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Abstract 

TMEM16 scramblases dissipate the plasma membrane lipid asymmetry to activate multiple 

eukaryotic cellular pathways. It was proposed that lipid headgroups move between leaflets through 

a membrane-spanning hydrophilic groove. Direct information on lipid-groove interactions is 

lacking. We report the 2.3 Å resolution cryoEM structure of the Ca2+-bound afTMEM16 

scramblase in nanodiscs showing how rearrangement of individual lipids at the open pathway 

results in pronounced membrane thinning. Only the groove’s intracellular vestibule contacts lipids, 

and mutagenesis suggests scrambling does not entail specific protein-lipid interactions with the 

extracellular vestibule. Further, we find scrambling can occur outside a closed groove in thinner 

membranes and is inhibited in thicker membranes despite an open pathway. Our results show how 

afTMEM16 thins the membrane to enable scrambling and that an open hydrophilic pathway is not 

a structural requirement to allow rapid transbilayer movement of lipids. This mechanism could be 

extended to other scramblases lacking a hydrophilic groove.  
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Introduction 

Biological membranes play a fundamental role in many cellular signaling pathways as they define 

the physical boundaries of cellular compartments and actively modulate the function of integral 

and membrane-associated proteins. In eukaryotic cells, the composition and distribution of the 

phospholipid constituents of the membrane is tightly regulated by the activity of a variety of 

dedicated enzymes, flipases, flopases and scramblases 1. The headgroup asymmetry of the plasma 

membrane is established by the action of ATP-driven pumps which distribute 

phosphatidylethanolamine (PE) and phosphatidylserine (PS) to the inner leaflet and 

phosphatidylcholine (PC) to the outer leaflet 1. Activated phospholipid scramblases dissipate this 

asymmetry and expose PS on the extracellular leaflet. This is critical for multiple signaling 

pathways, ranging from apoptosis to blood coagulation and cell-cell fusion 1,2. There are two 

known families of scramblases, the Ca2+-activated TMEM16 3-5 and the caspase-activated Xk-

related (Xkr) proteins 6. Lipid scrambling by the TMEM16’s is of critical importance for a myriad 

of physiological processes, including blood coagulation, bone mineralization, membrane fusion 

and viral entry 2,4,7. Dysregulation of TMEM16 scramblase activity can have disastrous 

consequences, as both gain- and loss- of function mutations have been associated with disorders 

of blood, brain, bone and muscle 3,8-11. The TMEM16 superfamily is comprised of Cl- channels 

and dual function scramblases/non-selective ion channels 4. Both subtypes share a common 

homodimeric architecture where each monomer is comprised of 10 transmembrane (TM) helices 

12-18 (Fig. 1A-B). In each protomer, the TM3-TM7 helices form a hydrophilic permeation pathway, 

or groove, that can adopt multiple conformations to allow passage of ions, lipids or to prevent 

movement of both substrates 15-19.  
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 Upon activation, the TMEM16 scramblases mediate rapid lipid movement between leaflets 

causing the membrane asymmetry to collapse and thus initiating signaling cascades. The 

mechanism underlying scrambling has been investigated at the functional, computational and 

structural levels 3,8,15-32. The consensus proposal is a ‘credit-card’ like mechanism 33, where the 

lipid headgroups penetrate and traverse the open hydrophilic groove while their tails remain 

embedded within the hydrocarbon core of the membrane 20,25,28. Within this framework, lipid 

scrambling is enabled by specific interactions of the permeating lipids with charged and polar 

groove-lining residues 20,25,28. However, TMEM16 scramblases do not discriminate among lipids 

such as PS, PE, PG, PC and DOTAP with headgroups of different charge, structure and size 

13,21,23,26. Further, PE lipids conjugated to 5 kDa cargoes are also efficiently scrambled 24. These 

observations suggest that specific interactions between the groove and the scrambled lipids are not 

necessary. Notably, this lack of headgroup selectivity is also shared by other scramblases that lack 

an explicit hydrophilic groove, such as the GPCR opsin 24,34 and XKR8 and 9 6,35,36.  

Moderate resolution structures of the fungal afTMEM16 and nhTMEM16 in nanodiscs 

showed these scramblases thin the membrane near the groove 15,17, suggesting that membrane 

thinning at an open pathway might be important for lipid scrambling 15. Membrane thinning was 

also observed near the closed pathway of mTMEM16F, leading to the proposal that scrambling 

can also occur outside a closed groove 16. Thus, it is not clear whether an open hydrophilic groove 

is required for scrambling. Direct structural information on how TMEM16 scramblases interact 

with lipids is essential to elucidate the molecular mechanisms of lipid permeation.  

Here we use cryogenic electron microscopy (cryoEM) to determine the 2.3 Å resolution 

structure of the afTMEM16 scramblase in lipid nanodiscs. Our structure allows the direct 

visualization of lipids associated with the protein at the open groove and reveals that afTMEM16 
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thins the membrane at the open pathway by ~50%. The closest point of approach of the two 

membrane leaflets occurs near the wide intracellular vestibule of the groove, and no lipids could 

be resolved inside or interacting with the extracellular portion of the pathway. Mutagenesis of 

groove-lining residues does not perturb function, suggesting that specific interactions of 

permeating lipids with groove-lining residues are not essential for scrambling. We show that in 

thicker membranes scrambling is inhibited, while the groove remains in an open conformation. 

