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Gating mechanism of the extracellular entry to the
lipid pathway in a TMEM16 scramblase
Byoung-Cheol Lee1,5, George Khelashvili2,3, Maria Falzone4, Anant K. Menon 4,

Harel Weinstein2,3 & Alessio Accardi 1,2,4

Members of the TMEM16/ANO family of membrane proteins are Ca2+-activated phos-

pholipid scramblases and/or Cl− channels. A membrane-exposed hydrophilic groove in these

proteins serves as a shared translocation pathway for ions and lipids. However, the

mechanism by which lipids gain access to and permeate through the groove remains poorly

understood. Here, we combine quantitative scrambling assays and molecular dynamic

simulations to identify the key steps regulating lipid movement through the groove. Lipid

scrambling is limited by two constrictions defined by evolutionarily conserved charged and

polar residues, one extracellular and the other near the membrane mid-point. The region

between these constrictions is inaccessible to lipids and water molecules, suggesting that the

groove is in a non-conductive conformation. A sequence of lipid-triggered reorganizations of

interactions between these residues and the permeating lipids propagates from the extra-

cellular entryway to the central constriction, allowing the groove to open and coordinate the

headgroups of transiting lipids.
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B iological membranes, composed of a double layer of lipids,
define the boundaries of living cells and their sub-
compartments. In eukaryotes, the outer and inner leaflets

of the plasma membrane differ in their lipid compositions, with
the outer leaflet containing mostly phosphatidylcholine (PC) and
sphingolipids, while the inner leaflet is composed of phosphati-
dylethanolamine (PE), the negatively charged phosphatidylserine
(PS), and phosphoinositides1. Two classes of ATP-driven pumps,
flippases and floppases2–4, create and maintain the membrane
asymmetry, whose rapid collapse occurs during a process called
phospholipid scrambling that externalizes PS, an effector in
numerous cell activities such as blood coagulation and the pha-
gocytic clearance of apoptotic cells5–10. The proteins mediating
this process are called phospholipid scramblases and their iden-
tity had remained controversial until recently when members of
two unrelated families of integral membrane proteins, the
TMEM1611–17 and Xk-related (Xkr)18–20 proteins, were identified
as regulated phospholipid scramblases that respond to different
physiological stimuli. Increases in cytosolic Ca2+ activate the
TMEM16s to trigger blood coagulation and membrane repair11,
while caspase cleavage is required for Xkr activation during
apoptosis18. The TMEM16 scramblases are better understood
thanks to extensive structural, functional, and computational
investigations14–17,21–23.

The TMEM16 family comprises dual function Ca2+-dependent
channel/scramblases and Ca2+-activated Cl− channels (CaCC)24.
While the two family-founding members, TMEM16A and B, are
CaCCs25–27, it was later realized that the majority of the family
members function as Ca2+-dependent phospholipid scramblases,
which also mediate non-selective ion transport11,16,17,20,28. The
structures of two TMEM16 homologues, the dual function channel/
scramblase nhTMEM1622 and the CaCC mTMEM16A23,29,
revealed key features of the dimeric TMEM16 architecture (Fig. 1a)
and of the Ca2+-dependent activation mechanism. Each TMEM16
monomer harbors two Ca2+ binding sites and presents a hydro-
philic groove-like cavity exposed to the membrane (Fig. 1b). This
cavity is lined by five helices, TM3-7, with TM6 and TM7 parti-
cipating also in the formation of the Ca2+ binding site (Fig. 1b). In
nhTMEM16 the cavity is wide at its intracellular end, ~35Å near
the inner leaflet (Fig. 1b), and tapers towards the extracellular end
to ~5 Å at its narrowest point (Fig. 1b). Recent publications support
the idea that this groove serves as the lipid pathway and that
scrambling occurs via the credit-card mechanism2,15,16,21,22,30,

where the lipid headgroups penetrate into the cavity while their
hydrophobic tails remain embedded in the hydrocarbon core of the
membrane (Fig. 1c). Mutations affecting ion transport localize to
this region, suggesting that the cavity might serve as a shared
conduction pathway for ions and lipids15,31–33. In the mTMEM16A
channel the narrowing of the cavity at the extracellular end is more
pronounced than in the nhTMEM16 scramblase23, offering a
rationale for their functional divergence.

To investigate the mechanisms regulating access and translo-
cation of lipids through the nhTMEM16 groove we combine
experimental and computational approaches as described herein.
We find that tryptophan mutations in the cavity affect scrambling
and channel activity to a similar extent, consistent with the
hypothesis that the ion and lipid pathways coincide. High-impact
mutations localize to three hot spots: a constriction of the groove
near the mid-point of the membrane, the extracellular entrance of
the cavity, and residues located between the two constrictions.
Our analysis of results from molecular dynamics (MD) simula-
tion of corresponding nhTMEM16 constructs identifies a
mechanism by which lipid access to the pathway from the
extracellular leaflet is controlled by dynamic rearrangements of a
network of interacting polar residues whose dynamical rearran-
gements entail the elimination of steric constrictions along the
groove, thereby enabling lipid scrambling. Extensive mutagenesis
experiments corroborate this mechanistic hypothesis. Based on
our results we propose a molecular mechanism for lipid per-
meation through the nhTMEM16 groove. In this model, the
extracellular region of the groove interacts with multiple lipid
molecules at the extracellular region of the groove to trigger
dynamic rearrangements that open the nhTMEM16 groove and
allow lipid permeation.

Results
Quantification of the scrambling rate constants. To monitor
scrambling in the wild-type (WT) and mutant constructs we used
fluorescently-labeled lipid reporters and a dithionite-reduction
assay14,34 (Fig. 2a). Briefly, vesicles are reconstituted in the pre-
sence of trace amounts of fluorescently-labeled lipids and the
membrane-impermeant reducing agent dithionite is added to
the external solution to bleach outer-leaflet fluorophores. Only
the outer leaflet lipids are reduced in protein-free liposomes
(Fig. 2a), resulting in ~50% loss of fluorescence (Fig. 2c, green
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Fig. 1 Hydrophilic cavity and lipid scrambling of nhTMEM16. a The structure of nhTMEM16 viewed from the plane of the membrane. The two monomers
are respectively colored in cyan and gold. Green spheres indicated the bound Ca2+ ions. Solid lines denote the planes of the membrane. b Close up view of
the hydrophilic cavity of nhTMEM16. The Cα atoms of the residues mutated to tryptophan are shown as blue spheres and the bound Ca2+ ions are
indicated as green spheres. Dashed gray lines indicate the distance between the side chains at the extracellular entry (E313/R432), the mid-point and
(T333/Y439) at the intracellular vestibule (A356/F463) of the groove. c Schematic representation of the credit-card model of lipid scrambling
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line). In vesicles containing at least one active scramblase all
fluorescently-labeled lipids are eventually bleached (Fig. 2b).
Under our reconstitution conditions not all vesicles contain
scramblases14,28, therefore the time course of decay in total
fluorescence Ftot reflects the behavior of a mixed population of
protein-free liposomes and proteoliposomes and is described by
Eq. 6 ('Methods')35 where the only free parameters are the for-
ward and reverse scrambling rate constants, α and β (Fig. 2b), and
the fraction of protein-free liposomes, f0.

In the presence of Ca2+, the kinetics of fluorescence decay to
final plateau (Fig. 2c, red line) are similar to those seen in protein-
free vesicles, indicating that detection of scrambling is rate-
limited by the chemical reduction of the NBD fluorophores. In
this case, only a lower limit of α(+Ca2+)= β(+Ca2+) > 0.2 s−1

can be determined35, which corresponds to a lipid transport rate
for nhTMEM16 > 2 × 104 lipid s−1. In the absence of Ca2+,
scrambling can be directly resolved (Fig. 2c, black line), and

occurs with rate constants α(0 Ca2+)~β(0 Ca2+)~0.001 s−1,
corresponding to a transport rate of ~100 lipid s−1.

Probing the lipid pathway of nhTMEM16. To investigate the
role of the nhTMEM16 hydrophilic cavity in ion and lipid per-
meation we systematically replaced residues lining the groove
with tryptophan, expecting the physicochemical properties of its
side chain to enable its accommodation in hydrophobic and
hydrophilic environments of the groove, and its bulk to hinder
passage of lipid headgroups through the groove. The investiga-
tions focused on the extracellular side of the groove, as the role of
the intracellular vestibule of TMEM16 proteins in lipid scram-
bling was recently described15,16,30.

We quantified the impact of 18 substitutions of cavity-lining
residues (Fig. 1b) to tryptophan on the scrambling rate constants
in the presence and absence of Ca2+ using Eq. (6) (Fig. 2d–f,
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Fig. 2 Effects of W-scanning on scrambling activity of nhTMEM16. a, b Schematic representation of the scrambling assay for protein-free vesicles (a) and
proteoliposomes (b). c–f Representative traces of the dithionite induced fluorescence decay for WT (c) and low- (d), medium- (e) and high-impact (f)
tryptophan mutants of nhTMEM16 in the presence (red) and absence (black) of Ca2+. Dashed yellow lines indicate fits to Eq. (6). Protein-free traces are
shown in green. g, h Quantification of scrambling rate constants α and β for WT and mutant nhTMEM16 in the presence (g) and absence of Ca2+ (h). The
effects were categorized into three classes as low- (<10-fold reduction, blue shading), medium- (10 to 100-fold reduction, green shading) and high-impact
residues (>100-fold reduction, red shading). Individual data points are shown as empty circles. All data is reported as the mean ± S.D. The number of
replicates are indicated in Supplementary Table 1. i Mapping of the tested residues on the nhTMEM16 structure according to their impact on scrambling,
colors as in g, h
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Supplementary Figure 1). Because rate constants of the mutants
span ~3 orders of magnitude, from ~10−4 s−1 to >0.2 s−1,
clustering into classes of 10-fold change produced three groups in
the presence of Ca2+, and two in its absence (Fig. 2g, h). Changes
in the scrambling rate constants reflect specific effects of the
mutations on the activity of the protein; all constructs yield well-
folded proteins that elute as single mono-disperse peaks on gel
filtration and incorporate into liposomes with WT-like efficiency
(Supplementary Figure 2). Calculated rate constants are macro-
scopic parameters that reflect the number of active molecules per
vesicle, their open probability, and unitary conductance. Our
analysis cannot reveal whether a given mutant affects one, two or
all factors. However, a marked reduction in the plateau
fluorescence level indicates that a higher fraction of liposomes
contains no active proteins14,36, suggesting that some mutations
might favor a long-lived inactivated state of the scramblase.
Finally, the decreased scrambling rate did not reflect a reduced
affinity for Ca2+, as addition of 3 mM Ca2+ did not accelerate
scrambling (Supplementary Figure 3).

Most mutations in TM3 and TM4 (N317, F330, T333, and
V337) have low to no impact on scrambling (<10-fold change in
the rate constants) in the presence and absence of Ca2+ (Fig. 2g,
h). An exception is V337W, with ~2-fold increased scrambling
rate constant in the absence of Ca2+ (Fig. 2h). Detection in the
presence of Ca2+ is rate-limited by the chemical step, so we
cannot resolve a possible increase in scrambling. Three residues
located in the inner part of the groove, two on TM3 (I306, N310),
and one on TM4 (L336), significantly impair scrambling, with a
10- to 100-fold reduction in the rate of lipid transport in the
presence of Ca2+ (Fig. 2g). The largest reduction in lipid
transport, >100-fold (Fig. 2g), was found for residues that localize
to three structurally distinct areas: a constriction of the groove
near the mid-point of the membrane formed by L302, T340,
T381, and S382, the extracellular entrance of the cavity formed by
E313 and R432, and four residues (A385, Q436, Y439, and F440)
on TM5 and 6 between the two constrictions (Fig. 2i). Overall, the
distribution of the high-impact residues within the lipid cavity is
distinctly asymmetric: in TM5 and TM6 each residue mutation
tested severely affects scrambling, whereas in TM3 and TM4 the
only two high-impact positions are at contact points with TM5

and TM6 (Fig. 2i). These results are in general agreement with
recently published work15, except for the T333W mutation that
has minimal impact in reconstituted vesicles while the T333V
substitution impairs scrambling in cells. Further work will clarify
whether this one discrepancy reflects differences in the assays or
in the introduced side chains, but our results support the
hypothesis that the membrane-exposed hydrophilic cavity of
nhTMEM16 serves as the lipid pathway for scrambling, and
identify two constriction points that are likely rate-limiting for
lipid transport.

