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Abstract

Reconstituted nicotinic acetylcholine receptors (nAChRSs) exhibit significant gain-of-function upon
addition of cholesterol to reconstitution mixtures, and cholesterol affects organization of NAChRs
within domain-forming membranes, but whether nAChR partitions to cholesterol-rich liquid-
ordered (“raft” or 4) domains or cholesterol-poor liquid disordered (/) domains is unknown. We
use coarse-grained molecular dynamics simulations to observe spontaneous interactions of
cholesterol, saturated lipids, and polyunsaturated (PUFA) lipids with nAChRs. In binary
Dipalmitoylphosphatidylcholine:Cholesterol (DPPC:CHOL) mixtures, both CHOL and DPPC acyl
chains were observed spontaneously entering deep “non-annular” cavities in the NAChR TMD,
particularly at the subunit interface and the g subunit center, facilitated by the low amino acid
density in the cryo-EM structure of nNAChR in a native membrane. Cholesterol was highly enriched
in the annulus around the TMD, but this effect extended over (at most) 5-10A. In domain-forming
ternary mixtures containing PUFAS, the presence of a single receptor did not significantly affect
the likelihood of domain formation. nAChR partitioned to any cholesterol-poor /3, domain that
was present, regardless of whether the /o or 4, domain lipids had PC or PE headgroups.
Enrichment of PUFAs among boundary lipids was positively correlated with their propensity for
demixing from cholesterol-rich phases. Long 77— 3 chains (tested here with Docosahexaenoic
Acid, DHA) were highly enriched in annular and non-annular embedded sites, partially displacing
cholesterol and completely displacing DPPC, and occupying sites even deeper within the bundle.
Shorter - 6 chains were far less effective at displacing cholesterol from non-annular sites.

Keywords
Polyunsaturated Fatty Acids (PUFA); Docosahexaenoic acid (DHA); cholesterol; nicotinic
acetylcholine receptor; nAChR partitioning; liquid order (/); liquid disorder (/y,); lipid-protein
interactions; lipid rafts

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharp et al. Page 2

1. Introduction

The nicotinic acetylcholine receptor (nAChR) is an excitatory pentameric ligand gated ion
channel (pLGIC) commonly found in the neuronal post synaptic membrane and
neuromuscular junction (NMJ) in mammals as well as the electric organs of the 7orpedo
electric ray. nAChRs play a fundamental role in rapid excitation within the central and
peripheral nervous system, and neuronal nAChRs are also critical for cognition and
memory(2). Acetylcholine is the orthosteric nAChR ligand, but numerous other exogenous
and endogenous small molecules modulate nAChRs, including nicotine, general anesthetics,
the tipped-arrow poison curare, phospholipids, cholesterol, and cholesterol-derived
hormones.(34) The larger pLGIC super family that includes nAChRs has been shown to play
roles in numerous diseases related to inflammation,>=7), addiction(”), chronic pain(®),
Alzheimer’s Disease(®11), spinal muscular atrophy(12), schizophrenia®3) and neurological
autoimmune diseases(14),

nAChRs are highly sensitive to the surrounding lipid environment(5-18) for reasons that
remain poorly understood. In the late 1970s it was observed that reconstituted nAChRs only
exhibit native conductance if model phospholipid membranes contained at least 10-20%
cholesterolX-21) Three generations of investigation into the mechanism have followed,
with the first generation of studies(2-42) aiming to differentiate between the role of bulk,
annular, and non-annular cholesterol. The second generation(16:18:42-54) of studies probed
membrane-mediated effects on organization of multiple nAChRs, while the third
generation(®>-58) has applied x-ray crystallography and high-resolution cryoelectron
microscopy to directly observe lipid binding modes.

Members of the pLGIC family other than nAChR are also lipid-sensitive,5-62) and lipids
other than cholesterol can also modulate function(15:52.63-67) hut these mechanisms have not
been as extensively studied. The recent publication of several crystal and cryo-EM
structures®5-58) has confirmed that specific lipid-pLGIC interactions extend beyond
cholesterol and nAChR. Such interactions are also well-established in other transmembrane
proteins, including G-protein coupled receptors (GPCRs) and other ion channels, as
reviewed in(68-72),

Even in the specific case of cholesterol-nAChR interactions, results from different
approaches have suggested complex behavior and even contradictory interpretations. Results
have indicated that both cholesterol enrichment(19-21) and cholesterol depletion(’® cause
gain of function, that anionic phospholipids are unnecessary for native function(19-21) or
must be(®5.66) included in a reconstitution mixture, that cholesterol increases nAChR
clustering(18:47:48) and directly interacts with nAChR(2%:32) but nAChR does not
consistently partition into cholesterol-rich domains("4). We suggest here that some of these
apparent contradictions may be explained by competition between cholesterol and other
lipids found in native membranes, primarily lipids with polyunsaturated fatty acyl chains
(PUFAS).

