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The lipid dependence of the nicotinic acetylcholine receptor from the
Torpedo electric organ has long been recognized, and one of the
most consistent experimental observations is that, when reconsti-
tuted in membranes formed by zwitterionic phospholipids alone,
exposure to agonist fails to elicit ion-flux activity. More recently,
it has been suggested that the bacterial homolog ELIC (Erwinia
chrysanthemi ligand-gated ion channel) has a similar lipid sensitivity.
As a first step toward the elucidation of the structural basis of
this phenomenon, we solved the structures of ELIC embedded in
palmitoyl-oleoyl-phosphatidylcholine- (POPC-) only nanodiscs in both
the unliganded (4.1-A resolution) and agonist-bound (3.3 A) states
using single-particle cryoelectron microscopy. Comparison of the two
structural models revealed that the largest differences occur at the
level of loop C—at the agonist-binding sites—and the loops at the
interface between the extracellular and transmembrane domains
(ECD and TMD, respectively). On the other hand, the transmembrane
pore is occluded in a remarkably similar manner in both structures. A
straightforward interpretation of these findings is that POPC-only
membranes frustrate the ECD-TMD coupling in such a way that the
“conformational wave” of liganded-receptor gating takes place in
the ECD and the interfacial M2-M3 linker but fails to penetrate the
membrane and propagate into the TMD. Furthermore, analysis of
the structural models and molecular simulations suggested that
the higher affinity for agonists characteristic of the open- and
desensitized-channel conformations results, at least in part, from
the tighter confinement of the ligand to its binding site; this limits
the ligand’s fluctuations, and thus delays its escape into bulk
solvent.
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hospholipid membranes often contribute a large fraction of

the environment to which integral membrane proteins are
exposed. As a result, it is not surprising to find that the confor-
mational free-energy landscapes of these proteins are affected by
solubilization in detergents or even by the particular chemical
composition of the lipid bilayer in which they are embedded.
Among ion channels, for example, the fact that some detergent-
solubilized, agonist-bound neurotransmitter-gated ion channels
have been imaged in what is very likely to be the open-channel
conformation is, in and of itself, evidence for this lipid sensitivity.
Indeed, if we have learned anything about these membrane pro-
teins in the last few decades, it is that agonist binding biases the
mixture of closed, open, and desensitized conformations toward
the desensitized state, and that the equilibrium is attained in a few
tens of seconds, at the longest. It seems inescapable to propose
that the lack of a membrane environment may explain this dis-
connect between what is expected from a membrane-embedded
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channel and what is actually observed in structural studies upon
detergent solubilization.

One well-known example of an ion channel that displays
marked lipid sensitivity is the muscle-type nicotinic acetylcholine
receptor (AChR) from the electric organ of Torpedo fish. It has
been suggested that specific protein-lipid interactions are required
for this receptor-channel to undergo the low-affinity = high-
affinity interconversion of the (extracellular) ACh-binding sites
(e.g., refs. 1-8), as well as the nonconductive = ion-conductive
interconversion of the transmembrane pore (e.g., refs. 5-12). The
molar fraction of cholesterol, the type of phospholipid polar head
group, and the length and degree of saturation of the acyl chains
have been found to be variables of a complex relationship between
lipid-bilayer chemical composition and receptor-channel function.
Intriguingly, certain membrane compositions led to a behavior
consistent with the disruption of the strict coupling between
binding-site affinity and pore permeability (5, 6, 9) that is central
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to the operation of all ligand-gated ion channels embedded in
native lipid bilayers (13, 14).

The lipid dependence of the AChR from Torpedo has long
been recognized, and one of the most consistent experimental ob-
servations is that, when reconstituted in membranes formed by
zwitterionic phospholipids alone, agonist binding fails to elicit ion-
flux activity (5, 6, 10). More recently, it has been suggested that the
bacterial homolog ELIC (Emwinia chrysanthemi ligand-gated ion
channel) (15, 16), may have a similar lipid sensitivity, failing to form
an agonist-gated ion channel when reconstituted in palmitoyl-oleoyl-
phosphatidylcholine- (POPC-) only vesicles (17). The inability of
linear acyl-chain PC- or linear acyl-chain phosphatidylethanolamine-
only bilayers to support ion-channel function has also been reported
for the bacterial K channel KcsA (18-20), bacterial homologs of
voltage-dependent Na* channels (21), and human inward-rectifying
K* channels (22). Similar observations have been made for Na*-
coupled amino acid transporters (23) and class-A G protein-coupled
receptors (24), for example. Intriguingly, a branched acyl-chain
phosphatidylcholine (diphytanoyl-phosphatidylcholine) has recently
been reported to support the function of a noninactivating mutant of
KcsA (E71A) in the absence of any other lipid (25).

The mechanisms underlying the lipid dependence of the
Torpedo AChR and ELIC remain unknown, as are the structures
they adopt in membranes of different composition. Furthermore, it is
likely that this sensitivity to lipids is not unique to these two receptor-
channels, but rather, that it extends to others members of the pen-
tameric ligand-gated ion-channel (pLGIC) superfamily as well. Thus,
as a first step toward the elucidation of the structural aspects of this
phenomenon, we solved the structures of ELIC embedded in POPC-
only nanodiscs in both the agonist-bound and unliganded states using
single-particle cryoelectron microscopy (cryo-EM). Despite some
noted differences (26), ELIC is, undoubtedly, a bona fide pLGIC,
and POPC is one of the most abundant phospholipids in the plasma
membrane of HEK-293 cells (27), a cell type that fully supports the
function of heterologously expressed ELIC (e.g., ref. 26).