Conversely, in thinner membranes scrambling is enhanced although the groove is closed. Thus, 

lipid permeation is not always enabled by an open groove or prevented by a closed pathway. Based 

on these findings we propose that when the groove is open, the thinned membrane and the 

hydrophilic nature of the pathway synergistically lower the energy barrier for lipid scrambling. 

When the groove is closed, scrambling can occur, but at reduced rates in bilayers with plasma-

membrane like thickness. In thinner membranes, closed-groove scrambling is enhanced allowing 

for lipid transport in the absence of Ca2+.   

 

Results 

Structural basis of lipid reorganization by the afTMEM16 scramblase 

To gain insight into how the afTMEM16 scramblase alters the organization of the membrane and 

interacts with the surrounding lipids we used cryo-EM to determine its structure in the Ca2+-bound 

conformation in nanodiscs at 2.3 Å (Fig. 1, Supp. Fig. 1). Nanodiscs were comprised of a mixture 

of 70% 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, or 18:1 PC) and 30% 1,2-Dioleoyl-sn-

Glycero-3-Phosphatidylglycerol (DOPG, 18:1 PG), which we will refer to as C18 lipids. In these 

conditions, referred to as C18/Ca2+, afTMEM16 is maximally active 15, therefore we hypothesize 

this represents the active state of the scramblase. The present structure is nearly superimposable to 
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the previously determined Ca2+-bound structure of afTMEM16 in 3 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (POPE): 1 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) POPG nanodiscs 15, Cα rmsd ~0.8 Å, indicating that headgroup choice and acyl-chain 

saturation do not influence the conformation of the protein. The significantly improved resolution 

of the C18/Ca2+ map allowed us to resolve 4 water molecules in the Ca2+ binding sites which 

coordinate two bound ions (Supp. Fig. 2B). The presence of these water molecules brings the 

coordination number of bound Ca2+ ions to 7 and 8, consistent with the high affinity of these sites 

26 (Supp. Fig. 2B). The map also contains non-protein densities that could be modeled as lipids 

associated with the protein (Fig. 1C-H, Supp. Fig. 2). To improve the quality of the density of the 

lipids near the pathway, we carried out symmetry expansion and additional rounds of 3D 

classification, which yielded one class with an additional four resolved lipids (Supp. Fig. 1E), for 

a total of 32 resolved lipids, 16 in each monomer (Fig. 1F-H, Supp. Fig. 2). The observed lipids 

define nearly continuous interfaces of the scramblase with the inner and outer membrane leaflets 

near the dimer interface (lipids D1-D9) and illustrate how the poses adopted by individual lipids 

result in the profound remodeling of the membrane induced by afTMEM16 near the lipid pathway 

(lipids P1-P7) (Fig. 1F-H). 
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Figure 1 Lipid-protein interactions in Ca2+-bound afTMEM16. A: Structural model of 
afTMEM16 in 0.5 mM Ca2+ in C18 lipid nanodiscs. B: View of the open permeation pathway. C-
E: Unsharpened maps of the protein (grey) and associated lipids (red) viewed from the membrane 
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plane (C), extracellular side (D) and close-up of the open groove (E). The map showing the density 
of the nanodisc membrane low-pass filtered to 10 Å and shown in transparent red (C-D). F-H: 
Views of the afTMEM16 dimer from the plane of the membrane (F), extra- (G) and intra-cellular 
(H) sides with modeled lipids shown in stick representation. Lipids at the dimer interface are 
labeled D1-9 and those at the permeation pathway are labeled P1-7. Lipids from the inner and 
outer leaflets are colored in yellow and blue, respectively. The cytosolic domain of afTMEM16 
was omitted for clarity. I: Close up view of the density map at the dimer interface showing the two 
afTMEM16 monomers (gray and cyan) and intercalated lipid tails (red). * denotes the symmetry 
axis. J: The dimer interface salt bridge between TM9 and 10 (in cartoon representation) is formed 
by E618 and H619 (in stick representation) and is shielded from the intra- and extra-cellular 
solutions by lipids D3, D4, D6, and D7 (in spheres and colored as in F-H). 
 

Lipids form a cap around the transmembrane dimer interface 

The transmembrane dimer interface of afTMEM16 is formed by the extracellular half of TM10 

from each monomer (Fig. 1I-J, Supp. Fig. 2D-E). This minimal interface contains several 

hydrophobic residues and two membrane-embedded salt bridges formed by E618 and H619 of 

opposite subunits positioned ~1/3 of the way through the membrane from the extracellular leaflet 

(Fig. 1I-J). In the C18/Ca2+ structure, these salt bridges appear to be isolated from the intra- and 

extra-cellular solutions by eight well-defined lipids (D3, D4, D6 and D7 from each subunit), four 

above and four below the interacting residues (Fig. 1J). On the extracellular side, the D3 lipids 

from opposite subunits straddle the N terminal region of TM10 with their heads positioned by the 

side chains of C607 and W608 to make direct contact above the symmetry axis (Supp. Fig. 2D). 