Interactions of nNAChR with PUFAs have not been systematically investigated
experimentally, but a large amount of circumstantial experimental evidence suggests an
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important role for PUFAs in nAChR function. Clinically, long-chain 7— 3 (commonly called
“Omega-3” or w — 3) lipids have a neuroprotective role(’>, and nAChR-associated
pathologies can arise for patients with low levels of 7—- 3 PUFAs. a7 nAChRs are
implicated in schizophrenia®3), and dietary supplementation with /7 - 3 fatty acids (usually
through fish oil) can reduce the likelihood of psychosis, with dramatic effects in some
individual cases.(76)

In vitro, PUFA-rich asolectin(’7.78) is one of the most robust additives(2%) for obtaining
native nNAChR function: restoration of native function by cholesteryl hemisuccinate (CHS) is
observed only over a narrow CHS concentration range in monounsaturated PE/PS
membranes, but a much wider concentration range in asolectin(®), The specific
component(s) of asolectin that complement cholesterol in improving nAChR function have
not been isolated. Long chained n — 3 PUFA lipids are abundant in two seemingly disparate
nAChR native membranes: mammalian neuronal membranes(79:89) and those of the 7orpedo
electric organ,(36:81), Both such membranes also have an abundance of phosphoethanolamine
(PE) headgroups and saturated glycerophospholipids, and a scarcity of monounsaturated
acyl chains and sphingomyelin compared to thhe Xenopus oocyte membranes(®2) common
in functional studies, or a “generalized” mammalian cell membrane(83).

Membranes composed of ternary mixtures of saturated lipids, unsaturated lipids, and
cholesterol tend to demix into separate domains. Saturated lipids and cholesterol constitute a
rigid liquid ordered phase (%) in which acyl chains remain relatively straight.(84-87)
Unsaturated lipids form a more flexible liquid disordered phase (/) in which the chains
remain fully melted. /, domains are often visualized as signaling “platforms”, restricting
membrane proteins into high density “rafts” that diffuse within a fluid membrane(®8.89). This
conceptualization requires that 4, domains have a much smaller area than /4, domains, and
does not well-represent membranes that are over 30% cholesterol, such as neuronal
membranes.

The first generation of studies into the mechanism underlying cholesterol-modulation of
nAChR were conducted and interpreted in an era preceding the discovery of lipid-induced
domain formation in membranes. The second generation explicitly considered potential
interactions of nNAChR with lipid domains, in part to determine the requirements for the
extremely high density (~ 104472) of nAChRs at the neuromuscular junction(®9). Since direct
interaction between nAChR and cholesterol had been demonstrated in the first generation of
studies, a sensible initial hypothesis was that NAChR persistently partitioned to /4, domains,
retaining little contact with unsaturated chains. Tests of this hypothesis have yielded results
that are inconclusive, contradictory, or highly sensitive to lipid composition.

Barrantes and colleagues®? found that the addition of NAChRs to a domain-forming lipid
mixture increased the size of Dipalmitoylphosphatidylcholine/Cholesterol (DPPC/Chol)
lipid-ordered domains, which (combined with additional FRET data) was interpreted as
indicating NAChR was embedded in liquid-ordered domains. Some studies(45:91.92) suggest
that nAChRs are associated with microdomains independently of stimulation by other
proteins associated with the neuromuscular junction. Other studies(8:93) suggested that
nAChRs require stimulation by a protein such as agrin to partition into microdomains.
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Formation and disassembly of the nAChR-rich microdomains is highly sensitive to
cholesterol concentration. (18:44.45.48,94)

These studies suggested a role for cholesterol-induced phase separation, but did not confirm
that nAChR partitions to the cholesterol-rich phase. To test for an intrinsic NAChR domain
preference, Barrantes and co-workers checked for enrichment of nAChRs in the detergent
resistant membrane (DRM). nAChRs were not enriched in the DRM of a model, domain-
forming mixture (1:1:1 Chol: palmitoyloleoylphosphatidylcholine(POPC): sphingomyelin)
(74) but inducing compositional asymmetry across leaflets did yield nAChR enrichment in
the DRM fraction(®%). While more precise and robust experimental methods for determining
partitioning preference and specific boundary lipids such as mass spectrometry have been
applied for other transmembrane proteins(96:97), they have not been applied to complex
heteromers like NAChR.

Fully atomistic molecular dynamics (MD) simulations(®8-101) have served as a natural
complement to the third-generation structural biology approach, but are limited in their
ability to resolve contradictions between first and second generation studies, because lipids
are unable to diffuse over simulation time scales.(102-106) Efficient lipid diffusion is a
requirement for equilibrating domains or detecting protein-induced lipid sorting. Coarse-
grained MD (CG-MD) has been used to great success in a number of simulations for both
lipid-protein binding and membrane organization(93-108) Here we use CG-MD as a
“computational microscope” to observe the equilibrium distribution of lipids local to the
nAChR in a range of binary and ternary lipid mixtures inspired by native membranes. We
observe a remarkable enrichment of polyunsaturated lipids among nAChR boundary lipids.
To our knowledge, these are the first molecular simulations of the nAChR in non-randomly
mixed membranes, and the first study to systematically investigate the likelihood of
polyunsaturated lipids as nAChR boundary lipids.