Comparison of the structural models of agonist-bound and
unliganded POPC-embedded ELIC revealed that the largest dif-
ferences occur at the level of loop C—at the agonist-binding sites—
and the loops at the interface between the extracellular and
transmembrane domains (ECD and TMD, respectively). On the
other hand, the transmembrane pore is occluded in a remarkably
similar manner in both structures although some rearrangements
of the transmembrane a-helices can be observed. A straightfor-
ward interpretation of these findings is that POPC-only mem-
branes frustrate the ECD-TMD coupling in such a way that the
“conformational wave” of liganded-receptor gating (28) takes
place in the ECD and the interfacial M2-M3 linker but fails to
penetrate the membrane and propagate into the TMD. Moreover,
analysis of the structural models and molecular dynamics (MD)
simulations suggested that the higher affinity for agonists charac-
teristic of the open- and desensitized-channel conformations re-
sults, at least in part, from the tighter confinement of the ligand to
its binding site. This increased degree of “caging” dampened the
fluctuations of the bound ligand about its mean position, thereby
delaying its escape into bulk solvent. Further analysis of these
simulations also revealed the formation of state-dependent elec-
trostatic contacts between ionized side chains of ELIC and the
charged moieties of POPC’s polar head group that may contribute
to the observed lipid-dependence of function.

Results

ELIC Structures in POPC Nanodiscs. We reconstituted detergent-
(n-undecyl-p-p-maltoside-) solubilized wild-type ELIC in nanodiscs
of pure POPC using the membrane-scaffolding protein MSP1E3D1
(29) (SI Appendix, Fig. S1). These discs are expected to contain at
most one copy of ELIC pentamer, two copies of MSP1E3D1, and
~200 molecules (~100 per monolayer) of POPC per particle, and to
be 100 to 120 A in diameter. Detergent solubilization did not seem
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to compromise ELIC’s ability to form functional channels, inas-
much as electrophysiological recordings from membrane patches
excised from cell-sized proteoliposomes prepared with asolectin
(a mixture of soybean lipids) displayed the basic hallmarks of func-
tion observed for this pLGIC when expressed heterologously in
eukaryotic cells (Fig. 1 4 and B). Remarkably, this similarity ex-
tended to a large patch-to-patch variability in the desensitization
time course (Fig. 1C), an intriguing property of ELIC and animal
pLGIC:s (e.g., ref. 30 for the human al GlyR) that is frequently—
and, now we know, perhaps wrongly—ascribed to the vagaries of
eukaryotic cell-based expression systems. Given the relatively slow
and markedly multiexponential desensitization time course of
asolectin-embedded ELIC, we anticipate a complex mixture of
conformations in this lipid even upon prolonged incubations with
saturating concentrations of agonist. Moreover, we anticipate that
such marked patch-to-patch variability will complicate efforts to
clearly define the lipid dependence of this channel.

Patch-clamp experiments performed on cell-sized proteolipo-
somes prepared with POPC, instead, failed to produce currents

A Wild-type ELIC, ~0 mV, asolectin B Wild-type ELIC, ~0 mV, asolectin

J 1-mM propylammonium J 1-mM propylammonium

15s
5pA

C Wild-type ELIC, ~0 mV, asolectin Wild-type ELIC, ~0 mV, POPC

1-mM propylammonium

M

5pA
E Wild-type ELIC, ~0 mV, POPC

J 1-mM propylammonium J

| 1-mM propylammonium

Fig. 1. Lipid dependence of ELIC ion-channel function. Outward currents
recorded under asymmetrical ~150-mM/5-mM (inside/outside) K*-concentration
conditions upon stepping the concentration of extracellular propylammonium
from zero to 1 mM. Openings are upward deflections. (A and B) Currents
through ELIC-asolectin inside-out patches containing (at least) six (A) and
three (B) active channels. (C) Currents through ELIC-asolectin inside-out
patches containing (at least) 14 (red trace), 17 (gray), 18 (cyan), and 28
(magenta) active channels. These traces were normalized to their peak val-
ues to emphasize the differences between their decay time courses. (D and
E) Currents through ELIC-POPC inside-out patches. The low open probability
of these traces precluded the estimation of the number of active channels in
each patch. Most successful patches excised from ELIC-POPC proteolipo-
somes, however, were electrically silent. Note that the single-channel
current amplitude was lower in POPC than it was in asolectin, not an un-
expected finding for a cation-selective channel embedded in a zero net-
charge membrane versus a negatively charged one. Note also that the
traces in D and E are displayed on two different time scales. The curved
shape of the zero-current baseline is an artifact of the ligand applica-
tion (there is a liquid-junction current on switching the concentration of
propylammonium chloride from zero to 1 mM in a solution that is, otherwise,
only ~5-mM in KCl) that becomes more prominent as seals become leakier. In
each panel, a blue dashed line denotes the zero-current baseline. The pi-
pette potential was zero, and the +2.7-mV liquid-junction potential be-
tween the pipette and bath solutions was offset. As a result, the membrane
potential was close to zero, thus approximating the conditions used for cryo-
EM image acquisition. Each displayed trace was recorded from a different
patch of membrane. s: seconds; pA: picoAmperes.
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comparable to those recorded from asolectin vesicles irrespective of
the side of the membrane to which the agonist was applied. Certainly,
only short-lived, isolated single-channel openings could be recorded
(Fig. 1 D and E), and the vast majority of successful seals were
electrically silent even though the extent of ELIC association with
POPC membranes was similar to that achieved with asolectin (S/
Appendix, Fig. S1B). Electrophysiological recordings from Xenopus
oocytes injected with ELIC-reconstituted POPC-only proteolipo-
somes led to similar findings (17), although the interpretation of
negative results from such an indirect approach is not straightforward.

