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Abstract 26 

In cells TMEM16E (ANO5) mediates Ca²⁺-dependent currents and lipid scrambling. Its 27 

mutations cause muscular dystrophies and gnathodiaphyseal dysplasia 1 (GDD), but its 28 

activation mechanism is unknown. We show purified TMEM16E is a scramblase and 29 

determined cryoEM structures in apo and Ca²⁺-bound states. Unlike other TMEM16s, apo 30 

TMEM16E has a straight TM6 helix and preformed orthosteric sites; Ca²⁺ binding induces 31 

no rearrangements, and one site remains partially unoccupied in saturating Ca²⁺. 32 

Structures of two GDD gain-of-function mutants, G503E and R582I, show that despite 33 

similar functional phenotypes they act through distinct mechanisms: G503E disrupts the 34 

TM3–TM4 interface, while R582I remodels an extracellular loop network and increases 35 

S2 occupancy. Molecular dynamics simulations show G503E favors an X-shaped groove 36 

that scrambles lipids outside the groove, resembling active TMEM16F, rather than the 37 

open-groove mechanism of the ER-resident TMEM16K. Thus, phenotypically convergent 38 

mutations act through distinct pathways, paving the way for development of targeted 39 

therapies.  40 



Introduction 41 

The TMEM16E protein (also known as ANO5) is a member of the TMEM16 family of Ca2+-42 

activated ion channels and phospholipid scramblases 1, 2, 3, 4. The human genome 43 

contains 10 TMEM16 genes, and their mutations are associated with a variety of 44 

inheritable disorders of blood, bone, muscle and nervous system 3, 5, 6. Further, 45 

dysregulated activity of TMEM16 proteins is associated with a wide range of proliferative 46 

phenotypes 7, 8, 9, 10, 11. TMEM16E is highly expressed in muscle and bone 12, and was 47 

originally identified as the gene responsible for the autosomal dominant disorder 48 

gnathodiaphyseal dysplasia 1 (GDD) 13, 14, a disorder characterized by cemento-osseous 49 

lesions of the mandible and maxilla, bowing and sclerosis of long bones, and bone fragility 50 

leading to recurrent fractures 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27. Homozygous and 51 

compound heterozygous mutations (missense or frameshift mutations) in TMEM16E are 52 

associated with autosomal recessive limb-girdle muscular dystrophy-12 (LGMDR12; 53 

MIM# 611307) and Miyoshi muscular dystrophy-3 (MMD3; MIM# 613319) 28, 29. Notably, 54 

both phenotypes can coexist in some patients 30. In animal models, defective TMEM16E 55 

leads to dysregulated Ca2+ homeostasis 31, 32, reduced fertility and sperm motility 33, 56 

abnormal sarcolemma repair, defective myoblast regeneration and fusion 34, 35, 36. Finally, 57 

dysregulation of the TMEM16E gene is associated with multiple neoplasia, where its 58 

upregulation promotes cell proliferation and migration, osteosarcoma 37, gastric 10 and 59 

pancreatic 7 cancers, while its downregulation promotes thyroid cancer 37, 38. Together, 60 

these findings highlight the importance of TMEM16E in human patho-physiology.  61 

Despite its importance, our understanding of TMEM16E function and the mechanisms 62 

underlying its dysfunction in disease remain poorly understood. At rest, TMEM16E is 63 

primarily localized to the endoplasmic reticulum (ER), which has hindered its functional 64 

characterization 33. In muscle cells, activation of the damage repair cascade results in 65 

trafficking of TMEM16E to the plasma membrane (PM), where it facilitates progenitor cell 66 

fusion and membrane repair 34, 35, 36. Overexpression studies showed TMEM16E, like 67 

other TMEM16 family members 39, 40, 41, is likely a dual-function Ca2+-activated 68 

phospholipid scramblase and non-selective ion channel with an EC50 ~3 μM 19, 21. 69 

Notably, GDD TMEM16E mutants have a gain of function (GoF) phenotype with 70 



constitutive scramblase and ion channel activity at basal cellular Ca2+ levels 19, 21. In 71 

contrast, variants associated with muscular dystrophies are generally nonsense or loss-72 

of-function (LoF) mutations 28, 29, suggesting the disease phenotypes correlate with the 73 

functional effects on TMEM16E, further underscoring the importance of understanding its 74 

activation and regulation mechanisms. 75 

The Ca2+-activated TMEM16 proteins are double-barreled homodimers (Supplementary 76 

Fig. 1a,c), where each protomer forms independent hydrophilic grooves that serve as 77 

permeation pathways for ions and/or lipids that are delimited by TM3-TM6 78 

(Supplementary Fig. 1b,d) 2, 39, 42, 43, 44, 45, 46, 47. Whereas TMEM16A and B are chloride 79 

channels, most other family members are dual function non-selective ion channels and 80 

lipid scramblases 1, 2, 3, 4. TMEM16 activation is triggered by Ca2+ binding to two sites 81 

located near the permeation pathway (Supplementary Fig. 1e), called orthosteric sites S1 82 

and S2, which are formed by residues on TM6-TM8. In mammalian homologues, a third 83 

binding site located near the dimer interface has been proposed to play a regulatory role 84 

39, 48, termed S3 allosteric site (Supplementary Fig. 1f). In all TMEM16s, in the absence 85 

of Ca2+, TM6 is bent disrupting the formation of the orthosteric sites, and the groove is 86 

closed by juxtaposition of TM4 and TM6. Ca2+ binding induces a straightening of TM6 to 87 

form the orthosteric sites 2, 39, 42, 43, 44, 45, 46, 47. Despite structural and functional 88 

conservation, divergent activation mechanisms have been proposed for different 89 

