i.e., in the presence of Ca2+). Our results uncover the calcium-

dependent inactivation of BsYetJ, a fundamental regulatory mechanism that has not been 

reported for BsYetJ.  

RESULTS 

There are totally ten negatively charged residues in BsYetJ: E7 (TM1), E49 (TM2), E99 

(TM4), D121 (TM5), D171 (TM6), E182 (TM7), D183 (TM7), D195 (TM7), D213 (TM7), 

and D214 (TM7), where six of them are identified as highly conserved and important 

residues (Figs. 1A and S1A). It remains unclear as to what roles these highly conserved 
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Fig. 1. Measurements of Ca2+ influx activity. (A) Positions of the six highly conserved 

negatively charged residues. (B) Illustration for the measurement of Ca2+ influx activity of 

BsYetJ. (C) Some representative data of the time-dependent changes in F520 intensity (100 

µM ∇Ca2+). (D) Results for the [Ca2+]LUV (100 µM ∇Ca2+), calculated from the F520 data. 

Data are shown as mean ± SDE (n = 10). (E) Data of final [Ca2+]LUV for the BsYetJ variants 

studied. (F) Crystal structures showing E49 and R205 are spatially closed. (G) Data of final 

[Ca2+]LUV for BsYetJ E49A and R205A. Also, [Ca2+]LUV data for WT measured after the 

external addition of 50 mM Na+ or Li+. All [Ca2+]LUV data shown are presented by the box-

and-whisker diagram showing the median, the lower and upper quartiles, and the minimum 

and maximum values. Yellow stripe in E and G covers the extrema of WT data.



residues play in the regulation of Ca2+ transport activity of BsYetJ. To address their individual 

roles, we reconstituted BsYetJ variants into large unilamellar vesicles (LUV) composed of the 

lipid composition of ER membranes and then performed the calcium influx measurements 

(Fig. 1B) at pH 7.4. Basically, the Ca2+ transport activity of BsYetJ is evaluated by measuring 

changes in the fluorescence intensity of Fluo-8 (Fig. S1B) at 520 nm (hereafter, denoted by 

F520), which reflects the fraction of the entrapped Fluo-8 that forms a complex with the 

transported Ca2+ from the outside of LUVs inwards, within a fixed duration of time (see 

Methods for details).  

Measurements of Ca2+ transport activity of BsYetJ variants  

This study measured the time-dependent F520 fluorescence intensity after adding calcium to 

have a concentration of 100 µM Ca2+ in the solution containing calcium-free BsYetJ/LUV 

proteoliposomes (Fig. 1C). Upon the addition of calcium, which establishes a calcium 

electrochemical gradient (∇Ca2+) across the membrane bilayer of LUV, we observed that 

F520 intensity increases with time, depending on the BsYetJ variants reconstituted. Most of 

samples studied reached to a steady state in F520 within 900 s after the addition of calcium. 

At time around 1200 s, calcium ionophore (ionomycin), which can efficiently transport Ca2+ 

across LUV membranes, was added into the medium to obtain the F520 intensity for the 

saturation condition (∇Ca2+ ~ 0). The F520 data were analyzed to yield the accumulated 

concentration of Ca2+ within the LUVs (denoted by [Ca2+]LUV, hereafter) over the 1200 s 

incubation time. A representative result is shown (Fig. 1D) displaying how [Ca2+]LUV changes 

with time after ∇Ca2+ (100 µM) is established and how it depends on BsYetJ variants. This 

study has performed two different ∇Ca2+ (100 and 500 µM; see also Fig. S1C) and repeated 

the measurements of each BsYetJ variant as well as BsYetJ-free LUVs (as a control), for at 

least ten times each. The recorded [Ca2+]LUV (Fig. 1E) reflects the measures of Ca2+ transport 

activity of BsYetJ as it increases with ∇Ca2+. In the measurements with BsYetJ-free LUVs, 

the addition of calcium (100 or 500 µM) induces no calcium permeability in LUVs.  

E49 regulates the Ca2+ transport activity of BsYetJ  
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We observed that in either of the ∇Ca2+ values (100 or 500 µM), wild-type (WT) BsYetJ 

allows some calcium influx until [Ca2+]LUV reaches around 100 nM, which is much lower 

than the calcium concentration outside the LUVs and the concentration of entrapped Fluo-8 

(10 µM). It suggests that the presence of ∇Ca2+ promotes the calcium influx activity, but 

there is a gating mechanism in BsYetJ that works against the calcium influx from a higher 

Ca2+ concentration. The similar gating behavior can be observed in all the BsYetJ variants 

studied (Fig. 1E). Variants D121L, D171A, D183A, D183N, D195N, E182Q/D183N have 

[Ca2+]LUV values moderately close to those of WT (indicated by a yellow stripe in Fig. 1E). 

The rest of BsYetJ variants have [Ca2+]LUV values greater than those measured for WT. 

Particularly, E49Q exhibits a much greater value of [Ca2+]LUV than others, suggesting that the 

mutation E49Q causes a large disruption to the gating mechanism and thus allows a large 

amount of Ca2+ influx increasing [Ca2+]LUV to be 4-5 times greater than that of WT.  