To establish a “baseline” for the effect of the lipid bilayer on
ELIC’s ion-channel activity, we set out to characterize its structure
in membranes of well-defined and simple composition. Thus, we
imaged ELIC-containing POPC nanodiscs in the absence and in
the presence of a saturating concentration of the full agonist
propylammonium (100 mM) (31) using single-particle cryo-EM.
The global resolution of the respective reconstructions [expressed
as the reciprocal of the spatial frequency at which the Fourier shell
correlation (FSC) (32) between two independently refined “half
maps” first crosses the 1/7 (~0.143) threshold (33; see refs. 34 and
35 for other proposed cutoff values and criteria)] was 4.1 A for the
unliganded channel and 3.3 A for the agonist-bound channel (S
Appendix, Figs. S2 and S3 and Table S1). As a means to validate
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the fitted atomic models, FSC curves were also computed between the
full experimental density maps and noise-free maps calculated from
the atomic coodinates; these plots crossed the 0.5 threshold at 4.3 A
and 3.3 A for unliganded and agonist-bound ELIC, respectively (51
Appendix, Figs. S2E and S3E). These values are nearly identical to
the estimated resolutions (see above), as expected from the theo-
retical relationship between full maps, half maps, noiseless maps, and
correctly built atomic models (33). Map resolutions were also esti-
mated in a local, voxel-by-voxel manner using a method (MonoRes)
(36) that does not make use of FSC curves (SI Appendix, Fig. S4).
For both reconstructions, the density was weaker for the 839 loop
(one of the ECD-TMD interfacial loops; residues 149 to 159) and
the M1-M2 linker (residues 225 to 230), and it was weakest for the
post-M3 stretch (that is, the M3-M4 linker and the M4 segment;
residues 285 to 317). This feature suggested that these regions may
be more flexible, and thus, conformationally more heterogeneous.
Global superposition of whole pentamers of the unliganded
and agonist-bound models of POPC-embedded ELIC (Figs. 2 and 3
and SI Appendix, Fig. S5) revealed that the largest Ca—Ca distances—
disregarding the regions of ambiguous density—are in the M2-
M3 linker (6.4 A at Pro-257), the most extracellular a-helical turn of
M2 (5.3 A at Ile-252), the p9—-$10 loop (“loop C,” 5.2 A at Pro-183),
the p1-p2 loop (4.1 A at Leu-29), M3 (~3.6 A at residues 272 to

View parallel to the membrane

B

Fig. 2. Cryo-EM structures of unliganded and propylammonium-bound ELIC embedded in POPC-only nanodiscs. The two models were superposed “globally”
in such a way as to minimize the root mean-square Ca—Ca distance between identically numbered residues using the stretch ranging from Pro-11 (the first amino
acid in the structure) to Ile-280 (at the C terminus of M3) of all five subunits. Shown is only the propylammonium-bound model, displayed in ribbon represen-
tation, and colored according to Ca deviations from the model of POPC-embedded unliganded ELIC. (A and B) Views parallel to the plane of the membrane. The
enlarged view in B emphasizes the extracellular domain and the ECD-TMD interface. (C) View perpendicular to the plane of the membrane, from the extracellular
side. (D) View perpendicular to the plane of the membrane, from the intracellular side. The cryo-EM density for the M1-M2 linkers was weak. The color code in A
is the same for all panels. Regions not included in the superposition are colored yellow. Molecular images were prepared with VMD (37).
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A Unliganded ELIC in POPC NDs
Agonist-bound ELIC in POPC NDs
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Fig. 3. Global superposition of whole pentameric models of unliganded and propylammonium-bound ELIC. (A) View parallel to the plane of the membrane.
(B) View perpendicular to the plane of the membrane, from the extracellular side. For clarity, only one subunit is displayed in cartoon representation with its
corresponding orthosteric-site-bound propylammonium molecule shown in van der Walls representation (cyan). All other chains are displayed in lines
representation. The color code is the same for both panels. Molecular images were prepared with VMD (37). NDs: nanodiscs.

280), and M1 (3.4 A at Leu- -214). Comparing our agonist-bound
model with the unliganded model of detergent-solubilized ELIC
obtained from X-ray crystallography (PDB ID code 2VL0; 3.3-A
resolution) (16), instead, revealed essentially the same differences:
The regions that differ the most between the two models (measured
as Co—Co distances) are the M2-M3 linker and the most extra-
cellular a-helical turn of M2 (5.3 to 5.6 Aat residues 252 to 257),
loop C (5.1 A at Pro-183), and the p1-$2 loop (3.4 A at Leu-29). In
contrast, and with the exception of their most extracellular a-helical
turns, the pore-lining M2 a-helices of unliganded and agonist-bound
models superposed with smaller Ca—Co deviations (<3.0 A at res-
idues 231 to 250) whether we take our POPC-embedded model or
the X-ray crystal-structure model as the unliganded structure. It is
worth noting here that X-ray crystal structures of agonist-bound
ELIC were found to be nearly indistinguishable from that of its
unliganded counterpart (31) or to only show an outward (rather
than inward; Figs. 3 and 4) displacement of loop C (38). Very likely,
these findings reflect the effects of crystal-lattice forces or the lack
of a membrane.

We also compared pairs of models interpreted to represent the
unliganded—closed and agonist-bound-open models of other
pLGICs: The bacterial GLIC (PDB ID codes 4NPQ and 4HFT) (39,
40), the invertebrate al glutamate-gated CI™ channel (GluCl; PDB
ID codes 4TNV and 3RIF) (41, 42), and the human serotonin-type
3A receptor (5-HT35R; PDB ID codes 6BE1, 6DGS, and 6HIN)
(43, 44). In all three cases, global superposition of whole pentamers
also indicated that the M2-M3 linker is one of the structural ele-
ments that differs the most between the two states (4.6 A in GLIC,
7.0 A in GluC], and—depending on the particular agonist-bound
model—3.6 A or6.9 A in the 5- HT;4R) followed by loop C (4.2 A
in GLIC, 2.7 A in GluCl, and 5.0 in the 5-HT;4R).