TMEM16 scramblases. In the ER-resident TMEM16K and in the fungal afTMEM16 and 90 

nhTMEM16, Ca2+ binding to S1 and S2 induces a rearrangement where TM4 detaches 91 

from TM6, opening the hydrophilic groove to the membrane core and forming a shared 92 

pathway for ions and lipids (Supplementary Fig. 1b) 2, 39, 42, 43. In contrast, activation of 93 

TMEM16F entails a rearrangement where TM4 slides along TM6 to generate an X-94 

shaped groove that forms separate pathways for ions and lipids (Supplementary Fig. 95 

1c,d) 49, 50. Notably, it has been proposed that some gain of function mutations could lead 96 

to groove opening in TMEM16F 51, 52. The Ca2+-dependent activation mechanism of 97 

TMEM16E is unknown, as is the mode of action of the GoF and LoF mutations associated 98 

with disease phenotypes.  99 



Here, we addressed these questions by purifying human TMEM16E (hTMEM16E), 100 

reconstituting it in liposomes and showing it functions as a Ca2+-activated lipid 101 

scramblase, although its ligand-dependence is lower compared to other family members. 102 

We used cryogenic electron microscopy (cryoEM) to determine its structure in the apo 103 

and Ca2+-bound states and found that in apo hTMEM16E the TM6 helix is straight, the 104 

orthosteric sites are pre-formed, Ca2+ binding does not induce any rearrangements in the 105 

transmembrane region, and the S2 orthosteric site is not fully occupied, even in millimolar 106 

Ca2+. Consistently, mutations disrupting the orthosteric sites do not completely ablate 107 

Ca2+-dependent activation. We used cryoEM to image two GoF hTMEM16E mutants, 108 

G503E and R582I 18, 21, 24, associated with GDD to elucidate how they affect the structure-109 

activity relationship. Unexpectedly, we found that despite having similar functional and 110 

pathological phenotypes, the two mutations act in mechanistically distinct manners: 111 

whereas G503E disrupts the TM3-TM4 interface, R582I impairs the arrangement of the 112 

TM5-TM6 extracellular loop and increases occupancy of the orthosteric Ca2+ binding 113 

sites. Using adaptive ensemble molecular dynamics simulations (aeMD) we found that 114 

the Ca2+-bound closed groove of wild type (WT) hTMEM16E is stable and does not 115 

mediate lipid scrambling. In contrast, the G503E mutant readily transitions to a state with 116 

an X-shaped groove, similar to that seen in TMEM16F 49, 50, that mediates robust lipid 117 

scrambling in coarse grained MD simulations. In sum, our results elucidate the basis of 118 

physiological and pathological hTMEM16E activation and rationalize its dual-function 119 

activity, paving the way for the future development of targeted therapeutic interventions.  120 

 121 

Results 122 

Purified hTMEM16E is a Ca2+ dependent scramblase 123 

We purified hTMEM16E, reconstituted it in proteoliposomes and used an in vitro lipid 124 

scrambling assay (Fig. 1a) 41, 53, 54 to determine whether it has intrinsic calcium dependent 125 

phospholipid scramblase activity, as proposed 19, 21. Liposomes were prepared from 126 

soybean polar lipids supplemented with 20% cholesterol or from a mixture of 1,2-dioleoyl-127 

sn-glycero-3-phosphoethanolamine (DOPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-128 

L-serine (POPS) and 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) in a 2:1:1 129 



molar ratio. In both cases, 0.4% nitrobenzoxadiazole (NBD)-labeled PE was added to the 130 

lipid mix. Addition of the membrane-impermeant reducing agent dithionite irreversibly 131 

bleaches only NBD fluorophores in the external leaflet. In protein-free liposomes, this 132 

results in ~50% loss of fluorescence (Fig. 1b,c, green trace), whereas in proteoliposomes 133 

containing an active scramblase a larger fluorescence loss is expected as NBD-lipids can 134 

move between leaflets (Fig. 1b,c). As expected, in hTMEM16E proteoliposomes formed 135 

from both lipid mixtures we observe a marked fluorescence reduction (Fig. 1b,c, red and 136 

black traces) with similar macroscopic scrambling rate constants (Fig. 1d,e). Interestingly, 137 

hTMEM16E has a high basal activity in 0 Ca2+ (Fig. 1b,c, black traces), more similar to 138 

fungal TMEM16s 53 than to its closest mammalian homologue TMEM16F 50. Finally, 139 

saturating Ca2+ elicits only a modest ~10-fold increase in the scrambling rate constants, 140 

from ~3x10-3 s-1 in 0 Ca2+ (Fig. 1d) to ~3x10-2 s-1 in 0.5 mM Ca2+ (Fig. 1e), whereas Ca2+ 141 

elicits a >200-fold increase in other TMEM16s under similar conditions 39, 41, 50, 53, 55. Thus, 142 

purified hTMEM16E is a Ca²⁺-regulated phospholipid scramblase. Its basal activity and 143 

low Ca2+ modulation are consistent with its localization to the ER, where constitutively 144 

active scramblases help redistribute newly synthesized lipids between leaflets 56.  145 

 146 



Figure 1 Functional characterization of hTMEM16E. a Schematic representation of the dithionite-147 

based in vitro scrambling assay. In protein free (PF) liposomes (top) only outer leaflet NBD-fluorophores 148 

(orange) are reduced to non-fluorescent (black) by dithionite. In hTMEM16E-containing proteoliposomes 149 

(bottom) NBD-labeled lipids are translocated to the outer leaflet and thus all fluorophores are reduced. 150 

b,c Representative traces of the dithionite induced fluorescence decay in the scrambling assay for PF 151 

liposomes (green), and TMEM16E proteoliposomes in 0 (black) or 0.5 mM Ca2+ (red) reconstituted in 152 

Soybean polar lipids supplemented with 20% cholesterol (b) or DOPE:POPC:POPS in a 2:1:1 ratio (c) 153 

mixed membranes. d,e Forward (�, black) and reverse (�, gray) scrambling rate constants of TMEM16E 154 

reconstituted in proteoliposomes with NBD-labeled PE lipids in 0 (d) or 0.5 mM Ca2+ (e). Mean ± S. Dev. 155 