Previous studies indicate that BsYetJ at pH 7 adopts at least two distinct 

conformations, which are hereafter referred to as TM2-open and TM2-closed as the major 

difference occurs in TM2 (Fig. 1F)9,11. An inspection of the TM2-closed model indicates that 

the residues E49 and R205 are spatially close to each other (Fig. 1F), but their importance has 

not been investigated. To verify the importance of the two residues, we performed the Fluo-8 

assay on two more BsYetJ variants carrying single mutations, E49A and R205A. The 

[Ca2+]LUV values obtained (Fig. 1G) are as high as, or higher than those of E49Q.  

Besides, we performed the Ca2+ influx assay in the presence of Ca2+ and other ions. 

The [Ca2+]LUV results for WT (Fig. 1G) are basically not affected by the presence of other 

ions (Na+ or Li+), supporting the selectivity of BsYetJ for Ca2+. The selectivity found here is 

different from an earlier report10 that affinity of detergent-solubilized BsYetJ for Ca2+ is 

largely inhibited by the presence of Na+ or Li+. Collectively, our results indicate that the E49-

R205 dyad forms a calcium-selectivity filter determining the Ca2+ influx activity of BsYetJ in 

the ER environment.  

BsYetJ conformations in the ER nanodiscs  

To explore what differences in the conformations of BsYetJ in the ER versus BsYetJ crystals 

and identify the changes between apo and holo (20 mM Ca2+) states, we performed DEER 
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measurements on various double-labeled BsYetJ (Fig. 2A) embedded in the ER lipid 

nanodiscs (pH 7.4), one at a time, and then extracted the interspin distance distributions from 
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Fig. 2. Results of the DEER measurements for apo and holo BsYetJ. (A) Topology of a 

BsYetJ with spin-labeled sites shown as red spheres. Green dashed lines indicate the 

measured distances. (B) Distance distributions that show little change between apo and holo 

states. The conformations of TM1, TM3, TM4, and TM5 resemble the TM2-closed crystal 

structure (4PGR). (C) Distance distributions of BsYetJ in the ER nanodiscs that display 

differences from the TM2-closed crystal. The results of 33/55 exhibit the most prominent 

changes between apo and holo states among all distance distributions measured.



the experimental DEER data (see Fig. S2 for raw DEER traces) using the Tikhonov-based 

regulation methods20,21. We first show (Fig. 2B) the results of distance distributions 

corresponding to the inter-helical distances between TM1, TM3, TM4, and TM5. As the 

distance distributions are similar between apo and holo states, the results indicate that the 

four TM helices in the ER nanodiscs are basically unchanged in the presence and absence of 

calcium. Also, their inter-helical distances are reasonably consistent with the TM2-closed 

crystal (pale green histograms in Fig. 2B; PDB: 4PGR). These TM helices can thus be taken 

as a reference for identifying conformational changes of other TM helices between apo and 

holo states, as demonstrated in the following. 

Using helices TM1 and TM4 as a reference, we measured distances of TM2, TM6, 

and TM7 relative to individual reference helices (Fig. 2C). The distance distributions of 

33/55, which correspond to the cytoplasmic side of TM2 in BsYetJ, exhibit the largest 

difference between apo and holo states, among all distance distributions obtained herein. 

While the component of shorter distances remained unchanged at 2 nm in response to the 

presence of calcium, the component of longer distances increased evidently from 2.6 nm 

(apo) to 2.8 nm (holo), accompanying with a change in the corresponding population from 

49% to 61% (estimated from the area of distance distributions). We also observed bimodal-

like distance distributions when a spin label is attached to the cytoplasmic side of TM6 or 

TM7 (see 22/176 and 10/184 in Fig. 2C). When a spin label is attached to the periplasmic 

side of TM6 or TM7 (see 102/150 and 102/209 in Fig. 2C), the distance distributions appear 

to be more homogeneous.  

Collectively, our results show that TM2 is the most sensitive to calcium. As opposed 

to the TM2-closed crystal structure, the conformations of TM2, TM6 and TM7 in the ER are 

somewhat altered. In a comparison of BsYetJ in the ER nanodiscs and the previously reported 

BsYetJ in pure POPC nanodiscs (Fig. S3), the most striking difference is that TM2 in pure 

POPC nanodiscs changes insignificantly between apo and holo. Indeed, lipid environment 

plays an important role in determining the BsYetJ conformations. 