Methods

2.1. System Composition

All simulations reported here used the coarse-grained MARTINI 2.2 (109) topology and
forcefield. nAChR coordinates were based on a cryo-EM structure of the afy6 muscle-type
receptor in native torpedo membrane (PDB 2BG9 (110)). This is a medium resolution
structure (4A) and was further coarse-grained using the martinize.py script; medium
resolution is sufficient for use in coarse-grained simulation, and the native lipid environment
of the proteins used to construct 2BG9 is critical for the present study. The secondary,
tertiary and quaternary structure in 2BG9 was preserved via soft backbone restraints during
simulation as described below, so any inaccuracies in local residue-residue interactions
would not cause instability in the global conformation.

Coarse-grained membranes were built using the Martini script insane.py, which was also
used to embed the coarse-grained nAChR within the membrane. The insane.py script
randomly places lipids throughout the inter- and extra-cellular leaflets, and each simulation
presented in this manuscript was built separately. Binary mixed membranes were composed
of one saturated lipid species (Dipalmitoylphosphatidylcholine-DPPC or
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Dipalmitoylphosphatidylethanolamine-DPPE) and cholesterol (CHOL), while ternary mixed
membranes also included either two 7 - 6 PUFA acyl chains :
Dilinoleoylphosphatidylcholine (dLA-PC) or Dilinoleoylphosphatidylethanolamine (dLA-
PE) or two 7 — 3 PUFA acyl chains : Didocosahexaenoylphosphatidylethanolamine (dADHA-
PE) or Didocosahexaenoylphosphatidylcholine (dDHA-PC). DHA-PC is not distributed with
the MARTINI lipidome, but was constructed in-house using MARTINI DHA tails and PC
headgroups). Multiple box sizes were used depending on the goal; “small” boxes were
between 22x22x20 nm3 and 25x25x25 nm3, with about ~ 1400 total lipids and ~ 80000 total
beads, and were used primarily to investigate composition trends, “large” boxes were about
45x45x40 nm3 with about ~ 8,300 total lipids and ~ 820,000 total beads, and were used
primarily to investigate subunit specificity and long-range sorting, and “very large” boxes
were ~ 75x75x40 nm?3 with about ~ 19,000 total lipids and ~ 1.8 million total beads, and
were used to verify that partitioning in the /i, phase did not reflect finite size effects.

2.2. Simulations

Molecular dynamics simulations were carried out using GROMACS(11): small boxes used
GROMACS 5.0.6 and large and very large boxes used GROMACS 5.1.2 or 5.1.4. All
systems were run using van der Waals (vdW) and Electrostatics in shifted form with a
dielectric constant of ¢,=15. vdW cutoff lengths were between 0.9 and 1.2 nm, with
electrostatic cutoff length at 1.2 nm.

Energy minimization was performed over 10000 to 21000 steps. Molecular dynamics were
run using a time step of 25 fs, as recommended by MARTINI, for 2 /s for small
membranes,and 10 /s for large and very large membranes. Simulations were conducted in
the isothermal-isobaric (NPT) ensemble, by using a Berendsen thermostat set to 323 K with
temperature coupling constant set to 1 ps, as well as isotropic pressure coupling with
compressibility set to 3 x 107> bar~1 and a pressure coupling constant set to 3.0 ps.

Secondary structures restraints consistent with MARTINI recommendations were
constructed by the martinize.py(109) script and imposed by Gromacs(!11), Protein
conformation was maintained in small systems via harmonic restraint (with a spring constant
of 1000 kJ mol~1) on the position of backbone beads. nAChR conformation in large systems
was preserved via harmonic bonds between backbone beads separated by less than 0.5 nm,
calculated using the EINeDyn algorithm(12) associated with MARTINI(99) with a
coefficient of 900 kJ mol~1. These restraints limited the root-mean-squared-displacement
(RMSD) of the backbone to less than 2.5 A throughout the simulation.

The minimum equilibration time depended on the system size. Small systems typically
began domain formation by 500 ns, with domains fully formed by 1000 ns. Large systems
and very large simulations required about 545 of equilibration for stabilization of metrics
described below.

2.3. Analysis

Extent of domain formation within the membrane was tracked by
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where 714 g is the number of type B molecules among the 6 nearest neighbors for a given
type A molecule, the average is over time and all molecules of type A, and the self-
association metric is notated Ma = Ma a for brevity. For a random mixture, {114 g) = 6x5,
where xg is the fraction of overall bulk lipids that are of type B. Ma = 0 indicates random
mixing while Mp > 0 and Mp < 0 indicate demixing and excessive mixing respectively.