Identification of residues essential for ion permeation. We
showed previously that nhTMEM16, like afTMEM16 and
TMEM16F, also mediates Ca2+-dependent non-selective ion
transport14–17,28. To quantify the fraction of liposomes contain-
ing at least one active channel, A(±Ca2+), we used an ion flux
end-point assay (Fig. 3a)14,28. In the presence of Ca2+,
AWT(+Ca2+) is ~85% as most vesicles contain at least one active
copy of WT nhTMEM16 (Fig. 3b), while in the absence of Ca2+

AWT(0 Ca2+) drops to ~30% (Fig. 3b). The non-null value of
AWT(0 Ca2+) is consistent with the nhTMEM16 channel
retaining a low baseline activity even in the absence of Ca2+14,28.
These flux experiments while valuable, provide only limited
insights, as they are end-point measurements that lack kinetic
resolution and overestimate the ion throughput of the recon-
stituted channels for two reasons. First, each liposome contains
on average 5–6 copies of the nhTMEM16 channel. Second,
exchange of the extracellular solution occurs over ~90–120 s, but
openings of any of the channels for <1 s are sufficient to dissipate
the ~105–106 ions reconstituted in each vesicle. Thus, we can
estimate that a significant reduction (>2-fold) in the fraction of
liposomes containing at least one active channel corresponds to a
>100-fold reduction in the ion throughput of the channel. This
implies that the assay underestimates the effects of the mutations.
It is thus remarkable that three mutations (E313W, A385W, and
Q436W) reduce A(+Ca2+) by >50% compared to the WT level
(Fig. 3b). In the absence of Ca2+, six mutants (E313W, N317W,
L336W, A385W, R432W, F440W) reduce A(0 Ca2+) by >50%
(Fig. 3b). Notably, V337W is the only mutation that increases the
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Fig. 3 Effects of W-scanning on the ion conduction properties of nhTMEM16. a Schematic representation of the flux assay. The star with D denotes
addition of detergent to dissolve all liposomes. b Fraction of the liposomes containing at least one active nhTMEM16 channel in the presence (red) and
absence of Ca2+ (black). Individual data points are shown as empty circles. All data is reported as the mean ± S.D. The number of replicates are indicated in
Supplementary Table 1
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channel activity of nhTMEM16 in the absence of Ca2+ by >2-fold
(Fig. 3b), mirroring its effect on lipid scrambling (Fig. 2g, h).
Overall, the mutations that affect ion channel activity mostly
overlap with those that influence lipid scrambling: the four resi-
dues with ‘low’ impact on scrambling have WT-like channel
activity in +Ca2+ and the four with ‘medium’ scrambling impact
have little effect channel activity. Of the ten loci with high impact
on scrambling, two (A385 and Q436) also significantly reduce
channel activity, while five (T381, S382, R432, Y439, and F440)
have little to no effect on ion transport. The low to intermediate
effects of the other three residues are likely underestimates due to
the limitations of the flux assay. In the absence of Ca2+ the
pattern is similar, with the exception of N317W which has no
effect on scrambling but reduces AN317W(0 Ca2+) ~7-fold. Our
findings suggest that the same residues play key roles in both
transport processes and are consistent with the idea that ions and
lipids share a common permeation pathway formed by the
hydrophilic groove15,23,33.

A barrier to lipid movement in the mid portion of the groove.
To develop a mechanistic model of lipid scrambling we used
atomistic MD simulations of nhTMEM16 embedded in 3:1
POPE:POPG or in POPC lipid membranes (Supplementary

Table 2, 'Methods'). To learn how the pathway for lipid translo-
cation is formed and regulated we quantitatively analyzed mul-
tiple replicas of long MD runs and examined the dynamic
characteristics of the groove in the WT and two mutant con-
structs that significantly impair scrambling (A385W and Q436W,
Fig. 2i).

Analyzing two independent simulation trajectories of WT
nhTMEM16 (WT1 and WT2, of 3 and 4 µs respectively), and one
each for the A385W and Q436W constructs (2 µs each) in POPE:
POPG membranes, we observed penetration of multiple lipids
into the hydrophilic groove of the protein in all, and with
comparable average lipid occupancy (Fig. 4a, Supplementary
Figures 4a and 4e). Notably, the lipid distribution within the
groove is discontinuous (Fig. 4b–e, Supplementary Figures 4b-d
and 4e-h): the headgroups mostly localize in the wide intracellular
(IC) portion of the groove (Fig. 4e) and in the extracellular (EC)
region of the pathway (Fig. 4c). The mid portion of the groove,
delimited by T381 and Q436 (Fig. 4d), is nearly devoid of lipids (a
low probability of at most single occupancy). This lipid-depleted
region is the narrowest in the groove and is also poorly hydrated,
as waters cluster to the intra-cellular and extra-cellular vestibules
(Supplementary Figure 5).

Over the course of multiple trajectories lipid headgroups were
observed to engage with specific sets of residues (Fig. 4f,
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Fig. 4 Lipid headgroups transiently populate the hydrophilic groove of nhTMEM16. a The fraction of time (i.e., fraction of trajectory frames) a specific
number of lipid headgroups simultaneously occupy the groove in the WT1 (red), WT2 (green), A385W (blue), and Q436W (black) simulations (see
'Methods' for the definition of the groove and its different regions). For each construct, the data shown is the average over the two protomers of
nhTMEM16. b Snapshot of the nhTMEM16 (TM helices 3–7) from WT2 simulation illustrating coverage of the groove by lipid phosphorus atoms. Gold-
colored spheres represent superposition of the phosphorus atom locations from the entire 4 µs-long MD trajectory using a stride of 30 ns time-interval
between the trajectory frames. The location of the central region of the groove devoid of lipids is indicated by the shaded rectangle between the thick black
lines that indicate as well the z-axis positions of the Cα atoms of residues T381 and Q436 (cyan spheres). c–e Same as in a only measured separately for
three different compartments of the groove: EC side of the groove (in c), center of the groove (d), and IC side of the groove (e). f nhTMEM16 structure
(TMs 3–7) showing residues of the groove (in van der Waals and colored) that are in contact with lipid headgroup >65% of the time in the combined WT1
and WT2 trajectories (the data presented is the average over the two protomers of nhTMEM16). A lipid headgroup was considered in contact with a
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Supplementary Figure 6), such as R505 in the intracellular
vestibule (Fig. 4f). At the extracellular end, several polar residues
form extensive contacts with the penetrating lipids (Fig. 4f,
Supplementary Figure 6). Notable among these, are several of the
positions we identified as high impact in the Trp scanning
mutagenesis experiments, such as E313, R432, Q436, and Y439
(Fig. 2g–i). To understand how these residues interact with lipids
and how they participate in the formation of a lipid-permissive
translocation pathway we followed in the MD trajectories the
dynamics of the headgroups monitoring the evolution of pairwise
distances to these polar residues in conjunction with structural
rearrangements of the protein.

Lipid translocation requires opening of the pathway. Our MD
simulations show that lipid headgroups approaching the EC end
of the pathway trigger a rearrangement of a triad of charged
residues (E313, E318, and R432) which gradually eliminates the
steric barriers delimiting the lipid-depleted and water-depleted
zone and thus enabling lipid transfer between leaflets. The
dynamic nature of the interactions within the E313/E318/R432
triad is revealed by the destabilization and rearrangement of the
electrostatic interaction between E313 and R432 by lipids (Sup-
plementary Figure 7, red traces). In all MD trajectories when the
R432 sidechain leaves the pair-interaction with E313 and engages
with E318, one helical turn above on TM3 (Supplementary Fig-
ure 7, black traces), the number of lipid headgroups surrounding
E313/R432 increases (Supplementary Figure 8, 9). Both POPE
and POPG lipids contact the charged pair, with at most one PG
headgroup involved in the interactions at any time (Supple-
mentary Figure 9). The near-linear relationship between fint
(defined as the fraction of time when the alternative, E318-R432,
bond is formed and the E313-R432 interaction is disrupted), and
flip (defined as the fraction of time in which two or more lipid
headgroups are present near E313/R432) (Fig. 5), suggests that
the lipid interactions modulate the stability of the interaction
network. Exceptions to this pattern are observed in the WT1
trajectory and in one protomer of the A385W trajectory (Fig. 5,
red and blue circles denoted by *). In both cases a rare mode of
lipid penetration occurs, where the lipid inserts with both the
headgroup and tail into the groove (Supplementary Figure 10a,
b), plugging the pathway and causing its dehydration. Similar rare
events of lipid transfer path blockade by an inserted lipid tail were
observed in a recent study of lipid scrambling by the G protein-
coupled receptor opsin37.

The two lipids that promote the switch of R432 interaction
from E313 to E318 differ in their engagement with the charged
residues (Fig. 6). One interacts with R432 from the side of the
groove (Fig. 6a, purple lipid), while the other inserts directly into
the groove near E313, occupying the space vacated when the
side-chain of R432 interacts with E318 (Fig. 6b, green lipid). The
structural rearrangements of the triad, and the ensuing increase
of protein–lipid interaction frequency are observed in both
monomers of the WT2 trajectory (Supplementary Figure 7b,
black and red traces; Supplementary Figure 11), but lipid
permeation does not progress beyond these initial stages. Such
progress is observed in the non-blocked protomer of the A385W
mutant (Fig. 6c, d) where the lipid reaches the intracellular
leaflet. The first step is disengagement of R432 from both E313
and E318 (Fig. 6e, time-point denoted by C), while it remains
coordinated by lipids (Fig. 6c, green and purple lipids; Fig. 6f).
This allows TM3 and TM6 to move apart, as several polar
interactions between them are disrupted, and the extracellular
vestibule of the groove widens by ~3 Å with Q436 and E313
moving away from each other (Fig. 6e, green trace). The central
constriction is eliminated and opens by ~6 Å as the Y439 side

chain rotates away from T333 and towards the membrane
(Fig. 6e, blue trace; Fig. 6g). These dynamic rearrangements
generate an opening into which a third lipid partitions from the
external leaflet (Fig. 6c, blue lipid; Supplementary Figure 12) and
proceeds to diffuse through the opened groove to the IC leaflet.
The flip is completed as the permeating headgroup reaches ~10
Å below the mid-point of the membrane and its tails are directed
towards the EC leaflet (Fig. 6i, time-point denoted D;
Supplementary Figure 13). This sequence of rearrangements
brings to light the essential role of the Y439 side chain that
coordinates the headgroup of the flipped lipid throughout the
permeation event (Fig. 6h). Thus, lipid translocation through the
groove requires a time-ordered sequence of lipid-dependent local
conformational changes in the network of interactions among
the polar residues at the extracellular side of the groove, E313,
E318, R432, Q436, and Y439, which (i)-is triggered by
interactions with individual lipids, and (ii)-gates the lipid
translocation pathway.