BsYetJ E49Q conformations  
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Next, we performed DEER measurements on double-labeled BsYetJ E49Q variants in the ER 

nanodiscs, in apo and holo states, to obtain the structure-based evidence for how E49Q 

causes a large change to the Ca2+ influx activity. The results (Fig. 3A) show that the distance 

distributions are generally consistent between BsYetJ with versus without E49Q, with a few 

exceptions detailed below. With E49Q, the bimodal-like distance distributions of 10/184 and 

22/176 appear to shift toward the population of longer distances, with a feature of becoming 

broader and less heterogeneity. A similar observation can be obtained from 90/144 E49Q, 

though the distance distributions shift to shorter distances. The most noteworthy aspect of the 

E49Q results is that the DEER traces of 33/55 and 33/90 suffer from lack of clear dipolar 

modulation depths (Fig. 3B), representing the largest reduction in the modulation depth 

(ΔVm) of E49Q data as compared with the DEER traces without E49Q. Due to the lack of 

ΔVm, which leads to very low SNR (signal-to-noise ratio), the recovered distance 

distributions of 33/55 and 33/90 for E49Q thus contain substantial uncertainty and are not 

displayed. The signification reduction in ΔVm suggests that the mutation E49Q brings about a 

disruption in the interactions of E49 and R205 (Fig. 3C) and thus the N terminal of TM2, 

which subsequently renders TM2 into a dangling conformation. As a result, the segment 

connecting TM2 and TM1 (where site 33 is located; Fig. 3C) of BsYetJ E49Q resides in a 

highly disordered state, causing a reduction in ΔVm. An overview of all DEER traces is 

provided (Fig. S2) showing also that as opposed to the result of 33/90 E49Q, the DEER 

traces of 90/144 E49Q are characterized by distinct ΔVm in both apo and holo states. In view 

of these observations, we concluded that the increased disordering in 33/55 E49Q is mainly 

caused by the change in the local environment of site 33. 

To support the above conclusion, this study collected CW-ESR spectra of 33/55 with 

and without E49Q at 300 K (Fig. 3D). The spectrum of 33/55 with E49Q apparently consists 

of a component with a sharper feature, which reflects a greater mobility in the local 

environment, than the spectrum without E49Q. As the measurements were performed above 

room temperatures and the interspin distances of 33/55 are sufficiently large (>2 nm) to avoid 

the dipolar broadening, the spectral differences reflect changes in nitroxide mobility primarily 

associated with the local environment of site 33. It demonstrates that the local dynamics and 

disordering of 33/55 are clearly increased in BsYetJ E49Q.  
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Taken together with the result of Fluo-8 assay measurements (shown in Fig. 1), we 

proposed that the interactions (e.g., salt bridge or hydrogen bonds) between E49 and R205 

are critical in stabilizing the TM2-closed conformation and are important in the regulation of 

calcium transport. The mutation E49Q disrupts the E49-R205 dyad, hence leading to the 
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Fig. 3. Results of the DEER measurements for BsYetJ E49Q. (A) Distance distributions 

of BsYetJ E49Q variants in comparison with the holo BsYetJ without the E49Q mutation. 

(B) DEER traces of 33/90 and 33/55 to highlight the substantial changes in ΔVm between 

BsYetJ with and without E49Q. (C) A cartoon illustration for the relative positions of 33 

(TM1) and 49 (TM2). (D) CW-ESR spectra of 33/55 with and without E49Q. The 

spectrum of 33/55 R49Q displays a higher mobility (denoted by asterisk) than the other. 

The width of the magnetic field shown is 120 G.



disordering in the loop connecting TM1/TM2 and the large increase in [Ca2+]LUV for BsYetJ 

E49Q.  

MD simulations to confirm the DEER-derived structures  

From the DEER-derived distances, we obtained two distinctly different structural models for 

BsYetJ in the ER nanodiscs, suggesting that the two structures exist in equilibrium in apo and 

holo states (Fig. 4A). Unbiased MD simulations were implemented to validate the derived 

structural models in the ER lipid bilayer, and root-mean-square deviation (RMSD) analysis 

was used to determine simulation convergence (Fig. S4A). There are two marked differences 

between the two DEER-derived structures (hereafter, referred to as DEER TM2-open and 

-closed). The first one lies in the conformation of TM2 showing a large lateral movement 

between the structures. The second one occurs in the helices from TM5 to TM7, which 

features relatively small differences between the two structures. The differences in TM1 and 

TM4 between the two DEER-derived structures are considered small and insignificant as 

they have the smallest RMSD values among the RMSD values of individual helices (Fig. 

S4B). In the MD simulations of DEER TM2-closed structure, a mean hydrogen bound 

number between E49 and R205 was found to be 1.25 over the simulation time from 30 to 500 

ns (Fig. S4C), revealing the importance of the E49-R205 dyad in stabilizing the DEER TM2-

closed structure. Our MD simulations show that water molecules can flow through the 

channel of the DEER TM2-open structure but are completely blocked in the DEER TM2-

closed structure (Fig. S4D). Also, we simulated interspin distance distributions (Fig. S5) from 

the DEER-derived models using MtsslWizard program22. The simulations are reasonably 

consistent with the experimental DEER distance distributions, validating the two DEER-

derived models.  