A second lipid, D4, is wedged between TM9 and TM10 with its head coordinated by polar and 

charged residues in the TM9-10 linker (N593, P598, T604 and R606; Supp. Fig. 2D). On the 

intracellular side, the heads of D6 from each subunit make contact across the symmetry axis and 

are wedged between the C-termini of the TM10s (Supp. Fig. 2E). They are coordinated by D571, 

G574 and W578 on the TM9 from one subunit and by R625, Y626 and R629 from TM10 on the 

other (Supp. Fig. 2E). Additionally, the head of D7 is coordinated by Y626, S630 and K634 from 

TM10 of one subunit and by Q364 on TM5 and D571 on TM9 from the opposite subunit (Supp. 
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Fig. 2E). The tails of these 8 lipids are accommodated in hydrophobic grooves between TM2, 9, 

10 from both subunits (Fig. 1I, Supp. Fig. 2D-E). The intercalated organization of the lipid tails 

and helices gives rise to densely packed hydrophobic regions that shield the interacting E618 and 

H619 residues from water access, possibly strengthening their electrostatic interaction (Fig. 1J). 

These observations, together with the evolutionary conservation of the E618/H619 pair (Supp. Fig. 

2C) and of the TMEM16 fold suggests these lipids might play a structural role in stabilizing the 

dimeric architecture of all TMEM16s.  

 

Structural basis of membrane thinning at the scrambling pathway 

The C18/Ca2+ structure reveals how the scramblase reorients the lipids that approach the open 

scrambling pathway (Fig. 1F, 2A). Near the dimer interface, the planes of the outer (OL) and inner 

(IL) leaflets are respectively defined by lipids D1-4 and D8-9, in good agreement with the outline 

visualized in the low pass filtered nanodisc map (Fig. 1C). The downward slope of the OL starts 

at D5, a well-defined PG lipid (Fig. 1F, 2B, Fig. Supp. 2A), and progresses towards the open 

groove as P1 and P2 adopt distorted poses with their headgroups becoming increasingly tilted (Fig. 

2A-B).  The IL bends upwards and P5-P7 become increasingly tilted as their heads climb around 

the intracellular portions of TM3 and TM4, coordinated by the hydrophilic side chains of T341, 

K345 and T334 (Fig. 2A,C). Within the pathway, P3 is sandwiched between TM4 and TM6 near 

the constriction formed by T325 and Y432 and its headgroup points towards the extracellular side 

such that it is contiguous to other OL lipids (Fig. 2A). The distance between the phosphate atoms 

of the headgroups of P3 and P4 in the OL and IL is < 22 Å (Fig. 2A), showing that the hydrocarbon 

core of the membrane is thinned by ~50% at the open pathway. A similar thinning is seen in the 

low-pass filtered nanodiscs map near the pathway (Fig. 1C-D). 
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Figure 2. Coordination of lipids outside the permeation pathway. A: View of the seven 
pathway lipids (in sticks, colored as in Fig. 1F). T325 and Y423 are shown as green sticks. Dashed 
arrow indicates the distance between the phosphate atoms of the last lipid from the inner (P4) and 
outer (P3) leaflets. B-C: Coordination of P1-P2 (B) and of P4-P7 (C). Side chains are shown in 
green sticks. D-E: forward (α) and reverse (β) scrambling rate constants for indicated quadruple 
mutants of residues coordinating lipids outside the pathway (P1-2 and P4-7). Bars are average 
values for α (black) and β (grey), error bars are S. Dev., and red circles are values from individual 
repeats.  
 

Lipids outside the open pathway define the distorted membrane interface 

The identification of sites where lipids bind at or near the open groove raises the possibility that 

scrambling could occur via a ‘conveyor belt’ mechanism, where lipids translocate between leaflets 

by moving from site to site. Alternatively, the observed lipids could define the protein-membrane 

boundary but not necessarily be translocated, with the possible exception of P3 within the pathway 
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(Fig. 2A). To distinguish between these hypotheses, we investigated how mutating residues 

coordinating the headgroups of P1-2 and P4-6 impacts scrambling. We found that mutations aimed 

at disrupting the headgroup interactions of P1-P2 (W202A/R427A/I431A/W529A), P4-P5-P6 

(R279A/T334A/K345A/Y349A) or P2-P5-P6 (R279A/K345A/R427A/K428A) have minimal 

functional effects (Fig. 2D-E, Supp. Fig. 3). This suggests that these lipid association sites are not 

obligatory on the path taken by scrambled lipids. Rather, other factors, such as tail interactions 

with interhelical grooves, contribute to their association with afTMEM16 (Supp. Fig 2F-G) and 

stabilize the distorted membrane-protein interface that results in thinning at the pathway.  