Because the switch of molecular interactions and conforma-
tional rearrangements of the EC gate are rare events, even in the
extended time scales of the MD simulations described above, we
increased sampling of such rare events by implementing an
iterative protocol we described recently for analyzing scrambling
in a GPCR37. Multiple replicas of unbiased MD simulations are
run in sequential stages, so that initiation of one stage is informed
by output from the preceding one ('Methods', Supplementary
Figure 13a). Using this approach, we generated 24 statistically

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

WT1
WT2

A385W
Q436W

*
*

f int

f li
p

Fig. 5 Switching of R432 from E313 to E318 promotes lipid accumulation
near the extracellular side of the groove. Frequency of finding two or more
lipids (flip) vs frequency of the protein configuration in which E313-R432
bond is broken and E318-R432 is formed (fint). fint is the calculated fraction
of time when the E318-R432 bond was formed (defined by a minimum
distance of 3 Å or shorter between these two residues), and the E313-R432
interaction was disrupted (defined by a minimum distance larger than 3 Å
between these two residues); flip is the calculated fraction of time in which
two or more lipid headgroups are present near the E313/R432 pair of
residues. Each symbol represents a data point for one of the protomers of
nhTMEM for a particular construct. Close to linear relationship between flip
and fint is inferred from the linear regression of the data which yielded
Pearson correlation coefficient of 0.6. A star denotes the data for one of the
protomers in the A385W and WT1 constructs with a rare mode of lipid
binding in the groove in which lipid tail penetration to the extracellular side
of the groove was observed (Supplementary Figure 10)
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independent trajectories of WT nhTMEM16 in POPC mem-
branes (WTensemble in Supplementary Table 2) and observed
complete lipid transfer events between the inner and outer leaflets
in 7/24 simulations (Supplementary Figure 13b, g). We used the
tICA dimensionality reduction approach37–42 to analyze the
involvement of the gate residues in lipid translocation. The
reduced tICA space onto which the full complement of Stage 3
trajectories was projected, was constructed from eight dynamic
variables (Supplementary Table 3) that describe: (i) the position
of the scrambled lipid along the groove; and (ii) interactions
between the gate residues during the translocation process
('Methods'). The space is described by the first two tICA vectors
(Fig. 7a), which represent ~90% of the total dynamics of the
system (Supplementary Figure 14a). Following established
procedures42, the ensemble of conformations represented in this
2D tICA space was discretized into 50 microstates using
automated clustering k-means algorithm for structural analyses
(Supplementary Figure 14b). These microstates cover the
configurational space of the entire system as lipid translocation
occurs from the IC to EC leaflets. A systematic comparison of the
structural characteristics of these states to those observed in our
long MD simulations is detailed in the Supplementary Notes.
Remarkably, the tICA analysis identifies all key mechanistic states

outlined above for the lipid translocation from the EC-leaflet to
the IC-leaflet, but in reverse order. Specifically, we find that the
EC gate undergoes the same conformational steps during lipid
translocation (Fig. 7, Supplementary Figure 15) and that
simultaneous destabilization of the interactions tethering TM3
to TM6 (between E313-R432, E318-R432 and T333-T439) is
required to release the flipped lipid into the external leaflet
(Supplementary Figure 15c, Microstates 4–6). Additionally,
opening of the E313-R432 and E318-R432 gates involves an
increase in numbers of lipid headgroups and water molecules in
the EC vestibule (Supplementary Figure 15b, Microstates 4–6).
Finally, the tICA analysis also identifies rare events, such as those
where the groove is blocked by the lipid tail (Fig. 7a, denoted by *;
Supplementary Figure 10).

Analysis of Trp mutations stabilizing a closed EC gate. The
sequence of steps describing the involvement the EC portions of
TM3 and TM6 in the scrambling mechanism is supported by the
results of the mutagenesis experiments in which these regions
emerged as critical for efficient lipid scrambling (Fig. 2g, h).
Analysis of simulations of the Q436W and A385W mutants
further substantiates our proposed gating mechanism. We find
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that the W436 side chain forms a long-lived hydrogen bond with
E313 (Supplementary Figure 7d, panel Q436W) that locks TM3
and TM6 into interactions favoring the closed conformation of
the EC of the groove. Similarly, H-bonding between W385 and
E313 is evident in simulations of the A385W protomer in which
the pathway is closed by the rare mode of lipid binding (Sup-
plementary Figure 16a, c). In contrast, this H-bond is not stable in
the A385W protomer in which lipid transfer occurs (Fig. 6;
Supplementary Figure 16b, d).

Probing the mechanistic steps in lipid pathway opening. The
combined experimental and computational analysis described
thus far suggested a molecular mechanism for lipid scrambling.
To test our proposal we designed and functionally tested several
additional mutants of nhTMEM16. First, we varied the physico-
chemical characteristics of the 313 and 432 side chains to probe
the role of charged side chains at these locations. Charge-
neutralizing mutations (E313Q, R432L, and R432Q), or charge
reversal (E313R and R432E) (Fig. 8, Supplementary Figure 17),
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reduce lipid transport by >100-fold (Fig. 8g). Similarly, alanine
substitutions at either position reduce scrambling by >100-fold
compared to the WT (Fig. 8g). The only functionally tolerated
substitutions are charge-conserving mutations, E313D and
R432K, which exhibit WT-like characteristics (Fig. 8c, f, g). These
results support our proposal that the charges at E313 and R432
are essential components of the dynamic interacting network that
regulates the opening of the extracellular side of the groove.
Intriguingly, channel activity responded differently to these
mutations, as most constructs maintained significant Ca2
+-dependent ion channel activity in the fluxes, with A(+Ca2+) >
50% (Fig. 8i). The only exception was the charge reversal mutant
E313R whose activity was impaired and Ca2+-independent
(Fig. 8i).

Next, we probed the roles of the other residues comprising the
polar network described above, E318, Q436, and Y439. Replacing
E318 with Alanine or Arginine (E318A, E318R) reduced the
scrambling rate constants respectively by 40-fold and 100-fold
(Fig. 9a, g, h). In contrast, the polarity-preserving E318Q
mutation reduced scrambling only ~2–3 fold (Fig. 9b, g, h),
likely reflecting a more limited ability to engage with R432
compared to the native E318. The effects of these substitutions are
consistent with a decreased ability of mutants to disrupt the
R432-E313 interaction, thus favoring the closed conformation of
the pathway. We probed the R432/E313/E318 interaction
network by combining mutations at these positions. The charge
swap mutant, E313R/R432E, which preserves the electrostatic
interaction but not the possibility of the R432 switch to E318,
reduces scrambling by >100-fold (Fig. 9g, h). Similarly,
simultaneous mutation of both or all three residues to Ala,
E313A/R432A and E313A/E318R/R432A, severely impairs activ-
ity (Fig. 9c, g, h). Finally, reversal of the charges in this network,
E313R/E318R/R432E, results in a completely inactive protein
(Fig. 9c, g, h). These results suggest that a static interaction
network is not sufficient for function. Rather, our data support
the hypothesis that the integrity and remodeling of the interaction
network during gating is essential for scrambling.

We mutated Q346 and Y439 to Alanine to probe their role in
scrambling. If the groove is a passive conduit for lipid
permeation, these mutations should have a lower impact than
the previously analyzed Trp substitutions (Fig. 2). In contrast, the
Q436A and Y439A mutations slow down scrambling ~100-fold
(Fig. 9g, h), consistent with our proposal that the Y439 side chain
is critical for the coordination of the lipid headgroup during
translocation (Fig. 6g, i, Fig. 7) and that Q436 is important for the
stabilization of the R432-E313 interaction.

Discussion
The TMEM16 Ca2+-dependent scramblases and channels form a
membrane-exposed hydrophilic groove23,43 that serves as the
lipid permeation track in a credit card mechanism2,43. Several

studies support this hypothesis and identified residues important
for this process15,16,21,30. However, these studies viewed the
groove as a passive conduit for lipid transfer and the role of its
dynamic rearrangements during scrambling was not investigated.
Here, our results from a combination of experimental and com-
putational approaches identify two constrictions along the groove
that need to be released to allow lipid transfer between the
membrane leaflets. We propose, and experimentally test, a
mechanistic model for the opening of the groove in which
coordinated conformational rearrangements of the groove are
triggered by lipid interactions at its extracellular vestibule. This
leads to a remodeling of the groove and opens a continuous
transmembrane pathway for lipid permeation (Fig. 10a–d).

The key findings leading to the proposed mechanistic model
are (i)-the identification of the structural basis for the two con-
strictions along the lipid groove, and (ii)-the modes of lipid
interactions with residues at the EC end of the groove that trigger
its rearrangement. Opening of the translocation pathway involves
the remodeling of a network of interactions of several polar
residues. Specifically, we show that three charged residues near
the extracellular entryway to the groove on TM3 and TM6 (E313,
E318, and R432) are essential for lipid scrambling (Fig. 2). Pre-
vious work had shown that E313 and R432 are engaged in an
electrostatic interaction and participated in lipid recruitment
from the extracellular leaflet to the groove15,21,22,30. Our present
work expands on these findings by showing that this network
controls lipid access to the groove and includes a third charged
residue, E318 (Fig. 10a). This network undergoes a dynamic
rearrangement in which R432 first switches interaction partner
from E313 to E318, and then disengages from both. This breaks
the interactions holding together the extracellular portions of
TM3 and TM6 (Fig. 10b), allowing TM6 to rotate away from
TM3 and inducing opening of the mid-point constriction at Y439
and T333 (Fig. 10c, d). The trigger for the gating mechanism
involving the rearrangement of the network charged residues is
their association with lipids that bind in specific modes, and the
formation of the continuous water and lipid pathway connecting
the two sides of the membrane that permits lipid scrambling
(Fig. 6). A similar gating mechanism was observed in our recent
computational studies of lipid scrambling by opsin37.

Several lines of evidence support our mechanistic proposal that
the E313/R432 pair and its partners form a dynamically rear-
ranging interaction network, rather than the static electrostatic
interaction seen in the nhTMEM16 structure22. The lack of
activity of the charge-reversed mutant E313R/R432E (Fig. 9),
which preserves the integrity of the interaction, further argues for
additional, position-specific, interactions with neighboring resi-
dues. Indeed, all alterations to the number and/or position of the
charges within the E313/E318/R432 network severely impair
scrambling (Figs. 2, 8, 9), consonant with the proposed
mechanism in which the positioning of these charges associated

Fig. 7Mechanistic events enabling opening of the pathway for lipid flip from the IC to the EC leaflet. a Two-dimensional landscape representing mapping of
all Stage 3 trajectories of the WT nhTMEM16 in POPC membrane (WTensemble) onto the first two tICA eigenvectors (tICA 1 and tICA 2, see 'Methods' for
details of tICA analysis). The location of microstates 1–6 that represent the translocation of the lipid through nhTMEM16 groove is denoted and the
structural representation of these microstates are given in the surrounding snapshots. In these structural models, the advancing lipid is rendered in licorice
(colored according to atom type), and relevant groove residues are shown in space fill representations and labeled (in microstates 2 and 5). Microstate
denoted by * captures rare mode of protein–lipid interaction in which the hydrocarbon tail of a lipid inserts into the EC side of the groove interfering with
the translocation of the advancing lipid (see also Supplementary Figure 10c). b Sequence of mechanistic events leading to the lipid flip. c Structural
characteristics of the selected six microstates. The columns from left to right record the probability distributions of Z-directional distance between the
phosphorus atom of the translocated lipid and the Cα atom of R432 (the 0 on the x-axis represents position of the lipid with its phosphorus atom aligned in
the Z direction with the Cα atom of R432), of lipid tilt angle, of minimum distance between T333 and Y439, and of opening between the EC ends of TM3
and TM6 helices measured as the distance between the center-of-masses of two groups: Cα atoms of residues 315 to 318 on TM3, and Cα atoms of
residues 432 to 435 on TM6
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with TMs 3 and TM6 is controlled by more than static pairwise
interactions21. In addition to forming a lipid binding site, as
suggested21, the modes of interactions of these residues with the
headgroups of the permeating lipids, and with Q436, change with
the rearrangement of the network (Figs. 5, 6). This rearrangement
is essential for the opening and widening of the groove. Inter-
estingly, in the TMEM16A channel-only homologue23,29, the
extracellular vestibule of the groove is narrower than in the
nhTMEM16 scramblase, suggesting that rearrangements in this
region might be sufficient to allow ion passage but still prevent
lipid permeation. In light of this hypothesis, it is interesting to
note that the charge reversal mutation R432E retains WT-like
channel activity while not conducting lipids (Fig. 8).

Several reports indicate that nhTMEM16 locally deforms the
bilayer to allow multiple lipid headgroups to populate its wide
intracellular vestibule (Fig. 4)15,21,44. Here, we also find that
several lipids from the outer leaflet interact with the extracellular
entryway of the lipid permeation pathway from positions away
from the plane of the outer leaflet (Figs. 4, 6). Such local dis-
tortions, together with the widening of the groove that follows the
separation of TM3 and TM6, may also allow the
TMEM16 scramblases to move lipids with large headgroups
between the two leaflets, even without penetration into the
groove. This is in good agreement with our recent finding that
nhTMEM16 and afTMEM16 transport PE lipids conjugated to
polyethylene glycols of molecular weight as high as 5 kDa35.