 Next, we explored the molecular details of the TM2-mediated channel using the 

channel annotation package (CHAP) that implements a methodology for predicting the 

conductive state of an ion channel structure with a consideration of pore dimensions and 

profile of pore hydrophobicity23. The physical dimensions of the ion permeation pore were 

calculated from the DEER TM2-closed structure. The pore shown (Fig. 4B) is surrounded by 

TM2, TM5, TM6, and TM7. The narrowest cross-section (approximately, 4 Å in radius; Fig. 
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4C) is located on the cytoplasmic side and bracketed by charged or large amino acids of TM6 

and TM7 (Y170, D171, Q174, D195). Near the middle of the membrane-spanning pore, we 

observed a cluster of residues (A56, V133, V163, F164, L194) that causes a large increase in 

hydrophobicity and thus in energy barrier preventing ion and water leakage. In the cross area 

near to E49 and R205, the pore radius is approximately 5 Å and the degree of hydrophobicity 

is similar to that of the narrowest cross section (Fig. 4C). The distance between the side-

chains of E49 and R205 in the DEER-derived structures varies, approximately, from 5 to 11 
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Fig. 4. DEER derived structural models of BsYetJ in the ER. (A) Structural models 

derived from the DEER results. (B) The TM2-mediated pore generated using the CHAP 

program, in the DEER TM2-closed model. (C) Dimensions and hydrophobicity profiles for 

the TM2-mediated pore.



Å, a range that may possibly coordinate with a calcium ion (diameter: 2.3 Å, approximately) 

in a fully hydrated state24–27. Altogether, our results support that the two terminal regions 

(D171/D195- and E49/R205-associated) as well as the hydrophobic region in the middle of 

the pore contribute to the inactivation of Ca2+ influx activity, suggesting there are more than 

one gating mechanism along the proposed TM2-mediated channel. 

DISCUSSION 

This study reveals new insights into the mechanism of Ca2+ transport activity of BsYetJ. We 

measured the Ca2+ influx activity of various BsYetJ variants carrying one or two mutations at 

the six highly conserved negatively charged residues (D121, E49, D171, E182, D183, and 

D195; Fig. 1A). We found that only when site E49 is mutated can we observe a large increase 

in [Ca2+]LUV (3- or 4-fold greater than WT). This finding about E49 in the ER environment 

has not been reported and it is different from what was previously inferred from the 

detergent-solubilized crystal structures and the DEER-derived models in pure POPC 

environment. In the previous studies9–11, D171 and D195 (also highly conserved residues; 

Fig. 1A) were proposed to play a key role in the Ca2+ transport activity. The present study 

shows that a single or double mutation in either or both two sites (D171 and D195) cause 

relatively small changes to the activity, as compared with the E49Q result. As the major 

difference in the experimental condition between the present and previous studies lies in the 

lipid environment, an important message received is that BsYetJ/TMBIM6 is a lipid-sensitive 

membrane protein. The difference in lipid environment leads to changes in structural 

conformations and thus the functional sites. Notably, It was shown that BsYetJ, though a 

bacterial TMBIM6 homolog, can mediate Ca2+ flux from ER Ca2+ stores (in a range from µM 

to low mM) in mammalian cells, suggesting that the Ca2+ flux activity of BsYetJ is 

conserved10. In that regard, our present results with the restoration of the ER environment are 

of high biological significance.  

Our results also suggest that the highly conserved residue E49 works together with 

R205 in modulating the TM2-mediated Ca2+ influx activity, as a single point mutation in 

either of the two residues leads to a similar interference to the Ca2+ influx activity. Despite 

the large interference to the activity, BsYetJ E49Q (or E49A, R205A) does not completely 

lose the control on Ca2+ influx and retains a reduced ability to limit the influx of Ca2+ across 
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the membrane. For example, [Ca2+]LUV of E49Q is, approximately, 300 nM (for 100 µM 

∇Ca2+) and 450 nM (for 500 µM ∇Ca2+), both of which are lower than the concentration of 

entrapped Fluo-8 (10 µM) and the external Ca2+ concentrations. The greater the ∇Ca2+ is 

applied, the greater the [Ca2+]LUV is obtained. Together with the pore analysis using the 

CHAP, our results suggest that in addition to the E49-associated one, there are other gating 

mechanisms at work. There are at least three putative gates regulating the calcium 

conductance of BsYetJ: two dyads of charged residues (i.e., E49-R205 and D171-D195) and 

one cluster of hydrophobic residues in the middle of the channel.  

Taken together, we hypothesize a regulatory model for the observed calcium-

dependent inactivation of BsYetJ at pH 7.4. BsYetJ adopts two major conformations in the 

ER environment. The charged residues E49 and R205 work closely to form the DEER TM2-

closed conformation that blocks ion and water molecules from passing through the TM2-

mediated channel. In the presence of Ca2+, BsYetJ is constitutively in the DEER TM2-open 

form (as suggested from the DEER result 33/55) having Ca2+ bound in a hydrated form in the 

E49-R205 dyad and thus blocking any possible ion influx through the channel. However, the 

site is just one of possible Ca2+ binding sites along the channel. The E49-associated site has 

high binding affinity for Ca2+ and it would hold until a sufficiently high transmembrane 

gradient ∇Ca2+ is established, promoting a release of the chelated Ca2+ inward crossing the 

hydrophobic region to next binding sites. The affinity of the D171- or D195-associated site 

for Ca2+ is lower for sure as the mutations (shown in Fig. 1) in the D171-D195 dyad cause a 

relatively small change to the activity. The D171-D195 dyad is not as important as E49 site in 

the ER environment, as demonstrated in the present study. The D171-D195 dyad may act as a 

pH sensor or a gating site even in the ER, as previously reported in other lipid 

environments9,10, warranting further investigations. To support that the D171-D195 dyad is 

less important than E49, we performed the Ca2+ influx activity of E49Q/D195N and found 

that it has a [Ca2+]LUV much greater than E49Q (Fig. S6). Indeed, the D171-D195 dyad acts 

as a relatively minor selectivity filter than E49 in controlling the calcium influx activity. 