(n = 9 and N = 3) , red and black circles are values from individual repeats. 156 

 157 

Cryo-EM structures of Ca²⁺-bound and Ca²⁺-free hTMEM16E 158 

To gain insight into the structural basis of Ca2+-dependent hTMEM16E activity, we used 159 

single-particle cryo-electron microscopy (Cryo-EM) to determine its structures in the apo 160 

and Ca²⁺-bound states. In each condition we identified a single major conformation, and 161 

the respective reconstructions reached similar average resolutions, ~3.0 Å in presence of 162 

Ca2+ and ~3.2 Å in absence of Ca2+ (Fig. 2a,b,d,e; Supplementary Fig. 2, 3, 4a; Table 1). 163 

As expected, hTMEM16E adopts the canonical dimeric “butterfly” architecture of 164 

TMEM16 proteins, where each protomer contains three binding sites for Ca2+, a cytosolic 165 

one near the dimer interface (allosteric site, S3) and two (orthosteric sites, S1 and S2) 166 

near the hydrophilic groove (Fig. 2e). In both conformations the groove is closed by the 167 

tight juxtaposition of TM4 and TM6 (Fig. 2c,f) and we observe lipid-like densities near the 168 

dimer interface cavity formed by TM3, TM5, TM9, and TM10, possibly due to co-purified 169 

lipids (Supplementary Fig. 4a). We also identified extra densities at residues N351, N753, 170 

and N763 (Supplementary. Fig. 4b), which could correspond to N-linked glycans, 171 

consistent with the idea that TMEM16E primarily localizes to the endoplasmic reticulum 172 

(ER), where the first step of the N-glycosylation process occurs 57, 58, 59. 173 

The hTMEM16E structures present several unexpected differences compared to those of 174 

other family members. First, Ca2+ binding fails to elicit any conformational rearrangements 175 

in the transmembrane domain: apo and Ca2+-bound hTMEM16E are nearly identical, with 176 

a Cα r.m.s.d. of ~1.0 Å (Supplementary Fig.4c-e). Ca2+ binding induces only a slight 177 



rotation of TM10b and of the ferredoxin domain (Supplementary Fig. 4c). This is unlike 178 

other TMEM16s, where in the absence of Ca2+ TM6 is bent and the orthosteric binding 179 

sites are disrupted, and Ca2+ binding induces extensive movements of the cytosolic 180 

domain, a straightening of TM6 and, often, a displacement of TM4 (Supplementary Fig. 181 

4f-i) 39, 43, 44, 45, 46, 47, 60. In contrast, in apo hTMEM16E, TM6 is straight (Supplementary 182 

Fig. 4d-e) and the side chains forming the orthosteric sites are properly positioned, even 183 

though the sites are empty (Fig. 3a). Second, in saturating 1 mM Ca2+ the two orthosteric 184 

binding sites are not fully occupied as the density corresponding to the Ca2+ ion in the S2 185 

site is much weaker than that in the S1 or S3 sites (Fig. 3b,c,e,f), suggesting partial 186 

occupancy of the S2 site (Fig. 3b,c). To evaluate occupancy in individual protomers we 187 

carried out symmetry expansion and signal subtraction and identified two distinct classes 188 

(Supplementary Fig. 3e): class 1 where all three sites are occupied, but the S2 site is 189 

considerably weaker than the other two, and class 2 with only the S1 and S3 sites 190 

occupied (Fig.3 b,c,e,f). Third, in Ca2+-bound hTMEM16E the tilt of TM4 relative to the 191 

membrane plane is more pronounced compared to that seen in Ca2+-bound closed 192 

TMEM16F in digitonin (PDB 6QP6), in a pose more like that seen in liposomes (PDB 193 

9O1M) (Supplementary Fig. 4h,i). Finally, alignment of the apo and Ca2+ bound structures 194 

of TMEM16E and TMEM16F shows that TM6 and the cytosolic ferredoxin domain are the 195 

main regions of structural divergence (Supplementary Fig. 4f-i) 44, 50. 196 

 197 



 198 

Figure 2 Structure of hTMEM16E a-c, CryoEM density (a), atomic model (b), and close up view of the 199 

groove-lining helices TM3-TM6 (c) of apo hTMEM16E. One protomer is in gray and the other in blue. d-f, 200 

same as in (a-c) for Ca2+ bound hTMEM16E. One protomer is in gray and the other in pink. Ca2+ ions in 201 

(e) are shown as green spheres.  202 

 203 

Dissecting the role of the Ca²⁺ binding sites in TMEM16E function 204 

Our data show that hTMEM16E activity is only modestly Ca2+ dependent (Fig. 1d,e), that 205 

Ca2+ binding fails to elicit major conformational rearrangements in the transmembrane 206 

region (Supplementary Fig. 4d), and that the S2 orthosteric site is not fully occupied even 207 

in 1 mM Ca2+ (Fig.3b,c,e,f). In contrast, other TMEM16s display stronger Ca2+-208 

dependence, undergo Ca2+-dependent rearrangements and both orthosteric sites are 209 



occupied 39, 43, 44, 46, 60. These structural and functional differences raise the question of 210 

the precise roles played by the three sites in hTMEM16E activation. To dissect the role of 211 

the orthosteric and allosteric sites we disrupted the S1 and S2 sites by mutating to alanine 212 

conserved residues on TM7 (E657, E660) or TM8 (E689, D693) and the S3 site by 213 

mutating conserved residues on TM2 and TM10 (E384, K387, D841) (Supplementary. 214 

Fig. 5a,b). We used a cell-based flow cytometry assay to assess the functional impact of 215 

mutants on hTMEM16E scrambling activity. In this assay phosphatidylserine (PS) 216 

externalization is initiated by the addition of ionomycin, a Ca2+ ionophore, and is quantified 217 

by monitoring binding of fluorescently labeled Annexin V to the plasma membrane of 218 