To better illustrate the conformational differences between
the models of unliganded and agonist-bound ELIC in POPC
membranes at the level of individual subunits, we superposed
single subunits using either the ECD (residues 11 to 199) (Fig. 44)
or the TMD (excluding the M3-M4 linker and M4; residues 200 to
280) (Fig. 4B) as the fragments over which Ca—Ca distances were
minimized. When using the ECD for this “partial” superposition,
the largest Co~Ca differences occurred at the M2-M3 linker (7.2 A
at Pro- 257) and the most extracellular turn of M2 (6.0 A at lle-252).
When using the TMD, the largest difference was observed at loop
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C, being as large as 12.7 A (at GIn-182). This analysis indicated
that, in addition to rigid-body displacements, changes in tertiary
structure contribute to the overall differences between the two
structures of ELIC examined here.

The narrowest constriction of the transmembrane pore (Fig.
5A) in the unliganded model is at Phe-247 (position 16") and is
1.2 Ain radius; in the crystal-structure model, it is 1.0 A and
occurs at the same position. In the agonist-bound model, on the
other hand, the narrowest constriction occurs at Leu-240 (posi-
tion 9') and is only a bit wider: 1.3 A in radius. Considering that
the radii of Na*t and K* with their first hydration shells are 3.1 A (46)
and 35 A (47), respectively, it follows that both pore conformations

A B

Unliganded ELIC in POPC NDs
Agonist-bound ELIC in POPC NDs

ECD superposition (only one chain)

TMD superposition (only one chain)

Fig. 4. Partial superpositions of individual subunits of unliganded and
propylammonium-bound ELIC. (A and B) One subunit from each of the
structural models of POPC-embedded ELIC was extracted from the pen-
tameric assembly, and the two were superposed partially using either the
ECD (residues 11 to 199; A) or the TMD (excluding the M3-M4 linker and M4;
residues 200 to 280; B) as the fragments over which Coa—Ca distances were
minimized. The models are displayed in cartoon representation. The color
code is the same for both panels. Molecular images were prepared with
VMD (37). NDs: nanodiscs.
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Fig. 5. Pore profiles of POPC-embedded unliganded and propylammonium-bound ELIC models. For comparison, the profile corresponding to the X-ray
crystal structure of detergent-solubilized unliganded ELIC [PDB ID code 2VLO (16)] is also shown. (A) Pore-radius profiles estimated using HOLE (45). In the case
of agonist-bound ELIC, the molecules of propylammonium were removed. The zero value along the y axis corresponds to the mean position of all five Leu-240 (position
9) Ca atoms along the axis of ion permeation. (B) Distances between the axis of ion permeation and the Ca atoms for residues in the pore-lining M2 a-helices. Along
the y axis, M2 residues are denoted using the prime-numbering system. The color code is the same for both panels. NDs: nanodiscs; UDM: n-undecyl-g-b-maltoside.

of this cation-selective channel are nonconductive. To compare
the orientations of the pore-lining M2 o-helices in these two
cryo-EM models—while removing the uncertainty associated
with the modeled conformation of some side chains—we com-
puted the distances between the M2 Ca atoms and the long axis
of the pore. Inspection of these “Ca profiles” (Fig. 5B) indicated
that, when embedded in POPC-only membranes, the pore lining
of ELIC adopts a remarkably similar conformation whether
unliganded or bound to agonist. The largest difference occurs in
the last a-helical turn of M2 (positions 20" and 21'), which is
pulled outwardly by the M2-M3 linker in the agonist-bound
model in what seems to be an attempt to open the pore. For
positions 20" and 21, the Ca distances to the long axis increase by
3.1 A and 4.2 A, respectively; somehow, however, the rest of
M2 does not follow. On the other hand, the differences displayed
by the M2 o-helices of unliganded—closed and liganded—open
pLGIC model pairs are much larger (SI Appendix, Fig. S6). As
for the differences between the models of detergent-solubilized
(X-ray) and POPC-embedded (cryo-EM) unliganded ELIC, a
comparison of M2-segment Ca profiles (Fig. 5B) reveals a nar-
rower intracellular “mouth” and a straighter, less-kinked, a-helix
for the membrane-reconstituted channel.

The 3D reconstruction obtained in the presence of a saturat-
ing concentration of propylammonium showed additional density
at several positions. In 10 of these—two per subunit—the shape
of the density was consistent with the presence of propylammonium.
Five such positions correspond to the extracellular half of the
transmembrane pore (Fig. 6 A and B), and the other five cor-
respond to the well-known orthosteric agonist-binding sites
shared by other pLGICs (Fig. 6 C and D). At the transmembrane
sites (Fig. 6 A and B), each molecule of propylammonium lies
parallel to a different M2 o-helix, next to the short side chain of
Ala-244 (13"), filling up the cavity created by the lumen-facing
side chains of the flanking Phe-247 (position 16") and Leu-240
(position 9'). We modeled the ammonium moiety pointing to-
ward the extracellular side simply because this orientation min-
imizes the distance between the positively charged end of the
ligand and the aromatic ring of Phe-247, assuming that they are
appropriately positioned to establish cation—r interactions (48).
The distance between the nitrogen atom of propylammonium
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and the center of the aromatic side chain of Phe-247 was ~5.5 A.
Binding of propylammonium to these pore-lumen sites is likely
to be devoid of physiological relevance, and it may simply reflect
the high concentration of propylammonium chloride that we
applied to the grids to ensure binding to the orthosteric agonist-
binding sites.