Although the coordination of Ca2+ at the proposed binding sites is not explicitly determined 

in the present study, the channel selectivity to Ca2+ is verified. Once the ∇Ca2+ declines to a 

lower level, the influx of Ca2+ across the membrane is limited and the TM2-mediated channel 

is inactivated.  
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We note that the force that counteracts further Ca2+ influx in a lower ∇Ca2+ level may 

include the increased electrical potential due to the accumulating Ca2+ in LUVs. 

Nevertheless, the gradient ∇Ca2+ definitely is the dominant force driving the Ca2+ influx at an 

early stage of the event. The observed inactivation of Ca2+ influx in BsYetJ depends on the 

Ca2+ gradient across membrane and the dependence is greater for BsYetJ E49Q than others, 

supporting a view that the E49-R205 dyad acts as a primary calcium-selectivity filter, an 

inactivation gate controlling the TM2-mediated influx of Ca2+ along the Ca2+ electrochemical 

gradient. 

In summary, we used DEER and fluorescence techniques to follow conformational 

changes of BsYetJ associated with Ca2+ entry and accumulation in the ER lipid environment, 

unveiling the calcium dependent inactivation, a previously unanticipated function, in BsYetJ. 

The conformational changes are mainly confined to a distinct region associated with TM2, 

providing structure-based insights into how BsYetJ/TMBIM6 regulates its calcium transport 

activity by interconversion between distinct conformations. 

MATERIALS AND METHODS 

Expressions and purifications of BsYetJ  

We followed the previously established protocol for expression and purification. A pET-24 

derived pNYCOMPS vector containing His-tag at C-terminus of BsYetJ was used9,11. 

Plasmids encoding BsYetJ mutants were generated using a QuikChange mutagenesis kit at 

the indicated sites and verified by DNA sequencing. Briefly, the plasmid was transformed 

into E. coli pLysS BL21(DE3) (Agilent) by heat shock. For protein expression, 25 mL start-

culture in Terrific Broth (TB) medium supplemented with 30 µg/mL of kanamycin (Kan) and 

25 µg/mL of chloramphenicol (Cam) was grown at 37 ℃ with shaking overnight. A dense 

culture was used to inoculate 0.6 L of TB media supplemented with 30 µg/mL of Kan and 25 

µg/mL of Cam. Cultures were grown at 37 ℃ with shaking to an OD600 above 1.0, and then 

protein was induced by the addition of 0.5  mM isopropyl 1-thio-β-D-galactopyranoside 
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(IPTG) at the same temperature for 4–6  h. The cells were harvested by centrifugation at 

9000g for 5 min at 4 ℃ and stored at −80 ℃ until purification.  

For protein purification, the frozen cell pellets were resuspended in 50 mL BsYetJ 

lysis buffer (50 mM HEPES, 0.3 M NaCl, 20 mM imidazole, 5% glycerol and 1 mM MgCl2, 

pH 7.8) supplemented with 1 mM solution of phenylmethylsulfonyl fluoride (PMSF), 0.2 mg/

mL lysozyme and a pinch of DNaseI, and then stirred for 1 h at room temperature. The 

resuspended pellet was sonicated by pulse sonication at 70% output on ice for 10 min, 

followed by centrifugation at 12800g for 30 min at 4 °C. Membrane pellets were obtained by 

the second centrifugation at 44300g for 1 h and then resuspended in the lysis buffer with an 

additional 1.5% (w/v) β-DDM. After being stirred at room temperature for 1 h, the 

supernatant containing solubilized membrane protein was cleaned up by centrifugation at 

44300g for 10 min at 4 ℃ to remove insoluble components. The cleared lysate was filtrated 

through a 0.45 µm Nylon filter and loaded onto a 5 mL HisTrap HP column (GE Healthcare) 

pre-equilibrated with the BsYetJ lysis buffer supplemented with β-DDM to a final 

concentration of 0.05% (w/v). Unbound proteins were removed with 20 column volumes 

(CV) of BsYetJ wash buffer (50 mM HEPES, 0.5 M NaCl, 75 mM imidazole, 5% glycerol 

and 0.05% (w/v) β-DDM, pH 7.8) and bound BsYetJ was eluted with 6 CV of BsYetJ elution 

buffer (50 mM HEPES, 0.3 M NaCl, 0.5 M imidazole, 5% glycerol and 0.05% (w/v) β-DDM, 

pH 7.8). Eluted BsYetJ was buffer-exchanged into BsYetJ storage buffer (50 mM HEPES, 0.3 

M NaCl, 2.5% (v/v) glycerol and 0.05% (w/v) β-DDM, pH 7.4) and concentrated to 4 mg/mL 

using a 50K MWCO concentrator (Amicon). Protein purity was checked by SDS-PAGE with 

Coomassie blue staining. The concentration of BsYetJ was determined using absorption 

spectroscopy at 280 nm (extinction coefficient 24410 M–1 cm−1). 