   

Scrambling does not require specific interactions with extracellular groove-lining residues  

One unexpected feature of our structure is that the extracellular vestibule of the groove does not 

directly interact with the membrane and no lipids could be resolved (Fig. 1C-D), as they traverse 

the groove below this region (Fig. 2A). We mutated side chains lining the extracellular vestibule 

or the central constriction of the groove and assessed their impact on scrambling. Single or multiple 

simultaneous alanine substitutions of I298, F302, E305 and E310 on TM3, of K317, Y319, F322, 

T325 and I332 on TM4, of T373 and S374 on TM5 and of R425, K428, Q429, Y432 and F433 on 

TM6 have no effects on lipid scrambling (Fig. 3, Supp. Fig. 3). Thus, scrambling does not entail 

specific interactions of lipids with residues lining the extracellular vestibule or the central 

constriction of the groove.  

In contrast, the wide intracellular vestibule is embedded in the nanodisc membrane, and 

the resolved P3 and P4 lipids at the open pathway have opposite orientations (Fig. 2A). This 

suggests lipid headgroups only need to traverse the wide intracellular vestibule of the pathway, 

below the constriction formed by T325 and Y432 (Fig. 2A). The pronounced membrane thinning 
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at the pathway lowers the energy barrier for transbilayer lipid movement and the hydrophilic 

environment of the open groove allows water access to this thinned membrane region, 

synergistically lower the energy barrier for scrambling. Scrambling by afTMEM16 and 

hTMEM16K is modulated by lipid acyl chain length 15,23, supporting the idea that membrane 

thinning is critical for scrambling. Our proposal predicts that this modulation should reflect 

whether the scramblase can sufficiently thin these membranes, rather than arise from lipid-

dependent changes in the conformation of the groove. 

 

Figure 3. Functional role of groove-lining residues in lipid scrambling. A-C: Residues lining 
the extracellular vestibule (A), coordinating P3 (B) and lining the central constriction (C) are 
shown as green sticks. D-E: forward (α) and reverse (β) scrambling rate constants of single and 
multiple alanine substitutions at the indicated positions. Bars are average values for α (black) and 
β (grey), error bars are S. Dev., and red circles are values from individual repeats.  
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Regulation of lipid scrambling by membrane thickness 

We measured how systematic variation of lipid acyl chain length affects lipid scrambling by 

afTMEM16. We kept the lipid headgroup composition at a constant ratio of 7 PC: 3 PG and used 

acyl chains with a single unsaturation and 16-22 carbons, C16-C22 lipids (Table 1). Liposomes 

formed from this mix of 14:1 lipids were not stable in our scrambling assay (Supp Fig. 4C), 

therefore we generated thinner membranes using a mixture comprised of 50% 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 

(DMPG) in a 7:3 ratio and 50% of POPC and POPG in a 7:3 ratio 23; we will refer to this mix as 

C14 (Table 1). Atomic force microscopy (AFM) measurements show that membrane thickness 

varies between ~3.2 nm and ~4.1 nm, with near-linear scaling with acyl chain length (Table 1, 

Supp. Fig. 4A-B).  

In the presence of saturating 0.5 mM Ca2+ the scrambling rate constants do not depend on 

membrane thickness between ~3.2 nm (C14 lipids) and ~3.9 nm (C20 lipids) (Fig. 4A). In contrast, 

scrambling is nearly completely inhibited in C22 lipids (Fig. 4A) 15. Thus, in saturating Ca2+ there 

is chain length selectivity with a threshold for activity below membrane thickness of ~4.1 nm. In 

contrast, in 0 Ca2+ scrambling displays a nearly exponential inverse dependence on membrane 

thickness (Fig. 4B). Remarkably, in C14 lipid membranes scrambling by afTMEM16 is nearly 

Ca2+-independent, with rate constants only ~3-fold lower in 0 Ca2+ compared to the ~20-fold 

reduction seen in C18 membranes (Fig. 4A-B, Supp. Fig. 4). To test whether the long C22 acyl 

chains inhibit scrambling in saturating Ca2+ by occluding the pathway 37 we measured scrambling 

in membranes formed by 70% C22 lipids and 30% C18 lipids, which are ~4 nm thick (Table 1). 

In saturating Ca2+ scrambling activity is similar to that seen in 100% C18 lipids (Fig. 4A), while 

in 0 Ca2+ there is a ~17-fold reduction, consistent with the reduction expected for membranes of 
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this thickness (Fig. 4B). This behavior does not depend on whether the mixed chain lengths were 

segregated by headgroup. Thus, the tails of C22 lipids are not ‘blockers’ of the afTMEM16 

permeation pathway. These results suggest that in 0 Ca2+ scrambling rates are proportional to the 

energetic cost of lipid headgroups crossing the hydrophobic core of the membrane, while in the 

presence of Ca2+ other factors contribute to scrambling. 