Extent of receptor partitioning within the /, or /i, domain was tracked by counting the
number bg,; of saturated annular boundary lipids and comparing with the expectation for a
random mixture, via the order parameter Qsat:

b
ou=-{z2]-1 @

xsat tot

where bt is the total number of lipids in the annular boundary region and xg; is the fraction
of overall bulk lipids that are saturated phospholipids. Qs < 0 indicates depletion of
saturated lipids among boundary lipids, as expected for partitioning into an /i, phase, while
Qsat > 0 indicates enrichment and likely partitioning into an /, phase. Each frame, & and
bsst Were calculated by counting the number of total and saturated lipids, respectively, for
which the phosphate bead fell within a distance of 1.0 nm to 3.5 nm from the M2 helices,
projected onto the membrane plane.

Two-dimensional density distribution of the beads within a given lipid species Baround the
protein was calculated on a polar grid:

(nslri0,))

pB(ri’ 9/) - rArAf ©)

where 7;= /Aris the projected distance of the bin center from the protein center, 6 ;= jA@ s
T

15
radial and angular direction respectively, and {n5(r; 9/)) is the time-averaged number of
beads of lipid species B found within the bin centered around radius 7;and polar angle & ;. In

the polar angle associated with bin j, A= 10A and A 6 = = radians are the bin widths in the

order to determine enrichment or depletion, the normalized density /")'B(ri, ej) is calculated by

dividing by the approximate expected density of beads of lipid type B in a random mixture,
stBNL/<L2>, where sg is the number of beads in one lipid of species B, AV, is the total

number of lipids in the system, and {£2)is the average projected box area:
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This expression is approximate because it does not correct for the protein footprint or any
undulation-induced deviations of the membrane area. The associated corrections are small
compared to the membrane area and would shift the expected density for all species equally,
without affecting the comparisons we perform here.

3. Results

3.1. Spontaneous association with cholesterol in binary membranes

Lipid sorting was characterized for nAChRs in binary DPPC:CHOL membranes (Figure 1A)
using several metrics. Non-random lipid mixing (including domain formation) was
quantified using the self-association metric My as defined in Equation 1. As expected, in
simulated binary membranes containing only DPPC and 0-40% cholesterol, minimal
demixing was observed, with values of Mpppc (Fig 1B) rising slightly for higher cholesterol
concentrations but remaining persistently below 0.05.

Depletion of saturated lipids among nAChR boundary lipids (relative to those expected for a
random mixture) was quantified using the metric Q4 defined in equation 2. Negative and
positive values of Qs reflect depletion or enrichment of saturated lipids in the nAChR
boundary, respectively. In binary systems containing cholesterol and saturated lipids,
depletion of saturated lipids corresponds directly to enrichment of cholesterol: Qgpp7= — Qsat

Xsat! XChol-

In binary DPPC:CHOL mixtures, Qs Was very slightly negative for xcno < 20%, but
decreased steadily for higher concentrations. This trend indicates some depletion of DPPC
(and enrichment of cholesterol) among nAChR boundary lipids (Figure 1B). Typically,
between 10 and 20% cholesterol has been required in reconstitution mixtures to restore
native function(19:20.113) and a phase transition at about 20% cholesterol in binary
DPPC:CHOL model membranes is indicated by differential scanning calorimetry.(114)

Spontaneous binding of cholesterol to non-annular or “embedded” sites, similar to what we
previously proposed(®8), was observed in these CG-simulations, and penetration of the TMD
bundle by DPPC acyl chains was also observed at lower cholesterol concentrations (Fig 1A).
Distribution of density for embedded lipids is further discussed in Section 3.4.

Annular cholesterol (enrichment of cholesterol at the protein-lipid interface), is visible for
the binary systems via a ring of high (red) cholesterol density just around the protein in
Figure 1C. Enrichment of cholesterol near the protein is highly localized with a ring that is
less than 5A wide. This is in general agreement with evidence for annular cholesterol in
randomly-mixed binary membranes.(49)
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3.2. Domains formed in PUFA-containing ternary membranes are not affected by
introduction of an nAChR

In order to test whether nAChR affected domain formation in domain-forming membranes,
we characterized Mpga for systems containing DPPC, Cholesterol, and PE or PC with
either n-3 (DHA) or n-6 (LA) acyl chains. Addition of phospholipids with unsaturated acyl
chains to systems containing a saturated lipid and cholesterol is well-established to induce
domain formation, and polyunsaturated phospholipids make these domains more well-
defined(115), As expected, we observed that addition of PUFAs to DPPC/CHOL bilayers did
induce domain formation over a range of compositions, and values for Mpea are shown as
filled symbols in Figure 2 A.