In the simulations described here we do not detect ion trans-
location events, consistent with our finding that nhTMEM16 does
not function as an ion channel in a 3:1 POPE:POPG lipid mix-
ture28. It is tempting to speculate that the lack of ion transloca-
tion, which differs from its observation in otherwise similar
simulations15, may reflect the existence of different modes of
opening of the groove that are accessible to lipids only, or lipids
and ions, when the membranes surrounding nhTMEM16 differ in
lipid composition. Additionally, our simulations were performed
without an applied voltage whereas high voltages (reaching 500
mV) were used to promote ion transport in other reports15. The
voltage drop across the relatively narrow extracellular entryway of
the groove is likely to be experienced by the charged E313/E318/
R432 triad and provide sufficient energy for the ions, and possibly
the lipids, to overcome the hydrophilic lock there. This is

consistent with the finding that scrambling in TMEM16A/16F
chimeras entails a slow conformational change of the ion pathway
that affects its ion selectivity and pharmacology15,16.

Our proposed mechanism can naturally account for the
otherwise puzzling finding that mutations, far from the extra-
cellular constriction, can convert the channel-only TMEM16A
homologue into a scramblase15,16. In our view, the groove is no
longer a passive conduit for lipid diffusion; rather it is gated at its
extracellular entry by a finely tuned network of interactions that
regulates the opening of constrictions. Thus, we suggest that in
the channel-only TMEM16s23 the extracellular gate does not
open sufficiently to couple to the central constriction, thereby
preventing the conformational changes needed to allow lipid
scrambling. In contrast, this pathway is functional in the channel/
scramblase homologues, so that Ca2+-binding can lead to the
rearrangements in TM6 required for the opening of the extra-
cellular gate by lipid interactions. We did not explicitly explore
the specific elements of Ca2+-dependent activation, but we note
that TM6 harbors three essential gating elements of the
nhTMEM16 scramblase: the Ca2+ binding site, the central con-
striction, and the extracellular polar gate (Fig. 1b). It is therefore
tempting to speculate that conformational changes ensuing from
Ca2+ binding to nhTMEM16 would participate in the opening of
the central and extracellular gates via a rearrangement of TM6.

Methods
Protein purification. For the expression of purification of proteins, C-terminal
Myc-streptavidin-binding peptide (SBP)-tagged nhTMEM16 construct was used22.
Expression and purification of WT and mutant proteins were carried out essen-
tially as described22,28. S. cerevisiae cell (FGY217, from Dr. Drew, University of
Stockholm)45 were transformed with WT and mutant constructs, grown to an O.D.
of 0.8 and protein expression was induced by the addition of 2% galactose for 40 h
at 25℃. Cells were resuspended in lysis buffer (150 mM NaCl, 50 mM HEPES, pH
7.6) containing protease inhibitor cocktail and lysed with an EmulsiFlex-C3
homogenizer at above 25,000 psi. Membrane proteins were extracted by supple-
menting the lysis buffer with 2% n-dodecyl-β-D-maltopyranoside (DDM, Ana-
trace), and incubated for 1.5 h at 4℃. Proteins were purified using Streptavidin
Plus UltraLink Resin (Pierce) followed by gel filtration chromatography with buffer
(150 mM NaCl, 5 mM HEPES pH 7.6, 0.025% DDM) by using a Superdex 200
column (GE Healthcare).

Reconstitution into liposomes. For the scrambling assay 0.5 mole % 1-myristoyl-
2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-
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Fig. 8 The charge of E313 and R432 is essential for lipid scrambling. a–f Time course of dithionite-induced fluorescence decay for the indicated nhTMEM16
mutants of E313 and R432 in the presence (red) and absence (black) of Ca2+. Dashed yellow lines indicate fits to Eq. (6). Protein-free traces are shown in
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phosphoethanolamine (NBD-PE) was additionally added to the lipid mixture.
Liposomes were prepared from a 2.25:0.75:1 mixture of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE): 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-(1′-rac-glycerol) (POPG) and L-α-Phosphatidylcholine (Egg, Chicken-60%).
All lipids were purchased from Avanti Polar Lipids. Lipids were dissolved in
reconstitution buffer (300 mM KCl, 50 mM HEPES, pH 7.4) in the presence of 35
mM 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS,
Pierce). After completely dissolving lipids, the purified protein was added to the
desired protein to lipid ratio, typically 5 μg protein/mg of lipid which corresponds
to a density of 5–6 proteins per liposome. Proteoliposomes were formed by
removing the detergent with four exchange steps of Bio-beads SM-2 adsorbent
(160 mg/ml of lipid, Bio-Rad). The Ca2+concentration was adjusted by adding the
desired amount of Ca2+ or EGTA and equilibrating the liposomes with three
freeze/thaw cycles. Liposomes were extruded 21 times through a 400-nm mem-
brane before being used for scrambling and flux assays. To estimate the efficiency
of protein incorporation, liposomes were collected after every Bio-beads exchange
step and analyzed by SDS-PAGE. Protein amounts were visualized by Coomassie
staining and their relative amounts were quantified by densitometry using the
Image J software.

Phospholipid scrambling assay. Phospholipid scrambling was monitored as
described in a previous study14. Briefly, 20 μl of extruded liposomes were added
into 2 ml of external solution (300 mM KCl, 50 mM HEPES, 0.5 mM Ca(NO3)2 or
2 mM EGTA, pH 7.4). Fluorescence was acquired in a PTI spectrofluorimeter using
excitation and emission wavelengths of 470 and 530 nm, respectively. Forty-
microliters of sodium dithionite (40 mM final concentration, added from a tock
solution prepared in 1M Tris) was added to initiate the reaction and bleach the
NBD fluorophores.

Quantification of scrambling activity. The total fluorescence of a population of
nhTMEM16-containing proteoliposomes reconstituted with NBD-labeled lipids is
the sum of the signal from vesicles that contain at least one active scramblase,
FScr(t), and of those that are empty, FPF(t), weighted by their relative abundance:

Ftot tð Þ ¼ f0FPF tð Þ þ 1� f0ð ÞFScr tð Þ ð1Þ

where f0 is the fraction of empty vesicles. The fluorescence signal, F(t), is pro-
portional to the sum of the signal from fluorescent lipids in the inner, Li(t), and
outer leaflets, Lo(t), so that

F tð Þ¼ Li tð ÞþLo tð Þ

In protein-free vesicles only lipids in the outer leaflet are accessible to dithionite, so
that the time course of fluorescence decay is described by the following scheme

Li Lo !
γ
L� ð2Þ

where L* is the bleached, non-fluorescent form of the NBD-labeled lipids after
dithionite reduction, and the dithionite reduction rate γ= γ’[D] where γ’ is the

second order rate constant of dithionite reduction and [D] is the dithionite con-
centration. Note that the Li to Lo transition is prohibited as there are no scram-
blases. Therefore, FPF(t) will be given by

FPF tð Þ ¼ LPFi þ ð1� LPFi Þe�γt
� � ð3Þ

with the assumption that LiPF+ LoPF= 1, as the fluorescent lipids are in one of the
two leaflets.

The time course of fluorescence decay post-dithionite addition of a liposome
containing at least one active scramblase is described by a 3-state Markov model
(Fig. 3a)35,46

Li $
α

β
Lo !

γ
L� ð4Þ

Where α and β are the forward and backwards scrambling rates. The time
evolution of this system can be analytically derived35 and, under the additional
assumption that at t=0 the system is at the equilibrium state generated by the
scramblases, is given by

FScr tð Þ ¼
α λ2 þ γð Þ λ1 þ αþ βð Þeλ1t þ λ1β λ2 þ αþ βþ γð Þeλ2t� �

Dðαþ βÞ ð5Þ

with

λ1 ¼ � ðαþβþγÞ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αþβþγð Þ2�4αγ

p
2

λ2 ¼ � ðαþβþγÞþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αþβþγð Þ2�4αγ

p
2

and
D ¼ λ1 þ αð Þ λ2 þ βþ γð Þ � αβ
Substituting Eqs. (3), (5) into Eq. (1) we get the time evolution of the total

system is

Ftot tð Þ ¼ f0 LPFi þ 1� LPFi
� �

e�γt
� �þ 1� f0ð Þ

D αþ βð Þ fα λ2 þ γð Þ λ1 þ αþ βð Þeλ1t

þλ1β λ2 þ αþ βþ γð Þeλ2tg
ð6Þ

LiPF is calculated by fitting of protein-free liposomes and it is fixed during the
fitting of WT and mutant traces in the same batch. For all mutant traces we
constrained the value of f0 to that determined in WT proteoliposomes in the
presence of Ca2+ in same reconstitution. This allows proper fitting of the data for
low activity mutants, and is supported by the finding that the reconstitution
efficiency of all mutants is comparable to that of WT nhTMEM16 (Supplementary
Figure 2). It is important to note that in protein-free vesicles we do observe a very
slow fluorescence decay (Fig. 2), which likely reflects a slow leakage of dithionite
into the vesicles or the spontaneous flipping of the NBD-labeled lipids, whose rate
can be estimated with a linear fit to be L= (5.4 ± 1.6) × 10−5 s−1 (n > 160). For WT
nhTMEM16 and most mutants the leak is >2 orders of magnitude smaller than the
rate constant of protein-mediated scrambling and therefore is negligible. However,
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Fig. 9 Evaluation of the suggested model for lipid scrambling. a–f Time course of dithionite-induced fluorescence decay for the indicated nhTMEM16
mutants in the presence (red) and absence (black) of Ca2+. Dashed yellow lines indicate fits to Eq. (6). Protein-free traces are shown in green. g, h
Quantification of scrambling rate constants α and β for WT and mutant nhTMEM16 (n= 6) in the presence (g) and absence of Ca2+ (h). The effects were
categorized as in Fig. 2g, h. Individual data points are shown as empty circles. Data is mean ± S.D. i Fraction of the liposomes containing at least one active
channel in the presence (red) and absence of Ca2+ (black). All data is reported as the mean ± S.D. The number of replicates are indicated in Supplementary
Table 1
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some mutants have very low activity, with α= β ≪ γ, so that Eq. (6) can be
approximated by the sum of a single exponential and a linear function of the form
Ftot tð Þ ¼ Aþ Be�γt � C αþ Lð Þt, where A, B, and C are constants. In these cases,
only the linear part of the trace was fit to the linear function

F tð Þ¼ �C αþ Lð Þt ð7Þ

with L fixed to the experimentally determined value of the protein-free liposomes.
The values of α= β determined in these cases range between 6.5 × 10−6 and 7.4 ×
10−5 s−1 validating the use of a linear approximation for the exponential decays.
Exact values and number of repeats are reported in Supplementary Table 1.

Flux assay. Cl− flux assay was conducted as described previously14. In order to
exchange the extracellular ionic composition, liposomes were equilibrated in the
external buffer (1 mM KCl, 300 mM Na-glutamate, 50 mM HEPES, pH 7.4) by
spinning through a Sephadex G50 column (Sigma-Aldrich) pre-equilibrated in
external buffer, 0.2 mL of the flow through was added to1.8 ml of external solution
and the total Cl− content of the liposomes was measured using an Ag:AgCl
electrode after disruption of the vesicle by addition of 40 μL of 1.5 M n-octyl-β-D-
glucopyranoside (Anatrace). The fraction of liposomes containing at least one
active nhTMEM16 ion channel, A, was quantified as follows:

A ¼ 100 1� ΔCl
ΔClPF

� �
ð8Þ

where ΔCl is the change in [Cl−] recorded upon detergent addition and ΔClPF is
the Cl− content of protein-free liposomes prepared in the presence of 0.5 mM Ca2+

and in the same lipid composition.

Molecular systems. For all the atomistic MD simulations an X-ray structure of the
TMEM16 homologue from Nectria haematococca (nhTMEM16, PDBID: 4WIS),
was used22. Several short fragments missing from the X-ray model (residue seg-
ments 1–18, 130–140, 465–482, 586–593, 657–659, 685–691, and 720–735) were
reconstructed to complete the protein structure using modeler 9v147. The A385W
and Q436W mutations were introduced by BuildModel algorithm available in the
FoldX suite48.