HEK293 cells where endogenous TMEM16F has been knocked out 61 and 219 

overexpressing WT or mutant hTMEM16E. The fraction of Annexin V–positive cells was 220 

quantified at 40 s and 300 s. As expected, WT and mutant hTMEM16E show minimal 221 

scrambling in the absence of ionomycin (Fig. 3g black bar, Supplementary Fig. 5c). In 222 

cells transfected with WT hTMEM16E, elevation of intracellular Ca2+ results in an increase 223 

of the fraction of Annexin V–positive cells to 63±20% after 40 s and to 87±6% at 300 s. 224 

The TM7 double mutant E657A/E660A mildly impairs TMEM16E activation, resulting in 225 

47±13% and 62±18% of Annexin-V positive cells at 40 and 300 s (Fig. 3g light and dark 226 

pink respectively). In contrast, the E689A/D693A double mutant on TM8 nearly abolished 227 

scrambling, with only 22±9% positive cells at 300 s (Fig. 3g dark pink). Disruption of the 228 

S3 allosteric site via the triple E384A/K387A/D841A mutant also impaired scrambling, 229 

reducing the fraction of Annexin V–positive cells to 24±14% and 78±15% at 40 and 300 230 

s, respectively (Fig. 3g light and dark pink respectively).  231 

  232 



 233 

 234 

Figure 3 Structure and functional roles of the orthosteric and allosteric Ca2+-binding sites in 235 

hTMEM16E. a-f Close-up views of the cryoEM density and atomic models of the orthosteric S1 and S2 236 

(a-c) or the allosteric S3 (d-f) Ca2+-binding sites in the apo (a,d) or Ca2+-bound (b,c,e,f) states. Side 237 

chains of the Ca2+ coordinating residues are shown as sticks and the Ca2+ ions are displayed as green 238 

spheres. The density maps (contoured at 4.0 σ) are shown in purple (apo), light pink (Ca2+-bound, Class 239 

1) or coral (Ca2+-bound, Class 2). g Fraction of scrambling HEK293T TMEM16F KO cells transfected with 240 

hTMEM16E WT or Ca2+ binding site mutants (E657A/E660A, E689A/D693A, E384A/D841/K387A) in the 241 



absence (black bars) or 40 s (light pink bars) or 300 s (dark pink bars) after addition of ionomycin. DAPI-242 

negative, GFP-positive cells were gated and analyzed for Annexin V signal. Bars indicate Mean ± S. Dev. 243 

and gray circles are values from individual repeats. The averages are determined from WT (n = 21 244 

repeats and N = 7 independent preparations), E657A/E660A (n = 12 and N = 4), E689A/D693A (n = 9 and 245 

N = 3) and E384A/D841/K387A (n = 12 and N = 4). The statistical significance of the effects of the mutants 246 

on the scrambling activity was evaluated with an unpaired two-sided t-test with Welch’s correction. ** 247 

denotes P < 0.01 (P = 0.00698 for WT versus E689A/D693A, P = 0.00199 for WT versus 248 

E384A/D841/K387A, P =  0.001108 and P = 0.0011136 for WT versus E657A/E660A at 40s and 300s 249 

respectively ), **** denotes P < 10 -4 (P < 0.00000001 for WT versus E689A/D693A at 40s and 300s and P 250 

= 0.00000007 for WT versus E384A/D841/K387A at 40s). ns indicates P > 0.05 and not significant. 251 

 252 

Structural rearrangements caused by GDD mutations 253 

Mapping the position of disease-causing mutations on the hTMEM16E structure shows 254 

that whereas muscular dystrophy mutations primarily cluster to the N-terminal ferredoxin 255 

domain, GDD substitutions predominantly localize to extracellular loops or in groove-256 

lining helices (Fig. 4a,b). To test whether GDD mutations in the loop or in the helices share 257 

a common pathological activation mechanism we focused on two variants: the previously 258 

reported G503E, which is located at the extracellular end of TM4 where it interfaces with 259 

TM3 17, 24, and the recently identified R582I, which is located in the TM5-TM6 loop where 260 

it forms a salt bridge with D342 on the TM1-TM2 loop (Fig. 4 a,b,i) 18.  261 

We used cryoEM to image these mutants to understand how they affect hTMEM16E 262 

activation. We imaged R582I in 0 and 1 mM Ca2+ and G503E in 1 mM Ca2+ (Fig. 4c-h, 263 

Supplementary Fig. 6-7; Table 1). Apo and Ca2+-bound R582I are overall similar to their 264 

respective WT counterparts with Cα r.m.s.d. of 0.9 and 1.3 Å (Fig.4c,d,f,g; Supplementary 265 

Fig 8a,b). In both states the groove is closed, indicating that the mutation does not induce 266 

groove opening, at least in our conditions. Rather, the mutation induces a structural 267 

rearrangement of the TM5-TM6 loop and increased occupancy of the orthosteric S2 site 268 

(Fig. 4i, j; Fig. 5b; Supplementary Fig. 8c,d). In WT hTMEM16E R582 on the TM5-6 loop 269 

is wedged in a hydrophilic pocket lined by D342, Y574, and E585, which stabilizes the 270 

interactions with the TM1-TM2 extracellular loop via salt-bridge and cation- π interactions 271 

(Fig. 4i). In contrast, in hTMEM16E R582I this network of interactions is disrupted, as the 272 

TM5-6 loop rearranges and the hydrophobic 582I side chain moves out of the hydrophilic 273 



pocket and points towards the membrane (Fig.4j), thus disrupting the organization of the 274 

extracellular loops. The second, and unexpected, effect of the R582I mutation is that we 275 

observe an apparent strengthening of Ca2+ binding to the S2 orthosteric site (Fig. 5b). 276 