Introducing a single nAChR to these same systems did not significantly affect domain
formation. Mppya was determined for an isolated nAChR in ternary mixed membranes with
over 40 different combinations of DHA, DPPC, and Cholesterol (Figure 2A, shaded
contours). Its effect on membrane organization is represented by the difference in color of
the circular symbol and the shaded contour at the same composition. Introducing a single
nAChR into the DHA-containing systems does slightly reduce the amount of DHA required
to obtain a given value of Mppa. This subtle trend may reflect increased likelihood of DHA-
DHA interactions due to nucleation of DHA-containing lipids around the protein (Figure 3).

Across ternary mixtures with two long 7 - 3 PUFA chains (DHA) and a PE headgroup,
maximum values of Mpna approached 5 (Figure 2A), and were significantly reduced (to
less than 0.5) when DHA chains were replaced with linoleic acyl (LA) chains. This result is
consistent with a previously-observed significant increase in miscibility temperature upon
supplementation of plasma membranes with 77— 3 lipids.(115)

Substantial lipid demixing in DHA-containing mixtures was observed even at low
cholesterol concentrations. Over the range we tested, Mpna Was not sensitive to cholesterol
concentration Xchol, as shown by the horizontal contours for DHA in Figure 2A.

3.3.  nAChR consistently partitions to the liquid disordered domain

For more than 70 lipid compositions tested, nAChR always partitioned into a PUFA-rich /o
phase if such a phase was present. We never observed nAChR partitioning to an /, phase.
Representative frames from trajectories of domain formation in the presence of nAChR are
shown in Figure 3. This observation includes all tested concentrations of the ternary
mixtures, regardless of whether the zwitterionic headgroup was PC or PE (Figure 4), or
whether DPPC was replaced by dioleoylphosphatidylcholine (DOPC) (di-18:1),
Palmitoyloleoylphosphatidylcholine (POPC) (16:0,18:1), or dilauroylphosphatidylcholine
(DLPC) (di-14:0), as shown in Figure S1.

These results are quantified for nAChR embedded in ternary membranes containing DPPC,
CHOL, and either dDHA-PE or dLA-PC in Figure 2 B, using the metric Qs defined in
equation 2. In all systems studied here, Qs3t < 0, indicating depletion of saturated lipids as
boundary lipids, consistent with observed partitioning to the /3, domain in Figure 3.
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DHA

sat < <Q

Furthermore, depletion was much stronger in systems containing DHA (Q LA),

sat

consistent with the more well-defined DHA domains (Mppa >> M a).

The nAChR annulus is highly enriched in DHA: DHA-PE constitute nearly 100% of the
local lipids even in membranes with very low DHA concentrations. This strong signal could
indicate multiple high affinity sites for DHA chains across the transmembrane protein
surface. At another extreme, DHA enrichment could be driven by a very slight preference
for DHA in a highly non-ideal bulk: since DHA is found in well-defined domains without
protein, even one DHA molecule that binds to the protein surface could stabilize the rest of
the /i, domain nearby. Comparing boundary lipid and domain formation trends can help
distinguish between these two scenarios. If boundary lipid enrichment is determined purely
by how well-defined domains are (the latter scenario), we would expect similar trends for
Mpna and Qs in the DHA column of Figure 2. In contrast, Figure 2 shows that while
domain formation in DHA-containing systems is only weakly sensitive to cholesterol
content (horizontal contours), composition of boundary lipids is highly sensitive to
cholesterol content (diagonal contours). These results suggest that direct interactions
between multiple favorable sites on nAChRand DHA-containing lipids dominate the
observed enrichment of DHA among boundary lipids.

The simulations represented in Figure 2 do compare the effects of two unsaturated lipids that
also have different headgroups. DHA is far more commonly paired with PE in native
membranes, while LA is more commonly found with PC. We found no qualitative
differences in nAChR domain partitioning or significant quantitative effect on Qg upon
switching PC and PE headgroups on the PUFA lipid. We did observe a quantitative effect of
saturated lipid headgroup on boundary lipid composition: Qs Was reduced by half when
saturated PE was used instead of saturated PC. (Figure 4). As shown in Figure 4, nAChR is
bordered by /, domains on two opposing faces when saturated PE is used, compared to only
one face if PC is used. The particular domain topology shown in Figure 4 is an artifact of the
periodic boundary conditions, but still indicates more favorable interactions of NAChR with
an /, domain composed of DPPE vs DPPC. This may reflect a difference in the lipid shape
(wedge-shaped DPPE vs cylindricalshaped DPPC) and the associated monolayer
spontaneous curvature. For PUFA lipids in flexible /i, domains, lipid shape is less likely to
play a significant role in determining partitioning. The dramatic difference in domain
flexibility is apparent in Figure S2.