The spatial arrangement of the wild type (WT) and the mutant nhTMEM16
constructs in a lipid bilayer was then optimized using Orientations of Proteins in
Membranes (OPM) database49 and inputted into Membrane Builder module on
CHARMM-GUI web-server50 in order to assemble protein-membrane systems.
The protein models were embedded into 1500-lipid size membrane containing 3:1
mixture of POPE and POPG lipids. In additional computational experiments, the
WT nhTMEM16 construct was inserted into a POPC bilayer composed of 680
lipids for simulations that more closely match the nhTMEM16-membrane systems
investigated in several recently published studies15,21. The protein-membrane
complexes were then solvated in 0.15 M K+ Cl− explicit water solution to achieve
electroneutrality.

Atomistic MD simulation protocols and force-fields. The assembled molecular
systems were first subjected to multi-step equilibration protocol established pre-
viously42 using NAMD software version 2.1051. During this stage, the backbone of
the protein was first fixed and then harmonically restrained with the constraints on
the protein backbone gradually released in three steps of 1 ns each by changing the
force constants from 1, to 0.5, and 0.1 kcal/(mol Å2), respectively. This phase was
followed by unbiased MD simulations performed with a 2 fs integration time-step,
under the NPT ensemble (at T= 310 K) and with semi-isotropic pressure coupling,
using the Particle-Mesh-Ewald (PME) method for electrostatics52 and the Nose-
Hoover Langevin piston53 to control the target 1 atm pressure, with Langevin
piston period and decay parameters set to 100 and 50 fs, respectively. For the WT
system in POPE:POPG membrane, the unbiased MD phase was run in two sta-
tistically independent replicates (with new set of velocities generated by random
seed) for 370 and 390 ns, respectively. For the mutant constructs in POPE:POPG
bilayer, the unbiased MD step was carried out for 23 ns.

After this initial phase, all the molecular systems in POPE:POPG membranes
were subjected to microsecond-scale MD simulations (see Supplementary Table 2)
on Anton2, a special-purpose supercomputer machine54. These production runs
were carried out in the NPT ensemble under semi-isotropic pressure coupling
conditions (using the Multigrator scheme that employs the Martyna-Tuckerman-
Klein (MTK) barostat55 and the Nosé-Hoover thermostat56), at 310 K temperature,
with 2.5 fs time-step, and using PME for electrostatic interactions.

The simulations of the WT system in POPC membrane were carried out using a
multi-stage iterative protocol (see Supplementary Figure 13a) that was specifically
designed to increase sampling of lipid translocation events37. Thus, the system
equilibration phase described above was followed by 380 ns unbiased MD run
(termed Stage 1). The simulations in the next phase (Stage 2) were initiated from
the last frame of the Stage 1 trajectory by resetting velocities. The Stage
2 simulations were run in eight statistically independent replicates for 15 ns/each.
Stage 3 was composed of an ensemble of 24 statistically independent MD
simulations (obtained again by randomizing velocities), initiated from the Stage 2
trajectory in which lipid advanced from the IC side to the central region of the
groove (indicated by the red arrow in Supplementary Figure 13a).

Stage 1 of this multi-scale iterative protocol was run with NAMD 2.10 as
described above. Stages 2 and 3 were carried out with the latest version of the
ACEMD software57 and run according to the protocol developed at Acellera and
implemented by us previously37,42,57,58. The conditions include the PME method
for electrostatic calculations, 4 fs integration time-step, and the standard mass
repartitioning procedure for hydrogen atoms. The computations were conducted
under the NVT ensemble (at T= 298 K), using the Langevin Thermostat with the
Langevin Damping Factor set to 0.1.

All the simulations implemented the CHARMM36 force-field parameters for
proteins59, lipids60,61, and ions62.

Dimensionality reduction using tICA. To facilitate analysis of lipid translocation
process in the ensemble MD simulations of the WT nhTMEM16 embedded in
POPC membranes, we performed dimensionality reduction using the tICA
approach, the time-structure based independent component analysis, as described

dcb E313-R432 open
T333-Y439 open

E313-R432 open
T333-Y439 closed

E313-R432 closed
T333-Y439 open

E313-R432 closed
T333-Y439 closed

a

Fig. 10Mechanistic steps involved in opening of the extracellular vestibule of the nhTMEM16 groove. a–d The nhTMEM16 groove is viewed from the plane
of the membrane. For clarity only TM3-6 are shown in ribbon representation, E313, E318, and R432 are shown as sticks in CPK yellow, T333 and Y439 are
shown as sticks in CPK green. Dashed lines represent the distance between the oxygen of E313 and the nitrogen of R432 (yellow) or between the oxygen of
T333 and that of Y439 (green). a The groove is in the conformation from the crystal structure; b the extracellular vestibule opens, while the central
constriction remains closed; c the extracellular vestibule is closed and the central constriction is open; d both constrictions are open
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before37. To define the tICA space we used the following eight dynamic variables
extracted from the analysis of the ensemble MD trajectories: (1)-the z-directional
distance between the phosphorus atom of the translocated lipid and the Cα atom of
R432; (2)-the minimum distance between T333 and Y439; (3–5)-the minimum
distances between Y439 and R432; between E313 and R432; and between E318 and
R432 (defined as distance between carbonyl oxygen of Glu and sidechain nitrogen
of Arg); (6–8)-the distances between the phosphorus atom of the translocated lipid
and residues E313, E318, and R432. For additional details, see Results and Sup-
plementary Figure 14, 15.

Definition of the hydrophilic groove and its compartments. To quantify
hydration of the groove and of its various compartments and to facilitate
description of lipid dynamics along the groove we defined several volumes and
counted number of waters and lipids in these volumes. Thus, a water molecule was
considered to belong to the groove (see Supplementary Figure 5) if any of its atoms
was within 3 Å of the sidechains of the following residues lining the groove area:
302, 306, 310, 313, 333, 336, 337, 340, 341, 344, 348, 352, 367, 370, 371, 374, 377,
378, 381, 382, 385, 432, 436, 439, 440, 444, 447, 451, 455, 499, 501, 505, 509, and
513. Similarly, a lipid was deemed to be in the groove if its phosphorus atom was
within 5 Å of the sidechains of the same set of residues. In addition, water molecule
(or lipid) was considered to belong to the extracellular vestibule of the groove if z-
coordinate (along membrane normal) of any atom of the water molecule (or the
phosphorus atom of the lipid) was found between the x/y (membrane) planes
defined by the Cα atoms of residues T381 and Q436 (see Fig. 4b).

Data availability. Data supporting the findings of this manuscript are available
from the corresponding authors upon reasonable request.

Received: 4 December 2017 Accepted: 4 July 2018

References
1. Kobayashi, T. & Menon, A. K. Transbilayer lipid asymmetry. Curr. Biol. 28,

R386–R391 (2018).
2. Pomorski, T. & Menon, A. K. Lipid flippases and their biological functions.

Cell Mol. Life Sci. 63, 2908–2921 (2006).
3. Daleke, D. L. Phospholipid flippases. J. Biol. Chem. 282, 821–825 (2007).
4. Sebastian, T. T., Baldridge, R. D., Xu, P. & Graham, T. R. Phospholipid

flippases: building asymmetric membranes and transport vesicles. Biochim.
Biophys. Acta 1821, 1068–1077 (2012).

5. Bevers, E. M. & Williamson, P. L. Getting to the outer leaflet: physiology of
phosphatidylserine exposure at the plasma membrane. Physiol. Rev. 96,
605–645 (2016).

6. van Kruchten, R. et al. Both TMEM16F-dependent and TMEM16F-
independent pathways contribute to phosphatidylserine exposure in platelet
apoptosis and platelet activation. Blood 121, 1850–1857 (2013).

7. Hochreiter-Hufford, A. E. et al. Phosphatidylserine receptor BAI1 and
apoptotic cells as new promoters of myoblast fusion. Nature 497, 263–267
(2013).

8. Segawa, K., Suzuki, J. & Nagata, S. Constitutive exposure of phosphatidylserine
on viable cells. PNAS 108, 19246–19251 (2011).

9. Yeung, T. et al. Membrane phosphatidylserine regulates surface charge and
protein localization. Science 319, 210–213 (2008).

10. Wanderley, J. L., Moreira, M. E., Benjamin, A., Bonomo, A. C. & Barcinski, M.
A. Mimicry of apoptotic cells by exposing phosphatidylserine participates in
the establishment of amastigotes of Leishmania (L) amazonensis in
mammalian hosts. J. Immunol. 176, 1834–1839 (2006).

11. Suzuki, J., Umeda, M., Sims, P. J. & Nagata, S. Calcium-dependent
phospholipid scrambling by TMEM16F. Nature 468, 834–838 (2010).

12. Yang, H. et al. TMEM16F forms a Ca(2+)-activated cation channel required
for lipid scrambling in platelets during blood coagulation. Cell 151, 111–122
(2012).

13. Ehlen, H. W. et al. Inactivation of Anoctamin-6/Tmem16f, a regulator of
phosphatidylserine scrambling in osteoblasts, leads to decreased mineral
deposition in skeletal tissues. J. Bone Miner. Res. 28, 246–259 (2013).

14. Malvezzi, M. et al. Ca2+-dependent phospholipid scrambling by a
reconstituted TMEM16 ion channel. Nat. Commun. 4, 2367 (2013).

15. Jiang, T., Yu, K., Hartzell, H. C. & Tajkhorshid, E. Lipids and ions traverse the
membrane by the same physical pathway in the nhTMEM16 scramblase. eLife
6, e28671 (2017).

16. Yu, K. et al. Identification of a lipid scrambling domain in ANO6/TMEM16F.
eLife 4, e06901 (2015).

17. Scudieri, P. et al. Ion channel and lipid scramblase activity associated with
expression of TMEM16F/ANO6 isoforms. J. Physiol. 59317, 3829–384817
(2015).

18. Suzuki, J., Imanishi, E. & Nagata, S. Exposure of phosphatidylserine by Xk-
related protein family members during apoptosis. J. Biol. Chem. 289,
30257–30267 (2014).

19. Suzuki, J., Imanishi, E. & Nagata, S. Xkr8 phospholipid scrambling complex in
apoptotic phosphatidylserine exposure. Proc. Natl Acad. Sci. USA 113,
9509–9514 (2016).

20. Suzuki, J., Denning, D. P., Imanishi, E., Horvitz, H. R. & Nagata, S. Xk-related
protein 8 and CED-8 promote phosphatidylserine exposure in apoptotic cells.
Science 341, 403–406 (2013).

21. Bethel, N. P. & Grabe, M. Atomistic insight into lipid translocation by a
TMEM16 scramblase. Proc. Natl Acad. Sci. USA 113, 14049–14054 (2016).

22. Brunner, J. D., Lim, N. K., Schenck, S., Duerst, A. & Dutzler, R. X-ray
structure of a calcium-activated TMEM16 lipid scramblase. Nature 516,
207–212 (2014).

23. Paulino, C., Kalienkova, V., Lam, A. K. M., Neldner, Y. & Dutzler, R.
Activation mechanism of the calcium-activated chloride channel TMEM16A
revealed by cryo-EM. Nature 552, 421–425 (2017).

24. Picollo, A., Malvezzi, M. & Accardi, A. TMEM16 proteins: unknown structure
and confusing function. J. Mol. Biol. 427, 94–105 (2015).

25. Caputo, A. et al. TMEM16A, a membrane protein associated with calcium-
dependent chloride channel activity. Science 322, 590–594 (2008).

26. Yang, Y. D. et al. TMEM16A confers receptor-activated calcium-dependent
chloride conductance. Nature 455, 1210–1215 (2008).

27. Schroeder, B. C., Cheng, T., Jan, Y. N. & Jan, L. Y. Expression cloning of
TMEM16A as a calcium-activated chloride channel subunit. Cell 134, 11
(2008).

28. Lee, B.-C., Menon Anant, K. & Accardi, A. The nhTMEM16 scramblase is also
a nonselective ion channel. Biophys. J. 111, 1919–1924 (2016).

29. Dang, S. et al. Cryo-EM structures of the TMEM16A calcium-activated
chloride channel. Nature 552, 426–429 (2017).

30. Gyobu, S., Ishihara, K., Suzuki, J., Segawa, K. & Nagata, S. Characterization of
the scrambling domain of the TMEM16 family. Proc. Natl Acad. Sci. USA 114,
6274–6279 (2017).

31. Peters, C. J. et al. Four basic residues critical for the ion selectivity and pore
blocker sensitivity of TMEM16A calcium-activated chloride channels. Proc.
Natl Acad. Sci. USA 112, 3547–3552 (2015).