To estimate the extent to which the presence of agonist mol-
ecules bound to the pore-lumen sites accounts for the observed
differences between the structural models of unliganded and
agonist-bound ELIC, we performed all-atom MD simulations and
focused on the nearby M2-M3 linker. Because neither the occupancy
of the pore sites nor the protonation state of these propylammonium
molecules in close proximity are known, we compared simula-
tions under three extreme pore-site situations intended to cover
a range of possible scenarios. These were: 1) five molecules of
propylammonium bound (that is, the unmodified agonist-bound
structural model); 2) five molecules of (neutral) propylamine
bound; and 3) no molecules of propylammonium or propylamine
bound. Analysis of these three trajectories (SI Appendix, Fig. S7)
supported the notion that the observed structural changes between
the models of unliganded and agonist-bound ELIC are largely due
to the occupancy of the orthosteric sites. As indicated above, the
Ca~Co distance between the two atomic models is largest at Pro-
257, in the M2-M3 linker, with a value of 6.4 A. Averaging the last
50 ns of the three 500-ns simulations, this distance was 6.5 A with
five pore-lumen-bound propylammonium molecules, 5.4 A with
five pore-lumen-bound propylamine molecules, and 4.6 A without
propylammonium or propylamine bound to the pore sites. Thus,
although occupancy of the pore-lumen sites did have an effect on
the conformation of the M2-M3 linker, the Cx atom of Pro-257 in
the simulated models remained far from its counterpart in the
unliganded model throughout the simulations regardless of
whether these sites were vacant or bound.

The cryo-EM density at the orthosteric agonist-binding sites
(Fig. 6C) was stronger than that at the pore-lumen sites (Fig. 64),
perhaps because of a higher occupancy. As is the case for all
homomeric members of the superfamily, these extracellular sites are
contributed by residues lying at the interface between any two ad-
jacent subunits. On the “principal” side, these residues (defined here
as amino acids with atoms within 5 A from any atom of the agonist)
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Fig. 6. Propylammonium-binding sites. (A and B) Pore-lumen sites. (C and D) Agonist-binding sites. The protein backbone is displayed in cartoon repre-
sentation, whereas selected residues and propylammonium are displayed in licorice representation. In B, only two (nonadjacent) subunits are shown, for
clarity. In this panel, the protein and the two molecules of propylammonium are also displayed in surface representation (colored white) using a probe radius
of 1.4 A. In D, all amino acid residues with atoms within ~5 A of any atom of propylammonium are displayed; the view is from the membrane toward the
extracellular side. Residues belonging to the principal side of the agonist-binding interface are denoted with a “+" sign, whereas those belonging to the
complementary side are denoted with a “—" sign. In A and C, the cryo-EM density is displayed as a black mesh contoured to an isovalue of 0.05. For all panels,
carbon atoms are colored yellow; nitrogens, blue; and oxygens, red. Molecular images were prepared with VMD (37).

are: Glu-77 and Ile-79, in the p3—-B4 loop (“loop A”); Glu-131, Pro-
132, and Phe-133, in the p7-$8 loop (“loop B”); and Tyr-175, His-
177, Leu-178, and Phe-188, in loop C. On the “complementary”
side, these residues are: Tyr-38 in 2 (“loop D”), Arg-91 in p5, and
Asn-103 in p6 (“loop E”) of the (-) adjacent subunit (Fig. 6D).
Chemical intuition suggested that the positively charged ammonium
moiety must be pointing “downward,” toward the membrane, so as
to minimize its distance to the carboxylates of Glu-77 and Glu-
131 and maximize its distance to the guanidinium group of the
adjacent subunit’s Arg-91. All-atom MD simulations starting with
either orientation of the ligand—that is, with its nitrogen atom
pointing toward (Fig. 7 A and B) or away from the binding-site
glutamates (SI Appendix, Fig. S8)—amply confirmed the choice of
the downward orientation as the more stable one. After relieving the
restraints, all five agonist molecules remained very close to their
experimentally determined densities—irrespective of their starting
orientations—for the rest of the simulation (Fig. 74 and SI Ap-
pendix, Fig. S84). Moreover, inspection of bound propylammonium
both in the structural model and throughout the simulations
revealed that binding-site residues form a tight “cage” around it,
leaving little room for it to fluctuate and escape from the protein
(Fig. 7 C and D). Quantitatively, this was manifest as a relatively low
solvent-accessible surface area for bound propylammonium (Fig. 7
A, Lower).

Structural Changes Underlying the Affinity Change. Because propy-

lammonium binding to ELIC favors channel opening (31), it
follows that this ligand binds to the open-channel conformation

Kumar et al.