Indeed, extensive classification of the mutant dataset in Ca2+ yielded a single class where 277 

both the S1 and S2 orthosteric sites are occupied, although the peak intensity of the S2 278 

site is weaker than that of S1 (Supplementary Fig. 8c,d). This is in contrast to the WT 279 

case where we could separate two classes, one of which had an empty S2 site (Fig.3b,c, 280 

Supplementary Fig. 3). This suggests that the R582I mutant disrupts the packing of the 281 

extracellular loops of hTMEM16E and strengthens Ca2+ binding to the S2 site, which could 282 

rationalize its GoF phenotype.  283 



 284 

Figure 4 Structural consequences of pathogenic GDD mutations. a hTMEM16E topology indicating 285 

the position of pathogenic muscular dystrophy (red) and GDD (green) mutations. GDD mutations shown 286 

in the panel: R200G, C341G/F/Y/R, C345Y/R, A477V, S485F, T498I, G503E, R582I. Locations of 287 

representative MD-associated missense mutations shown in this panel: R43W, G216V, P251L, R389L, 288 

S491G, R532Q, S540I, F563S, T684S, R743C, C789S, A815K, M818K, and M885L. Residue numbering 289 

corresponds to the 898-aa hTMEM16E isoform. b The R582I (green) and G503E (light blue) GDD 290 

mutations are mapped on the structure of WT hTMEM16E. c-h CryoEM density maps (c-e) and ribbon 291 

representation of the atomic models (f-h) of apo (c,f) and Ca2+-bound (d,g) R582I and Ca2+-bound G503E 292 

(e,h) hTMEM16E  at 3.5, 3.2 and 4.1 Å, respectively. One protomer is shown in gray and the other in 293 

sand (apo R582I), green (Ca2+-bound R582I), and cyan (Ca2+-bound G503E). Ca2+ ions in g,h are shown 294 

as green spheres. i,j Close up view of the TM5-TM6 extracellular loop shown in ribbon representation of 295 



Ca2+-bound WT (i, light pink) or R582I (j, green) hTMEM16E. Relevant side chains are shown in stick 296 

representation and labeled. Parentheses indicate side chains for which the cryoEM density was of 297 

insufficient quality for placement. k,l Structural rearrangement of the TM3–TM4 region induced by the 298 

GDD-causing G503E substitution. Side (k) and top (l) views of the superposed TM3 and TM4 helices in 299 

Ca²⁺-bound WT and G503E hTMEM16E. The G503 and T475 side chains are shown in stick 300 

representation.  301 

 302 

The structure of Ca2+-bound G503E shows that the mutation disrupts the extracellular 303 

TM3-TM4 interface, resulting in a kink of the TM3 and a slight movement of TM4 (Fig. 304 

4e,h; Supplementary Fig. 7). In WT hTMEM16E, the side chain of T475 on TM3 sits in a 305 

small pocket formed by G503 on TM4 (Fig. 4l), stabilizing the TM3-TM4 interface. The 306 

introduction of a bulkier and negatively charged glutamate side chain in G503E induces 307 

a steric clash with T475 resulting in slight displacement of TM4, which slides along TM6 308 

away from the groove by ~1 Å (Fig. 4l). Additionally, TM3 rearranges to accommodate the 309 

acidic E503 side chain, by bending ~7.5o starting at A474 (Supplementary Fig.8e), 310 

followed by a loss of helical structure at A474 which results in a partial unwinding and 311 

kinking (Fig. 4l, Supplementary. Fig. 8e). These rearrangements are reminiscent of those 312 

seen in F518H mTMEM16F in detergent 49, although in that structure TM4 fully 313 

disengaged from TM3 which had a more pronounced kink (Supplementary Fig. 8f).  314 

Notably, the observed repositioning of TM4 in G503E hTMEM16E is closer to that seen 315 

in the F518H mTMEM16F in nanodisc, which likely represents an intermediate along the 316 

activation to the X-shaped groove 49. These findings suggest that G503E favors activation 317 

by disrupting the TM3-TM4 interface.  318 

 319 

We tested this hypothesis using the flow cytometry assay to investigate the functional 320 

effects of the G503E and R582I variants alone and in combination with mutations 321 

disrupting the orthosteric and allosteric Ca2+-binding sites. We found that the G503E and 322 

R582I mutants induce constitutive PS exposure in 88.4±3.3% and 73±15% of cells even 323 

in the absence of ionomycin treatment (Fig. 5d,e black bars; Supplementary Fig. 9), ~5-324 

fold higher than that seen in WT-expressing cells (Fig. 3g black bars). This fraction 325 

increased slightly to 87±8% upon increase in intracellular Ca2+ in R582I (Fig. 5d light and 326 

dark green bars). Thus, both variants have similar functional effects and induce 327 



constitutive scramblase activity at basal cellular Ca²⁺ levels, consistent with their GDD 328 

disease phenotype. Then we investigated the combined effects of these GoF mutations 329 

with the LoF mutations at the Ca2+ binding sites. Consistent with our structural results, 330 

the R582I mutant rescues the disruption of scrambling activity caused by mutations at the 331 

orthosteric sites, whereas mutating the allosteric site resulted in a modest impairment in 332 

activation (Fig. 5d). In contrast, the disruptive effects of mutations at the orthosteric and 333 

allosteric Ca2+ binding sites are retained on the background of the G503E mutant (Fig. 334 

5e). Together these results support the idea that the two GoF mutations, both associated 335 

with a similar GDD disease phenotype, act via different mechanisms: the R582I mutant 336 

increases Ca2+ binding to the orthosteric site whereas the G503E mutant disrupts the 337 

TM3-TM4 interface. 338 

  339 



 340 

Figure 5 Interplay between Ca2+-binding and GDD causing mutations. a-c Close-up views of the 341 

orthosteric S1 and S2 (a-c) Ca2+-binding sites in the apo (a) and Ca2+-bound (b) R582I or Ca2+-bound 342 