32. Whitlock, J. M. & Hartzell, H. C. Anoctamins/TMEM16 proteins: chloride
channels flirting with lipids and extracellular vesicles. Annu. Rev. Physiol. 10,
119–143 (2017).

33. Whitlock, J. M. & Hartzell, H. C. A Pore Idea: the ion conduction pathway of
TMEM16/ANO proteins is composed partly of lipid. Pflug. Arch. 468,
455–473 (2016).

34. Menon, I. et al. Opsin is a phospholipid flippase. Curr. Biol. 21, 149–153
(2011).

35. Malvezzi, M. et al. Out of the groove transport of lipids by TMEM16 and
GPCR scramblases. PNAS 115, E7033–E7042 (2018).

36. Walden, M. et al. Uncoupling and turnover in a Cl−/H+ exchange transporter.
J. Gen. Physiol. 129, 317–329 (2007).

37. Morra, G. et al. Mechanisms of lipid scrambling by the G protein-coupled
receptor Opsin. Structure 26, 356–367.e353 (2018).

38. Molgedey, L. & Schuster, H. G. Separation of a mixture of independent signals
using time delayed correlations. Phys. Rev. Lett. 72, 3634–3637 (1994).

39. Naritomi, Y. & Fuchigami, S. Slow dynamics in protein fluctuations revealed
by time-structure based independent component analysis: the case of domain
motions. J. Chem. Phys. 134, 065101 (2011).

40. Perez-Hernandez, G., Paul, F., Giorgino, T., De Fabritiis, G. & Noe, F.
Identification of slow molecular order parameters for Markov model
construction. J. Chem. Phys. 139, 015102 (2013).

41. Schwantes, C. R. & Pande, V. S. Improvements in Markov State Model
Construction Reveal Many Non-Native Interactions in the Folding of NTL9. J.
Chem. Theory Comput. 9, 2000–2009 (2013).

42. Razavi, A. M., Khelashvili, G. & Weinstein, H. A Markov State-based
Quantitative Kinetic Model of Sodium Release from the Dopamine
Transporter. Sci. Rep. 7, 40076 (2017).

43. Brunner, J. D., Schenck, S. & Dutzler, R. Structural basis for phospholipid
scrambling in the TMEM16 family. Curr. Opin. Struct. Biol. 39, 61–70 (2016).

44. Stansfeld, P. J. et al. MemProtMD: automated insertion of membrane protein
structures into explicit lipid membranes. Structure 23, 1350–1361 (2015).

45. Drew, D. et al. GFP-based optimization scheme for the overexpression and
purification of eukaryotic membrane proteins in Saccharomyces cerevisiae.
Nat. Protoc. 3, 784–798 (2008).

46. Marx, U. et al. Rapid flip-flop of phospholipids in endoplasmic reticulum
membranes studied by a stopped-flow approach. Biophys. J. 78, 2628–2640
(2000).

47. Eswar, N. et al. Comparative protein structure modeling using Modeller. Curr.
Protoc. Bioinforma. Chapter 5, Unit 5–Unit 6 (2006).

48. Schymkowitz, J. et al. The FoldX web server: an online force field. Nucleic
Acids Res. 33, W382–W388 (2005).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05724-1 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:3251 | DOI: 10.1038/s41467-018-05724-1 | www.nature.com/naturecommunications 13

www.nature.com/naturecommunications
www.nature.com/naturecommunications


49. Lomize, M. A., Lomize, A. L., Pogozheva, I. D. & Mosberg, H. I. OPM:
orientations of proteins in membranes database. Bioinformatics 22, 623–625
(2006).

50. Qi, Y. et al. CHARMM-GUI Martini maker for coarse-grained simulations
with the Martini force field. J. Chem. Theory Comput. 11, 4486–4494 (2015).

51. Phillips, J. C. et al. Scalable molecular dynamics with NAMD. J. Comput.
Chem. 26, 1781–1802 (2005).

52. Essmann, U. et al. A Smooth Particle Mesh Ewald Method. J. Chem. Phys. 103,
8577–8593 (1995).

53. Evans, D. J. & Holian, B. L. The Nose-Hoover Thermostat. J. Chem. Phys. 83,
4069–4074 (1985).

54. Shaw, D. E. et al. Anton 2: raising the bar for performance and
programmability in a special-purpose molecular dynamics supercomputer.
IEEE 2015, 41–53 (2014).

55. KML, Martyna G. J. & Tuckerman, M. Nose-Hoover chains - the canonical
ensemble via continuous dynamics. J. Phys. Chem. 97, 2635–2643 (1992).

56. Hoover, W. G. Canonical dynamics: equilibrium phase-space distributions.
Phys. Rev. A 31, 1695–1697 (1985).

57. Harvey, M. J., Giupponi, G. & De Fabritiis, G. ACEMD: accelerating
biomolecular dynamics in the microsecond time scale. J. Chem. Theory
Comput. 5, 1632–1639 (2009).

58. Khelashvili, G. et al. Spontaneous inward opening of the dopamine
transporter is triggered by PIP2-regulated dynamics of the N-terminus. ACS
Chem. Neurosci. 6, 1825–1837 (2015).

59. Best, R. B. et al. Optimization of the additive CHARMM all-atom protein
force field targeting improved sampling of the backbone phi, psi and side-
chain chi(1) and chi(2) dihedral angles. J. Chem. Theory Comput. 8,
3257–3273 (2012).

60. Klauda, J. B. et al. Update of the CHARMM all-atom additive force field for
lipids: validation on six lipid types. J. Phys. Chem. B 114, 7830–7843 (2010).

61. Wu, E. L. et al. CHARMM-GUI membrane builder toward realistic biological
membrane simulations. J. Comput. Chem. 35, 1997–2004 (2014).

62. Venable, R. M., Luo, Y., Gawrisch, K., Roux, B. & Pastor, R. W. Simulations
of anionic lipid membranes: development of interaction-specific ion
parameters and validation using NMR data. J. Phys. Chem. B 117,
10183–10192 (2013).

Acknowledgements
The authors thank members of the Accardi and Weinstein labs for helpful discussions. This
work was supported by NIH Grant R01GM106717 (to A.K.M. and A.A.), an Irma T.
Hirschl/Monique Weill-Caulier Scholar Award (to A.A.), by the Basic Science Research
Program through the National Research Foundation of Korea (N.R.F.) funded by the
Ministry of Education, Science and Technology (grant 2013R1A6A3A03064407 to B.-C. L.),
the 1923 Fund and Cofrin Center for Biological Information (to H.W. and G.K.). The
computational work used the Extreme Science and Engineering Discovery Environment

(XSEDE, account TG- MCB120008), which is supported by National Science Foundation
grant number ACI-1053575, the Anton 2 computer at the Pittsburgh Supercomputing
Center (PSC) through Grant R01GM116961 from the National Institutes of Health (The
Anton 2 machine at PSC was generously made available by D.E. Shaw Research), resources
of the Oak Ridge Leadership Computing Facility (ALCC allocation BIP109 and Director’s
Discretionary allocation) at the Oak Ridge National Laboratory, which is supported by the
Office of Science of the U.S. Department of Energy under contract no. DE-AC05-
00OR22725, the computational resources of the David A. Cofrin Center for Biomedical
Information in the HRH Prince Alwaleed Bin Talal Bin Abdulaziz Alsaud Institute for
Computational Biomedicine at Weill Cornell Medical College.

Author contributions
B.-C.L., G.K., H.W. A.K.M., and A.A. designed the experiments, B.-C.L. and M.F. per-
formed experiments, G.K. performed the molecular dynamics simulations, B.-C.L., G.K.,
H.W., and A.A. analyzed the data and wrote the paper. All authors edited the
manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-05724-1.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05724-1

14 NATURE COMMUNICATIONS |  (2018) 9:3251 | DOI: 10.1038/s41467-018-05724-1 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-018-05724-1
https://doi.org/10.1038/s41467-018-05724-1
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications


Gating mechanism of the extracellular entry to the lipid pathway in a TMEM16 

scramblase 

 

 

 

Byoung-Cheol Lee, George Khelashvili, Maria Falzone, Anant K. Menon, Harel 

Weinstein and Alessio Accardi 
 

  



SUPPLEMENTARY INFORMATION 

 

Supplementary Note 1 

In the tICA landscape shown in Supplementary Figure 14c, the region denoted by the yellow 

dot indicates the origin of all Stage 3 trajectories, where a lipid partitions into the groove 

from the IC leaflet and moves some way towards the EC leaflet (Supplementary Figure 13b). 

The tICA space contains two partially overlapping regions (Supplementary Figure 14d) 

containing, respectively, states of the system evolving towards a complete flip 

(Supplementary Figure 14d, left panel, “Flipped”), and states where no such transition occurs 

and the lipid either remains within the groove or diffuses back into the IC leaflet 

(Supplementary Figure 14d, right panel, “Not Flipped”). Thus, the tICA space captures the 

key mechanistic steps that define the transition of a lipid between the two leaflets (Fig. 7a). 

To facilitate visualization, we show structural representations corresponding to key 

intermediate conformations along the transition pathway (Fig. 7a, States 1-6). The histograms 

in Fig. 7c quantify dynamic variables in the 6 States identified structurally. This information, 

supplemented by the histograms in Supplementary Figure 15b, characterizes the changes 

occurring in the system that evolves through the steps of lipid transfer between the leaflets.  

Specifically, in State 1 the lipid is in the IC vestibule of the groove, with its 

headgroup far below R432 (Z=-20 Å in Fig. 7c, “Lipid-R432”) and its tail relatively upright 

(small tilt values in Fig. 7c, “Lipid Orientation”). In this State, the EC part of the groove is in 

closed conformation as quantified by the pair-wise distances between the gate residues (see 

“T333-Y439” in Fig. 7c, “E313-R432” and “E318-R432” in Supplementary Figure 15b) as 

well as by the overall distance between the EC ends of TM3 and TM6 helices (Fig. 7c, 

“TM3-TM6 EC”). 

 States 2-3 comprise the initial stages of the lipid flip, as its headgroup moves about 

half-way towards the EC leaflet (Fig. 7c, “Lipid-R432”) while the tail assumes a horizontal 

orientation (Fig. 7c, tilt values of ~90°). During these stages, the EC constrictions remain 

closed (see the histograms of the EC gate variables in Fig. 7c and in Supplementary Figure 

15b). The next stage of the lipid translocation (State 4) is characterized by the opening of the 

T333-Y439 constriction (Fig. 7c), which allows the lipid headgroup to progress further 

towards the external leaflet (“Lipid-R432” distance in Fig. 7c reaches Z=0Å) as its tails begin 

to re-orient (tilt angles of ~140° in Fig. 7c). In addition, the E313-R432 and E318-R432 



interactions begin to destabilize (Supplementary Figure 15b) resulting in the emergence of a 

population of states with a relatively wide EC vestibule (see “TM3-TM6 EC” in Fig. 7c). 

As the lipid moves past the T333-Y439 constriction it completes the flip and the 

headgroup reaches the level of the R432 residue (State 5 in Fig. 7c). Concomitantly, the 

TM3-TM6 gates are more frequently in open configurations (Fig. 7c, Supplemental Fig. 15b). 

Note that in this state the lipid head-group is still coordinated by the groove residues (see 

“Lipid Coordination” in Supplementary Figure 15b). This coordination is lost in the last stage 

of the flipping process (State 6, “Lipid Coordination” in Supplementary Figure 15b) when 

TM3 and TM6 disengage completely from each other (Fig. 7c) allowing the lipid to leave the 

groove and diffuse into the external leaflet (see “Lipid-R432” in Fig. 7c).  

  



 

 

Supplementary Figure 1. Effect of tryptophan mutants on scrambling. Time course of 

dithionite-induced fluorescence decay for the indicated nhTMEM16 mutants in the presence 

(red) and absence (black) of Ca2+. Dashed yellow lines indicate fits to Eq. 1. Protein-free 

traces are shown in green. 

 

  



 

 

Supplementary Figure 2. Reconstitution of WT and mutant nhTMEM16 into 

proteoliposomes. a) Coomassie stained SDS gels showing protein incorporation into 

liposomes for WT (all 3 panels) and E313W (left), R432W (middle) and E313A and 

E313A/E318A/R432A (right) nhTMEM16. b) Quantification of the fraction of WT and 

mutant nhTMEM16 protein reconstituted in proteoliposomes for all mutants. Left panel, n=1; 

right panel n>2. 