 

Ca2+-bound afTMEM16 has an open groove in C22 membranes  

To determine whether the C22 lipids inhibit scrambling by inducing groove closure we determined 

the cryo-EM structure of nanodisc-reconstituted afTMEM16 in the presence of saturating Ca2+ to 

2.7 Å (Supp. Fig. 5A-G). Despite a ~500-fold reduction in scrambling activity the groove remains 

open in a conformation nearly identical to that seen in C18 lipids, Cα r.m.s.d. ~0.35 Å (Fig. 4D). 

Importantly, neither the C18/Ca2+ nor the C22/Ca2+ datasets display structural heterogeneity as no 

additional classes could be identified using multiple rounds of iterative 3D classifications on 

afTMEM16 dimers and monomers using different classification parameters and software (see 

Methods, Supp. Fig. 1,5, 7, 8, 10). Further, The C22/Ca2+ structure of afTMEM16 in the larger 

MSP2N2 nanodiscs at 3.5 Å resolution (Supp. Fig. 5H-N) shows an open permeation pathway in 

all 3D reconstructions, with Cα r.m.s.d. ~0.5 Å to C18/Ca2+ and ~0.4 Å to C22/Ca2+
MSP1E3 (Fig. 

4D). Thus, in afTMEM16 an open groove is not sufficient to enable lipid scrambling and nanodisc 

size does not influence the conformation.  

In the C22/Ca2+ maps we resolved several of the lipids near the dimer interface 

corresponding to D2, D3, D6, and D7 (in MSP1E3 map) and to D2 and D6 (in MSP2N2 map) seen 

in the C18/Ca2+ map (Supp. Fig. 6). In the MSP1E3 map we detected strong density for P6 and 

P7, located near the intracellular loop connecting TM3 and TM4 (Supp. Fig. 6). However, despite 
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the high resolution of the C22/Ca2+ MSP1E3 map, we detect only weak signals for lipids associated 

with the pathway-delimiting helices TM4 and TM6. This suggests that the interactions of C22 

lipids with the pathway helices are weaker than those of C18 lipids, likely reflecting the higher 

energy cost associated with distorting these longer acyl chain lipids.  

 

Figure 4. Functional and structural regulation of lipid scrambling by membrane thickness. 
A-B: Forward (α, black circles) and reverse (β, red circles) scrambling rate constants as a function 
of membrane thickness in the presence of 0.5 mM (A) or 0 Ca2+ (B). Values are the mean and error 
bars represent standard deviation. Corresponding lipid compositions are noted above. C-E: 
Alignment of the permeation pathway of afTMEM16 in (C) C18 nanodiscs in 0.5 mM (grey) or 0 
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Ca2+ (pink), (D) in 0.5 mM Ca2+ and C18 (grey) or C22 MSP1E3 nanodiscs (light pink) or C22 
MSP2N2 nanodiscs (orange), (E) in 0 Ca2+ in C18 (red) and C14 nanodiscs (cyan).  
 

Scrambling in 0 Ca2+ does not require groove opening 

These finding that an open groove is not sufficient to allow lipid movement raises the question of 

whether a closed groove prevents lipid scrambling entirely. Many proteins that scramble lipids 

lack explicit membrane-exposed hydrophilic grooves 34-36,38 and most purified TMEM16’s 

scramble lipids in 0 Ca2+ when the groove is predominantly closed (Fig. 4B) 13,23,26. This basal 

activity could reflect transient openings of the pathway, however an open groove Ca2+-free 

conformation has not been observed in a membrane environment 15-18. Alternatively, these 

scramblases could thin the membrane enough to enable slow lipid scrambling outside of a closed 

groove, as proposed for the mammalian TMEM16F 16.  

To elucidate the structural bases of scrambling in the absence of Ca2+, we determined the 

3.1 Å resolution structure of afTMEM16 in C18 lipids in 0 Ca2+ (Supp. Fig. 7). Extensive 

classification of afTMEM16 dimers and of symmetry-expanded monomers (see Methods) revealed 

only reconstructions corresponding to a closed groove conformation (Fig 4C, Supp. Fig. 7). 

However, in C18 lipids the basal scrambling activity of afTMEM16 is modest, ~4.5% of that in 

saturating Ca2+ (Fig. 4A-B, Supp. Fig. 4), suggesting that the fraction of particles that could adopt 

a Ca2+-free open groove conformation could be too small to be detected. In contrast, in C14 lipids 

scrambling in 0 Ca2+ is only ~3-fold slower than in saturating Ca2+ (Fig. 4A-B, Supp. Fig 4) so 

that a significant portion of the particles should adopt a Ca2+-free open-groove conformation. 

Analysis of a C14/0 Ca2+ afTMEM16 dataset yields only classes with a closed groove (Fig. 4E), 

Cα r.m.s.d. ~0.9 Å to C18/0 Ca2+, the highest of which reached 3.3 Å average resolution (Supp. 

Fig. 8). Thus, in 0 Ca2+ there is a ~30-fold increase in scrambling between C14 and C18 lipid 
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membranes that is not accompanied by an increase in the probability of opening of the groove. 