G503E (c). Side chains of the Ca2+ coordinating residues are shown as sticks and the Ca2+ ions are 343 

displayed as green spheres. The density maps (contoured at 4.0 σ) are shown in wheat (a, R582I apo), 344 

green (b, R582I Ca2+-bound) or light blue (c, G503E Ca2+-bound). d,e Fraction of scrambling HEK293T 345 

TMEM16F KO cells transfected with R582I (d) or G503E (e) TMEM16E mutants alone or in combination 346 

with Ca2+ binding site mutants (E657A/E660A, E689A/D693A, E384A/D841/K387A) in the absence (black 347 

bars) or 40 s (light green bars (d) or light blue bars (e)) or 300 s (dark green bars (d) or dark blue bars 348 



(e)) after addition of ionomycin.  DAPI-negative, GFP-positive cells were gated and analyzed for Annexin 349 

V signal. Bars indicate Mean ± S. Dev. and gray circles are values from individual repeats. Horizontal 350 

white lines superimposed to the colored bars indicate the corresponding values for WT hTMEM16E 351 

(taken from Figure 3g). The averages are determined from R582I (n = 21 repeats and N = 7 independent 352 

preparations), R582I/E657A/E660A (n = 9 and N = 3), R582I/E689A/D693A (n = 9 and N = 3), 353 

R582I/E384A/D841/K387A (n = 9 and N = 3), G503E (n = 18 repeats and N = 6 independent preparations), 354 

G503E/E657A/E660A (n = 21 and N = 7), G503E/E689A/D693A (n = 12 and N = 4) and 355 

G503E/E384A/D841/K387A (n = 12 and N = 4). The statistical significance of the effects of the mutants on 356 

the scrambling activity  was evaluated with an unpaired two-sided t-test with Welch’s correction. * 357 

denotes P < 0.05 (P = 0.0261728 for G503E versus G503E/E384A/D841/K387A at 300 s). ** 358 

denotes P < 0.01 (P = 0.00467972 for R582I versus R582I/E384A/D841/K387A at 40 s and P= 359 

0.00239429 for G503E versus G503E/E689A/D693A at 300 s). *** denotes P < 10−3 (P = 0.00025755 for 360 

R582I versus R582I/E689A/D693A), **** denotes P < 10 −4 (P < 0.00000001 for R582I versus 361 

R582I/E384A/D841/K387A in absence of ionomycin, for G503E versus G503E/E657A/E660A, 362 

G503E/E689A/D693A and G503E/E384A/D841A/K387A both in absence of ionomycin and after 363 

ionomycin addition at 40 s, and P= 0.0000140 for G503E versus G503E/E657A/E660A at 300 s).  364 

 365 

The G503E mutation favors transition to an active X-shaped groove  366 

We used molecular dynamics (MD) simulations to gain insights into the scrambling 367 

mechanism of hTMEM16E and to understand how the G503E mutation favors activation. 368 

First, we performed all-atom MD (aaMD) simulations to test whether Ca2+-bound WT or 369 

G503E hTMEM16E scramble lipids. For both constructs 10 independent trajectories, 370 

each 250 ns long, were run. In both cases we only observed minor membrane thinning 371 

near the groove (Fig. 6b,g) and no scrambling events (Fig. 6n), supporting the notion that 372 

the closed-groove state is inactive. Notably, whereas in all WT trajectories we observe 373 

only minimal structural rearrangements (Fig. 6a, Supplementary Fig. 10a, d-e), in one of 374 

the G503E trajectories we observed a spontaneous rearrangement in one protomer 375 

where TM4 separates from TM3 and slides along TM6 (Fig. 6f, Supplementary Fig. 10b,h-376 

i), resulting in a groove that begins to resemble that of an homology model of active 377 

hTMEM16E, hTMEM16EAct, generated using SwissModel 62 based on the X-shaped 378 

active state of TMEM16F (PDBID: 9O1N) (Supplementary Fig. 10c). Thus, we 379 

hypothesized the observed transition could represent a step towards activation. We 380 

tested this hypothesis in a 3-stage adaptive ensemble MD (aeMD) for WT and G503E 381 



hTMEM16E using as target hTMEM16EAct and the initial aaMD trajectories as stage 1. As 382 

initial frames for stage 2 and 3 simulations we chose frames with the lowest Cα r.m.s.d. 383 

of the groove-lining TM4-TM7 helices to target in the preceding stage (Fig. 6a,f). The 384 

aeMD protocol was applied only to protomer A, while protomer B evolution was unbiased, 385 

as a control. Each stage comprised of 10 independent trajectories each 250 ns long. In 386 

stage 1, the initial Cα r.m.s.d. between the cryoEM structures and hTMEM16EAct is ~4.4 387 

and 4.2 Å for WT and G503E hTMEM16E, respectively (Fig. 6a,f). Over the course of the 388 

3 stages of aeMD, protomer A of WT hTMEM16E transitions to a conformation, WTaeMD, 389 

where TM4 undergoes a slight rearrangement away from TM3, such that the average 390 

stage 3 Cα r.m.s.d. to the active state decreases to ~3.1 Å (Fig. 6a; Supplementary Fig. 391 

10d-g). As expected, protomer B remains largely unchanged (Supplementary Fig. 10a). 392 

In WTaeMD the groove remains closed to the membrane (Fig. 6d), the internal pore dilates 393 

and becomes hydrated (Fig. 6m), and membrane thinning is modest (Fig. 6c,d). This 394 

conformation is not stable, as we observe spontaneous reversion to a fully closed groove 395 

in 2 of 10 replicas (Fig. 6a), suggesting it might represent a metastable intermediate. In 396 

contrast, the groove in protomer A of G503E progressively and stably transitions to states 397 

that resemble the X-shaped state (Fig. 6f; Supplementary Fig. 10h-k), leading to 398 

increased membrane thinning (Fig. 6g-i). The resulting conformation, G503EaeMD, is 399 

nearly indistinguishable from hTMEM16EAct, with a stage 3 Cα r.m.s.d. average of ~1.6 Å 400 