 

  



 

 

Supplementary Figure 3. The mutants do not reduce the apparent Ca2+ affinity. Time 

course of dithionite-induced fluorescence decay for the indicated nhTMEM16 mutants in the 

presence of 0.5 mM Ca2+ (red). Blue traces indicate experiments where 3 mM Ca2+ was 

added to the cuvette 100 s post-dithionite addition (red arrow).  

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure 4.  Simultaneous occupancy of the hydrophilic groove of 

nhTMEM16 by lipid headgroups. The frequency of finding a specific number of lipid 

headgroups simultaneously occupying the groove and its different compartments (IC side of 

the groove, center of the groove, and EC side of the groove) in the WT1 (red), WT2 (green), 

A385W (blue), and Q436W (black) simulations (see Methods for the definition of the groove 

and its different regions). The data are shown separately for each protomer of nhTMEM16 

(denoted as PROA, panels a-d, and PROB, panels e-h). 

 

 

 



 

Supplementary Figure 5.  Water occupancy of the hydrophilic groove of nhTMEM16. 

The frequency of finding a specific number of water molecules in the groove (a), and its three 

compartments (EC side of the groove, center of the groove, and IC side of the groove, panels 

c-e) calculated from the WT1 (red), WT2 (green), A385W (blue), and Q436W (black) 

simulations (see Methods for the definition of the groove and its different regions). For each 

construct, the data shown are the average over the two protomers of the nhTMEM16. Panel 

(b) shows a snapshot of the nhTMEM16 (TM helices 3-7) from WT2 simulation highlighting 

the location of the central region of the groove devoid of lipids (the shaded rectangle). The 

thick black lines surrounding the shaded rectangle indicate the z-axis positions of the Cα 

atoms of residues T381 and Q436 (cyan spheres). See also Figure 4b in the main text. 

 

 

 



 

Supplementary Figure 6. Lipid contact heat maps. The TMs 3-7 section of the 

nhTMEM16 structure is shown, with highlighting of groove residues (in van der Waals and 

colored) that are found to be in contact with a lipid headgroup ≥65% of the time in the 

trajectories for WT1 (a), WT2 (b), A385W (c), and Q436W (d) (shown separately and for 

each protomer). A lipid headgroup was considered in contact with a residue if the phosphate 

atom of the lipid was within 7Å of any atom of the residue. 

 

 

 

 



 

 

Supplementary Figure 7. Dynamic rearrangement of the network of polar residues at 

the extracellular side of the groove. Time evolution of distances in the pairs E313-R432 

(red), E313-Q436 (green), T333-Y439 (blue), and E318-R432 (black) in the MD trajectories 

of the various nhTMEM16 constructs (panels a-d show data from WT1, WT2, A385W, and 

Q436W trajectories, respectively). For a particular system, data for the two protomers are 

presented in separate panels (top and bottom). For the Q436W system, the green traces 

represent the E313-W436 distance. 

 

 

 



 

Supplementary Figure 8. Coordination of lipids by the R432/E313 pair of residues. 

Histograms show the number of lipids simultaneously coordinated by the R432/E313 pair of 

residues in the WT1 (red), WT2 (green), A385W (blue), and Q436W (black) simulations. 

PROA and PROB are the protomers of each construct. A lipid was considered coordinated by 

the R432/E313 residue pair if its phosphate atom was within 5Å of any atom of these 

residues. 

 

 

 



 

Supplementary Figure 9. Specificity of lipids accumulating near the E313/R432 pair of 

residues. The panels present the frequencies of finding PE and PG headgroups near the 

E313/R432 pair when the total number of lipids at the extracellular side of the groove is 

either 3 (a), or 2 (b), or 1 (c). A lipid is counted if its P atom is within 5Å of any atom of the 

residue pair. For each panel, the occurrence of all the possible combinations of PE:PG ratios 

are counted and the data is normalized (separately for each panel) to the total number of 

events with 1, 2, or 3 lipids, respectively. The data were generated by combining all the 

trajectories. 



 

Supplementary Figure 10. Rare mode of lipid penetration into the groove. (a-c) In this 

mode, the penetrating lipid (rendered in van der Waals) inserts both its headgroup and tail 

into the groove of the nhTMEM16 in the WT1 (a), A385W (b), and WTensemble (c) 

simulations. TM4 and TM6 are labeled. (d) Structural characteristics of the microstate 

describing the rare mode of lipid penetration in the WTensemble simulations (see Fig. 7a, 

Microstate denoted by “*”): the first 3 panels from left to right record the probability 

distributions of the T333-Y439, E313-R432, and E318-R432 distances; the next two panels 

show probability distributions of the opening between the EC ends of TM3 and TM6 

(measured as the distance between the centers-of-mass of two groups: Cα atoms of residues 

315 to 318 on TM3, and Cα atoms of residues 432 to 435 on TM6), and of number of water 

molecules in the EC vestibule (see Methods for definitions of the different parts of the 

groove). 

 

 

 

 



 

 

Supplementary Figure 11. Accumulation of lipids near the E313/R432 pair. Time traces 

of numbers of lipid headgroups within 5Å of the E313/R432 pair of residues from the 

simulations of the various nhTMEM16 constructs (data from WT1, WT2, A385W, and 

Q436W trajectories are shown in panels A through D, respectively). For a particular system, 

data for the two protomers are presented in separate panels (top and bottom). 

 

 

 



 

Supplementary Figure 12. Lipid flipping event at the end of transfer observed in the 

MD simulations of A385W nhTMEM16. (left)Time evolution of the position of the 

phosphate atom of the scrambled lipid in the simulation. The color code of the spheres is 

shown in terms of simulation time: blue spheres indicate positions at the end of the trajectory. 

The lipid partitions in the EC side of the groove at ~1 µs into the trajectory (green color). 

(right) Snapshots of the system illustrating positioning and arrangement of the transferred 

lipid inside the hydrophilic groove at various time points along trajectory: (1) The lipid is on 

the extracellular side and in the bulk; (2) Initial partitioning of the lipid head group into the 

groove; (3) The lipid starts translocation through the groove; (4) The lipid is flipped with its 

headgroup merging with the intracellular leaflet.  



 

Supplementary Figure 13. (a) Multi-stage iterative MD simulation protocol used for 

unbiased atomistic MD simulations of the wild type nhTMEM16 in POPC lipid membranes 

(see Methods, Table 3). The simulations were carried out in three stages. Stage 1 is a single 

simulation of 380ns time-length. Stage 2 consists of 8 statistically independent 15ns 

simulations from random velocity resets of the last frame of the Stage 1. Stage 3 is composed 

of 24 statistically independent simulations (obtained again by randomizing the velocity field), 

initiated from the Stage 2 simulation (indicated by red arrow), in which lipid translocation 

occurred from the IC side to the central region of the groove. On 100-200ns time-scales, the 

advancing lipid was observed to complete the flip to the EC side in 7/24 simulations (denoted 

by green arrows).  (b-f) Opening of the T333-Y439 constriction is necessary to trigger lipid 

translocation from the IC to the EC leaflet. Time-evolution in simulation Stages 1-3 of (b) the 

Z-directional distance between the phosphorus atom of the translocated lipid and the Cα atom 



of R432; and (c) the T333-Y439 minimum distance. The three stages are separated by 

vertical lines. In panel a, the distances on the Y-axis are relative to the “0” position of the 

lipid with its phosphorus atom aligned in the Z direction with the Cα atom of R432. For Stage 

2, the data are shown only for the trajectory in which the lipid advances from the IC side to 

the central region of the groove (see panel “a”). For Stage 3, results are shown only for those 

trajectories (different colors) in which the complete flip of the translocated lipid was 

observed. (d-e) Histogram of the T333-Y439 minimum distance in the Stage 3 simulations 

plotted separately for the combination of trajectories in which the lipid flipped (d), and for 

the ones in which the flip was not observed (e). Panel (f) presents the results from the 

histograms in c and d normalized by their respective overall number of analyzed frames. (g) 

Structural representation of the system at different time-points along the trajectories, denoted 

by i-iv in correspondence to the regions indicated in panel a. The snapshots representing 

Stage 3 simulations were generated from 6 replicate trajectories. The advancing lipid is 

rendered in licorice, and relevant groove residues are shown in space fill representations and 

labeled. 

 



 

Supplementary Figure 14. Dimensionality reduction with the tICA approach. (a) 

Contribution of all eight tICA eigenvectors to the total fluctuation of the system. (b) All 

Stage 3 trajectories mapped on the 2D landscape of the first two tICA eigenvectors (tICA 1 

and tICA 2). Shown also are locations of the 50 microstates (red squares) obtained from the 

clustering analysis of the conformational space (see Methods). (c) The 2D tICA landscape 

from panel b highlighting the location of the initial conformation of the system (yellow 

circle) from which Stage 3 simulations were initiated. (d) Projection onto the 2D tICA 

landscape from panel 3 of all the Stage 3 trajectories in which lipid flip was observed (left) 

and in which lipid did not flip (right). 



 

Supplementary Figure 15. Structural characterization of the tICA landscape provide 

mechanistic insights into lipid scrambling process. (a) The 2D tICA landscape from Fig. 

7a denoting the location of microstates 1-6 that represent the translocation of the lipid 

through TMEM16 (Microstate denoted by “*” captures rare mode of protein-lipid interaction 

in which the hydrocarbon tail of a lipid inserts into the EC side of the groove interfering with 

the translocation of the advancing lipid). (b) Structural characteristics of the selected 6 

microstates: the first 2 columns from left to right record the probability distributions of the 

distances E313-R432, and E318-R432 in each microstate; the next column quantifies lipid 

coordination by the protein (defined as number of protein residues within 4Å of any atom of 

the head-group of translocating lipid; the head-group includes all the atoms from N to O11 in 

CHARMM atom-name nomenclature); the last 2 columns show the counts of lipid headgroup 

and waters, respectively, in the EC vestibule of the groove in each microstate (see Methods 

for definitions of the different parts of the groove) (c) The plot compares the fractions of 

trajectory frames in which the three gates, T333-Y439, E313-R432, and E318-R432, are 

simultaneously broken in the microstates (the T333-Y439 gate was assumed to be broken if 

the T333-Y439 distance was > 8Å (see Fig. S13c-f); the E313-R432 and E318-R432 gates 

were assumed to be broken if the distance between carbonyl oxygen of Glu and sidechain 

nitrogen of Arg was > 4Å). 



 

Supplementary Figure 16. The Trp replacing A385 can hydrogen bond with residue 

E313. (a-b) Time evolution of the minimum distance between E313 and W385 in the MD 

simulation of the A385W nhTMEM16 construct. The two panels show data for the two 

protomers of the protein (PROA and PROB). (c-d) Snapshots of nhTMEM16 A385W 

showing conformations of the system when the hydrogen bond between E313 and W385 is 

present (c), or broken (d). Locations of the TMs 4 and 6 lining the hydrophilic groove, as 

well as structural re-arrangement of several key residues in the groove (in van der Waals and 

labeled) are also illustrated. 

 

 

 

 



 

Supplementary Figure 17. Functional characterization of the gate mutants. Time course 

of dithionite-induced fluorescence decay for the indicated nhTMEM16 mutants in the 

presence (red) and absence (black) of Ca2+. Dashed yellow lines indicate fits to Eq. 1. 

Protein-free traces are shown in green. 