with higher affinity than it does to the closed state; this is a
theoretical necessity, and as a general concept it is one of
the cornerstones of molecular pharmacology. Although we do
not know yet how well the ECD of our unliganded and
agonist-bound models approximate the low-affinity—closed
and high-affinity—open states of the liganded channel’s ECD,
respectively, we assumed here that they indeed are good ap-
proximations. With this idea in mind, we set out to compare the
binding sites of our two models in search for the structural
changes that underlie the agonism—that is, the differential af-
finity—of propylammonium on ELIC. Global superposition of
whole pentamers (Figs. 2 and 3) revealed that His-177, in loop C,
changes the most, its Ca atom moving 4.4 A; Tyr-175, also in
loop C, shows the second largest change (2.6 A for the Co atom).
In contrast, the Ca atoms of the propylammonium-binding side
chains of Glu-77 and Glu-131 move less than 1.0 A. These ob-
servations seemed to be robust inasmuch as the superposition of
our propylammonium-bound model to that of the detergent-
solubilized unliganded ELIC (16) yielded the same qualitative
results: His-177 changes the most (3.5 A), followed by Tyr-175
(1.5 A), whereas Glu-77 and Glu-131 move less (1.1 A and 0.6 A,
respectively). His-177’s side chain is likely to be largely neutral at
pH 7.4 (in both conformations), and its closest distance to the
positively charged end of propylammonium is 6.9 A. Thus, the
major reorganization of the agonist-binding sites between its low-
and high-affinity forms seems to involve residues that are not
engaged in direct interactions with the ligand.
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Fig. 7. Agonist-binding sites in the agonist-bound state. (A and B) All-atom MD simulation starting from the cryo-EM model of propylammonium-bound
ELIC. The root mean-square deviation (RMSD) of the heavy atoms of each of the five propylammonium molecules relative to the initial frame, as well as
their solvent-accessible surface areas (SASA), were calculated every 10 ps and are displayed (thin lines) in the Upper and Lower panels of A, respectively, using
the same y-axis scale as for their counterparts in Fig. 84 and S/ Appendix, Fig. S8A; thick lines represent moving averages. In B, the five molecules of
propylammonium in the 51- to 500-ns simulation interval are displayed at one frame per nanosecond, in licorice representation. Carbon atoms are colored
yellow and nitrogens are colored blue. The scale bars are the same as those in Fig. 8B. (C) Propylammonium-bound agonist-binding site viewed from the
membrane, as in Fig. 6D. Propylammonium is displayed in surface representation using a probe radius of 1.4 A. The inward movement of loop C tightens
the agonist-binding cavity (compare to Fig. 8C). (D) View of the window leading from each agonist-binding site to bulk solution (indicated with a red star).
The movement of loop C narrows this opening (compare to Fig. 8D). In C and D, amino acid residues lining the agonist-binding sites are also displayed in

surface representation (principal side in pink and complementary side in white) using a probe radius of 1.4 A. Residues belonging to the principal side of the

agonist-binding interface are denoted with a “+" sign, whereas those belonging to the complementary side are denoted with a

were prepared with VMD (37).

In the propylammonium-bound model, His-177 is surrounded
by several residues, including three aromatic amino acids with
atoms within 5 A: Tyr-175 from the same subunit, and Phe-
19 and Tyr-38 from the adjacent subunit (SI Appendix, Fig.
S9A). On the other hand, in the unliganded model, the histidine
has moved away from this microenvironment, mainly as a result
of the outward movement of loop C. In this alternative position,
the side chain of His-177 remains close to (that is, within 5 A of)
the aromatic side chains of Tyr-175 from the same subunit and
Phe-19 from the adjacent subunit, but exchanges the side chain
of Tyr-38 for that of Tyr-148 (of the adjacent subunit) as in-
teraction partner (SI Appendix, Fig. S9B). To assess the rele-
vance of the changing interactions involving His-177’s imidazole
group for channel function in the context of all of the other
bonds that form and break elsewhere in the protein as the
channel binds ligand and changes conformations, we studied the
functional effect of truncating its side chain. Electrophysiological
recordings showed that mutating this histidine to alanine slows
down both activation and the time course of entry into de-
sensitization in the presence of a saturating concentration of
propylammonium (SI Appendix, Fig. S10 A and B), and speeds
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up channel deactivation (SI Appendix, Fig. S10 C and D). These
three observations are consistent with a lower low-affinity—closed =
high-affinity—open equilibrium constant for the alanine mutant,
which indicates that a histidine at position 177 stabilizes the
high-affinity—open state relative to the low-affinity—closed state
more than does an alanine. Nevertheless, regardless of quan-
titative details, we would like to emphasize that channel func-
tion was remarkably well-preserved in the H177A mutant in
keeping with the low sequence conservation of loop C among
pLGICs, and the idea that this loop’s functional role is dis-
tributed among several residues.

Caging Delays Agonist Escape. As discussed above, all-atom MD of
the propylammonium-bound model showed that—upon relieving
the restraints—all five agonist molecules remained very close to
their experimentally determined densities for the rest of the sim-
ulation (Fig. 7). During the last 450 ns of the trajectories, the root
mean-square fluctuation of propylammonium about its mean po-
sition (averaged over the five molecules) was 0.6 A for the ni-
trogen atom and 1.2 A for the most distal carbon. We assume,
here, that this structural model corresponds to the high-affinity
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state. Furthermore, assuming that the unliganded model provides a
good approximation for the conformation of the agonist-binding sites in
the agonist-bound, low-affinity state, we modeled propylammonium
molecules in these five sites, taking their coordinates from the
agonist-bound model, and simulated the system using all-atom
MD. Compared to the simulation of the agonist-bound model,
the five molecules of propylammonium modeled in the unliganded
binding sites experienced much larger fluctuations and had a much
larger solvent-accessible surface area; one of them even escaped the
protein during the simulation (molecule #3, shown in red in Fig. 8
A and B). The root mean-square fluctuation of propylammonium
about its mean position (averaged over the four molecules that
remained within the protein in the last 450 ns) was as much as 1.8 A
for the nitrogen atom and 2.6 A for the most distal carbon.