As wild-type (WT) BsYetJ is a cysteine-free protein, its construct was directly used to 

prepare various cysteine variants of BsYetJ for spin-labeling study. Spin-labeling reaction 

was performed by addition of 40-fold molar excess of MTSSL (1-oxyl-2,2,5,5-

tetramethylpyrroline-3-methyl methanethiosulfonate) (Enzo Life Sciences) from a 0.1 M 

stock solution in acetonitrile. The reaction was kept in dark overnight at 4 ℃ and then 

concentrated to ~10 mg/mL using Amicon Ultra-50K centrifugal filter units. Excess free spin 

labels were removed completely during the nanodisc preparation as described later. 

 17



His-tag free BsYetJ was used in this study. His-tag of BsYetJ was cleaved with the 

addition of a 1:15 molar ratio of TEV protease and gently tumbled at 4 ℃ overnight. The 

mixture was filtered through 0.22 µm PVDF filter and the cleaved protein was harvested by 

reverse purification on HisTrap HP column, collecting the flow through and wash fractions. 

Protein purity was checked by SDS-PAGE. Protein was concentrated to 4 mg/mL and stored 

in aliquots at −80 ℃. 

Expressions and purifications of membrane scaffold protein (MSP)  

Membrane scaffold protein (MSP1D1, herein denoted by MSP for simplification) was 

expressed and purified as previously described28,29. Briefly, MSP1D1 gene was cloned to 

pET-28a (Addgene) with a N-terminal His-tag. The plasmid was transformed into the E. coli 

BL21(DE3) expression strain (Agilent) by heat shock, plated on Luria-Bertani (LB)-argar 

plates supplemented with 30 µg/mL of Kan, and incubated at 37 ℃ overnight. A single 

colony was used to incoculate 25 mL start-culture in TB medium supplemented with 30 µg/

mL of Kan at 37 ℃ with shaking overnight. The dense culture was used to inoculate a 

secondary culture in 0.6 L TB supplemented with 30 µg/mL of Kan. Cultures were grown at 

37 ℃ with shaking to an OD600 above 1.0, and then protein was induced by the addition of 1 

mM IPTG at 30 ℃ for 4–6 h. The cells were harvested by centrifugation at 9000g for 5 min 

at 4 ℃ and stored at −80 ℃ until purification. For protein purification, the frozen cell pellets 

were resuspended in 50 mL MSP lysis buffer (20 mM sodium phosphate, 0.1 M NaCl, 1% 

Triton X-100, 10 mM MgSO4, pH 7.4) supplemented with 1 mM PMSF, 0.2 mg/mL 

lysozyme and a pinch of DNaseI, and then stirred for 1 h at room temperature. The 

resuspended pellet was sonicated by pulse sonication at 70% output on ice for 10 min, 

followed by centrifugation at 12800g for 50 min at 4 °C. The supernatant was filtrated 

through a 0.45 µm Nylon filter and loaded onto a 5 mL HisTrap HP column (GE Healthcare) 

pre-equilibrated with MSP lysis buffer. Unbound proteins were removed with the following 

order of buffer: (i) 5 CV of 40 mM Tris-HCl, 0.3 M NaCl, and 1% Triton X-100, pH 8.0 (ii) 5 

CV of 40 mM Tris-HCl, 0.3 M NaCl, and 50 mM sodium cholate, pH 8.0 (iii) 5 CV of 40 

mM Tris-HCl, 0.3 M NaCl, and 40 mM imidazole, pH 8.0. The bound MSP was eluted with 

10 CV of MSP elution buffer (40 mM Tris-HCl, 0.3 M NaCl, and 0.4 M imidazole, pH 8.0), 

buffer-exchanged into MSP storage buffer (20 mM Tris-HCl and 0.1 M NaCl, pH 7.4) and 
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concentrated to 10 mg/mL using a 10K MWCO concentrator (Amicon). Protein purity was 

checked by SDS-PAGE with Coomassie blue staining. The concentration of MSP was 

determined using absorption spectroscopy at 280 nm (extinction coefficient 21430 M–1 cm−1). 