 

 

 

 

  



Supplementary tables 

Protein [Ca2+] 
(mM) 

α (s-1) β (s-1) f0 γ (s-1) N(s) A (%) N(f) 

Protein free  N.A N.A N.A 0.07±0.01 177  24 
WT nhTMEM16 0.5* >0.2 >0.2 0.31±0.09 0.09±0.03 165 84.0±6.8 24 

0 (8.0±3.0)10-4 (4.7±1.7)10-4 0.31±0.09 0.06±0.01 82 29.1±5.1 24 
L302W 0.5 (1.8±0.5) .10-3 (0.8±0.2) .10-

3 
0.36±0.06 0.05±0.01 9 50.3±15.4 6 

0# (3.4±1.2)10-5 (3.4±1.2)10-5 n.d. n.d. 6 12.7±7.6 6 
I306W 0.5 (2.0±0.8)10-2 (3.5±3.5) .10-

3 
0.43±0.02 0.06±0.01 5 68.6±0.7 3 

0 (3.5±1.1)10-4 (2.0±0.7)10-4 0.35±0.01 0.07±0.01 5 20.0±12.9 3 
N310W 0.5 (1.8±0.7)10-2 (4.8±1.9)10-3 0.41±0.03 0.05±0.01 6 60.7±2.7 3 

0 (7.0±0.8)10-4 (3.4±0.6)10-4 0.36±0.08 0.06±0.01 6 25.0±2.1 3 
E313W 0.5 (5.0±0.3)10-4 (2.6±0.8)10-4 0.30±0.03 0.06±0.01 6 44.7±8.2 9 

0# (1.0±0.3)10-5 (1.0±0.3)10-5 n.d. n.d. 6 11.1±5.0 8 
N317W 0.5* >0.2 >0.2 0.35±0.03 0.08±0.01 6 75.5±1.3 3 

0 (5.0±0.2)10-4 (2.9±0.5)10-4 0.27±0.01 0.06±0.01 6 3.1±1.6 3 
F330W 0.5* >0.2 >0.2 0.27±0.08 0.09±0.01 6 82.4±1.0 3 

0 (7.8±1.1)10-4 (4.0±1.9)10-4 0.27±0.06 0.05±0.01 5 36.7±4.5 3 
T333W 0.5 (1.7±0.3)10-1 (1.3±0.1)10-1 0.42±0.01 0.06±0.01 6 77.1±1.5 3 

0 (7.3±4.8)10-4 (4.0±3.0)10-4 0.35±0.02 0.05±0.01 6 26.2±11.7 3 
L336W 0.5 (1.9±0.1)10-2 (0.6±0.1)10-2 0.30±0.08 0.05+0.00 6 59.5±8.0 6 

0# (2.5±1.5)10-5 (2.5±1.5)10-5 n.d. n.d. 6 13.0±8.7 6 
V337W 0.5* >0.2 >0.2 0.31±0.03 0.09±0.01 6 79.5±5.3 6 

0 (2.2±0.2)10-3 (6.2±1.3)10-4 0.33±0.05 0.05±0.00 6 62.1±6.4 6 
T340W 0.5 (1.4±0.2)10-3 (5.6±0.2)10-4 0.28±0.01 0.05±0.00 6 55.5±0.5 3 

0# (3.4±0.8)10-5 (3.4±0.8)10-5 n.d. n.d. 6 19.8±11.5 3 
T381W 0.5 (7.9±1.6)10-4 (2.9±0.3)10-4 0.32±0.06 0.06±0.01 6 57.8±5.7 3 

0# (5.4±1.6)10-5 (5.4±1.6)10-5 n.d. n.d. 5 21.9±6.2 3 
S382W 0.5 (1.2±0.4)10-3 (4.8±1.4)10-4 0.41±0.09 0.06±0.01 6 70.2±1.2 3 

0 (4.5±1.2)10-4 (2.9±0.8)10-4 0.41±0.09 0.05±0.01 5 40.7±3.6 3 
A385W 0.5 (8.6±1.9)10-3 (4.7±1.4)10-4 0.39±0.11 0.06±0.01 6 42.3±4.0 3 

0# (2.3±1.3)10-5 (2.3±1.3)10-5 n.d. n.d. 5 11.6±7.4 3 
R432W 0.5 (7.6±2.3)10-4 (4.2±0.9)10-4 0.37±0.08 0.06±0.01 11 60.7±17.4 5 

0# (1.3±0.8)10-5 (1.3±0.8)10-5 n.d. n.d. 10 10.7±8.2 5 
N435W 0.5 (2.1±0.3)10-2 (0.5±0.2)10-2 0.36±0.03 0.06±0.01 6 55.6±6.2 6 

0 (7.8±1.2)10-4 (5.3±0.7)10-4 0.36±0.03 0.08±0.01 6 15.2±9.0 6 
Q436W 0.5 (7.0±1.7)10-4 (4.3±0.9)10-4 0.31±0.14 0.06±0.01 6 24.4±0.8 3 

0# (1.5±0.6)10-5 (1.5±0.6)10-5 n.d. n.d. 5 20.3±2.3 3 
Y439W 0.5 (1.5±0.2)10-3 (4.9±0.5)10-4 0.33±0.13 0.06±0.02 5 70.6±0.7 3 

0# (3.5±1.1)10-5 (3.5±1.1)10-5 n.d. n.d. 6 35.0±5.8 3 
F440W 0.5 (3.5±1.2)10-3 (1.7±0.3)10-3 0.37±0.03 0.06±0.02 6 66.5±0.6 3 

0# (2.1±2.5)10-5 (2.1±2.5)10-5 n.d. n.d. 5 12.8±6.8 3 
E313A 0.5 (10.0±2.8)10-

4 
(3.1±0.9)10-4 0.31±0.01 0.05±0.01 6 51.3±3.7 3 

0# (1.5±0.1)10-5 (1.5±0.1)10-5 n.d. n.d. 6 10.5±9.6 3 
E313Q 0.5 (9.4±4.1)10-4 (2.2±0.7)10-4 0.36±0.09 0.05±0.01 9 47.0±4.9 9 

0 (3.5±1.8)10-4 (2.3±0.8)10-4 0.36±0.09 0.06±0.01 9 16.6±10.3 8 
E313R 0.5 (3.0±0.4)10-4 (1.9±0.3)10-4 0.27±0.01 0.05±0.01 6 26.8±11.5 5 

0# (1.6±1.1)10-5 (1.6±1.1)10-5 n.d. n.d. 6 31.7±6.7 5 



E313D 0.5 0.16±0.05 0.13±0.07 0.35±0.03 0.07±0.00 6 62.3±5.6 6 
0 (2.1±1.9)10-3 (9.3±7.2)10-4 0.34±0.03 0.04±0.00 6 14.3±6.2 6 

R432A 0.5 (8.5±3.7)10-4 (5.1±1.3)10-4 0.25±0.05 0.05±0.02 9 61.7±13.5 9 
0# (1.9±1.3)10-5 (1.9±1.3)10-5 n.d. n.d. 9 20.0±7.6 9 

R432Q 0.5 (6.8±1.3)10-4 (4.7±0.9)10-4 0.22±0.03 0.04±0.00 6 61.0±15.0 6 
0# (1.4±0.9)10-5 (1.4±0.9)10-5 n.d. n.d. 6 19.2±10.7 6 

R432L 0.5 (6.5±2.3)10-4 (5.0±1.1)10-4 0.31±0.05 0.06±0.02 6 58.7±1.9 5 
0 (0.8±0.4)10-5 (0.8±0.4)10-5 n.d. n.d. 6 16.3±7.2 5 

R432E 0.5 (4.1±0.3)10-4 (3.3±0.2)10-4 0.23±0.04 0.06±0.01 6 63.7±11.3 6 
0# (1.5±1.6)10-5 (1.5±1.6)10-5 n.d. n.d. 6 19.0±5.1 6 

R432K 0.5 0.05±0.01 0.04±0.03 0.32±0.08 0.05±0.01 6 56.5±6.6 6 
0 (5.2±2.0)10-4 (4.1±2.1)10-4 0.31±0.11 0.06±0.01 9 13.4±11.7 6 

E318A 0.5 (5.5±3.2)10-4 (2.5±0.8)10-4 0.34±0.05 0.04±0.01 6 38.4±4.5 6 
0# (0.9±0.6)10-5 (0.9±0.6)10-5 n.d. n.d. 6 12.6±11.1 5 

E318R 0.5 (4.8±0.7)10-3 (6.9±4.5)10-4 0.33±0.08 0.03±0.01 6 49.6±2.8 6 
0# (5.0±1.0)10-5 (5.0±1.0)10-5 n.d. n.d. 6 7.2±6.8 6 

E318Q 0.5 0.09±0.02 0.09±0.04 0.23±0.10 0.07±0.01 6 61.3±9. 9 
0# (7.5±4.9)10-5 (7.5±4.9)10-5 n.d. n.d. 6 15.4±8.3 9 

E313R/ 

R432E 

0.5 (4.7±1.1)10-4 (2.8±0.7)10-4 0.29±0.02 0.06±0.00 6 23.6±3.5 3 
0# (1.4±1.3)10-5 (1.4±1.3)10-5 n.d. n.d. 6 14.8±1.9 3 

E313A/ 

E318A 

0.5 (3.6±0.1)10-4 (2.4±0.1)10-4 0.29±0.00 0.06±0.00 3 37.6±3.1 3 
0# (2.3±1.3)10-5 (2.3±1.3)10-5 n.d. n.d. 3 16.0±8.8 3 

E313A/E318A/R432A 0.5# (3.8±1.8)10-5 (3.8±1.8)10-5 n.d. n.d. 6 20.9±9.4 6 
0# (2.3±2.0)10-5 (2.3±2.0)10-5 n.d. n.d. 6 6.8±2.1 6 

E313R/E318R/R432E 0.5# (2.4±1.5)10-5 (2.4±1.5)10-5 n.d. n.d. 5 15.6±13.6 5 
0# (1.4±0.3)10-5 (1.4±0.3)10-5 n.d. n.d. 3 10.9±4.5 5 

Q436A 0.5 (1.1±0.8)10-3 (3.7±2.0)10-4 0.34±0.09 0.05±0.01 6 51.6±4.1 6 
0# (2.4±1.4)10-5 (2.4±1.4)10-5 n.d. n.d. 6 25.5±10.2 6 

Y439A 0.5 (3.9±1.2)10-4 (2.2±0.3)10-4 0.30±0.09 0.04±0.00 6 61.5±13.1 6 
0# (2.0±0.8)10-5 (2.0±0.8)10-5 n.d. n.d. 6 18.5±6.6 6 

Supplementary Table 1. Average values of the scrambling rate constants and flux 

activity for WT and mutant nhTMEM16. The time course of fluorescence decay was fit to 

Eq. 4 unless noted by # where Eq. 5 was used instead. The following parameters were 

derived by fitting the data to Eq. 4: f0 is the fraction of empty liposomes, α and β are the 

forward and backwards scrambling rate constants, γ is the reduction rate constant by 

dithionite. During these fits Li
PF was fixed to the value determined in the corresponding batch 

of protein-free liposomes, across the 177 experiments its mean value was Li
PF=0.53±0.04. * 

denotes cases where α=β=0.2 was imposed as a constraint as scrambling was too fast to be 

determined. Where Eq. 5 was used (denoted by #) f0 and γ could not be determined (n.d.) as 

only the linear portion of the decay was fit. The percentage of liposomes containing at least 

one active channel A, was determined using Eq. 6. “0” Ca2+ denotes a concentration <8 nM 

as previously described 13. All data is reported as the mean ± Standard deviation of the 



parameters derived from the fits, N(s) and N(f) are respectively the number of independent 

experiments for scrambling and fluxes. 

  



Protein 

construct 

Number of 

replicates 

Number of lipid 

flipping events 

Direction of 

lipid flip 

total simulation 

times, µs 
aWT 2 0  7  

bWTensemble 24 7 IC to EC 5 
aA385W 1 1 EC to IC 2 
aQ436W 1 0  2 

TOTAL TIME 
 

  16 

Supplementary Table 2. Listing of the atomistic MD simulations of nhTMEM16. 

Simulations carried out on Anton2 are denoted by “a” subscript; ensemble simulations 

carried out with ACEMD are denoted by “b” subscript (see Methods for more details). 

Shown are the protein constructs, the number of independent replicates per construct, the 

number of lipid flipping events observed, the direction of lipid translocation, and simulation 

times per construct. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Dynamic variables used for tICA analysis 

Interactions between the gates residues Dynamics of the scrambled lipid 

T333-Y439 Z-distance between Lipid and R432 

E313-R432 Minimum distance between Lipid and R432 

E318-R432 Minimum distance between Lipid and E313 

Y439-R432 Minimum distance between Lipid and E318 

 

Supplementary Table 3. Listing of the dynamic variables used for dimensionality reduction 

analysis with the tICA approach (see Methods and Results sections for more details). 
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