3.4. Spontaneous integration of lipids into nAChR TMD bundle

The nAChR structure used for these simulations was determined in a native membrane with
a high fraction of polyunsaturated lipids. While we previously(®®) proposed that unresolved
density in this structure could be embedded cholesterol, the possibility of occupation by
phospholipids other than POPC was not investigated. Furthermore, we did not consider
possible asymmetry across subunits in binding previously. Here we do observe penetration
of both the intersubunit (“type B”) and the intrasubunit (“type A/C”) sites previously
proposed(®8), by both phospholipids and cholesterol, but with a high degree of subunit
specificity.
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Two dimensional density distributions of DPPC, PU-FAs, and cholesterol over short and
long length scales were measured for two ternary mixtures and one binary mixture (Figure
5). In binary DPPC/cholesterol membranes, DPPC was more likely than cholesterol to
occupy intrasubunit sites. DPPC binds shallowly in the a subunit and more deeply in the g
subunit. Introducing PUFAs resulted in displacement of both cholesterol and DPPC from
intrasubunit sites, except for the g intrasubunit site, which became more likely to be
occupied by cholesterol. The interior of the S subunit TMD has the largest amount of
available volume, could sequester cholesterol (but not DPPC) from the PUFA lipids in the
annulus, and filling the interior with a PUFA chain may be entropically costly. PUFA chains
did occupy other intrasubunit sites, but remained fluid, as shown in Figure 6.

Intersubunit sites were rarely occupied by DPPC, with the exception of the S+ /a- site in
the binary system (Figure 5). Intersubunit sites were more likely to bind cholesterol,
particularly the g+ /a —, a + /y —, and a+/&- subunit interfaces. Occupation of the a+/6—
interface is consistent with cryo-EM observations(116) of enhanced cholesterol density
around the a + /& site. Intersubunit sites that were not significantly occupied by cholesterol
(6 + /- and - /a+) did show significant and deep occupation by DHA, which tended to
enter from the adjacent intrasubunit site rather than from the membrane. Even those
intersubunit sites with significant cholesterol occupancy can simultaneously bind part of a
DHA chain, yielding non-vanishing DHA density.

3.5. Lipid sorting over the 5-20 nm range is associated with larger domains

We also calculated density distributions of each lipid species at distances beyond the
“annular” ring, over the 5-20 nm range. As shown in Figure 5 (left column), observed
sorting of lipids within 5-20 nm of the nAChR is dependent on the overall composition of
the membrane. For all compositions shown, cholesterol is depleted within 5-20 nm and
enriched even farther from the protein. Within the binary systems this effect is minor
(/SCHOL~1), but it becomes stronger in the moderately demixed LA systems (ﬁCHOL~0.5) and

substantial (ﬁCH0L~O.25) for the highly-segregated DHA containing systems. A similar

pattern is observed for DPPC, which suggests that “sorting” over the 5-20 nm range is
primarily driven by intrinsic differences in membrane organization that would be observed
without the receptor. PUFAs are also most highly enriched at intermediate distances : the
deepest red band is found at about 5 nm in LA-containing systems and about 8 nm in DHA-
containing systems. This would be expected when nAChR partitions near a curved domain
boundary, as in Figure 4.

4. Discussion

In this work we used coarse-grained simulations to predict the local lipid composition
around the nicotinic acetylcholine receptor, in a range of domain forming membranes. We
observed nAChR partitioning to the liquid-disordered phase in all systems for which such a
phase was present. This is inconsistent with the model of lipid rafts as platforms that contain
a high density of nAChRs, and unexpected in light of the established cholesterol dependence
of nAChR. As shown in these simulations, partitioning to the /4, phase does not prevent
nAChR from accessing cholesterol.
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The simulations presented here involve only one receptor per system. Using the present
results only, the simplest extrapolation to multiple receptors would assume that receptors are
simply distributed randomly across the /4, domain. The local receptor area density would be
the number of receptors divided by the total area of /4, domains.

In the model membranes used here, as well as in native nAChR membranes, the lipid
composition would be expected to yield /i, phases that were about the same size as /,
phases. The /, “raft” in an /i, “sea” analogy is not representative when over 50% of the
membrane is in the “raft” phase. A more representative analogy would be receptors as boats,
floating on an /o lake within an /, rigid land mass. Filling in the lake by adding to the
coastline would force any boats in the lake closer together. Similarly, any process that
decreased total /4, area while keeping the number of receptors constant would increase the
local receptor density. In this model, observing increased nAChR density by adding
membrane cholesterol (as in (18:44-48,52,53,118)) would be consistent with nAChR
partitioning to the cholesterol-poor phase rather than the cholesterol-rich phase.