(Fig. 6f; Supplementary Fig. 10k). Protomer B of G503E remains largely unchanged 401 

(Supplementary Fig. 10b). The groove of G503EaeMD forms a wide and continuous 402 

transmembrane pore that is hydrated (Fig. 6l) and wide enough to allow ion permeation 403 

(Fig. 6m). Notably, in G503EaeMD the extracellular vestibule of the groove becomes 404 

pronouncedly more hydrated near the TM3 helix than in WTaeMD, likely reflecting the 405 

combined effects of the additional charged residue and the disruption of the TM3-TM4 406 

interface (Fig. 4k-l; Supplementary Fig. 8e).  407 

 408 

During these atomistic simulations we did not observe any full scrambling events (Fig. 409 

6n), despite observing a conformation-dependent increase in membrane thinning in both 410 

WT and G503E hTMEM16E (Fig. 6b-d, g-i). To enhance sampling and evaluate the lipid 411 

scrambling competence of WTaeMD and G503EaeMD we ran 10 independent replicas each 412 



5 μs long of coarse-grained MD (cgMD) simulations. In cgMD simulations of WTaeMD we 413 

observed pronounced membrane thinning at the groove (Fig. 6e) and 137 lipid scrambling 414 

events, of which 8 occurred at the TM4-TM6 groove in Protomer A. The other events 415 

occurred at the dimer cavity or in other regions at the periphery of the protein. This is 416 

consistent with recent reports for cgMD simulations of TMEM16 homologues using the 417 

Martini3 forcefield 50, 63. These events are likely not mechanistically relevant, and 418 

therefore they were excluded from our analysis. In cgMD simulations of G503EaeMD we 419 

observe pronounced membrane thinning near the groove (Fig. 6j) which is accompanied 420 

by 95 events occurring at the X-shaped groove of protomer A of G503EaeMD (Fig. 6n). We 421 

also observed 73 events in other regions. Together, these results support our hypothesis 422 

that hTMEM16E adopts an active conformation that resembles the X-shaped groove of 423 

TMEM16F 50, and that the G503E mutations favors activation by disrupting the TM3-TM4 424 

interface. Further, our data suggests that, like TMEM16F, hTMEM16E scrambles lipids 425 

outside an X-shaped groove.  426 

 427 



 428 

Figure 6 Activation mechanism and basis of lipid scrambling by hTMEM16E. a,f Time course of the 429 

Cα R.M.S.D. of groove helices TM4-TM7 in protomer A to hTMEM16EAct during adaptive ensemble MD 430 

simulation trajectories of WT (a) and G503E (f) hTMEM16E. Individual traces correspond to each of 10 431 

independent trajectories each 250 ns long. Blue/orange/red squares indicate the frame used to start the 432 

Stage 2, 3 and cgMD simulation runs, respectively. b-e, g-j, The average density of the lipid phosphate 433 

atoms in aeMD (b-d and g-i) or of the PO4 bead in cgMD (e,j) simulations within 10 Å of the groove of WT 434 

(b-e) and G503E (g-j) in stage 1 (b,g) stage 2 (c,h), stage 3 (d,i), and cgMD (e,j). The density is shown in 435 

a transparent yellow surface at a 2.5% occupancy threshold. The atomic models of the proteins are shown 436 

in ribbon representation and correspond to the cryoEM structures for stage 1, and to the frames indicated 437 

by the squares for the subsequent ones. k-l, The average density of the water molecules in stage 3 aeMD 438 

simulations within 10 Å of WT (k) and G503E (l). The density is shown in a transparent blue surface at a 439 

10% occupancy threshold. The atomic models of the proteins are shown in ribbon representation and 440 

correspond to the frames indicated by the red squares in panels a and f, respectively. m, The internal pore 441 

radius of the groove of WT (red lines) and G503E (blue lines) hTMEM16E in the cryoEM (solid lines) or 442 

stage 3 aeMD conformations (dashed lines). Dashed gray line indicates 1.8 Å which is the radius of the Cl- 443 

ion. n, Total number of lipid scrambling events at the groove seen in Stage 3 aaMD and in cgMD simulations 444 



of Ca2+-bound WT and G503E TMEM16E from Intracellular (IC) to Extracellular (EC) (gray bars) or from 445 

EC to IC (black bars).  446 

 447 

Discussion 448 

The human TMEM16E protein is a Ca2+ activated channel and scramblase and plays a 449 

vital role in muscle and bone homeostasis. Its dysfunction is associated with inherited 450 

disorders such as autosomal recessive limb-girdle muscular dystrophy-12, Miyoshi 451 

muscular dystrophy-3 28, 29, and dominant gnathodiaphyseal dysplasia 1 13, 14. Despite its 452 

importance in human pathophysiology there is no information on the structural basis of 453 

hTMEM16E activation or how disease-causing mutations affect this process. Further, 454 

recent work suggests that activation of TMEM16 family members can entail different 455 

rearrangements: in the ER-resident TMEM16K, and in fungal nhTMEM16 and afTMEM16 456 

the lipid groove opens and forms a shared pathway for ions and lipids 39, 42, 43, 60. In 457 

contrast, in the PM-resident TMEM16F the groove adopts an X-shaped conformation that 458 

forms a transmembrane pore to conduct ions and thins the membrane to allow lipid 459 

scrambling along its periphery50. To understand how Ca2+ activates hTMEM16E, we 460 

determined the cryoEM structures of apo and Ca2+-bound hTMEM16E (Fig. 2). 461 

Unexpectedly, we found that despite high sequence and structural homology to other 462 