The larger fluctuations and faster dissociation of propylammonium
observed in simulations of the unliganded model are consistent
with the presumed lower affinity of this conformation for the li-
gand, and thus with the well-established agonism of small alky-
lammonium cations on ELIC. These fluctuations correspond to
what could be interpreted as repeated unbinding-rebinding events

of propylammonium that continue until the ligand finally gets to
escape into bulk solvent (“dissociate”). As long as rebinding is
faster than the channel’s conformational transitions, this “gemi-
nate recombination”—as this concentration-independent rebind-
ing phenomenon (49) is commonly referred to in the literature of
gas-binding heme proteins (e.g., refs. 50 and 51)—would effec-
tively prolong the mean lifetime of the agonist—channel complex in
the low-affinity state. In the high-affinity state, on the other hand,
the tighter cage formed around propylammonium dampened these
fluctuations and delayed its dissociation from the protein even
further. Comparison of the two structural models offers an ex-
planation for the simulation results: The unliganded state (taken
here to represent the low-affinity conformation) features a wider
binding-site cavity (Fig. 8C) and a larger “window” leading to bulk
solution (Fig. 8D) than does the ligand-bound state (taken here to
represent the high-affinity conformation) (Fig. 7 C and D). A
mechanism in which steric considerations—such as size and shape
complementarity—are important determinants of ligand affinity
may be of general relevance for small-molecule agonists that (like
propylammonium) have few functional groups, and thus do not

T T
200 300
Time (ns)

b

Loop C

\ His 177

Fig. 8. Agonist-binding sites in the unliganded state. (A and B) All-atom MD simulation starting from the cryo-EM model of unliganded ELIC with five
propylammonium molecules modeled at their positions in the agonist-bound model. The heavy-atom RMSD (relative to the initial frame) and SASA values of
each of these molecules were calculated every 10 ps and are displayed as in Fig. 7A. Molecule #3, in red, escaped from the protein at ~80 ns, and thus, its
RMSD and SASA values are not reported beyond this point. In B, the five molecules of propylammonium in the 51- to 500-ns simulation interval are displayed
at one frame per nanosecond, as in Fig. 7B. Propylammonium molecule #3, present only in the first few displayed frames, is highlighted with a red, dashed-
line circle. The scale bars are the same as those in Fig. 7B. (C) Unliganded agonist-binding site viewed from the membrane, as in Figs. 6D and 7C. The outward
movement of loop C opens up the agonist-binding cavity (compare to Fig. 7C). (D) View of the window traversed by propylammonium molecule #3 (displayed
in surface representation using a probe radius of 1.4 A) as it escaped from the protein into bulk solution during the simulation (indicated with a red star). The
movement of loop C widens this opening (compare to Fig. 7D). In C and D, amino acid residues lining the agonist-binding sites are also displayed in surface
representation (principal side in pink and complementary side in white) using a probe radius of 1.4 A. Residues belonging to the principal side of the agonist-
binding interface are denoted with a “+" sign, whereas those belonging to the complementary side are denoted with a “—" sign. Molecular images were
prepared with VMD (37).
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offer alternative contact points with the surrounding protein as a
means to increase or decrease their affinities in a conformation-
dependent manner. Intriguingly, different degrees of ligand caging
have been proposed to also underlie the different affinities of gas-
binding heme proteins for NO, CO, and O, (e.g., ref. 52).

Gratifyingly, free-energy perturbation calculations of the
binding of propylammonium to the orthosteric ligand-binding sites
also were consistent with the proposed higher affinity of the
agonist-bound model. Certainly, the estimated difference between
the standard Gibbs free energies of association of propylammonium
to the agonist-bound and unliganded protein structures was —9.3 +
0.3 kcal mol™ per site. This value compares favorably with experi-
mental estimates obtained for the association of ACh to the open and
closed conformations of the muscle AChR (AAG® = 5.2 kcal mol™
at the o1-8 subunit interface, —5.6 kcal mol™! at the ol-¢ inter-
face, and AAG® = —7.9 kcal mol™! at the al-y interface, at 22 °C)
(53), the only pLGIC for which experimental values of this vari-
able have been reported.

State-Dependent Lipid-Protein Interactions. At least in the case of
the Torpedo AChR, it has been clearly established that the
electrostatic properties of a phospholipid’s polar head group are
a key determinant of ion-channel function (e.g., ref. 8). With this
idea in mind, we reanalyzed some of the obtained MD trajec-
tories of the unliganded and agonist-bound atomic models of
ELIC focusing on the attractive interactions between ionized
amino acid side chains and the charged moieties of POPC’s polar
head. This analysis revealed that ionized side chains from the
extracellular f6—p7 and p8—P9 loops and the intracellular M3-
M4 linker contribute many of these contacts, and that their
number differs between the unliganded and agonist-bound
models throughout the simulations (S Appendix, Fig. S11); av-
eraging the last 50 ns, the unliganded conformation made
~15 more lipid—-protein contacts per pentamer. Because of their
state-dependence, these electrostatic interactions are poised to
affect the channel’s closed—open—desensitized equilibrium con-
stants, thus hinting at a possible link between membrane chem-
ical composition and ion-channel function.