This extrapolation from a single receptor assumes that introduction of additional receptors
does not change partitioning behavior. We do still find reliable partitioning to the /4, phase
upon adding more receptors, and we will characterize systems with multiple receptors in a
future publication. Due to receptor dimerization and trimerization, distribution of individual
receptors within the /i, phase will not be random. This would not change the expected trend
of density increasing with added cholesterol, however. This interpretation also assumes that
cholesterol is randomly mixed within the /, phase, while results from atomistic
simulations(197.108) have suggested that cholesterol may preferentially partition to the
boundary between /, phases and /o phases composed of monounsaturated lipids. Similar
studies in which the /o domain is composed of PUFAs and the interface is much more
compact have not been reported. In the present coarse-grained simulations, we did observe
random mixing of cholesterol within /, phases, rather than at the boundary with the PUFA-
rich /o phase.

Observed partitioning into the /4, phase could be considered inconsistent with interpretations
of some experiments,(74:95) which suggest minimal nAChR partitioning preference in
symmetric model membranes or an actual preference for an /, phase in asymmetric model
membranes. These experiments used only monounsaturated acyl chains, and may have had
less well-defined domains. They further relied on detergent resistant membrane (DRM)
methods, which are sensitive to the choice of detergent(119 and could be unable to
distinguish between proteins with no partitioning preference vs proteins that persistently
partition to one side of a boundary.

The origin of preferential partitioning observed in these simulations for the /j, domain is
still unclear, but may reflect different elastic properties of the /4, and /4, domains. In general,
proteins embedded in membranes will introduce a boundary condition on the membrane
shape, such that (1) the thickness of the membrane matches the thickness of the
transmembrane domain(120-122) and (2) interfacial lipids are parallel to the protein surface.
(123), Transmembrane proteins with hydrophobic mismatch with the surrounding membrane
may deform the membrane thickness to satisfy constraint (1), while cone-shaped proteins
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like pLGICs must also introduce a “tilt” deformation to satisfy (2). Each leaflet of the
membrane has an elastic resistance to bending away from its spontaneous curvature, and
satisfying these constraints is energetically costly.

Continuum theories based on the Helfrich Hamiltonian have been used to predict shape
deformations around protein inclusions in homogeneous membranes.(120.122.123) |n mixed
membranes, minimization of the protein-deformation free energy may also induce lipid
sorting. Two distinct sorting mechanisms could minimize the bending free energy: sorting
that A) reduces the required bending deformation, by selecting boundary lipids with a
specific thickness, leaflet asymmetry, or shape or B) reduces the free energy cost of the
bending deformation, by selecting for flexible boundary lipids. Mechanism (B) is the most
generally applicable approach, and would stabilize partitioning to the most flexible domains,
consistent with our observations (Figure S2). In some cases, mechanism (A) may also
contribute to partitioning or lipid-sorting, and could explain why nAChR tends to attract
saturated PE over saturated PC, or how leaflet asymmetry can promote partitioning to more
rigid phases as observed in(%)

We previously(98) proposed unresolved density in the cryo-EM structure of nAChR in the
Torpedo membrane could be embedded cholesterol, based on gain of function caused by
cholesterol in reconstitution mixtures(113124-130) byt we did not consider the possibility of
occupation by polyunsaturated chains. Here we observe spontaneous binding of cholesterol
to coarsegrained embedded sites, but long-chain PUFA tails displace cholesterol in some
binding sites. Long acyl chains may penetrate far into the TMD bundle without requiring the
entire head group also be incorporated, and long-chain PUFAs may do so without as
substantial an entropic penalty as long saturated chains. Cholesterol (like phosphatidic acid,
another lipid known to cause gain of function under some preparations(126-130)) has a much
smaller headgroup than PC or PE. It can become fully incorporated into the TMD without
the TMD needing to accommaodate the bulky headgroup. These complex associations
underlie the challenges of predicting local lipid environment in heterogeneous, highly non-
ideal mixtures.

All simulations reported here contain lipids with disaturated tails or di-PUFA tails. While
lipid species with two identical acyl chains do exist in the native membrane, they are far less
common than hybrid lipids with heterogeneous acyl chains. Including hybrid lipids would
reduce the potential for formation of large domains, while increasing the length of the
domain interface. Incorporation of hybrid lipids would also reduce the nAChR-local
concentration of PUFA chains. Even 5-10% DHA is a saturating concentration for nAChR
cavities, however, so we expect occupation of cavities to be minimally affected by
replacement of di-DHA lipids with twice the number of hybrid lipids.