Preparation of BsYetJ in lipid nanodiscs 

Spin-labeled BsYetJ variants in β-DDM was reconstituted into MSP nanodiscs with a lipid 

composition of POPC:POPE:PI:cholesterol 61:20:11:8 (molar ratio) mimicking the ER30,31, at 

a final molar ratio of 1:4:240 (BsYetJ: MSP: lipid mix). 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 

and l-α-phosphatidylinositol (PI) were purchased from Avanti Polar Lipids. Briefly, 19.7 

µmole of the lipid mixture dissolved in chloroform was dried under a gentle stream of 

nitrogen gas for 30 min. The dried lipid was resuspended into a stored buffer supplemented 

with 200 µL of 150 mM sodium cholate (SC), sonicated for 5 min, and then pipetted up and 

down until the lipid mixture became transparent. BsYetJ and MSP were added to the lipid 

mixture and mixed at room temperature for 5 min. This addition brought the final 

concentrations to approximately 44.6 µM BsYetJ, 178.4 µM MSP, 10.7 mM lipid mix, and 

21.4 mM SC. To remove the detergent, the mix was then added into 1 mg/mL of biobeads 

SM-2 (Bio-Rad) and gently tumbled at 4 ℃ overnight. Biobeads were removed by a short 

spin-down and the nanodisc suspension was then run on a Superdex 200 Increase 10/300 GL 

gel filtration column (GE Healthcare) equilibrated with nanodisc buffer (50 mM HEPES and 

0.1 M choline chloride, pH 7.4). Purified samples were concentrated with Amicon Ultra-50K 

centrifugal filter units. 

BsYetJ reconstitution into liposomes 

Reconstitution of BsYetJ into liposomes was performed as previously described with minor 

modifications11. To avoid residual calcium, the extruder apparatus were washed with 1 mM 

EDTA and then assay buffer A (10 mM MOPS, pH 7.4, 20 mM NMDG, 300 µM EGTA and 

10 µM Fluo-8) before starting the experiment. Briefly, 6.58 µmole of lipid dissolved in 

chloroform was dried under a gentle stream of nitrogen gas for 30 min. The dried lipid was 

resuspended into 200 µL of assay buffer A, followed by 5 min sonication. After 10 cycles of 

freeze-and-thaw, the suspension was extruded through a 400 nm filter (Whatman) 11 times. 
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Wash the filter four times with 200 µL of assay buffer A and collect the wash to minimize the 

loss of lipid. The final volume of suspension was 1 mL. The resulting liposomes were 

destabilized by the addition of 20 µL of 10% Triton X-100 and incubated for 30 min at room 

temperature. Purified BsYetJ was added into the liposomes in a lipid/protein molar ratio of 

2000 and incubated for 2 h at 4 ℃ to allow spontaneous reconstitution of the proteins.  

To remove detergent, the mix was added into 250 mg of pre-washed Bio-Beads SM-2 

adsorbents (washed into assay buffer A without Fluo-8). This mix was incubated at 4 ℃ for 3 

h before the addition of another 250 mg of Biobeads (for a total 500 mg of Biobeads per 1 

mL of reaction). This final mixture was gently tumbled at 4 ℃ overnight. Bio-beads were 

removed by a short spin-down and the proteoliposomes were then harvested by centrifugation 

at 44300g for 2 h at 4 ℃. The supernatant was discarded and the pellet was resuspended in 1 

mL of assay buffer B (10 mM MOPS, pH 7.4, 20 mM NMDG, 5 µM EGTA). 

Fluorescence based assays for measuring the activity of calcium transport across 

membrane  

Proteoliposomes of 100 µL were added to the wells of a black polystyrene NCNU 96-well 

plate (Thermo Scientific). Fluo-8 (AAT Bioquest; Fig. S1B) has been widely used as a 

calcium-sensitive probe32–34. Fluorescence emission intensities of Fluo-8 (excitation at 488 

nm, emission at 520 nm) F520 were recorded at 10 s intervals using a Synergy H1 Microplate 

Reader device (BioTek). After 5 min equilibrium at room temperatures, calcium influx 

activity is initiated by the addition of 0.1 mM or 0.5 mM CaCl2 externally. When F520 

reached to a steady state, the calcium ionophore, ionomycin (10 µM), was then added to the 

proteoliposomes together with an additional 1 mM Ca2+. In the selectivity experiments, 50 

mM LiCl or NaCl was first equilibrated with proteoliposomes for 5 min at room 

temperatures, followed by the addition of CaCl2. 

Calcium concentration within LUVs (referred to as [Ca2+]LUV) was determined by 

[Ca2+]LUV = Kd×(F–Fmin)/(Fmax–F), where Kd (153 nM) is the equilibrium dissociation 

constant of Fluo-8 for Ca2+ at pH 7.4 calibrated using the Calcium calibration kit 

(FluoProbes). F is the intensity of F520. Fmin is the F520 intensity measured before the 

external addition of calcium. Fmax is the F520 intensity measured after the addition of 
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ionomycin to achieve a complete permeation of proteoliposomes. The data are presented as 

box-and-whisker plot showing the 25th and 75th percentiles along with the median. The 

upper and lower bars show the maximum and minimum values. All fluorescence experiments 

were repeated independently at least ten times, with at least three different batches of purified 

BsYetJ. 

DEER measurement and analysis  

For DEER measurements, BsYetJ nanodisc samples were buffer-exchanged into nanodisc 

buffer and prepared in the protein concentration range of 100–200 µM. Approximately, 35 µL 

solution volume was added into quartz ESR tube (i.d. 3 mm). All buffers in the DEER 

experiments were deuterated. In the holo condition, the concentration of calcium was 20 mM. 