Discussion

Our understanding of the relationship between structure and
function in pLGICs is not thorough enough yet to allow us to infer
functional states solely on the basis of structural features. Indeed,
we can state with confidence that the transmembrane pore is in a
similar nonconductive conformation in both the unliganded and
agonist-bound structural models of ELIC presented here, but we
cannot discern whether this conformation corresponds to the
closed state or to one of the many desensitized states that pLGICs
have been inferred to adopt (e.g., ref. 54). Similarly, although it is
clear that the agonist-binding sites are vacant in one model and
occupied in the other, we do not know whether the latter repre-
sents a conformation with high affinity for the agonist (charac-
teristic of the open and desensitized states) or a conformation with
low affinity (characteristic of the closed state). However, the
marked similarity between the unliganded and agonist-bound
models at the level of the pore-lining M2 o-helices suggested
that the pore is in the same nonconductive conformation, probably
the “resting,” closed-state conformation. In addition, the obser-
vation that the structural differences between the unliganded and
agonist-bound models at the level of the binding-site loop C and
the interfacial ECD-TMD loops are of similar magnitude to those
observed upon pairwise comparison of the closed- and open-state
models of other pLGICs led us to favor the idea that the binding
sites of the propylammonium-bound model of ELIC represent the
high-affinity conformation and that its interfacial loops have
moved in an attempt to open the pore. Thus, according to this
interpretation, agonist-bound ELIC embedded in POPC mem-
branes adopts a hybrid conformation having a high-affinity open/
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desensitized conformation in the ECD—fully supported by our
MD simulations and free-energy calculations—but a closed-state
conformation in the transmembrane pore. Clearly, this confor-
mational “chimera” need not exist in membranes that support the
ion-channel activity of ELIC, and instead, may simply represent
the effect of a pure POPC bilayer frustrating the propagation of
the gating conformational change through the protein. Therefore,
in POPC membranes, the strict coupling between binding-site
affinity and pore permeability that underlies the operation of all
ligand-gated ion channels (13, 14) would be deficient, and the
short and infrequent single-channel openings observed (Fig. 1 D
and E) would represent rare instances in which the gating con-
formational change propagates successfully. We wonder whether
this loss-of-function mechanism also holds for other function-
incompetent lipid compositions and for other lipid-sensitive
pLGICs. In principle, the situation seems to be different for the
AChR from Torpedo: Although POPC-only membranes have been
proposed to also stabilize a closed-state-like conformation of the
pore domain, POPC has been suggested to stabilize the ACh-
binding sites in a low-affinity, closed-state-like conformation (7).

There does not seem to be any reason why the loss of activity
in electrophysiological assays should be accompanied by the loss
of coupling between the agonist binding-site affinities and the
conductive versus nonconductive state of the transmembrane
pore. Indeed, one can imagine that maneuvers that diminish the
electrical activity of a channel, such as mutations, may simply
stabilize the entire protein in the low-affinity—closed-channel
conformation, in which case the ECD-TMD coupling would be
fully preserved. At this point, it is unclear what properties of a
pure-POPC bilayer hinder the propagation of the gating con-
formational change of ELIC into its TMD and how these
properties change in going from POPC to a complex mixture of
lipids, such as asolectin, for the latter to restore this coupling.
Much more generally, it is also unclear how the properties of a
piece of plasma membrane adhered to the interior of a glass
patch-clamp micropipette (e.g., ref. 55) compare to those of a
protein-wrapped flat disk of symmetrical lipid bilayer with
enough room for only a single copy of the channel, and whether
one can be used to learn about the other and, ultimately, about
membranes of the size and shape of cells.

Many other questions remain and other interpretations of our
structural models in terms of their corresponding functional states
are, certainly, conceivable. We regard the current work with POPC-
only membranes as a “foundation” or “baseline” on top of which
future work with increasingly complex lipid bilayers and animal
pLGIC:s will likely stand. We hope this line of investigation will get
us closer to a thorough understanding of the lipid dependence of
pLGIC function (5-10, 56), one of the earliest noted—yet, most
elusive—properties of this superfamily of ion channels.

Materials and Methods

ELIC was overexpressed and purified as previously described (16, 57). Purified
ELIC was reconstituted into POPC (Avanti Polar Lipids) nanodiscs following
established protocols (58), and into POPC or asolectin (Cat. No. 11145; Sigma)
cell-sized proteoliposomes following the “dehydration-rehydration”
method (59, 60). Currents from proteoliposomes or transiently transfected
HEK-293 cells were recorded in the inside-out and whole-cell patch-clamp
configurations, respectively. Agonist-concentration jumps were applied us-
ing a piece of double-barreled glass "“0-tubing.” The flow of solution
through the 6-tube was controlled using a gravity-fed system, and the
movement of the 0-tube was achieved using a piezo-electric arm. In the
inside-out configuration, the pipette solution was: 142 mM KCl, 5.4 mM
Nadl, 1.8 mM CaCl,, 1.7 mM MgCl,, and 10 mM Hepes/KOH, pH 7.4. In the
whole-cell configuration, the pipette solution was: 110 mM KCl, 40 mM KF,
and 5 mM Hepes/KOH, pH 7.4. For both configurations, the bath solution
was: 5 mM KCl, 250 mM mannitol, and 5 mM Hepes/KOH, pH 7.4. The two
extracellular solutions applied through the 6-tube barrels were bath solution
with and without 1- or 10-mM agonist (propylammonium-chloride/
propylamine; pK, = 10.71). In a subset of patch-clamp recordings from
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POPC-ELIC proteoliposomes, the agonist was also added to the pipette so-
lution. Unliganded and propylammonium-bound ELIC cryo-EM grids were
prepared using Spotiton 1.0 (61). Images were acquired by a Titan Krios
microscope (ThermoFisher Scientific) operated at 300 kV using a Gatan
K2 direct electron detector (Gatan) with an energy filter and in counting
mode. Particle stacks were imported into RELION2.1 (62) and were processed
through several rounds of 2D and 3D classification. Selected classes were
then processed for high-resolution 3D refinement. Structural models of both
unliganded and propylammonium-bound ELIC were built using PHENIX (63,
64), Coot (65), and MD flexible fitting (66-68). Data-collection, processing,
and model-refinement statistics are listed in S/ Appendix, Table S1. NAMD
(69) was used to perform MD flexible fitting, MD simulations, and free-
energy perturbation calculations using the CHARMM forcefield (70, 71).
Visual molecular dynamics (VMD) (37) was used for most data visualization
and analyses. Additional details are described in SI Appendix, SI Materials
and Methods.

Data Availability. The cryo-EM maps and atomic coordinates reported in this
paper have been deposited in the Electron Microscopy Databank (EMDB) and
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