This suggests that the basal, Ca2+ independent activity is due to closed-groove scrambling.  

This hypothesis is further supported by the analysis of the D511A/E514A mutant of 

afTMEM16 that disrupts the Ca2+-binding site. This mutation impairs TMEM16 activity by 

preventing opening of the pathway 8,26,39,40 and scrambles lipids in a Ca2+-independent manner at 

rates comparable to those of the WT protein in 0 Ca2+ 26. Scrambling by D511A/E514A 

afTMEM16 is modulated by membrane thickness like the WT protein in 0 Ca2+ (Fig. 5A, Supp. 

Fig. 9), so that in C14 membranes its activity is ~30% of that of the WT protein in C18 lipids and 

saturating Ca2+. To test whether the D511A/E514A afTMEM16 adopts an open-pathway 

conformation in conditions of high activity, we determined its structure in C14 nanodiscs with 0.5 

mM Ca2+ to 3.1 Å resolution (Supp. Fig. 10). As expected, despite the presence of 0.5 mM Ca2+, 

the protein adopts the same conformation as in the WT apo structure and there is no density in the 

Ca2+ binding site. In all reconstructions the permeation pathway is closed, with Cα r.m.s.d. ~1.1 Å 

to C18/0 Ca2+ and ~0.4 Å to C14/0 Ca2+ (Supp. Fig. 10), indicating that increased scrambling is 

not accompanied by higher open probability of the groove. Together, our results suggest that 

scrambling of afTMEM16 in 0 Ca2+ occurs outside of a closed groove. Calcium-independent 

openings of the lipid permeation pathway, if they occur, are transient and cannot account for the 

observed increase in activity. Thus, an open groove is not necessary for lipid scrambling. 

In the three datasets for apo afTMEM16 (C18/0 Ca2+, C14/0 Ca2+ and DA/EA in 0.5 mM 

Ca2+) we could resolve 4-9 lipids per monomer, all localized near the dimer interface in positions 

closely resembling those seen in C18/Ca2+ structure (Supp. Fig. 11), supporting the notion that 

these lipids interact strongly with the protein. No lipids could be resolved near the closed pathway 
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in these structures. The average resolution of these datasets is lower than that of the two Ca2+-

bound structures, preventing us from drawing mechanistic inferences from this observation. 

 

Figure 5. Functional and structural characterization of afTMEM16 D511A/E514A. A-B: 
Forward (α, black circles) and reverse (β, red circles) scrambling rate constants of D511A/E514A 
afTMEM16 in 0.5 mM (filled symbols) or 0 Ca2+ (empty symbols). Values are the mean and error 
bars represent standard deviation. Corresponding lipid compositions are noted above. B: 
Alignment of afTMME16 D511A/E514A in the presence of Ca2+ (green) in C14 lipids with 
wildtype afTMEM16 in 0 Ca2+ in C18 lipids (grey) with close up view of the permeation pathway. 
 

Scrambling activity correlates with membrane thinning at the pathway 

Our proposal that afTMEM16 enables scrambling by thinning the membrane at the permeation 

pathway predicts there should be a correlation between thinning and function. Although a 

quantitative evaluation of thinning is precluded by the different resolutions of the maps, a 

qualitative analysis of the nanodisc density maps supports this notion (Fig. 6). Far from the protein, 

membrane thickness of C14, C18 and C22 nanodiscs is comparable to that determined by AFM 

(Table 1). Near the open groove, in the C18/Ca2+ map the membrane appears significantly thinned 

(Fig. 6B), closely tracking the position of individual lipids (Fig. 2A). Thinning is reduced near the 

open pathway of the C22/Ca2+ map (Fig. 6A) and near the closed pathway of the C18/0 Ca2+ map 

(Fig. 6C), consistent with the reduced scrambling activity (Fig. 4A-B). In the C14/0 Ca2+ map, 

thickness at the closed pathway qualitatively approaches that at the open pathway of the C18/Ca2+ 
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map (Fig. 6D), consistent with enhanced scrambling (Fig. 4B). These qualitative observations 

suggest there is a direct correlation between the thickness of the membrane near the pathway and 

scrambling activity. This supports the idea that in C22 membranes scrambling could be inhibited 

because of the reduced thinning despite an open groove, and that the closed groove conformation 

of afTMEM16 is scrambling competent because it thins the membrane enough to enable lipid 

flipping.  

 

Figure 6. Membrane thinning at the afTMEM16 pathway as a function of acyl chain length. 
A-D: Views of the density maps for afTEM16 in C22/Ca2+ (A), C18/Ca2+ (B), C18/0 Ca2+ (C) and 
C14/0 Ca2+ (D) from the extracellular (top panels) and intracellular (bottom panel) side. The C1 
final unsharpened maps containing nanodisc densities were aligned, resampled on the same grid, 
and colored according to the Z coordinate using UCSF Chimera. The density corresponding to the 
protein is segmented and shown in gray. Nanodisc densities are colored by displacement along the 
Z axis and the 0 Å reference height is the same for all structures in each view. Negative values 
represent membrane thinning relative to the overall nanodisc. The position of the permeation 
pathway is denoted with arrows. 
 