A Bruker ELEXSYS E580-400 X-band CW/Pulsed spectrometer, with a split-ring resonator 

(EN4118X-MS3) and a helium gas flow system (4118CF and 4112HV), was used. The ESR 

probe head was precooled to 80 K prior to the transfer of the ESR sample tube into the cavity. 

DEER experiments were performed using the typical four-pulse constant-time DEER 

sequence12,35. The detection pulses were set to 32 and 16 ns for π and π/2 pulses, respectively, 

and the pump frequency was set to approximately 65 MHz lower than the detection pulse 

frequency. The pulse amplitudes were chosen to optimize the refocused echo. The π/2-pulse 

was employed with +x/−x phase cycles to eliminate receiver offsets. The duration of the 

pumping pulse was about 32 ns, and its frequency was coupled into the microwave bridge by 

a commercially available setup (E580-400U) from Bruker. All pulses were amplified via a 

pulsed traveling wave tube (TWT) amplifier (E580-1030). The field was adjusted such that 

the pump pulse is applied to the maximum of the nitroxide spectrum, where it selects the 

central mI = 0 transition of Azz together with the mI = ±1 transitions. The accumulation time 

for each set of data was about 10 h at a temperature of 80 K. A common cooling approach 

was used. The sample tube was plunge-cooled in liquid nitrogen and then transferred into the 

ESR probehead, which was precooled to 80 K using a helium flow system.  

 Determination of interspin distance distribution of the DEER spectroscopy was 

performed using home-written program operating in the Matlab (MathWorks) as previously 

described and demonstrated11,14,36. Basically, the data were analyzed using the Tikhonov 

regularization based on the L-curve method, followed by a data refinement process using the 
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maximum entropy method (MEM) to obtain the non-negative distance distributions20,21,37,38. 

Error propagation in Tikhonov regularization cannot be predicted analytically. As 

demonstrated in the DeerAnalysis program, a common approach is to vary the starting time 

for the background fit and also add 50% noise of the original noise level to estimate 

uncertainty in the distance distributions. This study took the same method to obtain the 

uncertainty. To further validate the MEM-obtained distance distributions, we also analyzed 

DEER data using the approach combining the two program tools, DeerAnalysis and 

DEERconstruct21,39. The major peaks of the distance distributions obtained from the MEM 

and the DeerAnalysis approaches are consistent with each other. 

Derivation of the structural models from DEER distance distributions 

The DEER TM2-closed and -open models were derived from the crystal TM2-closed (4PGR) 

and TM2-open (4PGS) structures, respectively. Seven TM helices were considered rigid 

bodies during structural rearrangements and linked by flexible peptide regions. Rigid-body 

rearrangements were generated by changing sidechain χ1 and χ2 dihedral angles in all regions, 

and backbone ϕ, ψ dihedral angles in the flexible regions randomly. After rejecting 

rearrangements with clashes (< 2.5 Å), the MtsslWizard program was used to simulate 

distance distributions of over 200000 rearrangements. The rearrangements with the smallest 

difference between MtsslWizard-predicted distance distribution and DEER distance 

distribution (Fig. 4A) were subjected to MD simulation to verify the structural models in the 

ER membrane and used in the CHAP analysis. 

MD simulation and analysis 

ER lipid bilayers containing 344 to 347 POPC, 119 to 120 POPE, 60 to 61 POPI, and 40 to 

42 cholesterols were generated with CHARMM-GUI40. The DEER-derived models of BsYetJ 

were placed in the ER membrane using PSFGEN utility of Visual Molecular Dynamics 

(VMD)41,42. Systems were soaked in TIP3P water boxes and neutralized by adding Na+ and 

Cl− at the experimental condition (100 mM) using VMD’s solvate and autoionize modules. 

The dimensions of the box were 150 nm × 150 nm × 110 nm. Simulations were performed 

using nanoscale molecular dynamics (NAMD) with CHARMM36 force field for proteins and 

lipids43–45. Simulations were carried out using periodic boundary conditions in the NPT 
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ensemble, particle mesh Ewald method, SHAKE algorithm, a non-bonded cutoff of 1.2 nm, 

and a 2 fs time step46–48. Systems were kept at 300 K and 1 bar using Langevin dynamics. We 

performed energy minimization (100000 steps) of each structural model to remove bad 

contacts. After the equilibrium for 2 ns in the presence of harmonic constraints acting on the 

protein for membrane relaxation, production runs were performed for 200 ns. Coordinates, 

velocities, energies, and pressures were recorded for analysis every 1 ps. The root-mean-

square deviation (RMSD) in comparison with the initial structures was calculated considering 

Cα atoms using VMD’s RMSD trajectory tool. 

Analysis of the sequence conservation 

Analysis of sequence conservation of the selected amino acids in BsYetJ and the multiple 

sequence alignment were performed using ConSurf web server and WebLogo, as detailed in 

the supplementary figure (Fig. S1)49–51. 
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