TMEM16 family members, hTMEM16E presents several unique structural and 463 

mechanistic features. First, Ca2+ binding induces nearly no conformational changes in the 464 

transmembrane region of the protein since in both apo and Ca2+-bound hTMEM16E TM6 465 

is straight, the orthosteric sites are formed, and the lipid groove is closed (Fig. 2). Further, 466 

even in saturating Ca2+ the S2 orthosteric site is partially unoccupied (Fig. 3). 467 

Consistently, TMEM16E displays weaker Ca2+ dependence than other family members 468 

(Fig. 1) 39, 41, 42, 44, 64, and mutations disrupting the orthosteric sites do not completely 469 

ablate its Ca2+-dependent activation (Fig. 3).  470 

 471 

Notably, we found that two GDD mutations, G503E and R582I, which have similar 472 

functional and pathological phenotypes, act via fundamentally distinct mechanisms: 473 

whereas G503E disrupts the TM3-TM4 interface to facilitate activation, R582I increases 474 

occupancy of the S2 orthosteric Ca2+ binding site, likely an allosteric effect of the 475 



disruption of the TM5-TM6 extracellular loop. Using MD simulations we found that the 476 

G503E mutant favors transition to a state with an X-shaped groove that mediates robust 477 

lipid scrambling in cgMD. This conformation is similar to the active state of TMEM16F 49, 478 

50, suggesting a common activation mechanism of these two homologues. These findings 479 

underscore the mechanistic diversity within the TMEM16 family and suggest that the 480 

cellular localization of TMEM16 homologues does not correlate with their activation 481 

mechanism. Indeed, while TMEM16E and TMEM16K are Ca2+-dependent dual function 482 

scramblases and channels that primarily localize to the ER, they adopt different active 483 

states: TMEM16K adopts an open-groove conformation reminiscent of that seen in fungal 484 

afTMEM16 and nhTMEM16 39, 43, 60 while TMEM16E scrambles lipids outside an X-485 

shaped groove that is similar to that of the PM-localized TMEM16F 49, 50 (Fig. 6).  486 

 487 

Our findings shed some light onto the thus far inscrutable role of the extracellular loops 488 

in TMEM16E pathophysiology. While these loops are recognized as disease hotspots 489 

(Fig. 4), harboring causative mutations for LGMDR12, MMD3 and GDD, such as C341 or 490 

T498 which are among the most frequently mutated positions in GDD, their role was 491 

unknown. Notably, the effects of mutations in these loops are conserved across TMEM16 492 

homologues 65, suggesting a conserved functional role. Our structures show that in WT 493 

hTMEM16E the precise arrangement of the TM1-TM2 and TM5-TM6 loops is controlled 494 

by an evolutionarily conserved network of interactions involving R582 and D342 as well 495 

as the disulfide bond linking C341 and C345 (Fig. 4i,j). The GDD-causing R582I mutant 496 

disrupts these interactions, leading to the repositioning of the TM5-TM6 loop away from 497 

the TM1-TM2 loop (Fig. 4i,j, Supplementary Fig. 5d). The altered loop arrangement is 498 

associated with increased Ca2+ occupancy of the orthosteric S2 site, which favors 499 

activation of hTMEM16E. We speculate that other disease mutations in these loops, such 500 

as those disrupting the C341-C345 disulfide, are also likely to disrupt the arrangement of 501 

these loops and thus exert their pathogenic effects via a similar allosteric mechanism. 502 

 503 

In summary, our findings provide a framework to begin unraveling the relationship 504 

between hTMEM16E structure, function, and disease. Our results revealed that 505 

hTMEM16E has several distinctive features. Importantly, we found that GoF mutations 506 



are phenotypically similar and yet act via distinct structural mechanisms, underscoring 507 

the need to elucidate the precise molecular mechanisms underlying disease. We expect 508 

that our findings will pave the way for the development of mutant-specific approaches 509 

aimed at correcting disease phenotypes associated with hTMEM16E dysfunction.  510 

 511 

 512 

  513 



Data availability  514 

The data that support this study are available from the corresponding author upon request. All 515 

models and associated cryoEM maps have been deposited into the Electron Microscopy Data 516 

Bank (EMDB) and the Protein Data Bank (PDB). The depositions include final maps, unsharpened 517 

maps, local refined maps, and associated FSC curves. Accession codes are listed here and in 518 

Table 1. WT TMEM16E in the absence of Ca2+: EMD- 77883 and PDB 36UZ ; Ca2+-bound closed 519 

WT TMEM16E: EMD- 78009  and PDB 37AM ; Apo R582I TMEM16E: EMD- 78021  and 520 

PDB 37AY; Ca2+-bound R582I TMEM16E: EMD- 78017  and PDB 37AW ; Ca2+ bound G503E 521 

TMEM16E: EMD- 78028  and PDB 37BB . Maps, half-maps and atomic models are available for 522 

download at: https://figshare.com/s/9d4baf806e623bb602e7 . Representative MD trajectories are 523 

available for download at: all atom Ca2+ bound WT https://figshare.com/s/c6cbd8c25ec1ef4f1cc9; 524 

all atom Ca2+ bound G503E https://figshare.com/s/1f384a25fc217b4a357e; coarse grained Ca2+ 525 

bound WT https://figshare.com/s/34ec2af8aaec35954e24; coarse grained Ca2+ bound G503E 526 

https://figshare.com/s/fc1037cac369b59f5dc1. 527 

 528 

Code availability 529 

Custom analysis scripts to identify lipid scrambling events in MD simulation trajectories are 530 

downloadable at: all atom Ca2+ bound WT https://figshare.com/s/c6cbd8c25ec1ef4f1cc9; all atom 531 

Ca2+ bound G503E https://figshare.com/s/1f384a25fc217b4a357e; coarse grained Ca2+ bound 532 

WT https://figshare.com/s/34ec2af8aaec35954e24; coarse grained Ca2+ bound G503E 533 

https://figshare.com/s/fc1037cac369b59f5dc1. 534 
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