Discussion 

Activation of scramblases catalyzes the rapid movement of phospholipids between membrane 

leaflets and results in the externalization of charged and polar lipids that trigger a variety of 
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fundamental physiological processes 1,2,4. The current consensus is that TMEM16 scramblases 

mediate lipid transport via a credit-card like mechanism 33, with the headgroups forming specific 

interactions with polar and charged residues lining the full length of the hydrophilic groove 

20,23,25,28. This predicts that scramblases should discriminate among lipids based on their 

headgroups but not their tails, and that mutations of groove-lining residues should affect lipid 

scrambling. Notably, neither scramblases like the TMEM16’s 13,18,21,24,26 or the Xkr’s 6,41 nor 

GPCR’s moonlighting as scramblases 34, show selectivity among lipids with different headgroups. 

Further, both the Xkr’s and GPCR’s lack explicit hydrophilic grooves 34-36, bringing the structural 

requisites of the credit card mechanism into question. However, the modes of lipid-protein 

interactions of TMEM16 scramblases had not been structurally resolved 15-18. 

Here, we combined structural and functional experiments to investigate the mechanism of 

lipid scrambling by the TMEM16’s. The 2.3 Å structure of afTMEM16 reconstituted in C18 

nanodiscs shows how individual lipids interact with the scramblase to define the thinned and 

distorted profile of the membrane near the open pathway (Fig. 1C-H). Lipids mainly localize to 

the periphery of the groove, interacting with the intracellular portions of TM3-4 and with the 

extracellular portions of TM6-7. The position of the last lipids from the intra- and extra-cellular 

leaflets suggests that headgroup flipping occurs in the intracellular vestibule. No density for lipids 

was visible near the extracellular vestibule (Fig.  1, 2A) and mutations of residues lining this 

narrow constriction or the groove interior have no functional effects (Fig. 2, 3). Reconstituting 

afTMEM16 in membranes formed from lipids with longer acyl chains dramatically inhibits 

scrambling although the groove remains open (Fig. 4). Conversely, reconstitution in thinner 

membranes facilitates scrambling even when the groove is closed (Fig. 4-5).   
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Together, these results have three important implications; first, lipid scrambling does not 

entail specific interactions with the groove’s hydrophilic interior or its extracellular vestibule. 

Second, acyl chains rather than headgroups are key determinants of scrambling activity (Fig. 4A-

B). Third, an open groove is neither sufficient nor necessary for scrambling (Fig. 4, 5). These 

findings are inconsistent with a credit-card mechanism. Rather, we propose that lipid scrambling 

is primarily determined by the ability of afTMEM16 to thin the membrane near the pathway, so 

that lipids only interact with the surface of the groove without penetrating deep within its narrow 

and hydrophilic interior (Fig. 7). The membrane-thinning mechanism readily explains 

evolutionarily conserved properties of TMEM16 scramblases that are difficult to reconcile with 

the credit card mechanism, such as the lack of discrimination based on headgroup size, chemistry 

or charge 13,18,21,23,26,42 and scrambling of lipids conjugated to large cargoes 24. Thus, we propose 

this mechanism applies to other TMEM16’s.  

Two lines of evidence support the credit card hypothesis: mutating groove-lining residues 

impairs lipid scrambling by nhTMEM16 and TMEM16F 25,28 and MD simulations show lipid 

headgroups penetrating and traversing the whole length of the groove 20,23,25,28,43,44. Strikingly we 

find that mutating similar residues in afTMEM16 does not impair scrambling (Fig. 2,3). This 

contradiction could be explained if the mutants impair scrambling by favoring groove closure 

rather than by impairing lipid movement through an open groove. In afTMEM16 only the Ca2+-

bound open conformation has been observed 15(Fig. 1, 4). In contrast, Ca2+-bound nhTMEM16 

adopts both open and closed groove conformations 17 and in mTMEM16F only the Ca2+-bound 

closed groove conformation has been observed 16,18, suggesting in these homologues the Ca2+-

bound open conformation is less stable than in afTMEM16. Further, several scrambling-

incompetent nhTMEM16 mutants retain measurable channel activity 25, suggesting stabilization 
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of an ion channel-like groove conformation 19. Discrepancies with molecular dynamics simulations 

could be due to incomplete relaxation of the membrane during the equilibration, especially if the 

chosen initial conditions for the protein-lipid arrangements are far from equilibrium. Indeed, recent 

work suggests extended equilibration protocols are needed to capture the full extent of membrane 

deformations induced by some proteins 45. Further, our structures show several lipids with tails 

tightly intercalated with TM helices at the dimer cavity (Fig. 1) that might affect the dynamic 

rearrangements of afTMEM16 in MD simulations. It will be interesting to see how incorporating 

new information on the modes of lipid interactions with the afTMEM16 scramblase affects these 

results.  