None of the three generations of experimental studies into the effects of cholesterol and lipid
headgroup on nAChR function have systematically considered the effects of lipid
polyunsaturation. We predict that first-generation-style functional studies would find that
nAChRs reconstituted in model membranes are sensitive to replacement of even a small
fraction of saturated or mono/diunsaturated acyl chains with 7 - 6 and (especially) 7-3
PUFAs. Within domain forming membranes common to second-generation studies,
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systematically varying polyunsaturation and phospholipid topology could help untangle the
effect of direct interactions vs organization, as we discussed in(131). Third generation
structural biology techniques are the most promising approaches for detecting subunit-
specific interactions. While it is unlikely that polyunsaturated acyl chains could be resolved,
lipids could be chosen such that particular chains also had a unique and resolvable
headgroups. In general, modular lipid topology allows for numerous strategically-designed
experiments to isolate the role of head-group versus acyl chain in determining boundary
lipids.
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Highlights

Coarse-grained molecular dynamics simulations are used for “computational
microscopy” of lipid sorting by Nicotinic Acetylcholine Receptors in mixed
membranes.

In randomly-mixed membranes containing cholesterol and one saturated
phospholipid, these receptors have a high local cholesterol concentration.

In ternary mixtures with domain formation, these receptors are found in
flexible disordered domains with little cholesterol.

Partitioning to these disordered domains is particularly favorable when they
contain the long-chain polyunsaturated fatty acids found in native membranes.

Cholesterol can remain segregated from the surrounding disordered domain
by binding to deep cavities, but may still be displaced by polyunsaturated
fatty acids.
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Figure 1:

0.05 0.10 0.15 020 0.25 030 035 0.40

nNAChR boundary lipids in binary mixtures of DPPC and CHOL. A: Representative frame
from a simulated trajectory of a single nAChR embedded in a small membrane, colored by
subunit (a:green, B:purple, é:gray, y:cyan) in a 4:1 DPPC (blue):Chol (red) mixture. B:
Extent of demixing (Mpppc defined in Eq. 1) and depletion of saturated lipids from the
boundary (Qs,t defined in Eq.2) in small binary membranes. In this binary system,
cholesterol depletion/enrichment is directly related to the saturated lipid depletion/
enrichment: Qqhol = —Xsat @sar/ Xchol- Efror bars represent standard error for a blocking
average over 50 ns. C: Average normalized density (Eq. 4) of cholesterol for the system in

A. Data is equivalent to that in Figure 5: Binary Mixture “Chol” row.
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Figure 2:
Quantitative analysis of bulk membrane mixing and nAChR boundary lipid composition

across small membranes containing DPPC, Cholesterol, and either dDHA-PE or dLA-PC.
Shaded contours were constructed based on 40 individual simulations with dDHA-PE and
30 with dLA-PC. A: Mpyga, defined in eq 1. Circles represent mixing of systems with the
same lipid composition but no NAChR. B: Qg;, defined in Eq 2.
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Figure 3:
Trajectories of ternary mixtures at ratios of 2:2:1 DPPC:PUFA:Chol. A and B: Trajectories

of simulation systems with a single nAChR embedded within small membranes, using lipids
containing DHA acyl chains or LA acyl chains. Both simulations were run for 2 /5. C: Final
snapshot of 4 /s trajectory of a system within a large ~ 75x75 nm? membrane with the same
composition as in A. Subunits are colored: a: green, 8. purple, &: gray, y: cyan. Lipids are
colored: Chol: red, DPPC: blue, dDHA-PE: white, dLA-PC: tan.
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Figure 4:
Comparison of nAChR partitioning based on lipid headgroups (PC and PE). All images

represent last frame of 245 simulations of small membranes with composition 2:2:1
Sat:PUFA:Cholesterol. Rows represent the head-group for the PUFA-containing lipid, while
columns represent the head-group of the saturate lipid. Each image includes Qs values
related to individual systems with errors across averaging 50 ns blocks.
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Figure 5:
Lipid density enrichment or depletion around a single central NAChR. Heatmaps are colored

according to the normalized density 5, (left, defined in eq 4) or In p 5, (right), averaged over

the final 5us of a 10 ks simulation. Membrane column (left) depicts density across the
simulated membrane; 5, < 1 indicates depletion compared to a random mixture, while 5 > 1

indicates enrichment. Boundary column (right) shows a zoomed-in region around the
protein, with circles corresponding to average position of the protein helices, colored as in
Figure 1, and black indicating no detected lipid density. If no non-annular or embedded lipid
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binding was observed, the entire protein footprint would be black for all lipids. Binary
mixture contains 4:1 DPPC:CHOL as in Figure 1, while both ternary mixtures contain 2:2:1
DPPC:PUFA:Chol.
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Figure 6:
Embedded lipids in the NnAChR. Main image: Representative frame from equilibrated small

membrane simulation of NAChR in 2:2:1 DPPC:DHA-PE:CHOL. Backbone beads of the
TMD helices are colored by subunit as in Figure 2; side-chain beads are not shown. Both
DHA-PE (white) and cholesterol (red) equilibrate to embedded sites in the subunit center
and subunit interfaces, although most cholesterol is found in the /, phase with DPPC (blue).
Inset : Cryo-EM density of nAChR from (117) as rendered in (98); dark blue indicates high
density, white is medium density, and red is low density.
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