The implications of our proposed membrane-thinning mechanism for scrambling (Fig. 7) 

can be appreciated if we make the simplifying assumptions that (i) the energy barrier for lipid 

scrambling is due to the polar head and (ii) that the head can be modeled with a sphere of radius r 

and charge q, then the energy barrier for scrambling, ΔGscramb would be given by 46 

∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑞𝑞2
2𝜀𝜀𝑠𝑠𝑟𝑟 − 𝑞𝑞2𝜀𝜀𝑠𝑠𝐿𝐿 𝑙𝑙𝑙𝑙 � 2𝜀𝜀𝑤𝑤𝜀𝜀𝑠𝑠 + 𝜀𝜀𝑤𝑤� 

Where εm,w are the dielectric constants of the membrane and of water and L is the thickness of the 

membrane. Membrane thinning decreases ΔGscramb as L is reduced and the dielectric constant εm 

is increased because of higher water access to the hydrocarbon core of the membrane 47. When the 

pathway is open scrambling is fast because thinning is pronounced, and the hydrophilic interior of 

the open groove further decreases εm (Fig. 7A). In thicker or more rigid membranes (Fig. 4)15, 

scrambling is impaired because their deformation cost is higher thus preventing lipids to reach 

positions conducive to scrambling (Fig. 7B). When the groove is closed membrane thinning is 

diminished, but not absent, which allows for slow scrambling activity (Fig. 7C), that is enhanced 

in membranes formed from shorter chain length lipids (Fig. 7D). Notably, the proposed membrane-
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thinning mechanism could naturally explain how proteins lacking hydrophilic grooves, such as 

GPCR’s and Xkr’s, can scramble lipids and share functional properties with the structurally 

unrelated TMEM16’s 24,34-36,38,48.  

 

Figure 7. TMEM16 scramblases enable scrambling by thinning the membrane. A-D: 
Schematic representation of the open (A-B, colored in green) and closed pathways (C-D, colored 
in red) in membranes of different thickness. Cyan denotes regions accessible to water. Arrows 
denote high (solid line), low (dashed line) or no (no line) scrambling.  
 

In sum, our results support a mechanism where during scrambling, lipids interact with the 

surface of the groove without having to penetrate and interact with its narrow and hydrophilic 

interior. Scrambling by the TMEM16’s is modulated by two signals, binding of Ca2+ facilitates 

opening of the groove while the properties of the membrane determine whether the scramblase can 

thin the membrane enough to enable lipid flipping. This dual control of scrambling activity, by 

ligand binding and membrane properties, could constitute a secondary layer of regulation that 
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prevents undesired lipid flipping by the TMEM16’s during fluctuations in cellular cytosolic Ca2+ 

levels or when family members that reside in intracellular membranes are transiently localized to 

the plasma membrane. Similarly, rigidifying or thickening bilayer constituents, such as cholesterol, 

could silence the scrambling activity of other scramblases such as GPCR’s in cellular membranes. 
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Data Availability 

All constructs are available on request. All models and associated cryoEM maps have been 

deposited into the Electron Microscopy Data Bank (EMDB) and the Protein Data Bank (PDB). 

The depositions include final maps, unsharpened maps, and associated FSC curves. 

Structure PDB EMDB 

C18/Ca2+ dimer 7RXH EMD-24730 

C18/Ca2+ monomer 7RXG EMD-24731 

C22/Ca2+
MSP1E3 7RX2 EMD-24722 

C22/Ca2+
MSP2N2 7RWJ EMD-24717 

C18/0Ca2+ 7RXB EMD-24727 

C14/0Ca2+ 7RX3 EMD-24723 

D511A/E514A C14/Ca2+ 7RXA EMD-24726 

Table 5: Data Availability 
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Name Lipid Component 

Chain Length 

(70% PC:30%PG) 

Height from 

AFM (nm) 

Height estimated 

from EM maps 

(nm) 

C14 50% 14:0, 50% 
16:0-18:1 

3.2 ± 0.29 3.0 ± 1.5 

C16 100% 16:1 3.2 ± 0.22 N.d. 
C18  

100% 18:1 
 

3.4 ± 0.19 
 (0 Ca2+)  
3.1 ± 3.5 

(0.5 mM Ca2+)  
3.3 ± 0.95 

C20 100% 20:1 3.7 ± 0.22 N.d. 
70% C22 70% 22:1, 

30% 18:1 
4.0 ± 0.26 N.d. 

70% C22 70% 22:1 PC, 
30% 18:1 PG 

4.0 ± 0.19 N.d. 

C22 100% 22:1 4.1 ± 0.19 3.9 ± 0.85 
Table 1: AFM and cryoEM determination of membrane thickness for considered lipid 

compositions. Heights were estimated using AFM tomography, reported values indicate the peak 
FWHH ± of the value distribution (see Supp. Fig. 4A-B and Methods). For cryoEM membrane 
height was determined from C1 unsharpened EM maps using the difference in z coordinate for the 
inner and outer leaflet at (x,y) far from the protein. Reported values are the average ± S.Dev of 3 
different points. N.d. indicates compositions for which no cryoEM data was determined. 
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